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Abstract. General purpose query interfaces to relationallietes can expose
vast amounts of content to the Semantic Web. Is gaper, we discuss
Automapper, a tool that automatically generates daturce and mapping
ontologies using OWL and SWRL. We also describe tise of these
ontologies in our Semantic Distributed Query amttiire, an implementation
for mapping RDF queries to disparate data sournekjding SQL-compliant
databases, using SPARQL as the query language. péer covers
Automapper functionality that exploits some of thepressiveness of OWL to
produce more accurate translations. A comparisoth wélated work on
Semantic Web access to relational databases ispatsided as well as an
investigation into the use of OWL 1.1.
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1 Introduction

A wealth of information resides in relational deabs, which are highly
engineered for scalability, transaction managemseturity and access by
existing applications [1]. Access to this inforipat significantly increases the
utility of the Semantic Web. Dynamic access idgred, to accommodate high
data volumes and change rates. Custom servletsher programs can export
high-quality semantic representations, but the kigweent cost is often
prohibitive and can limit reusability. This mottea the development of
application-independent tools that can generatasiclontology from a database
schema and dynamically produce instance data wilsatgontology. This method
quickly exposes the data to the Semantic Web, whekariety of tools and
applications are available to support translatioriegration, reasoning, and
visualization [2].

The paper presents one such tool, Automapper, sidganized as follows:
Sections 2 and 3 describe both Automapper andveeb architecture in which
Automapper operates. Section 4 discusses thenturse of OWL and Section 5
details the current use of SWRL. Section 6 pravidesimple application of
Automapper and the Semantic Distributed Query &chire. Section 7 covers
related work. Section 8 explores how the new festin OWL 1.1 can be used to
enhance Automapper. Finally, Section 9 concludés fwture directions.

2 Architecture

To understand Automapper's utility, a descriptibit®subsuming architecture is



provided. While that is not the focus of this pape general understanding is
necessary to appreciate Automapper's role in teeegyas a whole. As shown in
Figure 1, Automapper is part of a larger system decomposing a SPARQL
query, expressed using a domain ontology, over ipheltdata sources and
merging the corresponding data into a single resekt [3]. Specifically,

Automapper uses the database schema to create andai& source ontology
and mapping instance data (the mapping ontologdisisussed in Section 3) to
support two layers of processing: the higher-lev@émantic Query

Decomposition component (SQD) and the lower levéetABQL-to-SQL

translation component, also known as a SemantugBrfor Relational Databases
(SBRD). Each RDBMS has its own Semantic Bridgdaimgation that can be
either collocated or hosted remotely. SQD reliesacset of SWRL data source-
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to-domain mapping rules and optional domain-to-domaapping rules to
properly translate inbound queries into data sogreeries and vice-versa. The
use of a domain ontology allows queries to be iedépnt of any particular data
source. In addition, different communities canheaclopt their own domain
ontology while reusing the same data sources. Magpules need only cover the
data of interest thereby minimizing integrationtsos

SBRD uses both Automapper artifacts to correctlp m&PARQL query
expressed using the data source ontology into SEMEET statements. Database
guery result sets are mapped back into the dateeantology and returned to
SQD. As a final step, SQD recombines the variessiit sets, maps the data into
the domain ontology aneturns this data to the user. Automapper wasldped
in Java and needs to be run only once against @ngiglational database to
automatically generate both the data source onyadog the mapping data. Using
the methodava.sql.Connection.getMetaData(ye are able to mine the necessary
table definitions such as column names, primaryskéyreign keys, remarks and
type declarations to generate the data source amyol Automapper constructs
these artifacts based on a configuration file, Wtiontains instance data based



on a simple configuration ontology. This ontologgrmits additional primary
and foreign key information, the option to include exclude comments in the
mapping instance data, the capacity to limit treghility of specific tables and the
ability to override a declared column datatype w#hother XML Schema
datatype [4].

3 Utilizing Automapper Mapping Data

While SQD relies on SWRL rules for mapping, SBRpeleds on Automapper's
generated mapping data. SBRD employs these mapdimg transforming
SPARQL data source queries into SQL queries foa detrieval. Our mapping
ontology, based on the mapping ontology used by@#H, defines &lassMap
OWL class whose instances represent each tablgivea schema. A table has a
corresponding OWL class in the data source ontolagy owning schema, a
name, auriPatternand one or more datatype property bridges andccbpjeperty
bridges. TheauriPatternis an OWL datatype property used to identify esml

in a table (instance) with a unique URI by concatiry its table name with the
value of each primary key column in the table. dhtatype and object property
bridges correspond to columns containing literaluga and foreign keys,
respectively.

4 Useof OWL

The following class descriptions, axioms and reStns are currently
generated by Automapper:

1. maxCardi nal i ty is setto 1 for all nullable columns

2. cardinality issetto 1 for all non-nullable columns

3. All datatype and object properties that represehimans are marked as
Functi onal Properties. To ensure global uniqueness and class
specificity, these properties are given URIs basedconcatenating the
table and column names

4. al | Val uesFr omrestrictions reflect the datatype or class assediwith
each column

5 Useof SWRL

Automapper generates SWRL rules to identify idertiedividuals based on their
primary key values. These rules usew | : Sanel ndi vi dual At om
statements to express class-specific inverse fumattirelationships, including
those involving multiple properties (primary keylwmns), neither of which is
directly supported by OWL [6]. The inclusion of Heerules can reduce the
number of SPARQL variables and statements usedtly QD during the query
decomposition process and Semantic Bridges duragshation. The resulting
SQL queries are more concise and, in certain cagesute in a shorter period of
time.



6 Example

Assume a simple OWL domain ontology of personnébrimation used by a
human resources department. This ontology defilessedPersonandDeptand
datatype propertiegender name code and projectNamé It also defines an
object propertydepartmentused to associateRersonwith a Dept A Deptis
uniquely identified by its code. Below is a fragrhegpresented in Turtle:

: Person a ow : C ass;
rdf s: subC assOf
[ a oW:Restriction ;
ow :onProperty :nane ;
ow : maxCardi nality
"1"~xsd: nonNegati vel nt eger ],
[ a oWm:Restriction ;
ow : onProperty :nane ;
ow : al | Val uesFrom xsd: string ],
[ a oW:Restriction ;
ow : onProperty :departnent ;
ow : maxCardinality
"1"~xsd: nonNegati vel nt eger ],
[ a oW:Restriction ;
ow : onProperty :departnent ;
ow : al | Val uesFrom : Dept ]

:Dept a ow :d ass;
rdf s: subCl assOf
[ a oWm:Restriction ;
ow : onProperty :code ;
ow : maxCardinality
"1"~xsd: nonNegati vel nt eger ],
[ a oW :Restriction ;
ow : onProperty :code ;
ow : al | Val uesFrom xsd:int ]

A domain model will often incorporate data from tiple databases but not all
terms defined in a data source ontology will maghtodomain ontology. For the
sake of brevity, we limit our example to a singiabase (hresources) that holds
staffing information; Tables 1 and 2 list the conge of the Staffing and
Departments tables, respectively. Note that theabepent ID column is only
partially dependent on the primary key (an empldyelongs to one department,
independent of a project) and therefore the tablet in second normal form [7].
Unfortunately, such usage is not uncommon in pracind is included here as a
real-world example.

1 The association between Person and a Project could also be appropriately modeled using an
object property.



Table 1. Staffing Table. Name and Project together
form a primary key and Department ID is a foreigy .k

Name @ Project | DeptlD | Hours Role

MattF = Alpha 1 100.5 | Developer
MikeD = Alpha 50.2 Tech Lead
MattG | Beta 92.0 Architect

DaveK Beta
MikeD  Beta
DaveK = Alpha

120.0  Developer
30.8 Consultant
87.8 Indagator

[l ARl el ]

Table 2. Department Table. ID is a primary key.

1D Name

1 | System Solutions

2 Research and Development
3 Management

From this schema, Automapper creates the data e@mtology and class-
specific inverse functional rules, of which fragrteare listed below:;

dsont : Hresources. Departnments a ow : d ass ;
rdf s: subC assOf
[ a oW:Restriction ;
ow : onProperty
dsont: hresources. departnents.id ;
ow : al | Val uesFrom xsd: deci mal ],
[ a oW:Restriction ;
ow : onProperty
dsont : hresources. departnents.id ;
ow :cardinality
"1"~xsd: nonNegati vel nt eger |

dsont: Hresources. Staffing a ow : d ass ;
rdf s: subC assOf
[ a oW :Restriction ;
ow : onProperty
dsont: hresources. staffi ng. nane ;
ow :cardinality
"1"~xsd: nonNegati vel nt eger ],
[ a oW:Restriction ;
ow : onProperty
dsont : hresour ces. st af fi ng. nane ;
ow : al | Val uesFrom xsd: string ],
[ a oW:Restriction ;
ow : onProperty
dsont : hresources. staffing. depti d. Qbj ect ;
ow :cardinality
"1""xsd: nonNegati vel nt eger |

dsont : Hresources. DeptsSane a rulem: I np ;
rul en : body
([ aswl:dassAtom;



swl:argunentl @A ;
swl:classPredicate
dsont : Hresour ces. Departnment s ]
[ a swl:d assAtom;
swl:argunentl :B ;
swl:classPredicate
dsont : Hresour ces. Depart nents ]
[ a swrl: Dataval uedPropertyAtom ;
swl:argunentl : A ;
swl:argunent2 :VarO ;
swrl: propertyPredicate
dsont: hresources. departnments.id ]
[ a swrl: Dataval uedPropertyAtom ;
swl:argunentl :B ;
swl:argunent2 :VarO ;
swrl: propertyPredicate
dsont : hresources. departments.id ] )
rul em : head
( [ a swl:Sanel ndividual Atom ;
swl:argunentl : A ;
swl:argunent2 :B ] )

The corresponding mapping data is also generaB=low are two datatype
property bridges, an object property bridge (repméag a foreign key) and a
class map all relating to the Departments table:

: HRESOURCES. DEPARTMENTS. | D a
map: Dat at ypePr opert yBri dge;
map: colum "I D';
map: dat at ype xsd: deci nal ;
map: | anguage "
map: property
dsont: hresources. departnents.id .

en’;

: HRESOURCES. STAFFI NG. DEPTI D. OBJ a
map: Obj ect PropertyBri dge;
map: constrai nt
[ a map: KeyConstrai nt;
map: obj ect Col utmQperand "I D';
map: oper at or : Equal sOper at or;
map: subj ect Col umQOper and " DEPTID' ];
map: obj ect G assMap
dsont : Hr esour ces. Depart nents;
map: property
dsont : hresources. staffing. depti d. Obj ect

: Hresources. Departnents a nap: O assMap;
map: dat at ypePr opert yBri dge
: HRESOURCES. DEPARTMENTS. | D,
: HRESOURCES. DEPARTMENTS. NAME;
map: t abl e " DEPARTMENTS";



map: t ype dsont: Hresources. Depart nent s;
map: uri Pattern
"http://exanpl e.org/ 2007/ 08/ ds-ont #
Hr esour ces. Depart nent s @@ D@d

In the final step, we create SWRL rules to map ketwthe data source and
domain ontologies to enable SPARQL query decomiposiénd reconstitution.
Below are sample rules used for mapping the datace®epartmentsclass to
the domain ontologipeptclass including the department ID:

:RuleDeptClass a rulem :1np ;
rul en : body
([ aswl:dassAtom;
swl:classPredicate
dsont : Hresour ces. Departments ;
swl:argunentl :d ] ) ;
rul em : head
([ aswl:dassAtom;
swl:classPredi cate donont: Dept ;
swl:argunentl :d ] )

: Rul eDepar t ment Code
rul en : body
([ aswl:dassAtom
swl:classPredicate
dsont : Hresour ces. Departments ;
swl:argunentl :d ]
[ a swrl: DataVal uedPropertyAtom ;
swrl: propertyPredicate
dsont : hresources. departnents.id ;
swl:argunentl :d ;
swl:argunent2 :c ] ) ;
rul em : head
( [ a swl:DataVal uedPropertyAtom;
swrl: propertyPredicate donont: code ;
swl:argunentl :d;
swl:argunent2 :c ] )

Running the following query for the names of albpke in department 1 and
their associated project names:

PREFI X : <http://exanple.org/ 2007/ 08/ donai n- ont #>
SELECT ?pNane ?nane
VHERE {
[ a :Person ;
: proj ect Nane ?pNane ;
> name ?nane ;
:departnment ?2d ]
?d :code 1}

yields:Al pha MattF, Al pha DaveK, Beta MattG Beta DaveK



7 Related Work

Various tools have been developed to provide Semaneb interfaces to
relational databases, including D2RQ, Gnowsis [BENS [9], Relational. OWL
[10] and OntoGrate [11].

We initially used D2RQ and incorporated several ifications which we
submitted to the D2RQ development téamThe changes involved query
optimizations such as eliminating duplicate tahlefiging, increased selectivity
of property bridges (to limit the desired numbetaifles in a query), and SQL
SELECT query partitioning for smaller queries. AQD became more
sophisticated, we determined that SBRD and othena®éc Bridges did not
require the full power of D2RQ.

Automapper corresponds to D2RQtener at e- mappi ng® script. It
continues the D2RQ use of instance data for SPARQEQL mappings, entity
concepts (e.gClassMap uriPattern) and separate datatype and object property
bridges. Object property bridges more preciselylehdoreign key relationships,
although our model is not the only possibility [12Thed2r g: j oi n property
has been replaced with @nstrai nt class in the mapping ontology. A
Constraint is modeled as a binary operation witkirayle operator and two
operands. Further precision is capturedKayConst r ai nt, a subclass of
Const r ai nt, which limits the operator to equality. Thu&yConst r ai nt
conceptually combinesd2rq: refersToCl assMap and d2rq:j oin.
d2r gq: Addi ti onal Property andd2r q: addi ti onal Property are not
used since the data source ontology is a stragyiiard model of the RDBMS
schema. This simplified representation makes Aagper-generated artifacts
easier to create and understand.

8 OWL11

The continued progress of of the W3C OWL Working@r provides an exciting
preview of the new features in OWL 1.1, many of ebhcan be used to enhance
the functionality and expressivity of AutomappéeFhe submission [13] divided
the OWL extensions into four broad categories: astit sugar, new Description
Logic constructs, expanded datatype expressivenesg] metamodeling
constructs. This section will focus on the extenstategories that are relevant to
the relational database space, detailing how eawsh e used to enhance
Automapper, and then discuss the impact of the Descite sub-species [14].

8.1 New Description Logic Constructs

While many of the new description logic construats generally useful, only one
can be automatically derived from relational dasgbaschemas, the
I rrefl exi veQbj ect Property. Reflexive relationships involve the same
instance as both the subject and object of theioala Consider the example
found above in Table 1. Suppose a new column wdedy “Manager”, that was
a foreign key to the “Name” column. The referentiegrity constraints of a

2http:/ /sf.net/mailarchive/message.php?msg_id=1143734217.12135.8.camel@localhost
3http:/ /sites.wiwiss.fu-berlin.de/suhl/bizer/D2RQ/spec/#commandline



relational database system would guarantee that@oe’s manager must already
be defined in the same table. Often, an additiopaktraint would be placed on
this foreign key to prevent someone from beingrtiogin manager. However,
OWL 1.0 cannot express this concept with a simpleat (or functional object)
property. Thel rrefl exi veCbj ect Property in OWL 1.1 provides the
ability to state that any given instance cannotdiated to itself. In many cases,
the irreflexivity of a database relation can beed®ined in an automated fashion
and therefore this would be a valuable enhancetehtitomapper. However, in
cases where the irreflexivity cannot be automdiicaleduced, manual
intervention can augment the generated OWL.

It is worth noting that many of the concepts représd by the other new
property constructs are used in relational databgstms in functions and stored
procedures. While, these database concepts cdmnoéadily mapped in an
automated fashion, an analyst using Automapper kvitwledge of the existing
database could take advantage of the new propenistreicts after the automated
process has completed.

8.2 Expanded Datatype Expressiveness

OWL 1.1 allows the definition of user-defined dgtms. Specifically, the
working group’s specification document [15] outlinéaree new capabilities with
two of them being relevandat aOneCr, the ability to restrict a datatype’s
values to an enumerated list; adet at ypeRestri ction, the ability to
restrict a datatype’s values to a range or pattdimese two new capabilities are
very commonly used in relational database systetnaauld be a very beneficial
enhancement to Automapper by enforcement througlkdhfiguration settings.

8.3 New OWL-DL Sub-Species

While not directly affecting Automapper, as an agtion in the relational
database OWL space, it is worthwhile to brieflyl calit DL-Lite which is

specifically designed to provide the minimum expiasy required to meet the
needs of modeling a relational database system.-LiL provides several
performance gains over complete OWL DL; most ngtaibl reducesdata

complexity the complexity measured with respect to the nunafdacts in the
ontology, from an NP-Hard problem to a LOGSPACE btem. Thus,
Automapper should produce OWL that is restricteBleLite.

9 FutureWork

We are currently applying Automapper's approactotteer Semantic Bridges.
Specifically, we are exploring its use for both S®and RESTful services in our
Semantic Bridge for Web Services (SBWS).

Currently, URIs returned by SBRD are unique butegally not resolvable.
We intend to address this issue in future verstpngenerating resolvable URIs
and incorporating the best practices of the Linkdygen Data initiative [16].

To the best of our knowledge, we believe that ales and their usage are
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consistent with the design goals of the DL Safe $WRules task forck
Decidability is a critical aspect of our architegtand is therefore focused on
features such as the use of Horn rules with unadytanary predicates. We will
continue to monitor the task force's progress amdoiliporate necessary
modifications. The advantages of SWRL built-ingédalso proven essential. It
is our hope that they are addressed in the DL $adk force and will be
comparable to the built-ins provided by SWRL.
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