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Abstract.  Orient is a project to develop an ontology engineering tool
that integrates into existing industry tooling environments { the Eclipse
platform and the WebSphereStudio developing tools family. This paper
describes how two important issuesare addressedduring the project,
namely tool integration and scalability. We show how Orient morphs
into the Eclipse platform and achieves Ul and data level integration
with the Eclipse platform and other modelling tools. We also describe
how we implemented a scalable RDF(S) storage, query, manipulation
and inference mechanism on top of a relational database. In particular,
we report the empirical performance of our RDF(S) closure inference
algorithm on a DB2 database.

1 Intro duction

Ontology is the backbonethat provids semartics to the Semariic Web. The de-
velopmen of the Semaric Web thus dependsheavily on the engineeringof high
quality ontologies. Numeroustools supporting this task have beendeweloped in
the past such as Prot§d8 [1], OIlEd [2] and WebODE [3]. Based on the R&D
experiencesand results of these tools, we initiated the Orient (Ontology en-
gineeRIng ENvrionmenT) project® that dewvelops an ontology engineeringtool
that integrates into existing industry tooling environments { the open-source
Eclipse platform and the WebSphereStudio™ deweloping tools family.

In this paper, we describe how two important issuesare addressedduring the
project, namely tool integration and scalability. The importance of tool integra-
tion comesfrom three requiremerts on the tool and can not be underestimated.

? Opinions expressedand claims made in this paper are of the authors. They do not
represert the opinions and claims of the International BusinessMachine Corporation.

% http://fap ex.sjtu.edu.cn/pro jects/orient/, alsoavailable from IBM Semartics Toolkit
at http://www.alpha works.ibm.com/tec h/semanticstk



First, to be a complete ontology engineeringtool, it must integrate di®erert
tools for di®erent sub-tasksof ontology engineeringsud as building, mapping,
merging and evaluation. Second,becauseapplying ontologiesin real applications
requiresthe tool be usedtogether with other tools to accomplisha certain task,
tool integration is thus required to reducethe cost of switching betweendi®erert
tools. Finally, if the tool can be integrated with exisiting tooling ervironment
e.g. the Eclipse platform and the WebSphereDeveloping tools family, it will be
much more developer-friendly and easierto use.The successtory of the Prot§d#
tool on the integration of numerousplugins also remind us on the advantages of
tool integration. In the Orient project, instead of designingthe tool asa stand-
alone application, we decidedto build it asa set of Eclipse plugins that make it
morph into the Eclipse platform. This strategy provesto be e®ectie in satisfy-
ing the above requiremerts and achievesboth data and Ul level integration with
other tools. In section 5, an example shaving how Orient can be integrated
with an UML editing tool is presertied. Futhermore, becauseWebSphereStudio
deweloping tools are also built on the Eclipse platform, this strategy paves a
direct way to the product family.

In addition to tool integration, scalability is another important issuein Ori-
ent . Since ontologies® in real applications tend to have a large size, managing
large volume ontology in industry applications is thus not a feature but a neces-
sity. In this paper, we describe how we implemented a scalableRDF(S) storage,
query, manipulation and inference medanizm on top of a relational database
and report the empirical performance of this implemenrtation. In particular, we
describe how an algorithm is carefully designedto calculate RDF(S) closureon
a relational databaseand give the experiment result of its performancetest. To
our best knowledge, we do not know any previous report on RDF(S) closure
inference performance on databasesyet, although there are reports on RDF(S)
storage and query performanceon databasese.g. RQL[4] and Jena2[5].

The rest of the paper is organizedasfollows. Section 2 intro ducesthe Eclipse
platform and section3 describesthe Eclipse-basedOrient architecture. Wethen
describe the integration with Eclipse Ul in section 4 and the integration with
other modelling tools in section 5. The RDF(S) storage, query, manipulation
and inferenceimplementation and empirical performance analysis is preserted
in section 6. We concludethis paper in section7.

2 Eclipse Tools Integration Platform

As stated in its technical overview [6], Eclipse (http://www.eclipse.org) is an
open extensible IDE for anything and nothing in particular. It provides a uni-
“ed medhanism to expose extension points and dewelop plugins that leads to
seamlessly-itegrated tools. The Eclipse architecture is designedaround the con-
cepts of plugins, extension points and extensions.New tools and functionalities

4 In this paper, the term ontology refers to a knowledge basethat includes concepts,
relations, instances and instance relations that together model a domain



can beintegrated into the platform asplugins. Through this plugin architecture,
Eclipse platform thus provides a solid foundation for tools integration.

Besidesits well-designedplugin architecture, the Eclipse platform also o®ers
an extensible user interface paradigm for various plugins to share and extend.
The Ul paradigm is based on editors, views and perspectives. A perspective
groups and arranges a set of editors and views on the screen.New types of
editors, views and perspectives can be added to the platform Ul through its
plugin medanism. Actually, Orient addsits own perspective with 8 views and
editors to the Eclipse platform.

The above gives a very brief description of the Eclipse platform. We re-
fer interested readersto the technical overview [6] and various articles on the
Eclipse.org web site for more in-depth information about the Eclipse platform.
The WebSphereStudio developing tools are also built on the Eclipse platform.

3 ORIENT Arc hitecture

In the designof the Orient architecture, the most in°uential factor is tool inte-
gration at both the data and Ul level . The demanding needfor tool integration
actually arisesfrom three aspects. Firstly, ontology engineeringhas a complex
life cycle [7,8] that needsdi®eren tools for di®erernt sub-tasks (e.g. building,
mapping, merging and evaluation, etc.). Although the sub-tasktools may be de-
veloped by di®eren peopleat di®eren time, they must be integrated to form a
complete ontology engineeringenvironment. For example, it will be preferableif
the ontology evaluation tool can betightly integrated with the ontology building
tool to provide real-time feedbadk on the quality of the ontology.

Secondly applying ontology in real applications requires that the ontology
engineeringtool be usedtogether with other tools to accomplisha certain task.
For example, annotating Web pageswith semariic tags needsboth an ontology
browsing tool and an annotation tool. Building and testing a Semaric Portal
[9] may involve ontology building, portal customization, and portal generation
tools (e.g.in OntoWeaver [10]). Usersof thesetools have to switch bad and forth
betweenthem to get their work done. If the tools can be seamlesslyintegrated
at both the data and Ul level in a single developmert ernvironment, the cost
assaiated with switching betweenthem will be greatly reduced. In addition, if
other modelling tools (e.g. ER and UML tools) can be integrated, it will enable
users not familiar with ontology engineeringto use our tool through another
familiar tool. It can also leverage existing knowledge on data and application
modelling to help them learn and get familiar with ontology engineering. This
actually is in accordancewith many researters' opinion that the Semartic Web
should comeas an ewlution rather than a revolution.

Finally, it will be much more dewveloper-friendly and easierto use, if the tool
can be integrated with the Eclipse platform or the WebSphereDeveloping tools
product family and appear not as a brand new tool for usersto learn but asa
new integrated set of functionalities. In addition, the user baseof the industry
tooling environments will also help the ontology engineeringtool reach a wider



developer community. We demonstrate how Orient morphs into the Eclipse
platform in section 4.

Based on the above considerations, we decided not to designthe tool as a
new stand-alone application but as a set of loosely-coupledcooperative Eclipse
plugins. The plugins are organized into a three layer architecture as shown in
Fig.1. RDF related plugins are usedin Fig.1 as concrete examples.The archi-
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Fig. 1. The Orient architecture using RDF plugins as an example

tecture layers are de ned and separated by Eclipse extension points. Plugins
in ead layer are only required to correctly extend (implement) the extension
points. This enables®exible mix-and-match of di®erent plugins (possibly from
di®erert vendors) to compose an ontology engineeringtool. For example, one
may chooseto usean RDF DB plugin to provide storage function for an OWL
knowledge model plugin. Actually, the Orient Wizard plugin (at the left side
of Fig.1) doesexactly the job of helping userscomposeand manageplugins from
di®eren layers.

In the architecture, the models layer provides an in-memory model and ac-
cessAPI for the ontology and it enablesthe sharing of the samemodel among
di®erent tools in the tools layer. For tools using di®erert models, a translation
between models is neededto integrate them at the data level. An example of
this is shawvn in section 5.

Note that the lowest layer in the architecture is I/O and inferencelayer that
manageghe storageand inferenceof ontologies. Becausait is usually hard to load
a very large ontology ertirely into the main memory, better inferencealgorithm
can be designedif we know how the ontology is stored on the permanen storage.
At the sametime, the designof the inferencealgorithm may alsoimposecertain
requiremerts on the storage schema. Therefore, we purposely put the inference
function down in this layer for better scalability.

Finally, this Eclipse plugin-centered architecture makes Orient seamlessly
morph into the Eclipse platform. This greatly improvesthe tool's usability and
lays a foundation for tool integration.



4 Integration with the Eclipse Platform

In this section, we show seweral examples of the Ul level integration of the
Orient tool with the Eclipse platform.

First, Orient usesan ontology Te to represern an ontology in the Eclipse
platform. The e storesinformation suc aswhich plugins should be activated
to accesghe ontology, where the ontology is stored, etc. Oncethe TTe is opened,
an Orient perspective with editors and views will be opened for editing the
ontology. In this way, ontologies can be put as les into any existing Eclipse
project and sit side-by-side with other resourcesin the project. This makesin-
corporating, using and managing ontologiesin a project very easy Furthermore,
switching betweenOrient and other tools canbe doneby simply double-cliking
on di®erer resourcesin an Eclipse project. This is wheretool integration helps
user quickly switch between di®eren tools to accomplish a task in a project.
In addition to ontology les, Orient also supports creating ontology projects
that contain one or more ontologies. Fig.2 shows the Orient New Ontology
File/Pro ject Wizard in the WebSphereStudio Application Developer V5.1.

Fig. 2. New Ontology File/Pro ject wizard  Fig. 3. RDF Import/Exp ort Wizard

Second,Orient  provides an ontology import/exp ort function for usersto
import/exp ort ontologyes stored in Orient from/to external Tes. This im-
port/exp ort functionality is alsointegrated with the generalEclipseimport/exp ort
Ul and can be accessedery easily Fig.3 showns a screenshotof the Orient RDF
import function entry in the WebSphereStudio Application Developer V5.1 im-
port Ul.

Finally, Orient o®ersa dedicated Eclipse perspective that groupsits ontol-
ogy related views and editors. Fig.4 is a screenshot of the Orient perspective.
Currently, the Orient perspective cortains one editor and eight views for users
to view and edit an RDF ontology. The eight views are grouped into list views,
hierarchy views and information views. The three list views (i.e. Resource List,
ClassList and Property List) show all the existing resources,classesand prop-
erties respectively. The two hierarchy views (i.e. Class Hierarchy and Property
Hierarchy) display the hierarchy trees of classesand properties. The three infor-
mation views are usedto display detailed information of a resource,a classor a



property respectively. The EclipseUML editor in the top right part of the gure
is explained in the next subsection.

Fig. 4. The Orient Perspective with EclipseUML

5 Integration with Other Tools

The above sectionhasdemonstratedthe Ul level integration of Orient  with the
Eclipse platform. What may be more important is how Orient is integrated
at the data level with other tools. In this section, we shav how Orient can
be integrated at the data level with Eclipse tools that are basedon the Ecore
model.

Ecore model is a certral part of the Eclipse Modeling Framework (EMF) °.
Currently, it provides the classdigram modeling capabilities of UML. For ex-
ample, Ecore provides modeling elemens sud as EClass, EAttribute and
EReference etc. Seweral tools have beendeweloped (or are under developmert)
basedon the Ecore model. Eclipse EMF plugin is a tool that provides a Java
framework and code generationfacility for building tools and other applications
basedon the Ecore model. EclipseUML is a simple graphical UML editing tool

5 Ecore and EMF can be found at http://www.eclipse.org/emf
® EclipseUML can be found at http://www.omondo.com



that basesits model on Ecore. UML2 is an Eclipse tool project’ that develops
an Ecore and EMF-based tool for the UML 2.0 meta-model.

As we have mentioned in section 3, if modeling tools sudh as UML can be
integrated with Orient , it will enable usersnot familiar with ontology engi-
neeringto useOrient through another familiar tool (e.g. UML tool) and it can
also leverageexisting industry knowledge on data and application modeling to
help userslearn and get familiar with ontology engineering. This is the main
motivation to integrate Orient and the Ecore model basedtools. The actual
data level integration is donethrough a model translator. The model translator
works betweenthe Orient model layer and the Ecore model. It captures the
two sides'model changes,translates the changesand appliesthem to the models
accordingly so asto keepthem synchronized.

RDF Ul | |Other Tool EMF Too| | EclipseUML| UML2 | | Other Toolf
> - -
Model ‘

RDF Knowledge Model <¢—| Translator 4—»[ Ecore Model ]

Fig. 5. The Integration of Orient and Ecore Tools

Fig.5 shows this idea visually. This integration enablesusersto utilize di®er-
ent tools to work on the samemodel even if the model is expressedin di®eren
formalisms. Userscan, for example, rst edit the model in a graphical UML tool
(e.g. EclipseUML) and then switch to Orient to view it through the RDF per-
spective and nally export it in RDF. On the cortrary, usersmay also be able
to visualize an RDF model through a graphical UML tool and save it asa UML
model. This demonstratesthe power of tool integration and how it bene ts the
users.

Howevwer, the ditculties comefrom maximally preservingthe model seman-
tics in the model translator. Currently, we are doing a translation betweenRDF
and Ecore in Orient . Detailed explaination of this translation is beyond the
scope of this paper. The following lists someimportant translation rules in the
current implemertation:

{ EClass elemerts of Ecore are corverted asrdfs:Class resourcesand their
hierarchical relationships are presered using rdfs:subClassOf .

{ EAttribute elemers in Ecore are corverted asrdf:Property  resources.

{ EMF elemeris of typesother than EClass and EAttribute , when corverted
as RDF resources,take on their Ecore types(suti as EReferences) as the
value of their rdf:type properties.

The current translation is by no means perfectly sound and complete. It is a
further researd issuein ontology transformation and mapping and in ontology
developmert using UML [11].

" UML2 can be found at http://www.eclipse.org/um|2



Aided by the Ul level tool integration, the results of the data level tool
integration areimmediately visible to the end users.In Fig.4, Orient is actually
used together with EclipseUML. Both the Orient views and the EclipseUML
graphical editor are shavn to the user (note the EclipseUML graphical editor at
the top right corner). Changesin ead tool's view will be instantly re°ected in
the other tool's view oncethe they are saved.

6 RDF(S) Storage, Query, Manipulation and Inference

6.1 Query and Manipulation through RQML

In the current Orient /O and Inference Layer, a Default Orient RDF DB
plugin is implemented to provide RDF(S) storage, query, manipulation and in-
ferencecapabilities to the upper layers. For both usersand programsto query
and manipulate RDF data in an uniform manner, a declarative RDF Query and
Manipulation Language(RQML) is de ned in the plugin. Basedon RQML, RDF
models on top of the I/O and inference layer can provide higher level object-
oriented APIs for easierprogram access.RQML is designedbasedon previous
RDF query languagessuch as RQL[4], RDQL[5] and SeRQL[12].

RQML tries to be maximally syntax-compatible with RDQL while at the
sametime borrows features like path expressionfrom SeRQL. In addition, it
also introduces some new commands not available in previous languageslike
INSERT, DELETE and UPDATE. For example,

UPDATE?p, <!http://employee/level>, ““Senior Engineer")
WHERHK?p, <!http://femployee/level>, “Engineer"),
(?p, <!http://femployee/hasCert>, “Linux").

6.2 Inference Capabilities

Reasoningon existing knowledgeto discover implicit information is animportant
processon the Semartic Web. It is also very useful in an ontology engineering
tool. Common queriessudh aswhat are the (direct and indirect) sub-classesand
instancesof an exiting class,what instanceshas an interested relationship with
a giveninstance may all involve inference.According to the RDF Semariics doc-
umernt [13], RDF(S) closurecortains all the triples that can be inferred from an
RDF(S) ontology. In Orient , an algorithm for calculating the RDF(S) closure
is implemerted to provide RDF(S) inference support. As we have metioned in
section 3, the inferencealgorithm is purposelyenbeddedin the Default Orient
RDF DB plugin. This improvesthe performance of the inference algorithm on
a relational database.In section 6.5, we report the algorithm's empirical perfor-
manceon a DB2 database.To our best knowledge,we do not know any previous
report on RDF(S) closureinferenceperformanceon databasesyet, although there
are reports on RDF(S) storageand query performanceon databasese.g. RQL[4]
and Jena2[5].

The RDF(S) closure calculation is based on a core subset of the RDF(S)
entailment rules de ned in the RDF Semarics documert [13] and can be used



in either full mode or incremertal mode. In the full mode, RDF(S) closureis not
calculated until the plugin is told to do soand a full re-calculation is performed.
In the incremertal mode, every modi cation to the RDF(S) ontology will trigger
a calculation on the changeto the RDF(S) closure.The full mode is suitable for
batch update to the ontology and may take a long time to complete while the
incremertal mode is suitable for fast responseto small update. Oncethe RDF(S)
closureis calculated, it can be transparertly queried and manipulated through
RQML. At the sametime, usersof RQML can also distinguish betweeninferred
and non-inferred data in the closureand processthem di®erertly .

6.3 Storage Schema

In order to support excient RQML processingand RDF(S) closure calculation,
we carefully designeda relational database schemato store RDF(S) ontology.
We followed the following principles in the design of the storage schema:

{ For high performanceRQML processingand RDF(S) closurecalculation, we
trade storage spacefor speed.

{ Although the storage schema should be able to handle arbitrary RDF(S)
data, it must optimize for normal data distribution and typical queriesin
ontology engineeringscenarios.

Table 1. Major database tables

Table Name Table Description

RDFSubPropSubProprhis table holds all triples (x, rdfs:subPropertyOf,
rdfs:subPropertyOf)

RDFSubProp This table holds all triples (x, rdfs:subPropertyOf, y).

RDFDomain This table holds all triples (x, rdfs:domain, vy).

RDFRange This tables holds all triples (x, rdfs:range, ).

RDFSubClass This table holds all triples (x, rdfs:subClassOf, ).

RDFType This table holds all triples (x, rdfitype, v).

RDFStatement This table holds all triples (x, vy, 2).

RDFResource This table holds all RDF resources.

RDFUserProp This table holds the names of user speci ed properties.

RDFProp* These tables hold user speci ed property groups.

Table.1 lists the major databasetables in the current storage schema design.
Sincethe RDFStatementtable already holds all RDF triples, all other tables can
be seenasredundart. In addition, we store inferred data with non-inferred data
together in the tables. This can also be seenas a redundancy. Howewer, this re-
dundancy designgreatly facilitates and speedsup query processingand RDF(S)
closure calculation. For example, becauseinferred data are directly stored, an-
swering queriesinvolving inferenceis almost asfast as querieswithout inference.



The drawbadk of this designis that much care must be taken to maintain con-
sistency among the tables.

To quickly answer typical queries about class hierarchies, property hierar-
chies/domains/ranges and instancetypes,the tables RDFSubClassRDFSubProp
RDFDomajnRDFRangand RDFTypeare created. They can quickly provide an-
swersto thesetypical queries.In order to support RQML literal comparisonand
calculation, the RDFLiteralinteger , RDFLiteralFloat , RDFLiteralBoolean ,
and RDFLiteralString talbesare created (not listed in Table.1) to hold com-
mon data type literals and leveragenative SQL data type comparisonand calcu-
lation. We alsoborrowed Jena2'sProperty Tablesdesign[5] in the RDFUserProp
and RDFProp*tables to speedup property lookup.

In addition to the above considerations, the design of the tables are also
in°uenced by and closely related to the RDF(S) closure calculation algorithm
which is detailed in the next subsection.

6.4 RDF(S) Closure Calculation Algorithm

The closurecalculation algorithm works in either full mode or incremertal mode.
For brevity, we only describe the full mode here. The algorithm supports a core
subset of the RDF(S) entailment rules including rdfl,rdfs2  -- rdfsll (as
de ned in the RDF Semariics documert [13]). We call these elewen rules the
rule set and the involved "v e RDFS vocabularies rdfs:domain, rdfs:range,
rdfs:type,  rdfs:subPropertyOf, and rdfs:subClassOf the reservel vocab-
ularies. The rules are selectedbased on their importance and wide usagein
common RDF ontology engineeringscenarios.Further developmert of Orient
may support more RDF(S) entailment rules.

A well known fast forward-chaining rule algorithm is Rete [14]. It minimizes
the impact to the rule systemcausedby the adding or removing of facts. However,
it still falls into repetitiv e loopsif the rules contain cycles.Becausethe RDF(S)
rule set contains cycles,we try to manually remove them as much as possibleto
obtain an almost one-passalgorithm. By analyzing the rule set, we found that
the cyclesstem from the following two problems:

P1: The two transitiv e predicates rdfs:subPropertyOf  and rdfs:subClassOf
give rise to cyclic repetitiv e calculation.

P2: The rulesin the rule set and the rdfs:subPropertyOf predicate create in-
terdependen derivation relationships among the predicates.

Howevwer, scrutinizing the secondproblem P2 revealsthat under certain cir-
cumstancesthe cyclic repetitiv e calculation can be reduced to just one pass.
Fig.6 shaws a simpli'ed graph of the predicates' derivation relationships caused
by the rule set. Edge lables are names of the rules that causethe derivation
relation. Two set of derivation relations are omitted from the graph:

R1: Rulesrdfl , rdfs2 , rdfs3 , rdfs4a and rdfsdb may derive rdf:itype from
any predicate.
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Fig. 6. Derivation Relationships among Predicates in The Rule Set

R2: Rule rdfs7 may derive any predicate from any predicate due to possible
rdfs:subPropertyOf  relations.

The self loops causedby rdfs5 , rdfsll , and rdfs9 in the gure actually rep-
resen the problem P1. Without consideringP1, it is now clear from Fig.6 that
rdfs6, rdfs8, rdfsl0 and R2 create big and complexloopsin the derivation
graph. We now intro ducethe Original Semartics Assumption that removesthese
loops.

Original Semantics Assumption Let A be the set of RDFS axiomatic triples
de ned in the RDF Semartics documert [13]. Let T be the closure of A un-
der the rule set. Let - be the closure of the current RDF knowledge base
under the rule set and R p - be the set of all the triples whose subject
is in the setfrdfs:domain, rdfsirange, rdfs:itype, rdfs:subPropertyOf,
rdfs:subClassOf g. The original semarics assumption supposesthat R pu T.

This assumption actually assumesthat the RDF knowledge base does not
strengthen the semariics of the "v e resened RDF(S) vocabularies. They still
keep their original meaning de ned by the axiomatic facts. In most RDF(S)
ontology engineeringscenarios,this assumption is natural and can be satis ed
becausemost applications does not require the change of the original RDF(S)
semarics.

Under this assumptiorf, the rdfs6 and rdfs10 rules

rdfs6:  (uuu rdf:itype rdf:Property) I (uuu rdfs:subPropertyOf  uuu)
rdfs10: (uuu rdfitype rdfs:Class) ! (uuu rdfs:subClassOf uuu)

becometrivial. If the rdf:itype closureis obtained, the two rules can be applied
only onceon the rdf:type triples and we canbe surethat no more triples canbe
obtained from them. That is, they can not create loopsin the derivation graph.
Now let's look at the rdfs8 rule:

rdfs8: (uuu rdfitype rdfs:Class) ! (uuu rdfs:subClassOf rdfs:Resource)

Under the original semartics assumption, rdfs:subClassOf can not be other
property's sub-property and rdfs:Resource can not be other resource'ssub-
class. Therefore if the rdfitype closure is obtained, this rule can be applied

8 The Original Semartics Assumption is actually stronger than what we really needed.
However, it is easierto explain and understand.



only onceon the rdf:type triples and we can be sure that no more triples can
be derived from it. Hencethis rule can not create loopsin the derivation graph
either. We can now safely remove the bad lines causedby rdfs6, rdfs8, and
rdfs10 from Fig.6.

Finally, let's review R2. Becauseof the original semartics assumption, the
rdfs:subPropertyOf  relation can only hold from other predicatesto the ve
resened vocabularies. Hencethe rdfs7 rule can only create derivation relation
from \other predicates" to the v e resened vocabulariesin Fig.6. If R2 is now
drawn on Fig.6, the only loop it can create is the one betweenthe \other predi-
cates" and the rdfs:subPropertyOf . Howewer, this loop can be broken because
the rdfs:subPropertyOf  closureactually can be independertly calculated®.

Now, the only loops left in Fig.6 are the self loops. Except for these self
loops, our algorithm can thus calculate the entire closurein one pass. The al-
gorithm “rst adds the RDFS axiomatic facts into the database. It then calcu-
lates the rdfs:subPropertyOf and rdfs:subClassOf closureusing a variant of
the Floyd algorithm. After that, the closuresof rdfs:domain , rdfs:range and
rdf:type  are obtained in this order without repetitiv e calculation becauseall
the closuresthey depend on are already obtained. Finally, we can calculate the
rdfs7 rule closure of the \other predicates”. Note that this closurecan also be
gained without repetitiv e calculation if we follow the topology order created by
the rdfs:subPropertyOf  relation amongthe \other predicates". This one-pass
algorithm's performanceis con rmed by real data experimerts shown in the next
subsection.The correctnessis also veri ed using W3C RDF test cases.

6.5 Query and Inference Performance

In this sectionwe report the results of the experiments performedto empirically
evaluate the performanceof query and inferenceof the current Orient RDF DB
plugin. The inference performancetest is rst presered followed by the query
performancetest.

Two data sets are used in the experimerts. One is an arti cial data set
called\T57" that consistsof only rdfs:subClassOf and rdfs:subPropertyOf
relation triples that construct a classhierarchy tree and a property hierarchy
tree. Both the two trees have a maximum height of 7 and a constart fan-out of
5. Another data setis \WN", which is the RDF represenation of WordNet°.
All experiments are performed on a PC with one Pentium-4 2.4GHz CPU and
1GB memory running Windows XP Pro, using J2SDK 1.4.1 and Eclipse-SDK-
2.1.1connectingto a local machine DB2 UDB V8.1 Workgroup Sener. All data
are stored in the database. The inferencetime is measuredas the time cost to
transform a database state of cortaining only original triples to one that also
containing all inferred triples. The query time is measuredfrom the time when
the query is sent to the time when all results are fetched one by one from the
database.

% For brevity, the detailed method is not shown here
10" Available at http://www.seman ticweb.org/library/



In our one-passRDF(S) closure inference algorithm, the major componert
that determinesthe order of magnitude of time complexity is the calculation
of the transitiv e closure of rdfs:subPropertyOf and rdfs:subClassOf using
Floyd algorithm on databases.The T57 data setis speci cally designedto mea-
sure the empirical time complexity of it. By growing the two treesin T57 via
adding onelevel of height eat time (with constart fan-out of 5) until the height
of 7 is readched, a seriesof growing data set for inferenceis got. The result is
shown in Fig.7. The T57-1 line shaws the relation between the inference time
and the number of original triples. The T57-2 line shaws the relation between
the inferencetime and the number of triples after inference.
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Fig. 7. RDF(S) Inference Performance Fig. 8. RQML Query Performance

Di®erert from T57, the WordNet data set has a very small RDF Schema
with a very large set of instancesand instance relations. The instance data in
the four WordNet RDF Tles are sampled at the same speed. The number of
sampledtriples are multiplied by 5 ead time and the triples from the four TTes
are put together to get a seriesof growing data set for inference. The result is
also shown in Fig.7. The WN-1 line shows the relation between the inference
time and the original number of triples and the WN-2 line shows the relation
betweenthe inferencetime and the number of triples after inference.

Both the X-axis and Y-axis of Fig.7 are in logl0 scale. The two T57 lines
show alinear trend whenthe number of triples are large (> 1000).Linear regres-
sion analysis of the last four points at the end of ead T57 line shows that the
slopesare 1.87and 1.75for T57-1 and T57-2 respectively. This indicates approx-
imately O(n*87) and O(n'7%) time complexity. In theory, calculating transitiv e
closureusing Floyd algorithm has worst-casetime complexity O(n2). When the
algorithm is performed on a database,many factors of the RDBMS may further
a®ectthe performance.Combining the experiment result, we tend to empirically
predicate that, when performed on a largely tree hierarchy ontology like T57 on
a relational database,the time complexity of our inferencealgorithm is around
0O(n?).

Becausethe WordNet RDF data consistsmostly of instance data, its number
of inferred triples and inferencetime are much lower than T57. It, however, shovs
the sametrend of linear relation in Fig.7. Linear regressionanalysis of the last



four data points at the end of eadh WN line indicates approximately O(n%92) and
0O(n%93) time complexity. Similarly, we empirically expect that, when performed
on a largely instance data ontology like WordNet on a relational database,the
time complexity of our inferencealgorithm is around O(n).

We can seein Fig.7 that, in the experimernts, the number of the triples after
inferenceis in linear proportion to that of the original triples.If a normal RDF(S)
ontology satis esthis property and the Original Semariics Assumption in section
6.4, with characteristics betweenT57 and WordNet, we empirically estimate that
its inferencetime complexity on a relational databaseis likely betweenO(n) and
O(n?). The n here can represen either the number of the original triples or the
number of the triples after inference.

The RQML query performanceis tested on both T57 and WordNet data set
with inferred triples. We usedthe following four queriesto test sub-classquery,
simple query, query with join and query involving literals:

Q1: SELECT?X WHEREX, <rdfs:subClassOf>, [aClass])
Q2: SELECT?X WHEREX, <wn:similarTo>, [randomAdjective])
Q3: SELECT?Y WHER@andomNoun] <wn:hyponymOf>, ?X),
(?X, <wn:wordForm>, ?Y)
Q4: SELECT?X WHEREX, <wn:wordForm>, ?Y) SUCHTHATY=[randomWordForm]

Q1 is performed on the T57 data set to obtain all direct and in-direct sub-
classesof a given class. For eac T57 data sample, and for ead height of the
tree hierarchy in that sample, Q1 is executedonce using a classin that height.
The query time of Q1 is then obtained as the average of the execution times.
Q2, Q3 and Q4 are performed on the WordNet inferred data sets. The query
time is averagedover 1000 query executionsby randomly selectinga WordNet
constart to replacethe random constart in the above queries. The whole result
is shown in Fig.8.

Both axis of Fig.8 isin logl0scale.Linesin Fig.8 arein linear trend, especially
Q1. Linear regressionanalysis of the four lines shows approximately O(n%84),
0O(n%89%), O(n*%), and O(n*°®) time complexity for them. In theory, the worst-
casetime complexity of querying on a databasetable with index is O(n log n).
The actual query time also dependson the size of the result set. This test shows
that the query time has a strong tendency of linear time O(n) complexity and
the query is executedquite speedy

Although the above experiments shawvs an encouragingquery and inference
performance result, they are not very thorough and conclusive and the result
is still empirical. In the future, more experiments will be performed to further
verify the results obtained here.

7 Conclusion and Future Work

Orient is a project to dewelop an ontology engineeringtool that integratesinto
existing industry tooling ervironments. In this paper, we have described how we
addressedthe tool integration and scalability issuesin the project. By designing



Orient as a set of Eclipse plugins, we make Orient morph into the Eclipse
platform and adhieve both data and Ul level integration with other tools. We
have showved how we implemented a scalableRDF(S) storage, query, manipula-
tion and inference medhanism on top of relational databases.In particular, we
have reported the empirical performance of our RDF(S) closureinferencealgo-
rithm on a DB2 database.Future work of the Orient project includes adding
OWL support and better visualization methods, improving the integration with
Ecore and potentially XMI, and further optimizing and tuning the performance.
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