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Abstract:

To enhance aerospace applications such as supgaly mianagement or maintenance
tracking and reliability assessment, aircraft mantifrers need to enrich their electronic
documentation systems with better conceptualisatidrthe aerospace domain. Because
of the number and diversity of products and part@n aircraft, ontologies to model this
domain can potentially be very large. Therefores dritical to have scalable ontology
generation approaches, along with an understaradihgw the design of these
ontologies has an impact of the performance ofrg@sin logic reasoners that can
operate over them. In this paper, we investigate tooachieve this goal though the
application of best practice ontology engineeriagggrns. In particular, we examine two
types of ontology engineering patterns used t@mgite large-scale ontologies based on
part-whole relations. The first approach is a direplementation of the part-whole
guidelines published by W3C. The second approaeh ught-identity axioms supported
by the EL+ description logic. The results of ourpémeal evaluation show the benefits of
the latter approach, whereby the CEL reasonerlétalperform the task of classification
over large ontologies significantly faster than description logic reasoners FaCT++,
RACER and Pellet that operate over comparable ogieds designed using the W3C
pattern.

Keywords. Description logics, ontology engineering, partele) pattern, reasoner,

classification, performance.



1 Introduction

Like components on an assembly line, Internet-readgurces can now be assembled
into bigger, specialized information systems. Welvises and semantic web
technologies provide a powerful basis for applaratiesigners to find, relate and
compose elementary databases or services intgpagmtbuilt solution. To support this
semantic integration process, large-scale ontodogie required to manage the
complexity of resource-specific definitions on bileh the end users of such systems of
systems. The Web Ontology Language (OWL) (DeanSmiaeiber, 2004) standardised
by the World Wide Web Consortium (W3C) is the maspular ontology language for
builders of such applications.

To enhance aerospace applications such as supgaly mianagement or maintenance
tracking and reliability assessment, it is valuablepgrade the taxonomies already
exploited by aircraft manufacturers in their elenic documentation systems into richer
ontologies. Better conceptualisations of the aerosglomain are needed to develop
future systems for flight operations (Reg&tsal. 2006) and for Radio Frequency
Identification (RFID) applications to aircraft méamance (Nicolagt al. 2005). Because
of the large size of existing taxonomies due todiversity of products and parts in an
aircraft, more scalable ontology generation apgrea@re needed for the creation of
such ontologies. The advantages of a semi-autonagi@wach are direct gains in terms
of traceability, repeatability and scalability. Ttnaceability to the original source of
knowledge can be maintained and the whole generptiacess can be completed or
amended later on. Finally, fine-tuned ontologicat@rns can be selected and applied

repeatedly on structurally similar inputs. Expennaé evaluations of advanced



description logic (DL) reasoners have been perfdirbat there is a lack of systematic
evaluation of modern reasoner performance whegelacale ontology reasoning (or
TBox-reasoning) is emphasised in preference tetamgle instance reasoning (or ABox
reasoning). As a general rule, based on our owerexqce to date as well as the
literature, numbers of concepts in the low thousaare likely to be enough to create
difficulty for OWL-DL reasoners. One particular dlemge is to understand which
reasoners perform better for each style of ontglagy this is difficult when the
ontologies used for the evaluation are built oargd range of ontology engineering
patterns (OEP). In this paper, two types of ontgleggineering patterns are examined to
instantiate large scale ontologies based on pastemelations for product modeling
(Uschold and Callahan, 2004).

Our objective is to provide a more systematic eatadun to support design decisions that
trade off the choice of the more appropriate patéerd the scalability constraints
imposed by the available DL reasoners. Now we canamtologies based on guidelines
produced by the W3C’s Semantic Web Practice anddyepent working group (W3C
2006) to better judge the performance of DL reasone

The group has published a set of design guide(iRestor and Welty, 2005) to help users
to develop OWL ontologies for the various typegaift-whole relationships pointed out
by Winstonet al. (1987), and Artalet al. (1996). The Rector-Welty set of ontology
engineering patterns can be expressed with the @&band OWL-Lite variants of the
OWL language and is supported by existing OWL reass) like RACER (Haarslev and

Moller, 2001), FaCT++ (Tsarkov and Horrocks, 20@6)d Pellet (Siriret al, 2005).



All the OWL reasoners which support these pattbenge architectures based on highly
optimized tableau-calculus algorithms to compugeghbsumption and satisfiability
reasoning problems and their theoretical compledé@yends on the specific variant of
description logic which is supported. For exampd@soning tasks in OWL-Lite, a.k.a.
SHIF(D+) have deterministic exponential time (EXNIH) worst-case complexity
(Zolin, 2006).

The usefulness of right identity rules to handlg-panole relations has first been
demonstrated for medical ontologies like SNOMEDg&gnan, 2000). This approach
has not been included in the part-whole guidelmddished by W3C because right-
identity axioms are not yet included in the OWLnstard. Horrocks and Sattler (2003)
and Baadeet al. (2005) have shown that adding this capabilityaims types of
description logic reasoners can be done withoutzhpn their decidability. CEL
(Baaderet al, 2006), which is based on the EL+ descriptiondpts an interesting DL
reasoner implementation which supports right-idgmtiles. In contrast with the OWL
family, EL+ offers a trade-off between tractabildf/reasoning and expressivity of the
language which favours the former, such that imfeegprocedures such as ontology
consistency checking, concept satisfiablility, subption classification and instance
checking have deterministic polynomial time compiigxeven for cyclic TBoxes. EL+
users cannot use several basic OWL features sumhladlValuesFromand the domain
and range assertiondfs:rangeandrdfs:domainwhich depend on it. Concept disjunction
(owl:unionO} is also unavailable in the EL+ language.

EL+ supports a particular non-OWL feature callelé inclusion, a form of role

composition which enables the declaration of ttaresroles (also in OWL) and right



identity (not in OWL). The medical example presenby Horrocks and Sattler (2003)
shows how it is possible, with the help of a sinigéit identity axiom, to remove the
requirement to use disjunction as prescribed byRiaetor-Welty pattern, and to allow the
computation of a subsumption hierarchy over the Batology which is equivalent to

the OWL-based one.

In this paper, the W3C-recommended approach bas€l/dL and an alternative
approach based on EL+ are applied to instantiage{acale ontologies describing part-
whole relations between aircraft components antsgharived from the Service

Difficulty Reports data collected through the Fedéwviation Administration (FAA)

Flight Standard Service (2001). Sections 3 ancedgnt the two types of ontology
engineering patterns and how they are appliedhergarticular example.

Section 5 presents the methods used to generabatblegy sets and to evaluate
reasoner performance. The results for FaCT++, RAGERet and CEL and the
supportive analysis are provided in Section 6ltssitate the differences between the two
approaches in terms of performance and scalalBigtion 7 discusses the need for
further work on ontology standards and tools tgosupthe generation and use of large
ontologies with an emphasis on the impact of tlesg@nce of dependency cycles on

reasoner performance.

2 Background

2.1 Reéated work

There are three main categories of performanceaiatiah studies: reasoner, benchmark

and production studies.



* Reasoner studies are papers usually published by the authors ofd2isoners
and are more likely to focus on specific DL feasyr@nd the selection of the
testing samples is often biased towards the nevdylable or improved features.

* Benchmark studies are papers usually published by end users trging t
understand the difference between DL reasoner pte@nd constructing specific
benchmarks to support their analysis. The Lehigivéisity Benchmark (LUBM)
(Guoet al, 2004) is a popular benchmark designed againsidehof ontology
expressiveness with domain-realistic queries fooABeasoning.

* Production studies are papers usually published by end users trgingé
reasoners over their own large ontologies, and onaigay not include
comparative analyses of several products. Theigaalbuild ontologies for a
specific purpose and then to use them, so thethigesomplexity and the overall
guality of the ontology are generally higher thamaivis evaluated elsewhere. The
issue with such ontologies is that reasoners mawayr not cope with the full
content.

Table 1 is a summary of the existing literaturedolasn these criteria.

Study / Group of studies Study type

Haarslewet al, 2005 Reasoner +
(RACER) Benchmark|
Sirin et al, 2005, 2006 Reasoner +
(Pellet) Benchmark|
Tsarkov & Horrocks 2005 | Reasoner
(FaCT++)

Motik et al, 2002, Motik Reasoner +
2006 (Kaon 2) Benchmark|

Baaderet al, 2006 (CEL) Reasoner
Guoet al, 2004 (LUBM) Benchmark
Gardineret al, 2006 Benchmark
Dameroret al, 2005 Production




Table 1: Published studies

Our approach combines the merits of the benchmadklae production types of studies.
We benefit here from the reuse of large domain4fipecputs. With the help of XO, our
ontology generation tool (Lefort and Taylor 200&% have generated an aircraft
ontology describing components and parts from #&i€e Difficulty Reports (SDR)
published by the Federal Aviation Administratiol@& 2001). The resulting ontology
has over 30,000 classes. To enrich the performevai@ation, we have split the ontology
into modules of various sizes accorded to the fanat hierarchy of the industry-specific
Air Transport Association (ATA) and Joint Aircrétystem/Component (JASC) coding

systems (FAA 2002).

2.2 Ontology normalisation and patterns

Rector (2003) defines ontology normalization asapplication of a limited number of
criteria to eventually let the reasoner do thesifesition. This is done through the
construction of complex primitives as “a conjunatiaf one class and a boolean
combination of zero or more restrictions”. This expnce in the creation of TBox-based
ontologies has been disseminated through the W3Cpbactice group.

The pattern selected for this study is the onerde=st in the “Simple part-whole
relations in OWL ontologies” document edited by ®e@and Welty (2005). This paper
provides an estimate of the size of the ontologileieh can be built with the proposed

part-whole pattern.

3 Part-Whole ontology engineering

3.1 The part-whole ontology engineering problem



The Rector-Welty guidelines identify a range of coom issues for the representation of
nested part-whole relations in an ontology. Onthefmore interesting problems
combines the requirements of a part inventory systed of a fault finding system to
describe the devices made in a factory with a §ipeanphasis on the localization of
faults. The objective of this work is to enable thierence that a fault in a part is a fault
in the whole at different levels of the part-whblerarchy. The intention of the authors is
to get the reasoner to infer the subsumption Ibeésveen faults throughout a part-whole
hierarchy, e.g. bolt-crankcase-engine-car in Fidgui& lower-level fault, e.g. a fault in a
bolt in the crankcase must be represented sottbamhibe successfully inferred to be a
fault in the crankcase, then to be a fault in thgike and eventually to be a fault in the

car.

hasLocus (1)

subClassOf ¢
inferred from |
(1) and (2)

relations

isPartOf (2)

FaultinEngine

subClassOf 4
inferred from |
(1)and (2) |
relations

isPartOf (2)

hasLocus (1)

isPartOf (2)

FaultinCrankcase

subClassOf “
inferred from |
(1)and(2) |
relations |

FaultinBolt

Figure 1: The part-whole ontology problem (adagtech the Rector-Welty guidelines)

3.2 TheW3C part-whole ontology engineering pattern

The ontology engineering pattern Number 4 specifieitie Rector-Welty guidelines is
described in Figure 2 with the classic descriptagic notation recommended by Baader

(2003).



isPartOf o isPartOf C isPartOf
Engine C 7 isPartOf. Car

Crankcase LC 7 isPartOf. Engine
Bolt C 7 isPartOf. Crankcase
FaultinCar = Fault 1 3 hasLocus . ( Car U ( 3 isPartOf . Car ))

FaultinEngine = Fault [1
3 hasLocus . (Engine LI ( 3 isPartOf . Engine ))

FaultinCrankcase = Fault 1

1 hasLocus . ( Crankcase Ll ( 3 isPartOf . Crankcase ))

FaultinBolt = Fault [ 3 hasLocus . ( Bolt L ( 3 isPartOf . Bolt ))

Figure 2: Ontology Engineering Pattern N. 4 (OWL)

This pattern is based on the following elementsstFiheisPartOfrelation is declared as
transitive: this is necessary for the pattern tokwepeatedly up the part-whole hierarchy.
Then, thasPartOfrelations between instances of concepts repregepérts and sub-
parts are declared. Finally, concepts describingtsare defined as fault located at each
level of the hierarchy with the existential redion on thehasLocugole: here, the
disjunction operator is used because it is morecgguate to exploit thesPartOfrelation

to identify all the relevant sub-parts.

The description logic language required for thitgra is ALCR+ (a.k.a. S). It is a subset

of the languages used for OWL-Lite and OWL-DL.

3.3 EL+ alternative based on right-identity axiom

This alternative is derived from the approach firséd for medical ontologies described
in Horrocks and Sattler (2003). The two differenaesthe addition of the right-identity

axiom and the simplification of the fault definii® which no longer require disjunctions.
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isPartOf o isPartOf C isPartOf
hasLocus o isPartOf £ haslLocus
Engine C 1 isPartOf. Car

Crankcase T 3 isPartOf. Engine

Bolt C 7 isPartOf. Crankcase
FaultinCar = Fault 1 7 haslLocus . Car
FaultinEngine = Fault 1 3 hasLocus . Engine

FaultinCrankcase = Fault 1 3 hasLocus . Crankcase

FaultinBolt = Fault [ 3 hasLocus . Bolt

Figure 3: Alternative solution to Ontology EngineerPattern N. 4 (EL+)

Figure 3 presents how this alternative approactksvdrhe same declarations are
required for thesPartOfrelations and the Faults definitions are simpdifa all levels of
the part-whole hierarchy. The right-identity axidefineshasLocus> isPartOf as a sub-
property ofhasLocudo signify that something that is located in at pars also located in
the places that P is a part of.

In practice, a fault which is located in the crasme is inferred to be located in the places
that crankcase is a part of such as Engine, athesinferred to be a fault of the engine
itself. Furthermore, because tis€artOfrole is declared to be transitive and the
appropriate part and component taxonomy is defiaddult located in the car as a whole

is also inferred.

4  From patternsto macros

4.1 Ontology engineering macros

11



The objective of this experiment is to understdraiimpact of the ontology design
patterns on reasoner performance and the diffesdmegveen reasoners and the
effectiveness of their optimization tactics.

The ontology engineering problem described by Resmd Welty is a good example of a
case where ontology engineering patterns can leategly applied. XO (Lefort and
Taylor 2005) is an ontology generation tool base@Xtensible Stylesheet Language
(XSL) Transformations (Kay 2007) which can facii#dahe development of semi-
automatic conversions from XML to OWL and allow treation of large ontologies. XO
provides a programmatic syntax to specify wheneutoinformation sourced from

relevant inputs in the resulting ontology. Thistsyallows users to program what can be
called ontology engineering macros. Macros in ouology generation environment are
an efficient method to apply the advice embedddtierbest practice examples which are
applicable. The Semantic Web community has nopyeduced any standard language to
describe ontology generation macros. The objedtivbe graphical notation proposed
below is to provide a high level view of what isgractice implemented with the help of

XO.

4.2 Macrosfor Part-whole ontologies

To handle the example presented above, two typesofos are required, Exists and
Exists*.
Figure 4 presents the ExisAs(B, p) macro which corresponds to the standard enxiate

restriction based on classes A and B and the proper

A C Jp.B

Figure 4: Existg, B, p)
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Exists*(SomethingAboutA, A, Something, p, r) is a slightly more complex mawrti
two possible implementations. Figure 5 is the re@ngation to be used if OWL is the

selected description logic. Figure 6 presents ihe &ternative.

pop & p

SomethingAboutA = Something M 3 r (A U (3 pA))

Figure 5: Exists*BomethingAboutA, A, Something, p, r) for OWL

pop £ p
rop & r

SomethingAboutA = Something 1 1 r A

Figure 6: Exists*BomethingAboutA, A, Something, p, r) for EL+
Figure 7 presents how the Exists and Exists* macoodd be used to generate the
description logic expressions listed in Figure @ &igure 3 respectively.

Exists(Engine, Car, isPartOf)
Exists(Crankcase, Engine, isPartOf)
Exists(Bolt, Crankcase, isPartOf)
Exists*(Fault, Car, isPartOf, hasLocus)
Exists*(Fault, Engine, isPartOf, hasLocus)
Exists*(Fault, Crankcase, isPartOf, hasLocus)

Exists*(Fault, Bolt, isPartOf, hasLocus)

Figure 7: Macros answering the part-whole problem

A simplified graphical notation is introduced inglpaper to represent how these two
ontology engineering macros are combined to alleevgeneration of an ontology out of

any resource providing information about parts #redrelated part-whole relations.
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In this notation, the calls to macros are represehy a single arrow which links the two
principal classes. Macr&( B, parameters) is represented by an arrow fromldss @ to
the class B. The label of this arrow is subseqyesttbrtened to Macro(parameters) to
improve readability. The direction of the arrow slsowvhich class definition depends on
the other. An arrow from A to B with a dotted lirseused to indicate that A is a subclass
of a potentially complex description logic expressin which B is involved in some

way. A full arrow from A to B is used for the casbere B is defined as an equivalent
class with respect to the expression implied byntlhero. The text in the arrow specifies
the other parameters required to execute the mvaich can be class names (e.g. Fault)
or property names (e.gasLocusisPartOf). A subClassOarrow linking A to B
corresponds simply to the generation of the twesda and of thegubClassOfelation.
And asubClassOffarrow is used to mark the results which are exqukatter the
reasoner has re-built the class hierarchy.

The seven macro calls listed in Figure 7 are driemFigure 8 with this notation.

Exists*(Fault, hasLocus,isPartOf

[

subCIgssOf* Exists(iéPartOf)
Exists*(Fault,
FaultinEngine hasLocus, @
T IsPartOf) ;
subClassOf* Exists(isPartOf)
Exists*(Fault,
FaultinCrankcase hasLocus,
IsPartOf) :

subClassOf Exists(isPartOf)

3 Exists*(Fault,

hasLocus,
IsPartOf) @
Figure 8: Graphical notation for part-whole macros

It should be noted that this notation is desigreleip the programmers of the

transformation supporting the ontology generatmddacument it. Figure 9 illustrates
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what would be required to describe a solution basedn automatic generation approach
for a case expanding this first example.
(::I;;\<u];|;1x\::%Exists*(Fault, hasLocus,isPartOf)—»(//;\‘,

\;77(»,,/ \\f///

subClassOf* Exists(isPartOf)

PSS SN Exists*(Fault, =L
(\ FaultinB /:% hasLocus, 4~\ B ‘/‘
T IsPartOf) . ‘

Figure 9: Generic part-whole macro
This graphical notation is used below to explaiwhbe defined macros are applied for

the real world example used to support this emglievaluation.

4.3 Application to Service Difficulty Reports

The case study presented here is based on the&&ifiiculty Reports online service
(FAA 2001) collected by the Federal Aviation Adnsimation. This aviation safety
information collection programs has been in operasince 1966 (GAIN 2004) and is a
valuable source of data for safety performanceyarsa(Luxhgj 1999). This research
exploits the recorded information about parts,rtpaysical and functional relationships
to other parts and their functional affiliationttee categories defined by the ATA/JASC
coding system (FAA 2002). In this context, the data of repetitive incidents would
benefit from the availability of an ontology comisig the two types of relations between
part and wholes: the physical part-whole hierarettyich is sometimes available as the
location of the service difficulty and the functampart-whole hierarchy which is
currently managed with the help of the ATA/JASCiogdsystem. The ATA/JASC
coding system is a FAA-managed variant of ATA Speaiion 100 coding system, an
international industry numbering standard develdpedentify aircraft systems, sub-

systems and components and support part procureandmhaintenance operations.
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Service difficulties are comparable to the faulissent in the Rector-Welty example.
However, in this case study, it is possible to gppé Exists* macro in two different
ways to handle both the physical and the functipaati-whole hierarchy of an aircratft.
Figure 10 shows the application of the Exis¥s*Y, Difficulty, hasFunctionalLocus
iIsSubOf macro to manage the functional part-whole hidnar@heisSubOfrelations are
derived from the JASC specification. The three leat which the macros are exploited
corresponds to different levels of the JASC codiygtem hierarchy. In practice, when
the whole ontology is generated, three differeisspa over the input are done, for all

system, sub-system and component categories.

subCIéssOf* subCIjassOf
‘ Exists*(Diff 3
% hasFunctionall ocus —»
isSubOf) :
subClassOf* Exists(isSubOf)
- Exists*(Diff L
lel)ﬁsWIttg4 hasFunctionalLocus,— N:l\)/iS);itgn
i isSubOf) g
subcgssof* Exists(iSSubOf)

L Exists*(Diff, :
DiffWith hasFunctionall ocus; A
Comp3457 isSubOf)

Figure 10: Exists* macros for the functional hierar

Figure 11 shows the application of the Exis¥s*Y, Difficulty, hasLocusisPartOf)

macro to manage the physical part-whole hierarchy.

16



i

subCIassOf subCIassOf

‘ Exists*(Diff,
m hasLocus —»-
isPartOf)

subClassOf

— Exists*(Diff
DiffWith hasLocus @
Antenna isPartOf)

subCI;assOf
Figure 11: Exists* macros for the physical hiergrch
The relation between the part and the whole isaet¢d with the help of the location field
present for each SDR record. The Exists*(, Difficulty, hasLocusisPartOf) macro is
applied to create the Difficulty classes for the/$tbal parts. The Exist&( Y, isPartOf)
macro is not applied here.
Because of the nature of the inputs,i#RartOfrelation can only be considered in more
restrictive conditions for cases where the parttaedvhole also share the same JASC
code. This approach is illustrated in Figure 12wNtasses are created to represent the
intersection of the functional concepts identifiedrigure 10 with the physical concepts
identified in Figure 11, and named by a combinatibthe part name and the JASC code.
For these classes, the two Exists* macros arejoggty and the Exists(, Y, isPartOf)

can be declared.
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subCIéssOF subClassOf
DiffWith Exists*(Diff. @
Comp3457 hasFunctionalLocus
isSubOf)
subClassOf*
Exists*(Diff,

hasFunctionalLocus

isSubOf)

Exists*(Diff,
hasFunctionall ocus

isSubOf)

Exists*(Diff,
hasLocus, -
_isPartOf)

EX|sts(|sPartOf

Exists*(Diff,
hasLocus @
isPartOf) 3457

Figure 12: Joint use of functional and physicaldEss macros

GpsAntenna
3457

In practice, two different passes over the inpuesdmne to handle simultaneously the
macros presented in Figure 11 and Figure 12. Thedass is required to create the
simple classes like Gps, Antenna, Gps3457 and Aaf4b7. The second pass, based on
a join operation through the location field, cresatee supplementary classes like
GpsAntenna and GpsAntenna3457.

In the difficulty branch of the generated ontolothe hierarchy inferred from the

physical part-whole relations is positioned belbw hierarchy inferred from the
functional relations. Figure 13 illustrates how thve hierarchies unfold together after

the inferred hierarchy is computed by a reasoner.
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subClassOf subClassOf

DiffWithAircraft

subClassOf*

DiffWith subClassOf*
SubSyst34
| subClassOf*

i subCI;ssOf* i
subClassOf* Dty
§ | Antenna
DiffWithGps3457 subClassOf*

subClassOf* 1
DiffWith :
Comp3457 ‘

Diffwith
subCIéssOf* psAntenna
subClassOf*

DiffWith
psAntenna345

Figure 13: Combined physical / functional hieraeshi

5 Experiment

5.1 Generation of thetest ontologies

The XO tool can be used to generate ontology abuarsizes to strengthen the
evaluation outcomes.
The JASC coding system can be used to isolateitiefia closely related in the domains
in groups of various sizes. Figure 14 illustrates selected groupings as follows:
The global aircraft ontology “0” handling all JAS©des in a single file;

* 8 one-digit ontologies “01” to “08” handling betweé& and 1000 four-digit JASC

codes;
» 51 two-digit ontologies “011” to “085” handling lve¢en 1 and 100 four-digit

JASC codes;

19



* And 301 four-digit ontologies “01100” to “08597” hdling between 1 and 10

JASC codes.
oD
/NN
/N N
/N /RO

Figure 14: Multi-level ontology test samples

In this experiment, the test samples are genefateie OWL pattern at each of these
levels. Because the current ontology engineerimy@mment exploits versions of the
OWL and the Description Logic Implementation Graipescription Logic Interface
format (DIG) standards which cannot support the netlusion axioms required for the
EL+ ontology, the easiest method to get the EL-blogiies is to execute a conversion
from the OWL ontology which replaces the outputshef Exists* macro described in
Figure 5 by the corresponding content which wowdehbeen generated out of the action
of the Exists* macro described in Figure 6. Thidesie with the help of three specific
tools: the first tool removes the disjunctions sfieto the Rector-Welty pattern, the
second tool translates the result into the Knowdeldgpresentation System Specification

(KRSS) format, and the third tool adds the two riglentity axioms.

5.2 Evaluation of reasoner performance

Classification can be defined as the computatiaih@subsumption hierarchy for classes
and properties. It is a minimum value which is esgntative of the initial work which

has to be done before the reasoner can answepaayis request. In this experiment,
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we consider classification to be the crucial TBeasoning task. Gardinet al. (2006)
describe a method to trigger the classification tangheasure its time for any reasoner
with a DIG v. 1.1 interface (Bechhofer 2003). Irstmethod, the classification time is
obtained from the response time to a query whikk agormation for all concepts,
triggered once the ontology has been loaded. AlQNVL reasoners, FaCT++, RACER
Pro, RACER and Pellet can be evaluated througin BN& interface with this method.
This approach is implemented in the Ontology Reas8enchmarker publicly available
from the University of Manchester (see Gardieeal. (2006) for more information), an
implementation which supersedes the authors’ atlaptaf CDD, the Context-Driven
Development Toolkit developed by Wagelaar (2004e Dntology Reasoner
Benchmarker allows the user to supply a list obtmgies to evaluate and compiles the
results automatically to facilitate the analysisetstarts the reasoner under evaluation
every time a new ontology is submitted and triggetisned abortion of the reasoning
process for cases where the reasoner executios lakger than a user-specified
duration. The tool also measures the time for asoner response to a set of requests
designed to retrieve the information required touilel the subsumption hierarchy.

The DIG client embedded in Protégé (Knublaathl.2004) can also be used to evaluate
classification times. The inconvenience of thisrapph is that it is based on a manual
process which is impractical on large test samplesit is a useful alternative for users
willing to check the results produced by OntologgaRoner Benchmarker. To measure
times, the user has to load an ontology and cliekctassify button of this tool. Four
measures are then produced: the loading time htekaconsistency time, and the times

required to compute the inferred sub-classes aniy&ent classes. The comparison
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between the two methods is also important to detests where Protégé gives better
results than the Ontology Reasoner Benchmarkemuleadss pre-processing of the loaded
ontology is more efficient to suppress redunadfg:subClassOs$tatements which are

implicitly contained byowl:equivalentClasstatements.

5.3 Computation of size and complexity indicators

Additional size and complexity indicators are reqdito help us to study the impact of
the Ontology Engineering Patterns (or OEP) on #asaener performance. Because real
world data is used to generate the test samplesjzke and complexity of the generated
ontologies can change in many ways. This means#hegral size and complexity
indicators are required to capture the differermseen the samples and support the
analysis of the reasoner performance. The contgleadicators used for this study are

listed in Table 2.

Indicators/Numbers Macros/Patterns
Classes

Maximum and average
role depth

Existential restrictions Exists*
with disjunctions
Existential restrictions Exists
without disjunctions
Classes containing exist. | (Difficulty classes)
restrictions with
disjunctions
Table 2: Complexity indicators

The number of classes is generally a good indiasttre sample size but is not
sufficient to provide an idea of the complexitytioé ontology. Some authors (e.g.
Baader, personal communication) recommend the fusdeodepth, as the main

secondary indicator for this purpose. Figure I&ashthe subset of the formal definition
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from Baader and Sattler (1999) which is applicdbieALCR+ ontologies, and is used to
define role depth in the context of this study.

Depth (C1 1 C2) = Max (Depth (C1), Depth (C2))
Depth (C1 L C2) = Max (Depth (C1), Depth (C2))

Depth (3 r.C) =1+ Depth (C)

Figure 15: Role depth definition

Counting the number of existential restrictions batp to understand the complexity of
each sample with respect to the different typaglations:isPartOf isSubOfhasLocus
hasFunctionalLocusCounting the number of existential restrictionthwdisjunctions is

an indicator of the number of occurrences of EXiptdterns. The number of classes
which contain existential restrictions with disjtioos is also a useful indicator because it
is the size of the Difficulty branch of the ontojog

A customized XSL transformation processing the RIG-formatted version (Turhaet

al. 2006) of the OWL ontologies is used to calculagrble depths, the number of
occurrences of Exists* and Exists patterns of wezikinds and the number of Difficulty

classes.

54 Experimental setup

Our XO tool is available through an Apache ANT-lmhemrking environment which can
be used to create the ontologies, to evaluatedHermance of reasoners and to provide
the supporting complexity indicators. This envir@mhincludes several utilities to
convert the generated OWL file in the formats (KRB&5 2.0) which are useful to

perform the test and to compute the indicators supyy the analysis of the results.
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The Ontology Reasoner Benchmark tool was used &sumne the results, except where
specified otherwise, in CPU seconds on a PC warkstVindows) with a 3 GHz CPU
and 2 Gb of RAM. After 300 CPU seconds, the clasatibn task is terminated and
considered to have taken too long for practicappses. The CEL results are based on a
Linux workstation running over comparable hardware.

Figure 16 gives an overview of this working enviment

Ontology — FaCT++
generation (XO)
| | RACER
Ontology Pro
owL Reasoner |
Benchmarker
— RACER
Utilities
- Pellet
CEL
!nglcators

Classify time Classi % time

Figure 16: Experiment setup

Table 3 lists the used versions of the evaluatedrg#ion logics reasoners and their

critical configuration parameters.

Tool Param. (O Hardwaire
Fact++ [ N/A Win XP PC 3Ghz
1.1.4 2 Gb

RAM
RACER | 9551 Win XP idem
Pro 1.9.0
Racer Stack sizel Win XP idem
1.17.24 | 45M
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Pellet Heap size| Win XP idem

1.3 1024m
CEL N/A Linux idem
0.94 Debian(sid

)

Table 3: Tools versions and configurations

6 Reaults

The main outcome of this evaluation is an estimatee maximum size of OWL and

EL+ ontologies which can be processed in a givae tivith OWL and EL+ for a range

of description logics reasoners. This upper limiery important to users in practice,
especially in the context of manual tasks and ¢smlze used to set the timeout threshold
for experiments such as this one.

These results can be used to evaluate the refaifermance of several OWL reasoners
on the ontologies based on the Rector-Welty pattacthto compare it to the performance
of CEL on the EL+ ontologies. This illustrates tieéatively superior tractability of CEL

and its ability to scale for the full aircraft cagdration.

6.1 Characteristics of the OWL and EL + ontologies

Table 4 provides an overview of the size of gemelantologies for some of the
complexity indicators listed in Table 2. To giveidaa of the progression of these values
over the totality of the sample, the maximal andrage values are given for each of the

four levels used for the generation (see Figure 14)

Ontologies Nb of Avg role | Exists* Exists* Exists
classes depth (physical) | (functional)

All-in-one 30281 1.98 14233 10636 5595
1-digit 0. (Max) 9551 2.49 4543 3141 1888
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1-digit 0. (Avg) | 3918 1.98 1844 1298 789
2-digits 0. (Max) | 2641 2.56 1285 855 520
2-digits 0. (Avg) | 661 1.88 333 194 179
4-digits 0. (Max) | 851 2.03 415 254 181
4-digits 0. (Avg) | 126 1.82 56 35 31

Table 4: Measured complexity

A consequence of the generation process whichées teefined is that all the ontologies
are built on the same mould. The number of Diftigulasses is always almost equal to
half of the number of classes. This ratio is repnégtive of what users of the Rector-
Welty pattern should obtain because one Fault ¢dasseded for each of the classes
belonging to the part-whole hierarchy.

Table 4 also shows that there is little varia@mmongst the indicators that do not depend
on size such as the average role depth. This hamedgeof the tested samples, which is
also apparent in Figure 17 shows the control dvetest samples which is enabled by

the benchmarking method used here.

6.2 Performance on OWL ontologies

The detailed comparative reasoner performance sisadyer the full set of ontologies
derived from the Service Difficulty Reports is qwesented here in detail. Instead, we
provide an illustrative sample of the results weehabtained, as shown below in Figure
17 which illustrates this analysis for the selettid the top 20 most challenging
ontologies — that is the 20 ontologies with theatgst number of classes. Figure 17 uses

a logarithmic scale to facilitate the comparisotwigen the classification time (in
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milliseconds) and the numbers used to charactdrezeomplexity of the test samples

described in Table 2.

OWL Reasoners Results: Time (ms) and Indicators
1000000
100000 //i//"( —e— Classes
—a— Exists*(physical)
Exists*(functional)
Exists(all)
10000 -
—x— RacerPro
—e— Fact++
1000 —+— Racer
W ——Pellet 1.3
100 +———— L e e e L e e e .
OMNTODI NN TOMN NI ma o Ontologies
ANSENSNENONANNLLDMOWLMNOOO O
oo oo ©oooooo © oo

Figure 17: Reasoners results on top 20 OWL ontekgi
Figure 18 presents a compilation of the resulteggrd at all levels for the four OWL
reasoners. The chart is a scatter plot with thebmurof classes on the X axis and the

classification time as the Y axis in millisecondspolynomial trend line by Excel is also

given.
OWL Reasoners - Classification Time (ms)
300000
240000
¢ Fact++
;: o / = RacerPro
180000 : : Racer
: ’ Pellet 1.3
f / Trend(FaCT++)
120000 = Trend(RACER Pro)
- - - - Trend(RACER)
~~~~~~ Trend(Pellet 1.3)
60000 3
0+ : . : .
0 2000 4000 6000 8000 10000  Nb of Classes

Figure 18: Compiled results for OWL reasoners
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A rough estimate of the maximal number of classeghvcan be attained for a set
classification time threshold of 3 minutes (1800@§) can be extracted from Figure 18

for each reasoner. A summary of these resultsomighed in Table 5.

Reasoner| Fact++ RACH Racer | Pellet 1.3
R Pro
Classes ~10,0000 ~9000 ~4500 ~1500
Table 5: Empirical bounds for a time limit of 3 min

6.3 Performanceon EL+ ontologies

Figure 19 provides the results collected for CEthvife top 20 ontologies, ordered
according to CEL'’s classification time. CEL takemihutes and 8 seconds to classify the
whole Aircraft Part ontology, O, which contains mahan 30000 classes (see Table 3 for

more information on it). This value correspond#® point on the far right in Figure 19.

CEL Results - Time (ms) and Indicators

100000

i ::, —+— Classes

10000
—=— Exists*(physical)
Exists*(functional)
Exists(all)
1000 W —x— CEL (ms)
K

— T
N~ MmN O i
N Ontologies

100

Figure 19: CEL results on top 20 EL+ ontologies

To compute the empirical bounds from the resultected for CEL, we can apply the
same method used before, also with a polynomiatith@e. This is shown in Figure 20.
The extrapolation of the trend line would lead waéue greater than 35000 classes for a

classification time of 3 minutes.

28



CEL Classification Time (ms)

300000

240000 4

180000
+ CEL

—Trend (CEL)

120000 4

60000 -

0 T T T
0 10000 20000 30000 40000 Nb of Classes

Figure 20: Compiled results for CEL

6.4 Comparison of OWL and EL + patterns

The result of this experiment shows the superamtability of EL+ reasoners over OWL
reasoners. For the ontologies with a size betw&60 and 10000 classes, a direct
comparison is possible: Figure 21 shows that CEbughly ten times faster than the

best of the OWL reasoners, FaCT++, for this sizerual.

Comparison of Racer Pro, FaCT++ and CEL
Time (ms)
1000000

100000
j —e— RacerPro
10000 s Fact++
1000

100

T
LOMN O i
'5'8%Y©  Ontologies

Figure 21: Comparison on top 20 ontologies

For FaCT++ and RACER Pro, results from Protégésfuar3.2.1) to estimate the
classification time are partially available for ‘@i, the largest ontology. In both cases,
the interaction between Protégé and the reasomuksrieran error situation: FaCT++

performs the classification in a time of 1318 selpralmost exactly 10 times more than
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CEL, before an “Out of Memory” error occurs on fP®tégé side, probably because the
reasoner output triggers changes for more thano#ife total number of classes. For
RACER Pro, the exchange protocol ends by an emaéhe reasoner according to
Protégé, so no conclusion can be drawn from thegispent in the earlier phases of the

interaction.

7 Discussion

7.1 Scalableontology engineering guidelines

It is challenging to develop a best-practice desigie which can be successfully applied
for the generation of very large ontologies. Tactethis objective, we need more precise
guidelines and modularisation approaches which@eladge the practical limitations of
reasoners.

There is a lack of reference to scalability limitghe currently available guidelines from
W3C. Table 6 proposes four categories to bettgrestioe presently available advice with
respect to the orientation of the users towardsBEaTBox reasoning or ABox
reasoning and to their reasoner preferences. Fugfirement of these categories is
likely to be needed once the work on new tractédalgments to extend OWL from the
OWL community (Cuenca Grau 2006) is finalised.

The main objective of this research is to devel@thods to automatically generate

ontologies which belong to the first two categotist®d in Table 6.

Scalable TBox / | Reasoners
modelling style| Abox
SNOMED-like | TBox | CEL

ontologies FaCT++
GALEN-like TBox FaCT++,
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ontologies RACER,
Pellet
DOLCE and TBox / | RACER,
Wine-like ABox | Pellet,
ontologies KAON2
LUBM-like ABox | RACER,
ontologies Pellet,
KAON2

Table 6: Benchmark categories and reasoners

The EL+ version of the Exists* macro is applicatdegget SNOMED-like ontologies. The
Rector-Welty macro is relevant for the generatib®ALEN-like ontologies. This is

why it is interesting to compare the results présgabove to the ones obtained over the
OWL version of GALEN (Rector and Rogers 2004) ia #ame evaluation environment.
The closest ontology to GALEN in the test sampteterms of size and complexity is

027. Table 7 illustrates some of the differences/ben the two ontologies.

Ontologies | Classes| Avg role depth/ | Exists
Max role depth

027 2641 1.95/5 520
GALEN 2749 0.75/9 1145
Table 7: Comparison with GALEN - complexity

Table 8 results shows that while RACER Pro perfaroezon GALEN is roughly
comparable to the one from our evaluation on O2¥ RaCT++ results are far worse.
And the results are different when the Ontologyd®ear Benchmarker is used (230

seconds) and when the measure is estimated dirxgithiyProtégé (59 seconds).

Ontologies | FaCT++| RACERPrq CEL

027 115s 21.3s 1.34s
GALEN 59-230s | 21.6s N/A
Table 8: Comparison with GALEN - performance
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This variation is caused by the presence of depeydeycles in this version of GALEN.
The FaCT++ trace lists 59 cycles (or cyclic dep@cds) in total.

This confirms that the presence or absence of sysla major factor in the reasoner
performance. All the results presented in Sectianebvalid only in cases where a
specific effort has been made to suppress all sytd@void the significant degradation in

reasoner performance which occurs in their presence

7.2 Handling cyclic axioms and complex GCI chains

The working environment we have defined allowsausibnitor the cyclic axiom
warnings (Haarsleet al, 2005) reported by some reasoners. In its starmlapiit,
FaCT++ identifies the root class of the detectedicylependences. RACER, version
1.7.24, when used directly in the verbose moddadoptv) traces all the classes involved
in cycles. In practice, we need to get this typefdrmation more seamlessly and more
homogeneously amongst reasoners and extend theizeseto identify the classes
involved in cycles individually, with as much detas available. A possible approach
would be to extend the DIG interface with such E&wto help users of tools such as
Protégé to better understand how the reasonerrpafe is affected by the choice of
the ontology engineering pattern.

In this experiment, the repeated application ofpthg-whole pattern leads to relatively
long chains of generalized concept inclusion axi¢@GIs) whereowl:equivalentClass
andrdfs:subClassOtonstructs are used simultaneously. Here, thednallenge for the
ontology designer is to eliminate as many redun@QCit statements to avoid potentially
costly GCI elimination effort on the reasoner ssdeh as role absorption (Tsarkov and

Horrocks 2005). The second challenge is to prethenapparition of possible modelling
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errors, especially those corresponding to chain€ts@/here a concept is inappropriately
defined in terms of itself.

Currently, these challenges are difficult to manayen for experienced users; to avoid
cases where the reasoner response time for ctad®ifi becomes unacceptable due to
these cases, the one technique may be to replacseéhobwl.equivalentClassvith
rdfs:subClassOfvhere it may be done so without significantly irofiag on the

semantics of the terminological model, and suchtti@ontology is not invalidated. We
have also observed that the use of Protégé torsgtitaally remove redundant GCls is
beneficial to the performance of some reasoners.

Using CEL is a very effective work around for teecific issue. CEL does not incur any
reasoning time penalty for the presence of suclesytbanks to the simplification of the
algorithm which is allowed by the choice of the Ellgscription logic.

It is too early to conclude whether RACER Pro issamot significantly affected by the
presence of cycles. This analysis would requira¢iestatement of the traces available
in RACER 1.17.24 or the implementation of the egten of the DIG interface suggested

above.

7.3 Scalability issuesfor Aircraft ontologies

The ontologies which are used for this evaluatianvehgrown in size and complexity
w.r.t. the examples used in our previous work (kedo al. 2006) because of the ontology
design choice to represent the functional and pghygiart-whole hierarchy and to
introduce the supplementary classes where the &aos are jointly used presented in

Figure 12.
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It should be possible to downsize and re-factomothtelogy created for this experiment to
a more manageable size, probably superior to tree4,000 classes found in this
previous iteration of our work. The applicabilitfsuch a refactored ontology to practical
operational problems would still be limited becaatée focus of Service Difficulty
Reports on maintenance events.

The work presented here also anticipates the wamstion of more detailed sources

such as aircraft maintenance manuals into eveerangd richer ontologies.

8 Conclusion

Reasoner performance over large ontologies witheldBox components is highly
variable and dependent on the choice of the onyodogineering patterns. Previous
experience in the creation and normalization of ¥Based ontologies (Rector 2003) has
been disseminated by W3C through the publicatioa €#t of recommendations on
simple part-whole relations in OWL Ontologies (Reand Welty 2005). This research
is a continuation of this work and the evaluatiarkvpresented in Lefosdt al. (2006)
centred on the OWL-based ontology engineering pattefined by the W3C
contributors. The main contribution of this casgdgtis the implementation and
evaluation of an alternative approach taking ach@mof features which are specific to
the EL+ description logic.

This experiment confirms the difference in tradigbbetween the OWL and the EL+
classes of reasoners. In the conditions of thigexyent, CEL classification times are
routinely an order of magnitude better than théefstof the OWL reasoners, FaCT++.
One useful result of this evaluation is an estinmhtthe maximal size of an ontology

generated with the two types of Exists* macros Wltdan be classified in less than three
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minutes. For this threshold, the CEL limit is wa¥er 30,000 classes, the maximum size
of the ontologies used for this evaluation, while best performing OWL reasoner is
FaCT++, followed closely by RACER Pro, with ontaleg of up to 10,000 classes in the
set response time threshold.

The other lessons learned from this experiencéhateOWL users are likely to get
trapped into cases where the reasoner responsédicoenes unacceptable just because
of the susceptibility of OWL reasoners to cyclipdadencies which are not easy to
manage, even for experienced users. The resuiemtexl here show that it is possible to
apply the Rector-Welty pattern and avoid the presaf such cycles. The GALEN
example illustrates the steep degradation in pedoce which can be experienced when
this is not the case.

The efficient representation of part-whole hieragshs a critical requirement for real
world applications in the aerospace domain andfalseery large medical ontologies
such as SNOMED. In this context, the time and gaas which are enabled by the
switch to an ontology engineering pattern baseflon are quite significant. This is why
the integration of the non-standard features of ElLthe future versions of the OWL
standard and the update of the DIG protocol to lentaiols such as Protégé to interact
with CEL should be accelerated. This effort wiB@kupport the introduction of right-
identity axioms for description logics of the OWantfily, with potential performance

improvement on this side too.
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