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ABSTRACT

GRAIL andLoowm, two terminologicalknowledgerepresentatioisystemsare comparedooth
gualitativelyand quantitatively.The objectiveis to achievea betterunderstandingf GRAIL

andits relationto other KL-ONE languagesto empirically comparethe performanceof the
two terminologicalclassifiers,andto contrastGRAIL'S customdesignwith Loom's general
purpose design.

GRAIL hasbeenspeciallydevelopedio represenknowledgeabout medicalterminology; it
hassomepowerful andoriginal featuresbut a restrictedterminologicallanguageLoomM has
been designedto satisfy a wide range of knowledge representationrequirementsby
combining a highly expressive terminological language with an efficient classifier.

The quantitative comparisontests scaleability by measuringthe rate of performance
degradationwith increasingknowledgebasesize. A large GRAIL knowledgebase (2,000
concepts)from a real application (the GALEN project) was usedfor the experimentand
translated intd.oom for the purpose. Both systems performeal in view of the tractability
problems associated wikL-ONE languagesndshowedno sign of anexponentiakxplosion
in classification time.

The qualitativecomparisons basedon a settheoreticaccountof the semanticsof the two
languagesand on the experienceof attemptingto translatea GRAIL knowledgebaseinto
Loowm. AlthoughLooM's terminological expressiveness allows it to represent concepts which
are difficult or impossibleto representin GRAIL, it proved impossibleto satisfactorily
translateGRAIL’s specialfeaturesinto Loom. However,a detailedstudy of GRAIL revealed
someseriousproblemswith the classifierwhich, in its currentform, is shownto be both
incomplete and unsound.
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CHAPTER 1 NTRODUCTION

1.1 The purpose of this thesis

As part of the EuropeanGALEN?® project, researchersn ManchesterUniversity’s Medical
InformaticsGrouparebuilding a largeconceptmodelrepresentingknowledgeaboutmedical
terminology.GRAILZ, a terminologicalknowledgerepresentatiosystem(TKRS) in the KL-
ONE tradition, hasbeendevelopedspecifically for the task of building the conceptmodel.
This thesiscomparesGRAIL with Loowm, a stateof the art generalpurposeTKRS with the
aim of:

* Dbetter understandingGRAIL'S semanticsand expressive power through a formal
comparison using set theoretic interpretations;

» comparingscaleabilityby measuringhe rate of performancealegradatiorwith increasing
knowledge base size;

» evaluating both systems with particular reference to their ability to satisfy the
requirements of the medical terminology application;

* enhancingGRrAIL’'s future developmentthrough the detailed study of an alternative
system.

This chapterdescribeshe motivation for GRAIL'S developmentexplainswhy Loom was
chosenfor the comparisonand detailsthe basesof the comparison After a brief note on
nomenclature the chapter concludes with an outline of the remainder of the thesis.

1.2 Motivation for the development of GRAIL

The developmentof GRAIL [GBS+94], and its predecessoiSMK3 [NR91], has been
motivated by the requirementsof two medical informatics researchprojects: PEN&PAD

[NRK+90] which is developingclinical information systemswith predictivedataentry and
GALEN which “aimsto developlanguagendependentonceptrepresentatiosystemsasthe
foundationdor the nextgeneratiorof multilingual codingsystem% [RNG93]. Both projects
make use of knowledge about medical terminology represented @rthie concept model.

The GALEN project usesthe conceptmodel and GRAIL classifierto drive a networked
terminology server (TeS) [RSNR94]. It is intendedthat such serverswill facilitate the
integrationof medicalinformaticsapplicationsandthe sharingof medicaldataby providing
sophisticatederminologyandcoding services PEN&PAD’s designincorporatesan advanced
userinterfacewhich usesknowledgefrom the modelto predictwhat extradetail a clinician
might want to add to a concept description.

1 Generalised Architecture for Languages Encyclopaedias and Nomenclatures in Medicine.
2The GALEN Representation And Integration Language.
3 Structured Meta Knowledge.
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1.3 Why use a Terminological Knowledge Representation System?

Therequirementor a standardccodingsystemfor medicaldatahaslong beenrecognisedand
attemptsto solvethe problemusingenumerativecoding schemes datebackover 200 years
[Now93]. The size, complexity and diversity of medicine make the developmentof a
comprehensivesystema difficult and probably infeasibletask— increasingexpressiveness
causes combinatorialexplosionin the numberof codesneededRNG93]. Table 1.1 shows
how addinginformationaboutlocation,degree aetiologyand causeincreaseshe numberof
codes required to represent a burn from 1 to 12,000.

Table 1.1- Combinatorial explosion in static coding schemes
Description Additional Detail Number of Codes
Burn none 1
Burn+Location =200 anatomical locations 200x 1= 200
Burn+Location+Degree | 4 degrees- 1st/2nd/3rd/not-known 4%x200= 800
Burn+Location+Degree | 3 aetiologies- chemical/thermal/ 3x 800 = 2,400
+Aetiology not-known
Burn+Location+Degree | 5 (say) causes home/work/ 5x 2,400 =12,000
+Aetiology+Cause traffic-accident/other/not-known

Multiaxial schemesallow termsfrom a number of broad axes, such as topography,
morphologyand aetiology,to be combinedto form complexcodes.While representingan

advanceover simple enumerativeschemesnultiaxial systemsstill imposea rigid structure,
havelimited expressivenessnd rely on enumerationwithin the axes.Multiaxial systems
alsointroducenew problemsof their own including vaguesemanticsand the possibility of

creating nonsensical terms [Now93].

The GALEN projectaimsto improve on static and multiaxial coding schemedy using the
GRAIL TKRS to build a conceptmodel of medical terminology. TKRSs are designedto
support“the definition of complex conceptsand the discoveryof their interrelationships
[BMPSR91].The featuresof TKRSsdirectly addressnany of the problemsassociatedvith
static and multiaxial coding schemes:

» unlimited expressiveness thereare no pre-definedaxesand conceptscan be combined
and specialised in an arbitrary manner and to an arbitrary extent;

* unambiguoussemantics- the relationsbetweenconceptsand the meaningof complex
terms have a clearly definédriterial semantics[WS92];

« facilitates extensionand maintenance- automatic classification, inheritance and the
detection of inconsistencies aid knowledge acquisition.

TKRSs have also beenshownto be usefulin the integrationof heterogeneouslatabases
[NSA+94] andin knowledgesharing[PFPS+92] Databasentegrationis importantgiventhe
numberof differentcodingschemeslreadyin use;sharingandre-usabilityarecentralto the
aims of theGALEN project.

4 Schemes which list medical concepts and assign each concept a unique code.
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1.4 Why compare GRAIL with another TKRS?

A wide rangeof TKRSs,basedon the KL-ONE paradigm[BS85], havenow beendeveloped
by researchgroupsin Americaand Europe.Theseinclude BAck [Pel91], CLAssIC [PS91],
CycL [LG91], K-Rep [MDW91], KRIs [BH91], Loom [Mac91b]and SB-oNE [Kob91]. The
range of systems now available has been said to maleagonable to build upon an existing
terminological system instead of building one from scrafelKNP94].

GRAIL is a specialpurposesystemtailored to the requirementsof a specific application.
Comparing GRAIL with a modern general purpose TKRS is intendedto show whether
GRAIL’s custom design offers significaativantagesn meetingthe applicationrequirements.
It is alsohopedthata moreformal analysisof GRAIL'S semanticsanda betterunderstanding
of another TKRS will prove useful BRAIL’s future development.

1.4.1 Why compare GRAIL with LooM?

Loom was chosen for the comparison due to its combination of expressiagnestciency
[HKNP94]. The powerandflexibility of LooM’s terminologicallanguagemadeit likely to
providea stringentandrevealingtestfor GRAIL. The efficiency of Loowm’s classifierwould
alsoprovideaninterestingcomparisonlf LooM is unableto satisfy GRAIL'S designgoalsit
is unlikely that this could be achieved by less expressive and less efficient systems.

LooMm hasthe addedadvantagef beinga relatively maturesystemwith an establishediser
base.Loom is made available to approvedresearchersvia an ftp site and the Loom
developmenteamprovidetechnicalsupportvia a mailing list; the mailing list alsoactsasa
forum for theLoom user community to exchange ideas and information.

1.5 The bases of comparison.

The two systemsare comparedboth qualitatively and quantitativelyon the basisof their
featuresthe performanceof their classifiersandtheir ability to satisfy the requirementof
the medical terminology application.

1.5.1 Features

The featuresand expressivecapabilitiesof the two languagesare comparedby giving a
formal accountof their semanticsusing a slightly extendedversion of the terminological
logic proposedby Baaderet al. [BHH+91]. An informal extensionalsemanticsis also
provided based on the operational descriptions ih tf@v Reference Manual [Bri93].

1.5.2 Performance
Theoretical complexity analyses of subsumption and classification have produced

discouragingesults[LB85], [Neb88], [PS89], [SS89]Nebelhasshownthat eventhe least
expressivelanguagesnust have worst casecomplexity which is at least co-NP-complete
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[Neb90]. FortunatelyNebelgoeson to observethatthe pathologicalcasesvhich give riseto
these results are rarely encountered in applications.

This thesis empirically comparesthe performancesof GRAIL and LooM using a large
knowledge base from a real application— the CoORE model from the GALEN project
[RGG+94]. The CorE model consistsof 2,128 conceptsand 416 relationsproviding basic
termsanddefinitionsintendedto actasa foundationfor the extensionand expansiorof the
medical terminology knowledge base. The scaleability of performanceis measuredby
gradually increasing the size of the knowledge base up to a maximum of 3,987 éoncepts

1.5.3 Satisfying the application requirements

The capabilities of the two systemsare examined, with particular referenceto the
requirements of the medical terminology server application, in order to ascertain:

» if ahighly expressivesystemlike Loom canemulatethosefeaturesof GRAIL designedo
meet specific application requirements;

* if LoOM’s extraexpressiveness applicableto typesof knowledgeknownto be difficult
to represent USINGRAIL ;

* how easy they are to use and what tools are provided to help with knowledge acquisition;
* how stable, robust and reliable they are.

1.6 A note on nomenclature

Thereis an unfortunatedegreeof confusionand disagreemensurroundingthe vocabulary
usedto talk aboutTKRSs.In particularthe termsrelation,role andattributehave beemgiven
a numberof differentinterpretationsTo promoteclarity a brief interpretationis given here
and used consistently throughout regardless of the system being discussed:

concept an intensional description which represents a set of objects in the domain.
For examplePersonor Female

individual a unique object in the domain
For exampleJohn or Mary .

relation anintensionaldescriptionwhich represents setof binary tuplesrelating pairs of
objects in the domain

For examplehas-child or is-sibling-of.

5COmmon REference model.
6 This figure has no special significanesections 4.4.2 and 4.4.3 explain how it comes about.

71t may be more accurateto considerindividuals as representingdisjoint setsof objectsin the domain
[BPS94].

8LooMm is capable of supporting n-ary relations.
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instance an individual member of a concept or relation’s extension.

For exampleMary is an instance djoth PersorandFemale;Mary, John)is an
instance of has-child.

role a concept forming expression which involves a relation.

For example: (somkas-child Person) forms a concept which represents thefset
objects which are related to an instance of Person via thehildgelation.

filler the filler of arole is an objectin the domainwhich is a value of a role. Range
restrictedroles can only be filled by instancesof the rangerestricting concept;
unrestrictedroles can be filled with arbitrary objects (such as atoms, lists or
numbers) which may or may not be instances of some concept.

For exampleJohn is a filler of the role has-child on Mary.
attribute a role which must have exactly 1 filler.

For example:(Persorn] (has-spousderson) might be usedasthe definition of a
conceptcalledMarried-PersonAll instance®f Married-Persomustbe instances
of Persorandmustbe relatedto exactlyoneotherinstanceof Persorvia thehas-
spouseattributé .

criterion the GRAIL namefor a role or attribute. Criteria constructedrom many valued
relations are equivalentto roles while those constructedfrom single valued
relations are equivalent to attributes.

For examplexhas-child Person>= (some has-child Person);
<hasspousePerson>= (has-spouse Person).

1.7 Outline of the remainder of this thesis

Chapter2 describeghe rationalebehindthe designof GRAIL and explainshow its features
were determined by the application requirements.

Chapter3 comparesthe terminological servicesprovided by the two systemsthrough a
formal analysis of their semantics.

Chapterd describesthe translationof the CorRe model into LoomM and the designof the
performance comparison experiments.

Chapter5 presents and analyses the results of the performance comparison experiments.

Chapter6 compareghe two systemsand assessetheir performancen meetingthe design
goals set by the medical terminology application.

Chapter7 is the discussionand conclusions- it summariseswvhat has beenlearnedand
suggests directions for future work.

9InternallyLoowm translates attributes into roles, adding a cardinality restriction of exactly 1.
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CHAPTER 2 THE DESIGN OF GRAIL

This chapterbriefly describesthe rationale behind the design of SMK and GRAIL and

explainshow their featureswere determinedby the requirementf the terminologyserver
application. A detailed study of the work which led to the identification of trezpgrements
is beyond the scope of this thesis; the interested reader is referred to [Now93].

2.1 GRAIL design goals and solutions

GRAIL hasbeendesignedas a tool for a single specific task: to build a conceptmodel of
medicalterminology® which canbe usedin both the PEN&PAD and GALEN projects.The
primary requirementgor the modelarethat it shouldbe reusableand extensiblewhile still
being computationally tractable.

2.1.1 Concept only terminological model

Brachmanhasstatedthat a key elementin the designof a terminologicalknowledgebaseis

determiningthe correct type (concept,relation or individual) for objectsin the domain
[BMPSR91].GRAIL aimsto promotere-usabilityby providing terminologicalservicesat the

conceptandrelationlevel. Implementorsarefree to maketheir own designdecisions- based
on the requirements of a particular applicaticabout thdevel of detailwhichis appropriate
for individuals. By usingthe conceptmodel as a classificationschemaapplicationscan be

independently developed while still guaranteeing data interoperability.

2.1.2 Restricted expressiveness

Brachmanand Levesquehave shown that there is a “fundamentaltrade-off between
expressivenesand computationakractability in knowledgerepresentatiojLB85]. TKRSs
are no exception to this rideBrachmarandLevesquego onto demonstratéhatevena very
small increasein the expressivepower of a terminologicallanguagecan drastically affect
tractabilityt?.

If GRAIL is to meetthe requirementof the GALEN projectit will haveto be capableof
supporting a very large knowledge base and classifying new conceptsin real time.
Computationaltractability is thereforeof crucial importanceand in orderto minimise the
complexity of classification,the expressivenessf GRAIL’S conceptand relation forming
operatorss severelyrestricted- the constructssupportecareintendedto be just thosewhich
are necessary for the modelling of medical terminology [RNK92].

10GRraIL may be a useful tool in other application areas but this has yet to be clearly demonstrated.
11 Addition of the restr operatorto a simple frame description language changessubsumptionfrom
polynomial to ceNP-hard.
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2.1.3 Necessary statements— terminologically significant assertions

Most KL-ONE derivedTKRSsprovidefor extranon-definitionalcharacteristic$o be asserted
aboutconceptsSuchassertiongepresentharacteristicsvhich, while true of a concept,are
not essentiafor the recognitionof anindividual asa memberof the concept’sextensionlIn
systems which followhe KRYPTON [BFL83] philosophyof strictly separatinderminological
andassertionaknowledge(suchas KANDOR [PS84],CLASSIC, LOOM andBACK), assertions
do not affect the classificationof conceptdy the terminologicalclassifier(T-box); in these
systemsassertion®nly affectinferencesaboutindividuals madeby the assertionateasoner
(A-box).

The strict separationof terminologicaland assertionaknowledgehas beenquestionedby

Doyle and Patil, with particular referenceto medical knowledge representationpn the

grounds that it severehgstrictsthe usefulnes®f classificationbasedeasoningDP91]; they

suggestthat the correct classification of some conceptsis dependanton assertional
knowledge.Woodshasalso shownthat the rejection of assertionaknowledgerestrictsthe

kinds of facts that can be represented by a terminological system [Wo0091].

It hasalsobeenpointedout by Doyle and Patil [DP91], and by MacGregor[Mac91a], that

the extremestancetakenby KRYPTON hasbeensoftenedn almostall subsequentystemsso

as to allow some assertionalknowledgeto be representedn the T-box. Subsumption
relationsbetweenprimitive conceptsand the definition of disjoint conceptsare examplesof

assertional knowledge which is visible to the classifier in many TKRSs.

GRAIL takesthis processone stagefurther by making certain knowledgewhich would be
treatedasassertionaln other TKRSsvisible to the classifierthroughnecessary statements.
This enhanceghe utility of classificationbasedreasoningand GRAIL’s ability to reduce
conceptgo a canonicalform. In GRAIL the assertiorthat“all cancersaarenecessarilyseveré
allows “cancet and “severecancetf to be recognisedas the same conceptwhile still
classifying all “cancers as kinds of “severe conditions’. A classifier which ignored
assertional knowledge would give a very different result: asserting “severé as a
characteristiof “cancet would not resultin “severecancet beingrecognisedasthe same
conceptas“cancet norin the classificationof all “cancer$ askinds of “severeconditions;
including the “severé characteristicin the definition of “cancet would require that a
condition be explicitly describedas “severé beforeit could be classified as a kind of
“cancet.

2.1.4 Sanctioning— controlled genericity

In mostTKRSsthereis no restrictionon the generatiorof new conceptsThe classifierwill

detectconceptsvhosedefinitionsarelogically inconsistenandclassifythemasincoherent?

but thereis nothingto preventthe creationof conceptswhosedefinitions, while logically
consistent, are nonsensical. Examples sigfracturedlung” and*“severeaspiriri’ areeasily
generated in unconstrained systems.

12 An incoherentconceptis one who'’s extensioncan be provedto be empty, for exampleas the result of
conflicting role cardinality restrictions.
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As well as detecting incoherent concepts GRAIL provides a hierarchical sanctioning
mechanismwhich constrainsthe generationof new concepts.New specialisations- non-
primitive conceptscreatedby addingcriteria to existing concepts- are checkedby GRAIL

andrejectedf anycriterionis not sanctionedSanctionedpecialisationslo not add anynew
knowledgebut are a kind of lazy evaluationof the model- the existenceof suchconcepts
canbe inferred from sanctioningknowledgebut they are only definedand installedin the
model whenrequiredby an application.Sanctioningsupportsarbitrary expressivenesand
tractability by representing potentiallyvery large or eveninfinite numberof conceptsn a
sparse model which can be dynamically extended in response to application demand.

Sanctioningalsoaddressesomeof the problemsassociatedvith knowledgeacquisition.The
constructionand maintenanceof a conceptmodel of medical terminology sufficiently
comprehensivéo meetthe goalsof the GALEN projectwill be a large and difficult task;
multi-level sanctioning provides a mechanism for the guidance and control of this task.

2.1.5 Refinement and transitivity — co-ordinating taxonomies

Subsumptionor is-a-kind-of relationsform the backboneof the taxonomichierarchyin a
TKRS. GRAIL is designedto supportthe constructionof multiple taxonomiesof basic
medical conceptswhich can be combinedto form more complexterminologicalconcepts;
someof thesetaxonomiesare naturallybasedon the subsumptiorrelationbut othersarenot.
In particular taxonomieswhich deal with physically composedobjects, for examplein
anatomy, are more naturally described using the transitive part-whole relation [PL94].

Figure 2.1— has-location transitive across part-of

1Sa-KiNnd-Of ee—

has-location ------- >
transitive across — - - » T
has-locai fracture
- aslocation ... has-location
femur
A
I 1
.
|
\ —_—— - — m f — - - — fracture

shaft-of-femur | «-- esdecaion | has-location

shaft-of-femur

In a subsumptiorbasedtaxonomyall relationsare transitive acrossthe specialis-a-kind-of
relation. GRAIL’s refinement mechanismsupports the co-ordination of taxonomies by
allowing the definition of relationswhich are transitive acrossother user-definedelations.
Figure 2.1 showshow refinementenablesthe classifierto recognisethat a “fracturewhich
haslocationshaftof the femur’ is a kind of “fracturewhich haslocationfemur’ in spite of
the “shaftof the femur” beinga partof andnot a kind of “femur’. In this examplethe co-
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ordinationof the anatomicalndprocesgaxonomiegequiresthatthe “haslocatiori relation
be transitive across tlés-part-of relation.

In someTKRSs,including Loowm, refinementcanbe representedisingassertionsCycL, the
TKRS usedin the Cyc project,recogniseshe needto representhis kind of knowledgeand
provides the TransfersThro statementwhich has been optimised for efficient truth
maintenancgLG89]. Howevertheserepresentationsnly effect assertionainferencesand
not T-box classification.While someTKRSsdo supportT-box transitivity [HKQ+93] — the
specialcaseof refinementwherea relationis transitiveacrosstself — supportfor refinement
in the T-box is unique tGRAIL.

2.2 Summary

Table2.1 summarise$RAIL’S designgoalsandthe solutionsadopted.The resultis a system
which, while clearlyin the KL-ONE tradition, hasa distinctly differentsetof featurego those
normally found in &L-ONE derived TKRSs.

Table 2.1- GRAIL design goals and solutions

reusable » conceptonly terminologicalmodel actsas an applicationindependen
classification schema,;

* necessary statementsenhancehe reductionof conceptso a canonical
form and the recognition of trivial variants;

* necessary statements support varying requirementsfor descriptive
detail by minimising concept definitions while providing full
classification based on asserted characteristics;

» refinement and transitivity co-ordinatetaxonomieshasedon relations
other than is-a.

extensible | « restricted expressivenessnd a simple and transparenterminological
language which is easily understood by model builders;

» sanctioning and constrained genericity allows large numbers of
concepts to be created from a sparse model,

» sanctioning helpsguide model buildersby controlling how the model
can be extended.

tractable * restricted expressivenesssupportingonly those featureswhich are
necessary for modelling medical terminology.

» sanctioningand constrained genericity allow tbize of the basicmodel
to be kept to a minimum.
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C HAPTER 3 FEATURE COMPARISON

This chaptercomparegshe featuresof the two languagesndthe terminologicalserviceghey
provide. Theirexpressivecapabilitiesareinterpretedusinga combinationof settheoreticand
informal descriptive semantics adapted from [BHH+91], [WS92], [HKNP94] and [Brill93].

3.1 Descriptive semantics

The symbolsusedin conceptandrelationdefinitionsare summarisedn table 3.1. Concept,

relation, attribute and individual names are assumed to be unique. Concept expressions define
a new conceptin termsof existingconceptsfor examplethe conceptMan could be defined

as the conjunction of the conceptsPersonand Male. Relation expressiondefine a new

relation in terms of existing relations; for example the relation daughter bedkescribedas

the relation child with its range restricted to the concept Female.

Table 3.1- Symbols
Symbol Meaning Examples
CN Concept Name Person, Male, Female
RN Relation Name child, sibling
AN Attribute Name mother, spouse
IN Individual Name John, Mary
C Concept expression Persor] Male (i.e. Man)
R Relation expression child|Female (i.e. daughter
A Attribute expression | spousédemale (i.e. wife)

Conceptand relation forming operatorsare describedusing a generalised_isr-like syntax
(concrete form), logic symbols (abstract form), and an informal extensional semantics.

» A concept C is defined by the set of individualsvhichform its extensionn thedomain
A.

» Conceptforming operatorsaredefinedin termsof the extensionf the new conceptand
thoseof the composingconceptsFor exampleif anindividual | is in the extensionof
concept C which is formed from the conjunctiondC.LICn, | must be in the extension$
each of G..Gn.

» Arelation R isdefinedby the setof tuples(l...In) which form its extensionIn the caseof
binary relations, this is the set of,[d) which form a subset & x A.

* Relationforming operatorsaredefinedin termsof the extensionf the newrelationand
thoseof the composingrelations.For exampleif a tuple (I1,12) is in the extensionof R
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whichis formedfrom the disjunctionR:[l...[IRn, (I1,12) mustbein the extensionof oneof
Ri...Rn.

3.2 Loom overview

Loowm offers a complete high level programmingenvironmentfor the developmentof

knowledgebasedsystemsand applications]Loom93]. As well asa term classifier (T-Box)

andassertionateasone(A-Box) Loom providesintegratedsupportfor two objectoriented
programming paradigms: pattern-directed programming (methods) and data-driven
programming(productionrules). LooM's terminologicallanguageis highly expressiveand
forms a supersetof most other languagedHKNP94], [WS92]. Assertionand retrieval is

basedon a querylanguagewhich embodieghe full first orderpredicatecalculus.The Loom

system is under continued development with new features regularlydsEegincluding,in

version 2.1, a context mechanism, negation and temporal exterstmgd4].

Some systems, most notably CLASSIC, restrict expressivenessn order to guarantee
tractability and completened§ [BPS94]. Loom provides greater expressivenessby

supporting terminological constructionswhich are known to be intractable or even
undecidabl&*. Loom’s designers acknowledgethat the classifier must therefore be

incomplete;this is justified on the groundsthat complete systems,while of theoretical
interest,are too restrictive to be of usein most applications[Mac94]. Usersare said to

consistentlydemandmorefunctionality andit is suggestedhat additionalfeaturesarelikely

to be betterdesignedand controlledaspart of the systemratherthan beingimplementedoy

users on an ad hoc basis [Mac91a].

Borgida has pointed out that one problem with this approachis the difficulty of
characterisingo usersthe exactcircumstancesvhich will resultin incompletereasoningor
intractability [Bor92]. LooM tacklesthe intractability aspecof this problemby providing a
power-level function which allows the userto limit the computationaleffort expendedn
seeking“expensivetypesof inferencing [Bri93]; howeverit is admittedto be “difficult to
precisely characterisethe types of inferencing affected — users still have no precise
indication as to when reasoning is incomplete.

Loowm is written in CoMmMON Lisp andrequiresa full native CLOS. LOOM consistsof a setof
pre-definedconceptsandrelationsalongwith an extensivelibrary of functions,macrosand
methodsnumberingapproximately250. Theseprovide the userwith facilities for creating,
manipulatingand queryingknowledgebasedoth interactivelyandfrom within applications.
Howeverno tools are providedto assistin thesetasksbeyonda few basic macroswhich
provide textual listings detailing various aspects of the current state of the knowledge base.

3.3 Loom semantics

Most of LooMm's pre-definedunctionsaredesignedo facilitate applicationprogrammingoy
supporting the retrieval of information about concepts,relations and individuals. The

13 A system is complete if it is guaranteed to find all valid inferences.

14 An undecidableinferenceis one which no algorithm can be guaranteedto find regardlessof the
computational effort expended.
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characteristicand functionality of the systemareillustratedby describingthe definition of
conceptsandrelations.The definition of individualsandthe formationof query expressions
is also described.

3.3.1 Term classifier (T-box)

Conceptsand Relationsare defined using the defconcept and defrelation macrosor their

functionalequivalentdefine-concept anddefine-relation; the availableconceptandrelation

forming operatorsare describedn tables3.2 and 3.3 respectivelywhile table 3.4 describes
the available terminological axioms. LooM does not allow incrementalchangesto the

terminological definitions of conceptsor relations but deletion and re-definition are

supported.

Table 3.2— LooM concept forming operators

Concrete Form

Abstract Form

Semantics

top T A —every | is an instance of top
bottom O 0 — bottom has no instances

(and G...Gn) C.0...0Cn Ic is an instance of all ofiC.Ca

(or G...Cn) Ci[1...0Cn Ic is an instance of at least one af.@n
(not C) -C Ic is not an instance ofl€

(one-of L...In) {I's...In} Icis one of i...In

(one-of N...Nn) {N1...Nn} Icis one of N...Nn

(through N N2) {N 1Nz} Icis in range Nto N

(at-least n R) >nR Ic:R has at least n fillers

(at-most n R) <nR Ic:R has at most n fillers

(exactly n R) nR Ic:R has exactly n fillers

(@alrR C) 0OR:C all fillers of Ic:R are instances of C
(some R C) [R:C some filler of E:R is an instance of C
(inAC) A:C the filler of Ic:A is an instance of C
(filled-by R wi...vn) R:vall...00R:vn Ic:R is filled by all of \...vn

(not-filled-by R \...vn)

= R:wvill..[R:vn

Ic:R is not filled by any of &..vn

(eqR R)

Ri=R

Ic:R: and E:R- have the same fillers

(subset RR.) Ri0R: Ic:Ry's fillers are a subset of:R2's
(<> =72 A1 A) Ai{<,> =%} A2 fillers of Ic:A1 & Ic:Az are {<,>=#}
(relates R AA?) AiR A fillers if Ic:A: & Ic:Az are related by R
(satisfies (?X) Q) d:Q() Q(lc) = True

(predicate (X) {..fj) d1P(N) (lambda (¢) fi...f)) #Z nil

(function () f...f) {FO} lc O (lambda () {...fj)

Ic is an instance of the concept formed by the described operatos; &rerole values(Loom or

Lisp objects);Nn is a memberof the built-in conceptnumber(can be integeror real); Q is a
Loom query expression;«(f.fj) areLisp forms.

15 oom's open-worldassumptiormeansghatanindividual canonly be recognisecasa memberof (not C) if
it is provably not a member of C, and vice versa.
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Constructscan be combined to form definitions of arbitrary complexity. Inconsistent
definitions are not treated dkegal but areclassifiedunderthe built-in conceptincoherent It

is alsopossibleto usetheseconstructdo attachassertion to conceptsandrelationseither
at definition time or incrementally.Assertionscan be madeeither strict, using the :implies

keyword, or default, using the :default keyword. Strict assertionsalways apply whereas
defaultassertiononly apply if they do not resultin incoherenceAssertionsareignoredby

theLooM classifier.

Table 3.3— Loowm relation forming operators

Concrete Form

Abstract Form

Semantics

(and R...Rn) R:0...0Rn (I3,12) is an instance of all of R.Rn

(domain C) c|R l1is an instance of C

(restrict C) Rl I2 is an instance of C

(domains G..Cn) c.a1|R if (I1,...,In) is aninstanceof an n-ary
R, L...In1 are instances of:C.Ch1

(inverse R) R* (I2,11) is an instance of R

(compose R..Rn) Rio..0R if (I1,In+1) is an instanceof R, then

for j from 1 to n, thereis an (lj,lj+1)
which is an instance ofjiR

(satisfies (?X..?Xn) Q)

D(|1...|n)ZQ(|1...|n)

Q(l1...In) = True

(predicate (X..Xn) f...fj)

D(|1...|n)ZP(|1...|n)

(lambda (1...In) f...f) # nil

(function (X...Xn4) f...f)

{FO}

[, O (lambda (1...In-2) f1...f)

(I,12) is aninstanceof a binary relationformed by the describedoperator;Q is a Loom query
expression;f..fi areLisp forms

Additional characteristiceanbe attachedo conceptsandrelationsusingkey words. Among
the moreinterestingof theseare::backward-chainingwvhich instructsLoom only to classify
individuals in responseto a query; :closed-worldwhich allows Loom to draw additional
inferencedy makingthe assumptiorthat currentinformationaboutindividualsis complete;
and :monotonicwhich tells Loowm that the recognitionof individuals is indefeasible.The
keywords:partitions, :exhaustive-partitionsand :in-partition can be usedto assertexplicit
disjunctions and disjoint coverings.

Table 3.4— Loowm terminological axioms
Concrete Form Abstract Form Semantics

(defconcept CN C) CN=C IDCN=IOC

(defrelation RN R) RN =R (I3,...,n) ORN = (ly,...,ln) OR

(defprimconcept CN C) CNOC IODCNO 10C

(defprimrelation RN R) RNOR (Iy,....,n) ORNO (I3,...,) OR

(defdisjoint CN...CNh) CNy|]...]|CN | OCN O I 0CN[O..0OCNj-1
OCNj+10...0CNn

16 Rules which are implied by membership of a concept but which do not form part of its definition.
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In spiteof its complexityLooMm’s classifieris comparativelyefficient, althoughmanyclasses
of possible inference are not supported[HKNP94]. Reasoningabout role cardinality
restrictions,role valuerestrictions,role value maps,equality of attributechainsandinverse
roles is known to be incomplet€he powerful satisfies predicateandfunction constructsare
completelyopaqueto the classifier: evenidentical definitions are not recognisedas being
equivalent.Role fillers are also ignored by the classifier exceptin so far as they impose
minimum cardinality restrictiors.

3.3.2 Assertional reasoner (A-box)

Table 3.5 summariseshe availableassertionabixioms.RecognitioA® andtruth maintenance
do not take place until the Loom matcheris invoked by a call to the createm, tellm or
destroym macros.Loom will then ‘seal’ the network, generatingan error if thereare any
incompletelydefinedobjects.The matcherre-computeghe typesof any modified instances
and propagateshangeghroughoutthe knowledgebaseusing a forward chainingalgorithm
[MB92]. The A-Box usesfull conceptand relation definitions for recognitionand may
succeedin finding some of the more difficult inferenceswhich are missed or not
implemented in the classifier [HKNP94].

Table 3.5—-Loom assertional axioms
Concrete Form Abstract Form Semantics
(CIN) INOC IN is an instance of C
(R IN4,...,INn) (IN4,...,INn) O R (IN4,...,INn) is an instance of R
(same-as ININ2) IN1 = IN2 IN: and IN are merged

3.3.3 Query language

Much of LooM' s assertionateasoningooweris vestedin its queryandretrievalmechanism.
Queryexpression®f arbitrarycomplexity canbe formed usingthe operatorssummarisedn
table3.6 andcanreturneithera truth valueor a setof matchingobjectsfrom the knowledge
base.Query expressiongan also be includedin conceptand relation definitions using the
satisfies construct.Individuals and tuples which satisfy the query expressionwill then be
recognised by the A-Box as instances of the concept or relation.

171t hasbeenshownto be necessaryo ignoreindividualsasrole fillers in orderto maintainthe monotonicity
of classification when assertional retractions and redefinitions are permitted [Bor92].

18The classification of individuals in terms of the concepts they instantiate.
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Table 3.6—LooM query expressions

Expression Returns
(same-as w») true if v and v are equivalent
(subset vv) true if v & v2 are sets & vis a subset ofv
(about I C) true if I is an instance of C
(about I (R v)) true if I:R is filled with v

(about I (filled-by R v...wn) true if I:R is filled by all of v...vn
(about | (at-least/most n R)) | true if I:R has at least/most n fillers

(about | (exactly n R)) true if I:R has exactly n fillers

(about I (all/some R C)) true if all/some fillers of I:R are instances of C
(about I (the R C)) true if I:R is filled by exactly one of C
(predcall P v) true if (P v)# nil

(and Q...Qn) true if all of Q...Ch are true

(or Q...Qn) true if any of Q...Qh are true

(not Q) true if Q is not true

(fail Q) true if Q is not provably true

(for-some (?x..7x) Q) true if Ja binding for ?X..?x such that Q is true
(for-all (?x...?7) (Q: Q2)) true if all ?x...7x that satisfy Qalso satisfy @
(collect ?x Q) returns v...vn for which Q(?x) is satisfied

v is a Lisp valuewhich canbe a Loom conceptrelationor instance;?x is a variablewhich
can be bound to a value; Q is a query expression; Rigaredicate.

3.4 GRAIL overview

Unlike LooM, GRAIL is not designedo be directly accessiblg¢o applicationsprogrammers;
GRAIL is encapsulatedithin the TeSwhich providesa high level applicationinterfaceanda

sophisticatedgraphical environmentfor the developmentof terminological models. The

GRAIL languagehas restricted expressiveness terms of conceptand relation forming

operatorsbut providespowerful additional featuresin the form of sanctioning,necessary

statements and refinement.

The currentversionof GRAIL is written in Smalltalk. C++ implementation®of the classifier
have beerdevelopedfor the IBM-PC and a C++ implementationfor parallel platformsis
under development [GGJ94].

3.5 GRAIL semantics

The currentversionof GRAIL hasno assertionatomponentand consistsentirely of a term
classifier (T-box). GRAIL’'S simple syntax makes it necessaryto use combinations of
statementso define conceptsandrelationsincrementally. Thereis for exampleno explicit
conjunctionoperatorut a semanticallyequivalentresultcanbe achievedoy usingaddSuper
statements tassertadditionalsubsumersTable 3.7 summariseshe mappingbetweenGRAIL
statements and their equivalent concrete forms.
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Table 3.7— GRAIL compound statements and equivalencies
GRAIL Statements Equivalent Concrete Form

TopThingwhich R C —where R is many valued | (some R C)

TopThingwhich R C —where R is single valued | (in A C)

(C1 newSub CN) addSuper [Co...Ci] (defprimconcept CN (andiC.Cn))

Ci1 whichG <C....G> —where (GOC2)...(GOCn) | (and G...Gn)) —where G...Ch are role

are grammatically sanctioned restriction concepts of the forrhR:C) or
(A:C)

Ci which <C....C> —where (GOC2)...(C:OCn) (and G...Gn) —where G...Cn are role

are sensibly sanctioned restriction concepts of the forraR:C) or
(A:C)

(R newAttribute RN)addSuper [Re...R] (and R...Rn)

Care must be takenwhen using statementsvhich add to definitions as this can introduce
inconsistenciesvhich arenot detectedy the currentclassifier;conceptsandrelationsshould
be fully definedbeforebeingusedin furtherdefinitions.Section6.4.3describeghis problem
in more detail.

3.5.1 Term classifier

Conceptsare defined using a combination of newSub, addSub, addSuper, which and
whichG statements- table 3.8 summariseghe available conceptforming operatorswhile
table 3.10 summariseghe available terminological axioms. The form of the which and
whichG statementsrestricts non-primitive conceptsto the special case where a single
primitive base is conjoined with one or more role restriction concepts (see table 3.7).

Table 3.8— GRAIL concept forming operators

Concrete Form Abstract Form Descriptive Semantics
top T A —every | is an instance of top
bottom O O — bottom has no instandés
(and G...Gn) C.00...0Cn Ic is an instance of all ofiC.Cn
(some R C) [R:C some filler of E:R is an instance of C
(inAC) A:C the filler of Ic:A is an instance of C
Icis an instance of the concept formed by the described operator.

GRAIL hasanunusualsyntaxfor role cardinalityrestrictionsithe cardinality of a role, which
can only be specifiedas single or multiple, is fixed by the relation definition. All roles
formed from a given relation therefore have the same cardinality restriction.

Role restrictionscan be introducedin one of two waysin GRAIL: either by the which and
whichG operators or byecessary statementsAll role restrictionsareof therangerestriction
types([R:C) and (A:C), referredto in GRAIL ascriteria. The form (CR:C) describe<riteria

19The current implementationof GrRAIL does not maintain bottom in the senseof a conceptwhich is
subsumed by all other concepts but it still theoretically exists.
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whereR is a manyvaluedrelationwhile (A:C) describe<riteriawhereR is a single valued
relation.

Table 3.9— GRAIL relation forming operators

Concrete Form Abstract Form Descriptive Semantics
(and R...Rn) Ri...0Rn (I1,12) is an instance of all ofiR.Rn
(trans R) R’ (I1,12)0R O (2,15 0R O (I1,15)0R
(trans-across R R1) | R™ —see not® | (I,12)0R O(l2,1)0R1 0 (I1,ls)0R

(I,12) is an instance of a binary relation formed by the described operator.

Relationsaredefinedusingthe newAttribute statementvhich canbe combinedwith addSub
and addSuper statementso form conjunctions;all GRAIL relationsare primitive (seetable
3.10). Relation definitions can be extended by adding transitivity and refinement
characteristicsThe newAttribute statementlefinesa relation-inversepair; inverserelations
are used by sanctioningand necessary statementswhich are bi-directional, and by the
refinement/transitivitymechanism.Table 3.9 summarisesthe available relation forming
operators.

Table 3.10- GRAIL terminological axioms
Concrete Form Abstract Form Semantics
(defconcept CN C) CN=C IDCN=IOC
(defprimconcept CN C) CNOC IODCNO 10C
(defprimrelation RN R) RNOR (I,12) ORNO (I412) OR

3.5.2 Necessary statements

The processf classificationhastwo distinctphasesA concepts locatedin the hierarchyby
first finding thosemore generalconceptswhich are ‘above’ it — its subsumers- and then
finding thosemore specialisecconceptswvhich are‘below’ it — its subsumeedJnlike Loom
implicationsGRAIL necessary statementsirevisible to the classifier— assertionaknowledge
is used during upwards classification by treating asserted characteristicsdsagarncept’s
descriptionwhen evaluatingits subsumersHowever as assertiongepresentcharacteristics
which arenot essentiafor the recognitionof membersof a conceptthey are not considered
when evaluating subsumees in the downwards classification phase.

GRAIL providesthreestatement$or addingasserteccharacteristicso conceptsnecessarily,
topicNecessarily and valueNecessarily. All three have identical syntax to the which
statementbut are not conceptforming; insteadthey attach strict implications to existing
concepts. The statement:

C1 topicNecessarily R ©

+R1

20The R' notationfor transitiverelationsis extendedso that R™* describeghe relation R which is transitive

across the relation R1.
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allows the classifierto infer that all instancesof the conceptC: are also instancesof the
concept (R:@21; a similarvalueNecessarily statement would allow the classifier to infer that
all instancesof the conceptCz are also instancesof the concept(R":C1); a necessarily
statementallows both inferencesto be made and is equivalentto a combination of
topicNecessarily andvalueNecessarily statements:

C1 valueNecessarily R G C2 topicNecessarily R* C1

CltopicNecessarily R C2
+

ClvalueNecessarily R C2

Clnecessarily R C2

Figure 3.1— Necessary statements

S

CO (Rz:C2)
R 4

explicit subsumpti;zﬁ
inferred subsumptioh
inheritar_]c‘é

C (R1:C1) necc. (R2:C2)
t e

C O Ru:C1 ORs3:Cs [necc. (R2:C2)]

If conceptC [0 (R1:C1) hasanattachecdhecessary statemen{R2:Cz) it will be subsumedy C
O (R2:C2) but will still subsumeC O (R1:C1) O (R3:C3). The necessary criterion (R2:C2)
would then be inherited by G (R1:C1) [ (Rs:Cs).

3.5.3 Sanctioning

GRAIL providesa sanctioningmechanismwhich constrainsboth the formation of new non-
primitive concepts,using the which and whichG statementsand the addition of asserted
characteristics usingecessary statements.

Beforea basecriterion conjunctionCi[JR:C2) canbe usedin a which, whichG or necessary
statemenit mustbe sanctionedat the appropriatdevel. Sanctionings hierarchicalandhas3
levels: ‘conceivable’, ‘grammatical’ and ‘sensible’. A conjunction is sanctionedat the
conceivabldevel if the baseconceptCy, therelationR andthe rangerestrictionconceptCz

21Theimplicationis of attributeform (CR:C2 O 1R) for a singlevaluedR andexistentialform (CR:C2) for a
many valued R.
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all exist; grammaticalandsensiblesanctionsare explicitly appliedto the baseconceptusing
sanctioningstatementsGrammaticaland sensiblesanctionsmustthemselvede sanctioned
by conceivable and grammatical sanctions respectively. Sanctioning statementscause
sanctiongo be appliedsymmetrically:if Ci[R:C2) is sanctionedhe samesanctionwill be
applied to GI(R™Cx).

Table 3.11- GRAIL sanctions
Sanction Example Semantics

Conceivable Ci1, R and G all exist C1X(R:C2) or C2L(R™C1) may be
grammatically sanctioned

Grammatical | Cigrammatically R & C1X(R:C2) or C2[R™:C1) may be sensibly]
sanctioned or conjoined to form a new
concept using thehichG statement

Sensible Cisensbly R C C1X(R:C2) or C2L(R™C1) may be
conjoined to form a new concept using tk
which statement or conjoined assertivelyf
using anecessary statement

Sanctionsare treatedas assertionswvhich are not terminologically significant: they do not
affect the evaluation of the subsumption relation but they are inheritedttdewsmbsumption
hierarchy. If a conjunction is sanctioned the same sanafiphesto all its subsumeedVhen
a conjunctionis usedin a which, whichG or necessary statementhe resultingconcept(s?
must inherit a sanctionat the appropriatelevel in respectof itself or of a subsuming
conjunction.Conjunctionsusedin which andnecessary statementsnustbe sanctionedat the
sensiblelevel; conjunctionsusedin whichG statementsneed only be sanctionedat the
grammaticallevel. The classifierwill rejectany statemenivhich would resultin a concept
being inadequately sanctioned.

Sanctioning highlights a fundamental difference in@raiL andLoom designphilosophies:
GRAIL makesa defaultclosed-worldassumptiorwheread ooMm assumesn openworld. In

GRAIL all relations are restricted until explicitly relaxieg sanctioningjn Loowm all relations
are unrestricteduntil explicitly tightenedby role restrictions. GRAIL starts out with the
implicit assumptiorthat for everyrelation R the concepttop hasa restrictionof the form

(UR:bottom); theserestrictionsare relaxed as sanctionsare applied. A sensiblesanction
(R:C1) appliedto a concepthasthe effect of relaxingthe inheritedrole restrictionso that it

becomesI[(R:C1). Another sensible sanction (R)Qvould furtherrelaxthe restrictionsothat
it becomes(OR:(Ci[IC2)). This makes it impossible to transposesanctionsinto role

restriction assertion® as, in KL-ONE basedsystemslike Loowm, restrictionscan only be
tightened as the concept hierarchy is descended.

22Theresultmaybe a new concept,n the caseof which andwhichG statementsanincrementallyredefined
conceptin the caseof topicNecessarilly andvalueNecessarily statement®r a pair of incrementallyredefined
concepts in the case of the symmetritadessarily statement.

23They would have to be assertions as they are not terminologically significant.
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3.5.4 Refinement and transitivity

In GRAIL relations can be made transitive acrossother user-definedrelations using the
specialisedBy operator:

Ri specialisedBy R2 = (trans-across RR2)

In the examplein figure 2.1 refinementis usedto makethe “hasLocatioh relationtransitive
across théisPartOf relation:

hasLocatiorspecialisedBy isPartOf

This allows (hasLocation:shaftOfFemutp be recognisedby the classifieras a “kind-of”
(hasLocation:femur) which in turn allows the classifier to find the subsumption relation:

fractureld (hasLocation:femur)

subsumes

fractureld (hasLocation:shaftOfFemur)

Transitivity hasthe specialcasewhere a relation is transitive acrossitself — the syntactic
form:

R transitiveDown
is provided as a convenience. This is equivalent to:

R specialisedBy R

3.6  Summary

As canbe seenfrom the precedingsectionsthe terminologicalservicesprovidedby the two
languagesrequite diverse— GRAIL’S necessary statementssanctioningandrefinementhave
no direct terminologicalequivalentin LoomM while GRAIL’'s conceptand relation forming
operators are only a small subset of those availakleowm. This diversityis reflectedin the
difficulties encounteredn translatingthe CORE modelfrom GRAIL into Loowm, as described
in chapter 4.
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CHAPTER 4 EXPERIMENTAL METHOD

This chapterdescribeshow the GRAIL CORE model was translatedinto Loowm, how the
performance comparison experiments were designed and how they were carried out.

4.1 Related work

Given that all TKRSs are theoretically intractable, performance analysesusing real

knowledge basesare of interest. Heinsohnet al. empirically testedthe classifiersof 6

different TKRSsincluding CLAssIC andLooM [HKNP94]. Baaderet al. usedthe samedata
to comparethe effect of various optimisationtechniqueson the KRris classifier, an early

versionof which had performedpoorly in Heinsohn’stests[BHNP92]. A problemcommon
to boththesestudiesis thatthe “realistic’ knowledgebasesusedfor the testswererelatively

small (the largesthaving 435 conceptsand 10 relations)and of questionableealism— most
were exemplarsprovided by the developersof the TKRSs being tested.Both studiesalso
usedlargerrandomlygeneratecknowledgebasesout the structureof theseknowledgebases
was very different from the kind of structureanticipatedin a TeS application:80% of the

conceptswere primitive, there were only 10 different relationsand rangerestrictionroles
were formed from a random combination of relations and concepts.

This thesiscompareghe performance®f GRAIL andLoowm usingthe Core modelfrom the
GALEN project. The timing experimentstest classifier performancewhen expandingthe
CoRrE model by adding sanctionedspecialisationsand when querying the model by re-
classifyingconceptswvhich havealreadybeenadded.This shouldrepresent realistic pattern
of use in a TeS application.

4.2 Translating the COrRE model

In order to conduct performancecomparisonexperimentsthe GRAIL CORE model was
directly translatednto Loom. This may not havemadefor a completelyfair comparison- a
different modelling methodologywould probably have beerchosenif building the model
from scratchusingLoom — butit still producedusefulandinterestingresults.Translatingthe
model also highlighted the differences between the two systems.

4.2.1 Separation of parsing and translating

The translationprocessis separatednto two operations,parsing/pre-processingnd code
generationThe parsing/pre-processinghaseis performedby a stand-alongrogramwhich
convertsGRAIL statementsnto an intermediatelisp readableform. A translationmoduleis
loadedalongwith Loom andgenerates ooM codefrom the parser’soutput. Separatinghe
two phasesallows the overheadof parsing GRAIL syntax to be eliminated from the
performance experiments. The parser would also be reusable faartbkationof GRAIL into
otherLIsP based systems such@sassic.

31



4.3 Translating GRAIL into LooMm

This sectiondescribeghe processof translatingGRrRAIL into LooM. Emphasigs givento the
problemsencounterednd the solutionsadoptedwhen translatingGRrRAIL'S unusualfeatures
and syntax.

4.3.1 Relations— cardinality and inverses

Mapping GRAIL’s primitive relation hierarchyto LooM’s muchricher representationvould
be straightforward except f@RAIL’s unusual treatment of role cardinalities and inverses.

Loom provides no mechanismfor specifying cardinality restrictionsas part of relation
definitions.A :single-valuedcharacteristicanbe attachedo relationsbut this is effectively
anA-box assertion- it causeghe A-box to retractpreviousrole filler assertionsvhena new
filler is assertedor a :single-valuedrole (if the global :clip-roles characteristichas been
specified).To emulateGRAIL’s behaviourthe translationmodulenotesrelation cardinalities
(in Lisp property lists) and adds appropriate role cardinality restrictions to concept
definitions.

Similarly for inversesLooM’s interpretationis assertiorbased:usingthe :inversekey word
in a Loowm relation definition is an assertionthat for any tuple (I1,12) which satisfiesthe
relation, (I2,11) will satisfy the specified inverserelation. In GRAIL the definition of an
inverseis usedby symmetricaloperationssuchassanctioningand necessary statementsThe
translationmodulenotesinverserelationsand usesthis informationto perform symmetrical
operations when required.

4.3.2 Primitive Concepts

Both GRAIL and LooM provide for the definition of primitive conceptswith explicitly
assertedsubsumptionrelations. However GRAIL’s syntax, which requiresthe incremental
definition of conceptsvith multiple parents,anda problemwith Loowm, which restrictsthe
retrieval of concept definitiod$, makes the translation process surprisingly difficult.

The implemented translatiof GRAIL'S addSuper and addSub statementsetrievesthe
currentlyassertedsubsumerandaddsthe new subsumeto form a new definition. This will

only function correctlyif the definition of a concept’ssubsumerss completedbefore any
sanctioningor necessary statementsre applied. This is adequatéor translatingthe CoRE
model which conformsto approvedmodelling practice and always assertsany explicit
subsumers immediately after a concept’s definition.

24The versionof Loom useddid notallow the rangerestrictionconceptC to be retrievedfrom existentially
guantifiedrole restrictionconceptsf the form (CR:C). This problemhasbeenfixed in morerecentversions
of Loowm.
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4.3.3 Non-primitive concepts andGRAIL knowledge names

GRAIL which statementgperform a dual query/createfunction: if a conceptmatchingthe
definition is locatedin the modelit is simply returned;if not a new conceptis created.The
which statementdoes not name conceptsbut a ‘knowledge name’ can be addedwith a
subsequentame statement.

Although the Loom define-concept function can be usedin a similar manner,another
problemwith Loom2> preventsthe direct translationof which and name statementsnto
define-concept and rename-concept functions.As a resultthe translationprocessis much
more complexand requirestwo hashtablesto map betweenGRAIL and LOOM names.The
first hashtable mapsGRAIL ‘knowledgenames’'to Loom conceptnames;the secondhash
mapsLooM names back tGRAIL definitions and ‘knowledge names’.

4.3.4 Necessary statements

The semanticsof GRAIL necessary statementsannotbe emulatedby the Loom T-box as
Loowm's classifier ignores all non-definitional characteristics. However the translation module
canusethe Loom matcherto emulatenecessary statementsn the A-box by instantiating
concepts.

When a conceptis instantiatedall its inherited characteristics,both definitional and
assertionalareusedby the LooM matcherto infer the ‘types™® of the resultingindividual.
The recognitionof new typescan causeextraassertionatharacteristico be inheritedand
initiate further iterationsof the matchingprocessijterationscontinueuntil no new typesare
discoveredMB92]. This closelyparallelsthe upwardsphaseof classificationin GRAIL — the
types and characteristics oL @om concept’sinstantiationwill be the sameasthe subsumers
andcharacteristicef anequivalentGRAIL concept.The translationrmodulecanuseinstances
to answerqueriesaboutsubsumersand sanctioningwith identical resultsto thoseobtained
from theGRAIL model. Instances caisobe usedto find the GRAIL-equivalentsubsumeesf
a conceptbut this is more complex, requiring multiple Loom queries and additional
processing in the translation module.

4.3.5 Sanctioning

The translationmoduleimplementssanctioningusingLooM's ability to havearbitrary LiISP
objectsasrole fillers. Like sanctionsyole fillers do not affect classification- the concept
hierarchyis usedonly as an inheritancemechanismTwo specialrelationsare definedfor
GRAIL’s ‘grammatical’ and ‘sensible’ sanctions When a sanctionis appliedthe sanctioned
criterion, in the form of a two element list, is added to the fillers of the corresponding role.

25 oowm crashes if @oncepiwith a system-generatethmeis renamedafter assertionshave beemddedto its
definition. The existenceof this bugis acknowledgedy LoomM's developerdut they statethatfixing the bug
is low priority as*“our designphilosophyis that usersshouldn’treferenceanythingbut user-namedoncept$
[Rus95].

26 The types of an individual are those concepts which it is recognised as being an instance of.
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The translation moduleeststhe sanctioningof a newnon-primitiveconceptoy checkingthat
all its defining criteria are subsumedby a filler of the appropriatesanctioningrole: the
grammaticalole in the caseof whichG statementsindthe sensiblerole in the caseof which

statementsAs the processof deleting a classified Loom conceptis rather drastic— all

conceptswhich referencet arerecursivelydeleted- the translationmoduledoesnot delete
un-sanctionedconcepts.nsteadit prints a messaganforming the userof the sanctioning
violation. The Loom find-subsumers&subsumees function could be used to check
sanctioningbeforeinstalling new conceptsan the hierarchybut this would resultin all new
non-primitive concepts being classified twice.

4.3.6 Refinement and transitivity

Refinementand transitivity follow a similar pattern to necessary statements:GRAIL
implementsboth in the classifierwhereasLoom providesthe facility for making suitable
assertiongvhich will only affect A-box inferencesin [Bri93] an exampledefinition of R’,
the transitive closure of relation R, is given which usesthe satisfies relation forming
operator;a similar resultcould be achievedusingthe predicate or function operatorsUsing
these operators is equivalent to an extensional definition of the relation in first order logic:

R(X1Z) O [B/(R(X’y) O R+(y,Z)) - R+(X!Z)

An A-box tuple (x,z) satisfiesthe transitiveclosurerelationR" if (x,z) satisfiesR or if there
existssomeindividual y suchthat (x,y) satisfiesR and (y,z) satisfiesR". Refinedrelations
can be similarly defined.For examplethe relation R™, which is equivalentto the GRAIL

statemenR specialisedBy R, can be defined as:
R(x,z) O Oy(R(x,y) ORu(y,z)) — R™(x,2)

Using satisfies, predicate or function operatordo implementtransitiveandrefinedrelations
in the A-box necessitatesnstantiatingroles as well as concepts.The translationmodule
achievesthis using implies and default statementgo assertrole fillers when a concept’s
definition includeswvhich, whichG or necessary statements.

4.3.7 A concept only model

The implementationof necessary statementstransitivity and refinementdescribedabove—
using complexand opaqueLisp functionsto answerclassificationbasedqueries- is very
clumsy and is clearly usingoom in away contraryto its designphilosophy.To give amore
balancedperformancecomparisontwo extra LooM modelsare usedwhich progressively
eliminate these features from the translation module. Loom model ‘A’ is the full
implementationas describedabove; LooMm model ‘B’ does not include transitivity and
refinement;LoomM model‘C’ is a conceptonly modeland doesnot supporttransitivity and
refinementor necessary statementsThe reducedfunctionality of the ‘B’ and ‘C’ models
results inLoom missing some subsumption relations which are founGryiL.
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4.4 Quantitative experiments using the models.

Simple measurement®f the times taken to compile the various models are of limited

significancein comparingthe performancesof the two systems.The efficiency of the

underlying host systems- Smalltalk in the caseof GRAIL and LISP/CLOS in the caseof

Loom — canvary widely. Factorssuchas compilation strategyand garbagecollection can

also have a significant effect on performanceand cannotbe controlled consistentlyacross
both systemsThe experimentsarethereforedesignedo testthe scaleabilityof performance
by measuring the rate of change of classification speed with increasing model size.

4.4.1 Compiling the models

The performancescaleability tests use pre-compiledversions of the CorRe model. The
compilationtimesfor all four models,the GRAIL modelplus the threeLoom versionsof the
model, were measuredtaking an averageover three compilations. Core images of the
successfully compiled models were then saved for use in future tests.

4.4.2 Creating the test files

The performancescaleabilityexperimentsequirethe sizeof the CORE modelto be increased

by addingsanctionedspecialisationsA Lisp functionin the translationmodulewas usedto
automaticallygeneratehis data.lt doesthis by examiningeveryconceptin the Loom model
andsearchinghe list of sensiblysanctionecriteriafor onewhich could be usedto createa
new concept.Before searchingthe list is randomisedusing the Lisp randomfunction; this
avoids any bias towards the use of criteria which are applied at more general leveltheithin
model and which might be expectedto occur nearthe beginningof sanctionlists. If an
appropriatecriterion can be found, a GRAIL statementwhich definesthe new conceptis
written to an outputfile. Using this function with the Loom ‘B’ modelyielded a testfile
containing 1,859 new concept definitions.

To counterany effects due to the ordering of the generatedconcepts,and to checkthe
consistencyf the timings, the experimentsise5 randomisedopiesof the testfile; the Lisp
random function was again usedin the randomisationprocess.Each of the test files is
dividedinto 10 groupsfor timing purposes- 9 groupsof 186 conceptsand onegroupof 185
concepts.

4.4.3 Classifying and installing new concepts

Thetime takento classifyandinstall eachof the 10 groupsof conceptss measuredndthe
measurementare repeatedor eachof the 5 randomisedestfiles. Installing the 1,859 new
conceptsncreaseshe sizeof the CorRe modelfrom 2,128to 3,987 conceptsalthoughit does
notincreaseéhe amountof knowledgerepresented the existenceof theseconceptshasbeen
inferred from existing sanctioning knowledge.

Of the initial 2,128 concepts in ti@RE model, only 483 (23%) are non-primitiiastalling
the new concepts,all of which are non-primitive, changesthis proportionto 2,342 non-
primitive concepts out of a total of 3,987 (59%).
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4.4.4 Querying the models

As well asclassifyingandinstalling new conceptsa TeS applicationwould be expectedio

spend a considerableamount of its time answering queries by classifying concept
descriptionsanddiscoveringidenticalconceptsalreadyinstalledin the model.In factit is to

be hopedthatasthe modelgrows,anincreasingoroportionof classificationsvould resultin

the discoveryof aninstalledconcept- if this is not the casethe size of the modelcould be
expected to grow out of control.

Re-classifyinginstalled conceptsought to be faster than adding new onesas it is only
necessaryo performthe first phaseof classification- locatingthe conceptin the hierarchy

by finding its subsumers. If this process discovers an identical concept already instidléed in
hierarchythe secondphaseof classification- locating the conceptssubsumees can be
dispensed with.

Dueto time constraintghe re-classificatiorof installedconceptss only measuredor oneof
the five test files; the test file which producedthe most nearly averageresults for the
classificationtests,file number3, is usedin this experiment.The experimentmeasureshe
time takento classifyandinstall andthento re-classifyeachof the 10 groupsof conceptsn
the test file.

A minor complicationcausedy this methodis thatthe averagesize of the modelduringthe
gueryphases larger,becausehe whole grouphasalreadybeenclassified.In orderto avoid
this it would be necessaryto classify and re-classify each conceptindividually. While
feasible forlL,oom this would not be possible f@RAIL due to Smalltalk’s lack asupportfor
precise timing measurements.

4.4.5 Measuring performance

Performancas measuredn termsof CPU time used.As Smalltalk doesnot provide any
built-in meansof measuringCPU time the GRAIL timings were performedby running the
UNIX ‘top’ utility and noting the CPU time usedbeforeand after eachsectionof the test.
This methodgives a maximum precisionof 1 second- adequatefor the purposesof this
experiment.Timings for the Loom modelswere performedusing the Lisp time function to
run each section of the test. This returns the CPU time used in units of 10 milli-seconds.

Loom useslazy evaluationfor A-box inferencesand truth maintenance- they are not
performeduntil requiredby an A-box queryor until forcedby a specialform of the assertion
macro provided for this purpose.Loom refersto this evaluationprocessas ‘sealing the
network’. All timed groups oEoom code conclude with a call to theacrowhich causeshe
networkto be sealed.For versionsof the Loom model which instantiateconceptsseparate
timings are provided for the building and sealing phases.

The translationprocessis assumedo be insignificantin the overall timings of the Loom
models.This assumptiorwastestedby runningthe translationmodulewith a setof dummy
Loowm functions;timings of the translation-onlyprocesshowedthat the overheadepresents
less than 0.5% of the measured times.
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4.4.6 System specification

All testswere run on a Sun SPARCstation20/61 equippedwith a 60MHz superSPARC
processora 1Mbyte off-chip cacheand 128Mbytesof RAM. The operatingsystemwas
SunOS Release 4.1.3_U1.

The Loowm tests used Loom version 2.1 patch level 144 compiled using Harlequin
LispWorks version 3.2.0.oomM was compiled after setting optimisations as follows:

(proclaim ‘(optimize (speed 3) (safety 1) (compilation-speed 0)))
The GRAIL tests used TeS version 1.4b running under VisualWorks, Release 1.0.

CorE model version 1.4.5j was used in all the tests.
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CHAPTER 5

This chapter presents and analyses the results of the performance comparison experiments.

EXPERIMENTAL RESULTS

5.1 Compiling the CorRE model

Although the primary purposeof the experimentss to compareperformancedegradation
when the size of the CORE model is increased,the compilation times for the different
versions of the model are of interest and are presented in table 5.1.

Table 5.1- Core model compilation times
model compilation time (CPU seconds)
version load seal total per concept
GRAIL 5,143 — 5,143 2.42
Loom ‘A’ >216,000 - - -
Loom ‘B’ 5,296 43,208 48,504 22.79
Loowm ‘C’ 1,535 48 1,583 0.74

It provedimpossibleto compileversion*A’ of the Loom model. After sixty hoursof CPU
time only a fraction of the modelhadbeencompiledandthe rate of compilation— monitored
by observing LoomM's trace output— was continually degrading. Comparison of the
compilationtimesfor versions’A” and‘B’ of the Loom model makeit clearthatit is the
inclusion of A-box transitivity and refinementwhich is causingthe unacceptablypoor
performance.

This problemwas broughtto the attentionof the LooMm developmentteam at ISI. After
investigationthey statedthat the poor performancds causedby inefficienciesin the Loom
code which handles relation definitions ussatjsfies, function or predicate operators. Work
is underway to fix this problem but as the changes required are considerabldlttoeyy be
incorporated into a future version of Loom 3.0 [Mac95]. In the meantime further
experiments using tHeoom ‘A’ model were abandoned.

5.2 Increasing the size of theCoORE model

Thethreepre-compiledversionsof the CORE model(GRAIL, Loom ‘B’ andLoowm ‘C’) were
usedto conductthe performancescaleabilityexperimentsMeasurementsvere takenwhen
addingthe 5 different randomorderingsof the new conceptscreatedfrom the Loom ‘B’
model.
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5.2.1 The GRAIL model

Table5.2 lists classificationtimes for the GRAIL model. All the conceptscreatedfrom the
Loom ‘B’ model were successfully classified BRAIL.

Table 5.2— GRAIL classification times
avg. model data set timings (CPU seconds)

size 1 2 3 4 5 average

2,221 625 709 889 659 676 711.6
2,407 1,049 899 765 810 842 873.0
2,593 1,120 1,044 1,308 915 936 1,064.6
2,779 1,217 1,113 988 1,143 1,061 1,104.4
2,965 1,396 1,368 1,341 1,054 1,300 1,291.8
3,151 1,337 1,640 1,298 1,753 1,427 1,491.0
3,337 1,609 1,453 1,456 1,839 1,757 1,622.8
3,523 1,748 1,491 2,221 1,986 1,625 1,814.2
3,709 2,050 2,043 1,780 2,593 1,954 2,084.0
3,894 1,654 1,933 2,077 2,305 2,011 1,996.0
total 13,805 13,693 14,123 15,057 13,589 14,053.4

The graphin figure 5.1 plots the averagetime takento classify eachconceptagainstthe
average model size.

Figure 5.1— GRAIL classification time—v— model size
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The increase in classification time seems to be fairly linear and, takilmgehegeof thefive
orderings, is approximately 1.6 times greater than the increase in model size.

5.2.2 Loom model ‘B’

LooM model‘B’ is the versionof the LooMm modelwhich usesA-box inferencego imitate
the behaviourof GRAIL necessary statementslt proved impossibleto run the timing
experimentsusing this model as LoomM consistently crashedwhile classifying the new
concepts. The debug output frairoom stated that an internal integrity check had failed.

This problemhasbeenreportedto the Loom developmenteambut they haveyet to find a
solution. Partial timings obtained for 2 of the data sets are listed in table 5.3.

Table 5.3— LoomM model ‘B’ classification times
average data set timings (CPU seconds)
model 1 2
size load seal total load seal total
2,221 13,971 9,678 23,649 14,012 11,052 25,064
2,407 16,302 11,772 28,074 17,698 —* -
2,593 19,050 —* - - - —
Entries marked * indicate thabom crashed during this phase of the test.

5.2.3 Loom model ‘C’

LooMm model ‘C’ is the conceptonly model- no use is made of the Loom A-box.

Classificationtimesarelistedin table5.4;thetimesgivenarethoseto load the conceptsnto

Loowm — the time takento sealthe networkwasO in all casesas no instanceswvere created.
Ninety-two of the new conceptprovedto beinadequatelysanctionedvhenclassifiedby the

Loom ‘C’ model. This is due to the fact that the Loom ‘C’ model missessubsumption
relations which are found by the ‘B’ model using its emulation of GRAIL'S necessary

statements Sanctionswhich would be inherited acrossthese subsumptionrelations are
thereforenot presenin the ‘C’ model. Howeverthe testtimings shouldbe unaffectedasthe

translationmodule classifiesinadequatelysanctionedconceptsin the normal manner,only

causing a notification to be printed on the terminal.
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Table 5.4— LoomM model ‘C’ classification times
avg. model data set timings (CPU seconds)

size 1 2 3 4 5 avg.

2,221 115.31 96.18 86.53 82.34 94.02 93.42
2,407 83.30 79.37 87.25 84.44 68.21 79.84
2,593 74.35 83.54 88.36 99.93 87.52 85.85
2,779 85.56 90.14 79.44 70.43 85.46 81.16
2,965 97.18 113.06 79.91 132.89 108.98 105.34
3,151 115.70 74.55 80.68 97.24 77.48 87.99
3,337 79.07 82.61 103.18 93.58 110.54 92.84
3,523 107.15 117.57 93.59 92.03 119.30 104.42
3,709 130.34 161.67 178.14 153.05 133.69 149.73
3,894 99.86 117.26 124.25 110.97 97.05 108.14
total 987.82| 1,015.95 1,001.33] 1,016.90 982.25 988.73

The graphin figure 5.2 plots the averagetime takento classify eachconceptagainstthe
averagemodel size. The datadoesnot show a linear increasein classificationtimes but
displays marked peaks when the model size reaghm®ximately3,000and3,700concepts.
Theremay alsobe a peakat a modelsize of approximately2,200conceptsout this is not so
clear as it coincides with the first data point.

Figure 5.2—Loom model ‘C’ classification time—v— model size
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It seemdlikely that the peakingeffectis causedby some*“housekeepirig operationbeing
performedby LooMm or Lisp ratherthan being characteristicof the performanceof Loowm’'s
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classificationalgorithm. The obviouscandidatewas Li1Sp garbagecollection but initiating a
full garbagecollection sweepbetweenthe classificationof eachset of conceptsdid not
significantly change the results.Hasbeensuggestedy Loom's developerghatthe peaking
could be causedby Loom changingdata structuresfrom associationlists to hashtables
although this would normally be expected only when using the A-box.

The peakingeffect makesit difficult to give a preciserate at which classificationtime is
increasing relative tomodelsize.Howevercomparingthe averagdime takento classifyeach
concept in the first 5 groups (0.48s) with that of the second 5 groups (0.58s) gives an increase
in classification time approximately 0.9 times the increase in average model size.

5.2.4 ComparingGRAIL with Loowm

To compareGRAIL with Loom the graphin figure 5.3 plots the averageclassificationtimes
for the GRAIL andLoowm ‘C’ modelsscaledso thatthe time takento classifythe first group
of new conceptss 1. This clearly showsthe different ratesof increasingclassificationtime
for the two models.

Figure 5.3— Normalised classification time-v— model size
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5.3 Querying the models
After the failure of the earlier experimentswith the Loom ‘A’ and ‘B’ modelsonly the

GRAIL andLoowm ‘C’ modelswereusedin this test. The CORE modelwasagainexpandedy
addingthe 3rd randomlyorderedtestfile, but this time eachof the 10 groupswas classified
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twice. A pair of timings for classificationand querying/re-classificatioms given for each
group.

5.3.1 The GRAIL model

Classification and query times for tB®AIL model are listed in table 5.5.

Table 5.5— GRAIL model classification and query times
classify (CPU seconds) guery (CPU seconds)

model size| group per concept| model size| group per concept
2,221 704 3.78 2,314 32 0.17
2,407 934 5.02 2,500 23 0.12
2,593 1042 5.60 2,686 34 0.18
2,779 1162 6.25 2,872 33 0.18
2,965 1366 7.34 3,058 26 0.14
3,151 1708 9.18 3,244 24 0.13
3,337 1527 8.21 3,430 26 0.14
3,523 1545 8.31 3,616 30 0.16
3,709 2124 11.42 3,802 27 0.15
3,894 2036 11.01 3,987 29 0.16
total 14148 7.61 total 284 0.15

The graphin figure 5.4 plots the averagetime takento classify and query each concept
against the average model size.
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Figure 5.4— GRAIL classification and query times-v— model size
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The resultsshow a remarkablecontrastbetweenclassificationand querying with the total
timesvarying by a factor of 50:1. The differenceis so greatthatit was necessaryo usea
logarithmic scale for time in the graph in figure 5.4. The other notable point thidatais
that the query times show very little variation with increasing model size.

The algorithm used by the GRAIL classifier gives a possible explanationfor the large

differencebetweerthe classificationand querytimes[Bec95]. GRAIL conceptshaveat most

one primitive baseand the classifier optimisesits searchfor subsumerdy starting at the

primitive baseinsteadof at bottom. After finding all subsumersn this reducedsearchthe

classifierwould normally haveto searchthe restof the modelfor any additionalsubsumers.
Howeverif the classifierchecksfor equalityat this point andfinds a conceptwhich matches
the definitionbeingclassifiedit canavoid searchingherestof the modelaswell asavoiding

the subsumee phase of classification.

5.3.2 TheLoowm ‘C’ model

Classification and query times for theom ‘C’ model are listed in table 5.6.
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Table 5.6— Loowm ‘C’ model classification and query times

classify (CPU seconds) guery (CPU seconds)
model size| group per concept| model size| group per concept
2,221 96.10 0.5167 2,314 36.03 0.1937
2,407 79.07 0.4251 2,500 36.40 0.1957
2,593 86.09 0.4628 2,686 46.03 0.2475
2,779 101.54 0.5459 2,872 48.40 0.2602
2,965 128.34 0.6900 3,058 58.45 0.3142
3,151 76.43 0.4109 3,244 47.26 0.2541
3,337 87.67 0.4713 3,430 49.49 0.2661
3,523 125.71 0.6759 3,616 66.67 0.3584
3,709 173.05 0.9304 3,802 88.15 0.4739
3,894 128.19 0.6929 3,987 72.78 0.3934
total| 1,082.19 0.5821 total 549.66 0.2958

The graphin figure 5.5 plots the averagdime takento classifyandre-classifyeachconcept
against the average model size.

Figure 5.5—Loowm classification and query times-v— model size
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While classificationin the LooMm modelis slowerthanquerying,the ratio of approximately

2:1is far lessthanthat observedwith the GRAIL model. A full explanationof this effectis
impossiblewithout more information aboutLooM's classificationalgorithm; one possible
explanation is thatoom takes about the same time for subsumer and subsumee classification
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and, as querying saveshaving to perform the subsumeephase,classificationtimes are
halved.

5.4 Summary

CPUtime usedis a very crudemeasureof performancewhen studyingoptimisationsof the

KRis classifier subsumption tests were assumed to be by far the most expensive operation and
the numberof subsumptiortestsmadewas usedas a measureof performancg BHNP92].
Howeverthis assumptiormay not be completelyvalid for GRAIL, which hasbeendesigned

to make subsumptiortestingrelatively easy.More detailedprofiling, showingwhere CPU

time was beingised, might enablethe observedlifferencesn performanceo be explained-

and would indicate where efforts at optimisationcould bestbe concentrated- but without

this kind of information it is difficult to draw any firm conclusions.

In spiteof theselimitationstheresultsdo show somenterestingfeaturesthereis no obvious
sign of an exponentialincreasein classificationtime with increasingmodel size; GRAIL
showed a dramatically improved performance when queryingrineledgebase;andLoom
performedwell in spite of its potentialintractability. Thesefeaturesare discussedn more
detail in section 7.3.
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CHAPTER 6 QUALITATIVE ANALYSIS

This chaptercomparesGRAIL andLoOoOM basedon the experiencegainedin carryingout the
translationand experimentalwork. The featuresof the two systemsare examinedwith
particular referenceto their applicability to the representatiorof medical terminology.
Support for knowledge acquisition, ease of use and robustness are also considered.

6.1 Terminological expressiveness

GRAIL’s terminologicallanguagehas deliberatelylimited expressivepower. The range of
conceptand relation forming operatorsprovided is extremely restricted- it is far from
satisfying the minimum criteria set out in [PSS93]for a core knowledgebase.Primitive
conceptscanbe formedfrom arbitrary conjunctionsbut the only operationavailablefor the
formation of non-primitive conceptsis the addition of criteria using which and whichG
statementsGRAIL’s rangeof relationforming operatordgs evenmorerestrictedrelationscan
only be formed from primitive conjunctions.This meansthat the role hierarchyhas only
‘operational semantics’ [WS92]: the position of a role in the hierarchy is explicitly
determinedand is independenbf its definition. The ability to build a role hierarchywith
‘criterial semanticssimilar to thoseof the concepthierarchyis centralto KL-oNE influenced
knowledge representation systems [ibid.].

In contrastLooM has a highly expressiveterminologicallanguagewith a wide range of
conceptand role forming operators.Constructswhich are availablein Loom but notin
GRAIL include:

» Arbitrary non-primitive conjunctions

» Disjunctions

* Negation

» Afull range of cardinality restrictions

* Role chains

* Role value maps

* Ordered sets

LooM's expressivenesmcilitatesthe representatiof someconceptswhich are difficult or
impossibleto representn GRAIL. This is exemplifiedby EssentiaHypertensiona problem
case from [RNGM93].

6.1.1 Essential Hypertension

Essential Hypertension is described in [RNGM93] as ‘hypertension which, after
investigation,doesnot havea known cause’.SecondaryHypertensions hypertensiorwhich
doeshavea known cause(for examplea renal condition). This is difficult to represenin
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GRAIL as the concept“essentialhypertensioh is defined by the exclusion of causes-
equivalentto a zero cardinality restriction on the “causé relation— and GRAIL can only
representcardinalitiesof one andmany. In this exampleit is important not to confuse
exclusion with lack of specification as this could result in the classification of all
“hypertensionisas*“essentiahypertensioh unlessa causes stated.LOOM supportsarbitrary
role cardinality restrictions, allowing the two forms of hypertension to be defined as:

secondary-hypertension = hypertensio(®l cause)
essential-hypertension = hypertensio(D cause)

A “hypertensioh would only be classified as “essentialhypertensioh if the exclusionof
“causé was explicitly statedor could be inferred; this is not the casefor descriptionsof
“hypertensioh which merelyfail to specifya “causé. “Secondarhypertensioh would be
recognisedvhenevera “hypertensioh wasdefinedas havingsome*“causé. Loom’s ability
to define conceptswith arbitrary role cardinality restrictions solves this representation
problem in a clear and principled manner.

It is possibleto represent‘essentialhypertensioh in GRAIL — the solution suggestedn

[RNGM93] is to defineit asa primitive conceptandto cancelthe sanctioningof all criteria
which include the “causé relation. However this has a number of disadvantagesthe
meaningof “essentiahypertensioh is not clearfrom its definition— it is simply introduced
into the model as a primitive; “essentialhypertensioh can never be recognisedfrom a
conceptdescriptionunlessit is explicitly stated;allowing cancellationis an exceptionto the
generalprinciple of sanctioningandis “still not completelyunderstooti [RNGM93]. Future
versionsof GRAIL may be ableto improve on this solution by addingsupportfor a limited

form of negation.

6.2 GRAIL’s special features

Although GRAIL has restrictedconceptand relation forming operatorsit does provide a
numberof powerful featureswhich enhanceclassificationbasedreasoning.Thesefeatures
aredeeplyembeddedn the designof the GRAIL classifierandproveddifficult or impossible
to satisfactorily implement usirigpom.

6.2.1 Necessary Statements

Necessary statementsare difficult to translateinto Loom as they embodya fundamental
differencein the behaviourof the two classifiers:the Loom classifierwill only consider
definitional characteristicswhereasthe GRAIL classifier is also able to consider non-
definitional characteristics when evaluating a concept’s subsumers.

Although it is technically feasibleto imitate the behaviourof the GRAIL classifier using
Loom's A-box and additionalLisp codein the translationmodulethis is unsatisfactoryin
termsof designtransparencyand also resultedin an unacceptablgerformancepenalty.in
factit provedimpossibleto addall the testconceptdo the Loom modelusingthe translation
module in this mode without causing theom classifier to crash.
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6.2.2 Sanctioning

Sanctioning’sunderlyingclosedworld assumptiorandthe ability to relax the implied range
restrictionsmakeit impossibleto translatesanctionsdirectly into Loom. Sanctioningwas
however relatively easy to implement by treating sanctions as exinfigimation,usingthe
concepthierarchypurely asaninheritancemechanismandwriting Lisp functionsto perform
the sanction checking.

Apart from the undesirability of implementingadditional featuresin LISP code, using a

sanctioncheckingmechanisnmwhich is not tightly integratedwith the classifieris boundto

resultin a performancepenalty.A concept’ssanctioningcanonly be checkedafter sanctions
have beennheritedfrom all its subsumersln GRAIL sanctioningcan be checkedafter the

evaluationof a concept’'ssubsumerdut beforeevaluatingits subsumeeandinstalling it in

the hierarchy.If the conceptis appropriatelysanctionedthe classifier can proceedwith

classificationand installation;if not no changeis madeto the existing hierarchyand the

concept is rejected.

It is impossibleto stop half way through Loom's classification processand check on

sanctioning As deletingconceptdrom a Loom modelis difficult sanctioningnusteitherbe

checkedbeforeclassificationor un-sanctione@onceptanustbe left in the model.Checking
sanctioningusing the find-subsumers& subsumees function will resultin all conceptsbeing

fully classified and sanctionedconceptsbeing classified twice; leaving un-sanctioned
conceptsin the model will still result in their being fully classified and will causean

unnecessary increase in model size.

6.2.3 Refinement and Transitivity

The Loowm classifierdoesnot supportrefinementor transitivity. Although it is technically
feasibleto imitate GRAIL's refinementand transitivity using Loom’s A-box, the resulting
performance is so poor as to make this solution unusable in large concept models.

6.3 Modelling Tools

GRAIL providesa completemodelling environmentwhich includesan extensivearray of
tools designedo facilitate the model building task. Theseinclude browsersand editorsfor
working directly with the model or with sourcefiles [GALEN94]. LOOM incorporatesno
facilities of this kind and working with anything other than ‘toy’ sized models proved
extremely difficult.

LooM's sole concessiorto interactive usability is the provision of a number of macros
designed for the interactive retrieval of information from the model.ifiteefaceis however
limited to typing macrosand parametersinto the Lisp interpreterand the information
retrievedby any onemacrois limited. For exampleto retrievea concept’sdefinition the user
can type:

(pc concept-name
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This will cause thé.oom definition of the concept to be printed on the terminal. Output
theLoom ‘C’ modelin responseo the commandpc femur)is shownin figure 6.1 with the
sensibleandgrammaticalrole fillers truncated for clarity.

Figure 6.1—Loowm display for (pc femur)
(defconcept |Femur|
sis-primitive |LongBone|
:implies (:and (:some |hasTopology| |Topology*G48712])

(:all |hasTopology| [Topology*G48712|)

(:at-most 1 |hasTopology|)

(:some |hasShapeAnalagousTo| |JAnatomicalShape*G47812|)

(:all [hasShapeAnalagousTo| |AnatomicalShape*G47812])

(:at-most 1 |hasShapeAnalagousTol)

(:filled-by Grammatical (JboundsSpace| |BodySpace|)
(IhasLayer| |BodyStructure*G52289|) (|hasLayer| |BodySubstance|)
(lisStructuralComponentOf| |Organism|)
(lisSolidDivisionOf| |BodyStructure]) ....)

(:at-least 57 Grammatical)

(:some |hasIntrinsicAbnormalityStatus| [normal|)

(:all [hasIntrinsicAbnormalityStatus| [normal|)

(:at-most 1 |hasintrinsicAbnormalityStatus|)

(:some |hasSurfaceVisibility| [internal|)

(-all |hasSurfaceVisibility| |internall)

(:at-most 1 |hasSurfaceVisibility|)

(:some |hasCountability| |discrete|)

(:all [hasCountability| |discrete|)

(:at-most 1 |hasCountability|)

(:filled-by Sensible (lboundsSpace| |[BodySpace|)
(lisActedOnBYy| |BodyProcess*G51050])
(lisActedOnSpecificallyBy| |Ischaemial)

(lisLocationOf| |DegenerativeLesion|) ....)

(:at-least 29 Sensible)

(:some |isStructuralComponentOf| | Thigh|)

(:filled-by Necessary (JhasTopology| |Topology*G48712|)
(lhasShapeAnalagousTo| |AnatomicalShape*G47812|)
(IhasCountability| |discrete|) (JhasSurfaceVisibility| |internall) ....)

(:at-least 6 Necessary))

:characteristics (:closed-world :monotonic)
:system-characteristics (:closed-world))

Given the fact that all non-primitive concepighe translatedCorRE modelhavemeaningless
systemgeneratedhames,such as |BodyStructure*G52289fgxamining the model via this
method is extremely inconvenient. The provision of browsingeaiitthg toolswould greatly
facilitate the use dfoom in a large modelling task.
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6.4 Problems with the GRAIL classifier

The processof formalising GRAIL’'s semanticstranslatingthe CorRe modelinto Loom and
conductingthe timing experimentsroughtto light a numberof problemswith the GRAIL
classifier.

6.4.1 Inferred non-primitive conjunctions

GRAIL’s closedworld assumptiorin respectof sanctioningasdescribedn section3.5.3,is
alsoextendedo conceptdisjunction: GRAIL makesthe defaultassumptiorthatall primitive
conceptsare disjoint. This assumptions usedby the GRAIL classifier when checkingfor
incoherence caused by conflicting cardinality restrictions.

Consider for example a concept of the form:
C=GUOR:G) OR:EG)

where the criteria (Ry$ and (R:G) are both sensiblganctionedvith respecto Cx. If Risa
single valued relation the classifier can infer that the range restrictio@asnjunctionof Cy
and G:

Cx0(R:G) O(R:G) O(IR)O CxO(R:(G OCy)) O(1R)
In the general case &RAIL concepts are of the form:
B O (Rl:Cl) 0...0 (RnZCn)

where B is a primitive baseand (Ri:Ci) are criteria. If n=0, there are no criteria and the
concept is the primitive B. The conjunctiony(CCz) thus becomes:

By 0Bz [ (RylZCyl) 0...0 (RynZCyn) O (R21ZC21) 0...0 (RznZCzn)

If oneof By or Bz subsumeshe other,or if they areequal,the primitive basereducedo the
mostspecialisedf the two. In this casethe conjunctionis a normal GRAIL concept,which
must be sanctionedas all of the criteria were sanctionedn one of By or Bz, and the new
conceptC is acceptedy the classifier.If By and Bz do not subsumehe classifierassumes
they are disjoint and rejects C as incoherent.

Unfortunately this assumptionis not valid as a primitive conjunctionof By and Bz may
already exist in the hierarchy:

(By newSub B'join) addSuper Bz O Bjoin U (By O Bz).

The conjunctionB'jein mustbe primitive asGRAIL’s conceptforming operatorsonly support
the definition of non-primitive conceptsin the special casewhere a single primitive is
conjoinedwith role restrictionconceptdcriteria). The existenceof B'join provesthat By and
Bz arenot disjoint. Howeverthe rangerestrictionconjunction(By [1 Bz) cannotbeinferredto
be equalto B'jein — a primitive’s definition consistsof conditionswhich arenecessarput not
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sufficient for membershipthe rangerestrictionis a non-primitive conjunctionBjoin which
subsumes Bin. GRAIL provides no mechanism for defining or describing such a concept.

Figure 6.2— Primitive and non-primitive conjunctions

By Bz

N7

Bjoin = (By [l Bz)

|

B'join [J (By [l Bz)

In these circumstances the classifier can either classify the cdhespicohereniasit does
now) or allow the inferred existenceof a rangerestriction conceptBjoin Which cannotbe
describedusing the GRAIL language.Clearly neither of these choicesis completely
satisfactoryand an extensionto the languagewhich would allow sanctionedhon-primitive
conjunctions to be defined, is currently under consideration.

6.4.2 Cardinality restrictions and the relation hierarchy

GRAIL fails to detect incoherenceresulting from an interaction between cardinality
restrictionsand the relation hierarchy.Single valuedrelationswith multiple subsumeesan
resultin an implied cardinality inconsistencywhich is not detectedby the classifier. For
example given 3 single-valued relations R aRd R:

if RiIOR; ROR; G| C

then CO(RuC1) O(RxC2) O =2R O incoherent

6.4.3 Inconsistencies resulting from concept and relation redefinitions

GRAIL’s simple syntax meansthat many conceptsand relations must be incrementally
redefined by adding explicit subsumers, explicit subsunmeesssary statements, refinement
andtransitivity. Changingthe definition of conceptsandrelationsin this way is potentially
dangerousas it allows inconsistenciedo be introducedinto the concepthierarchy. For
example assuminghe existenceof the appropriatesanctioningthatR1 is single valuedand
thatCx andCy are disjoint:

C1 topicNecessarily R Cx.
(C1 newSub Cs) addSuper Co.
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C2 topicNecessarily Ri Cy.

will resultin theincoherencef Cs dueto its inheriting conflicting role restrictionsfrom the
two necessary statementsHoweverthis incoherenceoesundetectedecauset did notexist
whenCs was defined: it results from the subsequent redefinitide.of

In orderto be certainof maintainingthe consistencyf the modelit is necessaryot only to
reclassify redefined conceptsout also to recursively reclassify all concepts whose definition
referencesa redefinedconceptor relation. This is not done by the GRAIL classifieron the
groundsthatit is a potentially expensiveoperatiod®: insteadGRAIL usersare advisedthat
concepts and relations should be fully defined before being used in other definitions.

Not initiating an integrity checkwhen conceptsandrelationsare redefinedhasa numberof
disadvantages:

* The occasions when an integrity check would be eestly arepreciselythosewhenone
is most necessarythe redefinition of conceptsor relations with large numbers of
dependantslf usersfollow the modelling guidelinesand fully define conceptsand
relationsbeforeusingthemin other definitionsthe costof integrity checkingshouldbe
minimal.

» Delayingintegrity checkingthrowsawaythe advantagef beingableto restrictthe range
of the check to those concepts which might be affected.

» Delaying integrity checking might make it difficult to identify the operation which caused
the inconsistency.

Loowm's syntaxprovidesfor the completedefinition of conceptsandrelationsusinga single
statementThis meansthat, unlike GRAIL, redefinitionscanbe the exceptionratherthanthe
rule. In the case where an existing concept or relaticedsfined.oom doesperformall the
necessaryreclassificationand checking to ensurethat the consistencyof the model is
maintained.

6.4.4 Inheritance of refinement and transitivity

In the currentversionof the GRAIL classifierrefinementand transitivity characteristicare
inheriteddowntherelationhierarchy[BS94]. This is not semanticallyjustified. For example
therelations“parent, “grandpareritand”great-grandparehtwwould all be subsumedy the
transitive relatiorf ancestadt, but itwould be wrong for any of themto inherit the transitivity
characteristic.

271n mostterminologicallogicsit would alsobe necessaryo reclassifya redefinedrelationbut this is not the
casein GRAIL asthe relation hierarchydoesnot have criterial semantics the position of a relationin the
hierarchy does not depend on its definition.

28 A modelcheckingtool is provided,usingwhich it is possibleto initiate a consistencycheckof the entire
model.
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6.5 Problems with theLoowm classifier

TheLoowm classifier has far greater inferential power thanGReiL classifier: it findsall the
inferencesmissedby GRAIL and can make many more inferencesas a result of its much
richer syntax. However this increased power does seem to result in an increased fragility.

6.5.1 Fragility of the Loowm classifier

While experimentingwith the translationprocessa numberof bugswere discoveredwhich
resulted in a total failure of tHeoom system. For example:

(defconcept a)
(defconcept b)
(defrelation r)

(impliesa (:all r b))
(get-role’a )

(implies a (:at-least 2 r))
(get-role’a )

(implies a (:at-most 5 r))
(get-role’a )

caused the system to crash and enter the debugger indic@ling arror.

All of the bugsencounteredvere reportedto LooM’'s developmenteamand severalhave
now been fixed, including the above example. Judging from this experienceand the
frequencyof bug reportsobservedn the Loom usersmailing list it is clearthatthe current
version ofLoowm is very much a beta-test release.

6.5.2 Performance of theLoom A-box

The performanceof LooM's A-box wasso poor asto renderit unusablewith a knowledge
baseas large as the COorRE model. Simply creating one instanceof eachconceptcaused
compilationto slow by a factor of 30— classificationwas5 times slowerwith the remaining
differencebeing accountedor by the A-box. Attemptsto enlargethe CORE model caused
Loowm to fail completely.

When instancedefinitions were expandedo include role fillers classificationperformance
became so poor that it proved impossible to compil€tre model.

6.6 Maturity, stability and development
It becameclearwhile usingthe two systemghat neitheris fully stableand mature.Ongoing

researchand developmentn respectof both systemsresultin regularbug fixes and new
releases.
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CHAPTER 7 DiSCUSSION AND CONCLUSIONS

This chaptersummarisesvhat has beenlearnedand the extentto which the aims of the
project have been satisfied. It concludes with a discussion of possible future work.

7.1 Recapitulation of aims

The aimsof this thesis,as statedin the introduction,wereto compareGRAIL andLOOM in
orderto: achievea betterunderstandingf GRAIL; testthe performanceand scaleabilityof
both systems;assesdhow well the systemssatisfied the requirementsof the GALEN and
PEN&PAD projects; and to enhanGRAIL’s future development.

7.2 A better understanding of GRAIL

The formalising ofGRAIL’S semanticsandthe comparisorwith Loom hasresultedin amuch
clearerunderstandingf GRAIL’s featuresand how they relateto other KL-ONE languages.
Theimprovedunderstandingf GRAIL’s semanticdasalso highlightedsomeproblemswith
the GRAIL classifier.

One basicdifferencewhich hasemergedis that GRAIL is fundamentallyorientedtowards
constraintwheread_oow is fundamentallyorientedtowardsinference When presentedvith

a new pieceof information, in the form of a conceptdefinition, GRAIL’'S approachcan be
characterisedhs: “given what | know so far, doesthis new piece of information make
sense? In the samecircumstances oom’s approachcanbe characterise@s:“givenwhat|

know so far, how can | make sense of this new piece of information?

GRAIL’s constraintorientatedapproachis reflectedin its closedworld assumptionswith
respectto sanctioningand disjunction. The default assumptionof conceptdisjunction has
beenshownto be problematicalin somecircumstancesnd this will probablyresultin a
redefinition of part of the language.

The relationship betweensanctioningand role restrictions has also been clarified. The
semanticsof sanctioninghave beershownto be poorly understoodand to be difficult to
reconcilewith the semanticof a KL-ONE language Sanctionscorrespondnore closely to
conceptualrelations which Sowa describesas “constraintson the use of relations in
conceptual grapfidSow84].

7.3 Performance and scaleability

Given the well known tractability problems associatedwith TKRSs the results of the
performancetestswere encouragingWhen increasingthe size of the knowledgebasein a
very selective manner, by installing sanctionedspecialisationsboth GRAIL and Loom
showeda relatively slow increasdn classificationtimes,in the orderof 1.6nfor GRAIL and
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0.9nfor Loom. GRAIL alsoshoweda remarkablyimprovedperformancevhenqueryingthe
knowledgebase- averagingover 50 times faster than classification- with no measurable
degradation of performance as the size of the knowledge base increased.

Theseresultsare much betterthan might be theoreticallyexpected,and much betterthan
thoseobtainedby testingclassifierswith largerandomlygenerateknowledgebasesvhenit
wasobservedhat runtime grew “at leastquadraticallywith the size of the knowledgebasé
[HKNP94]. LooM's better classification performance,in spite of its very expressive
terminologicallanguage,and the very large discrepancybetweenclassificationand query
timesin GRAIL, indicatethattheremay be considerablescopefor optimisationin the GRAIL
classifier.

LoowMm's performancelsoshowsthatan expressiveandpotentiallyintractableterminological
languagecangive acceptablgerformancevhenusedin a limited manner the useris able
to “pay only ass/hegoes [HKNP94]. This indicatesthat one of GRAIL’S designprecepts-
that tractability requires severely restricted expressivenassy not be completely valid.

7.4 Representing medical terminology

LooM's expressiveerminologicallanguagecould be usefully employedto solvesomeof the
representationaproblemsencounteredn medical terminology. However GRAIL’S special
features- featureswhich were designedspecifically for the representationof medical
terminology— provedalmostimpossibleto translateinto LooM: only sanctioningcould be
represented without usingopom's A-box.

Using LooM’'s A-box to implementfeaturesnot supportedn the T-box, suchasrefinement
and necessary statementsprovedimpracticaldueto the its very poor performanceEven if

performancewas not an issue,the use of opaqueexternalcodeis antitheticalto a TKRS
which should havéa well understood declarative semariti@HH+91].

7.5 Future work

It is clearfrom this studythat while GRAIL doescomecloserto satisfyingthe requirements
for a systemdesignedto represenimedical terminology, work remainsto be done before
GRAIL could be considered a complete solution:

* Experienceof using GRAIL in the GALEN project has inevitably resulted in the
identification of additionalmodelling requirementsin particularthe useof sanctioning
knowledge to enhance canonical reduction [Rec95].

» Although the scaleability experimentswere reasonablyencouraging,GrRAIL’S absolute
performancas still poor. Work is alreadyunderwayto evaluatethe possiblebenefitsof
parallel processing in classification [GGJ94].

* GRrAIL’'s limited supportfor role cardinality proved to be a seriousrestriction when

attempting to use the system in a multimedia database modelling application [Hau95].

As well as applicationspecificenhancement GRAIL thereare a numberof areaswhich
would be of general interest in TKRS research:
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* The representatiorof part-whole relationsin TKRSs is an area of active research
[Hor94], [PL94], [SPS94]. GRAIL'S refinement mechanismgives it a considerable
advantage but work is needed to study part-whole inferences and their implementation.

* GRAIL’S necessary statementgrovidea powerful mechanisnfor representingassertional
informationwithin the classifier. Howeverthe currentimplementationdoesnot support
multiple semi-disjointdefinitionswhich arerequiredin orderto representonceptssuch
as “trianglé’ which canbe definedin more than one way: as a 3-sidedpolygon which
necessarily has 3 angles or as a 3-angled polygon which necessarily has 3 sides [W0091].

7.5.1 The GRrRAIL classifier

It hasbeendemonstratedn sections6.4.1 (inferred non-primitive conjunctions)and 6.4.2
(cardinalityrestrictionsandthe relationhierarchy)that thereare someseriousproblemswith
GRAIL’s classificationalgorithm.In certaincircumstancethe classifieridentifiesconceptsas
incoherenwhenthis is notjustified by the semanticof the languagejn othercircumstances
it fails to identify provably incoherentconcepts.Given thesetwo behavioursthe current
classifieris certainlyincompleteand is arguablyunsound.Many useful TKRSs have been
shownto haveincompleteclassifiersbut soundnesgs a fundamentalrequirement a system
whichis bothincompleteandunsoundallows nothingto be inferredwith certainty.It should
howeverbe pointedout thatthe areasof incompletenesandunsoundness GRAIL aresmall
and (now) well understood.

Complete,soundand provably correctclassificationalgorithmsnow exist, basedon lattice
theory [AKBLN89], and have beersuccessfullyappliedin the CLASSIC system[BPS94].
Thesealgorithmsneedto be studiedto seeif they can be adaptedto deal with GRAIL’S
necessary statements and refinement.

7.6 GRAIL versusLoom?

It was never the intention of this study to pick an ovebaiét’ and,giventhe diversity of the
two systemsijt would beimpossibleto do so. GRAIL andLoom both havepowerful features
but thereis surprisinglylittte commonground: mostof LooM’'s expressiveierminological
languagecould not be representedn GRAIL and GRAIL'S enhancedclassificationbased
reasoningorovedimpossibleto implementin LooMm. The diversity of the two systemamight
prompt a reconsideration of the range of design choices available in TKRSs.
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APPENDIX 1 GRAIL SYNTAX

Producinga parsermrevealeda numberof errorsand omissionsin the existingformal syntax
specification. The following specification is adaptedfrom [RNGM93] with the main
differences being:

» All operations are terminated with a period (including directives);

* The use of a semicolon for repeat operations on an entity;

» Separate definitions for criteria/non-expandable lists and entities/expandable lists.
The specificationis not claimedto be exhaustive,particularly with respectto compiler
directives, but is sufficient to parse tGerRe model.

%%% Token Classes %%%

<whitespace> :[\s\t\r]+

<comment> \"~[\"*\"

<identifier>  :[a-zA-Z_][a-zA-Z0-9_]*
<variable> $[a-zA-Z_][a-zA-Z0-9_]*
<integer> :[0-9]+

<string> S~

%%% Production Rules %%%

Operations  : [Operation ".']*
Operation : Directive
| Assignment

| Statement
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Directive

Assignment

Statement

Constructs

Construct

MonadicOp

: '#include'

| '#include' String

| '#path' String

| '#addPathSegment' String
| '#removePathSegment'

| '#savelmageAs' String

| '#begin' Identifier

| '#end'

| '#model' String

| '‘#modelTitle' String

| '#require' String

| '#requireTMVersion' String
| '#author' Identifier

| '‘#resetAuthor'

| ‘#printTime'

| '#printMessage' String

: <variable> '=' Entity

. Entity
| Entity Constructs

: Construct
| Construct ';' Constructs

: MonadicOp

| DyadicOp Entity

| CriterionOp Criteria

| TripleOp Criteria Qualifier

| CommentOp String

| 'newAttribute’ Identifier Identifier Inheritance Cardinality
| 'descriptions' Qualifier

| 'precedence’ Number

: 'dependants’

| 'retract’

| 'subs'

| 'supers'

| ‘transitiveDown'
| 'isAbstract’
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DyadicOp

CriterionOp

TripleOp

Entity

Entityl

Criteria:

Criterial

:'addSub’

| 'addSuper’

| 'name’

| 'newSub’

| 'refinedAlong’

| 'specialisedBy"

: 'which’

| 'whichG'

| 'grammatically’

| 'sensibly’

| 'necessarily’

| 'topicNecessarily'

| 'valueNecessarily'

| 'grammaticallyAndSensibly'

| 'grammaticallySensiblyAndNecessarily'

| 'grammaticallySensiblyAndTopicNecessarily'
| 'grammaticallySensiblyAndValueNecessarily'
| 'sensiblyAndNecessarily'

| 'sensiblyAndTopicNecessarily'

| 'sensiblyAndValueNecessarily'

| 'mayNot'

| 'oyDefault’

:'triple’
| 'whichQ@'

. Entityl
| 'T Entity+ '

. Identifier
| Number
| '(" Statement ')’

Entity Entity
| '<' Criterial+ ">'

: Entityl Entityl
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Qualifier

Qualifierl

Cardinality

Cardinalityl

Inheritance

Inheritancel

Identifier
Number
String

: Qualifierl
| 'T Qualifier+ '

: ‘conceivable’
| 'grammatical’
| 'possible’

| 'necessary’

: Cardinalityl
| 'T Cardinality+ T

: 'oneOne’

| 'oneMany'

| 'manyOne’

| 'manyMany’

. Inheritancel
| 'T Inheritance+ ']’

: 'nilNil'
| "nilAll
| 'allNil'
| 'allAll

: <identifier>
: <integer>
: <string>
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APPENDIX 2 EXAMPLE TRANSLATION

The following is a shortexampleshowingthe translationof a GRAIL knowledgebaseinto
LooM. The knowledge base used is a ‘toy’ example taken th@@RAIL Tutorial [BS94]; it
demonstrateshe main featuresof GRAIL including necessary statementssanctioningand
refinement.The translationmoduleis usedin its fully featuredmode— asin the ‘A’ version
of the CorRE model— which includesthe A-box implementatiorof necessary statementsnd
refinement; this is made possible by the small size of the model.

A2.1 GRAIL source code

This sectionshowsthe GRAIL sourcecodewhich definesthe conceptsand relationswhich
make up the knowledge base.

"** Create a primitive concept hierarchy."
TopCategory newSub TransportCategory.
"** TopCategory is a built-in concept used as Top in the concept hierarchy."
TransportCategory newSub Vehicle.
Vehicle newSub [RoadVehicle RailVehicle
ElectricVehicle PetrolVehicle DieselVehicle].
"** GRAIL syntax - a list enclosed in square brackets is equivalent to the
expanded form Vehicle newSub RoadVehicle. Vehicle newSub RailVehicle. etc."
RoadVehicle newSub Bus.
"** Bus is both a RoadVehicle and a DieselVehicle."
DieselVehicle addSub Bus.
RoadVehicle newSub Car.
"** Car is both a RoadVehicle and a PetrolVehicle."
PetrolVehicle addSub Car.
RailVehicle newSub Train.
RailVehicle newSub Tram.
"** Tram is both a RailVehicle and an ElectricVehicle."
Tram addSuper ElectricVehicle.
TopCategory newSub Person.
(SymbolicValueType newSub SexValueType) newSub [male female].
(SymbolicValueType newSub AgeValueType) newSub [young old].

"** Create some relations. In this example the relation hierarchy is completely
'flat' - all relations are direct subs of the Top relation."

Attribute newAttribute DomainAttribute inverseDomainAttribute allAll manyMany.

"** Attribute is a built-in relation used as Top in the relation hierarchy."

DomainAttribute newAttribute hasDriver isDriverOf allAll manyOne.

DomainAttribute newAttribute hasSex isSexOf allAll manyOne.

DomainAttribute newAttribute hasAge isAgeOf allAll manyOne.

DomainAttribute newAttribute hasinsuranceRating isRatingOf allAll manyOne.

"** Sanction some conjunctions.”

Vehicle grammatically hasDriver Person.

"** |t is reasonable to talk about Vehicles having drivers of type Person."
RoadVehicle sensibly hasDriver Person.
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"** In our model only RoadVehicles can actually have drivers."
Person grammaticallyAndSensibly hasSex SexValueType.
Person grammaticallyAndSensibly hasAge AgeValueType.

"** An example of a necessary statement - an assertion that the concept formed
from the conjunction of Person andsQriverOf:RoadVehicle) is also subsumed
by the concept (hasAge:old)."

(Person which isDriverOf RoadVehicle) necessarily hasAge old.

"** Form some non-primitive conjunctions and name them."
((Person which hasSex male) which hasAge old) name Man.
((Person which hasSex male) which hasAge young) name Boy.
((Person which hasSex female) which hasAge old) name Woman.
((Person which hasSex female) which hasAge young) name Girl.
(Person which isDriverOf Car) name CarDriver.

"** Create a non-primitive conjunction which is only grammatically sanctioned
and use it to add sanctioning knowledge at a more general level than would
otherwise be possible."

(Person whichG isDriverOf Vehicle) grammaticallyAndSensibly

haslnsuranceRating IntegerValueType.

"** IntegerValueType is a built in concept representing the set of integers."

"** An example of refinement."
(SymbolicValueType newSub CompanyValueType) newSub
[britRail busCo megaCorp gmBuses].
DomainAttribute newAttribute isOwnedBy owns allAll manyMany.
DomainAttribute newAttribute isPartOf contains allAll manyMany.
isOwnedBY specialisedBy isPartOf.
Vehicle grammaticallyAndSensibly isOwnedBy CompanyValueType.
CompanyValueType grammaticallyAndSensibly isPartOf CompanyValueType.
busCo necessarily isPartOf megaCorp.
"** Any concept which is subsumed b¥isOwnedBy:busCo) will now also be subsumed
by (dsOwnedBy:megaCorp).
For example:-"
Bus which isOwnedBy busCo.

"** An example of transitivity:-"

isPartOf transitiveDown.

"** NOTE: this is bad practice - the relation isPartOf should have been fully
defined, including the transitivity characteristic, before being used in
concept forming statements."

CompanyValueType newSub enormousMultiNational.

megaCorp necessarily isPartOf enormousMultiNational.

"** Any concept which is subsumed by¥igPartOf:megaCorp} for example busCe
will now also be subsumed hiyigPartOf:enormousMultiNational).

"** Form some un-named non-primitive conjunctions (specialisations). Note that
these add no knowledge to the model - their potential existence is implied
by the sanction 'RoadVehicle sensibly hasDriver Person'."
Car which hasDriver Person.

Car which hasDriver Man.
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A2.2 Loom knowledge base

This sectionshowsa Loom dump of the translatedknowledge base;it consistsof the
concept, relation and instance definitions which mgkéhe Loowm versionof the knowledge
base.Due to problemswith the LooM rename-concept function (as describedin section
4.3.3) GRAIL knowledge namesare not reflected in the namesof non-primitive Loom
conceptsto aid clarity, commenthave beemddedwhich include GRAIL conceptdefinitions
and knowledge names where applicable.

** Relation definitions.

(defrelation |Attribute|)

(defrelation Criteria-List)

(defrelation |DomainAttribute|
ris-primitive |Attribute|
:characteristics :monotonic)

(defrelation Grammatical)

(defrelation Necessary)

(defrelation Sensible)

(defrelation |contains|
[is-primitive |inverseDomainAttribute|
:characteristics :monotonic)

(defrelation |[hasAge|
[is-primitive |DomainAttribute|
:characteristics :monotonic)

(defrelation |hasDriver|
[is-primitive |DomainAttribute|
:characteristics :monotonic)

(defrelation |[hasInsuranceRating|
[is-primitive |DomainAttribute|
:characteristics :monotonic)

(defrelation |hasSex|
[is-primitive |DomainAttribute|
:characteristics :monotonic)

(defrelation [inverseDomainAttribute|
ris-primitive |Attribute|
:characteristics :monotonic)

(defrelation |isAgeOf|
ris-primitive |inverseDomainAttribute|
:characteristics :monotonic)

(defrelation |isDriverOf]|
ris-primitive |inverseDomainAttribute|
:characteristics :monotonic)

;** An example of refinement isOwnedBYy specialisedBy isPartOf.
(defrelation [isOwnedByY]|
[is-primitive |DomainAttribute|
:characteristics (:open-world :monotonic)
:antecedents (:satisfies (?X ?Z) (:for-some ?Y (:and (JisOwnedBy| ?X ?Y) (JisPartOf| ?Y ?2)))))

** An example of transitivity- isPartOf transitiveDown.
(defrelation |isPartOf]

[is-primitive |DomainAttribute|

:characteristics (:open-world :monotonic)
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:antecedents (:satisfies (?X ?Z) (:for-some ?Y (:and (JisPartOf| ?X ?Y) (JisPartOf| ?Y ?2)))))

(defrelation [isRatingOf|
sis-primitive |inverseDomainAttribute|
:characteristics :monotonic)
(defrelation [isSexOf|
[is-primitive |inverseDomainAttribute|
:characteristics :monotonic)
(defrelation [owns|
sis-primitive |inverseDomainAttribute|
:characteristics :monotonic)

;¥* Concept definitions.
(defconcept |AgeValueType|
[is-primitive |SymbolicValueType|
:implies (:and (:filled-by Grammatical '(JisAgeOf| |Person|))
(:filled-by Sensible '(lisAgeOf| |Person))))
:characteristics (:open-world :monotonic))

;** |Bus| is both a |RoadVehicle| and a |DieselVehicle|.
(defconcept |Bus|
;is-primitive (:and |DieselVehicle| |RoadVehicle|)
:characteristics :monotonic)
;** Bus which isOwnedBYy busCo.
;  Instances of this concepsuch as |I*Bus*G24158]{would also be recognised by the
;  A-box as instances of the concdpsQwnedBy:megaCorp).
(defconcept |Bus*G24158]|
;is (;and |Bus]|
(:some |isOwnedBY| |busCol))
:implies (:and (:filled-by Grammatical (JhasDriver| |Person|)
(lisOwnedBYy| |[CompanyValueType]))
(-at-least 2 Grammatical)
(:filled-by Sensible (JisOwnedBy| [CompanyValueType|) (lhasDriver| |Person|))
(-at-least 2 Sensible)
(:some |isOwnedBy| |busCol|)
(:filled-by Criteria-List (JisOwnedBy| |busCo|))
(:at-least 1 Criteria-List))
:defaults (:and (:filled-by |isOwnedBy| |I*busCol))
:characteristics (:monotonic :open-world))

;** |Car| is both a |RoadVehicle| and a |PetrolVehicle|.
(defconcept |Car|
;is-primitive (:and |PetrolVehicle| |RoadVehicle])
:characteristics :monotonic)

** Car which hasDriver Person.
(defconcept |Car*G24525|
iis (:and |Car|
(:some |hasDriver| |Person|)
(:all |hasDriver| |Person|)
(:at-most 1 |hasDriver]|))
:implies (:and (:filled-by Grammatical (JhasDriver| |Person|)
(lisOwnedBYy| |[CompanyValueType]))
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(-at-least 2 Grammatical)

(:filled-by Sensible (JisOwnedBy| [CompanyValueType|) (lhasDriver| |Person|))

(-at-least 2 Sensible)
(:some |hasDriver| |Person|)
(:all |hasDriver| |Person|)
(:at-most 1 |hasDriver|)
(:filled-by Criteria-List (|hasDriver| |Person|))
(:at-least 1 Criteria-List))
:defaults (:and (:filled-by |hasDriver| |I*Person|))
:characteristics (:monotonic :open-world))
;** Car which hasDriver Man.
(defconcept |Car*G24671|
iis (rand |Car|
(:some |hasDriver| |Person*G23868|)
(:all [hasDriver| [Person*G23868|)
(:at-most 1 |hasDriver]|))
:implies (:and (:filled-by Sensible (JisOwnedBy| |CompanyValueType|)
(|hasDriver| |Person|))
(-at-least 2 Sensible)
(:filled-by Grammatical (|hasDriver| |Person|)
(lisOwnedBYy| |[CompanyValueTypel))
(-at-least 2 Grammatical)
(:some |hasDriver| |Person*G23868|)
(:all [nasDriver| |Person*G23868|)
(:at-most 1 |hasDriver|)
(:filled-by Criteria-List (JhasDriver| |Person|) (JhasDriver| |Person*G23868|))
(:at-least 2 Criteria-List))
:defaults (:and (:filled-by |hasDriver| |I*Person|)
(:filled-by |hasDriver| |I*Person*G23868|))
:characteristics (:monotonic :open-world))

(defconcept |CompanyValueType|
[is-primitive |SymbolicValueType|
:implies (:and (:filled-by Grammatical '(Jowns| |Vehicle|))
(:filled-by Sensible '(Jowns| |[Vehiclel))
(:filled-by Grammatical '(JisPartOf| |CompanyValueType|))
(:filled-by Grammatical '(Jcontains| |[CompanyValueType|))
(:filled-by Sensible '(lisPartOf| |CompanyValueType|))
(:filled-by Sensible '(|contains| [CompanyValueType|)))
:characteristics (:open-world :monotonic))
(defconcept |DieselVehicle|
sis-primitive |Vehicle|
:characteristics :monotonic)
(defconcept |DomainCategory|)
(defconcept |ElectricVehicle|
[is-primitive |Vehicle|
:characteristics :monotonic)
(defconcept |IntegerValueType|
sis-primitive Loom::Built-In-Theory*Thing
:implies (:and (:filled-by Grammatical '(lisRatingOf| |Person*G24032|))
(:filled-by Sensible '(lisRatingOf| |Person*G24032|)))
:characteristics :open-world)
(defconcept |Person|
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sis-primitive |TopCategory|
:implies (:and (:filled-by Grammatical '(|lisDriverOf| |Vehicle|))
(:filled-by Sensible '(|isDriverOf| |RoadVehicle]))
(:filled-by Grammatical '(jhasSex| |SexValueType|))
(:filled-by Sensible '(lhasSex| |SexValueType|))
(:filled-by Grammatical '(JhasAge| |[AgeValueType|))
(:filled-by Sensible ‘(lhasAge| |AgeValueTypel)))
:characteristics (:open-world :monotonic))
** Person which isDriverOf RoadVehicle.
;  The necessary statement:
(Person which isDriverOf RoadVehicle) necessarily hasAge old.
has become the assertion:
:implies (:and (:some |hasAge| |old]) (:all |hasAge| |old|) (:at-most 1 |hasAgel)).
All instances of this concept will be recognised by the A-box as instances of
the concept (hasAge:old)."
(defconcept |Person*G23810|
;is (:and |Person|
(:some |isDriverOf| |RoadVehiclel))
:implies (:and (:filled-by Sensible (|isDriverOf| |RoadVehicle|) (lhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:filled-by Grammatical (JisDriverOf| |Vehicle]) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:some |isDriverOf| |RoadVehicle|)
(:filled-by Criteria-List (JisDriverOf| |RoadVehicle|))
(-at-least 1 Criteria-List)
(:some |hasAge| |old|)
(:all [hasAge| |old])
(:at-most 1 |hasAge|)
(:filled-by Necessary '(JhasAge| |old])))
:defaults (:and (:filled-by |isDriverOf| |I*RoadVehicle])
(:filled-by |hasAge| |I*old]))
:characteristics (:recursive :monotonic :open-world))

** Person which hasSex male.
(defconcept |Person*G23853|
iis (:and |Person|
(:some |hasSex| |male|)
(:all [hasSex| [male])
(:at-most 1 |hasSex|))
:implies (:and (:filled-by Sensible (|isDriverOf| |RoadVehicle|) (lhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:filled-by Grammatical (JisDriverOf| |Vehicle]) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:some |hasSex| |male])
(:all |hasSex| |[male|)
(:at-most 1 |hasSex|)
(:filled-by Criteria-List (lhasSex| [male]))
(-at-least 1 Criteria-List)
(:filled-by Criteria-List '(lhasSex| |male|)))
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:defaults (:and (:filled-by |hasSex| [I*male]))
:characteristics (:recursive :monotonic :open-world))
;** ((Person which hasSex male) which hasAge old) name Man.
(defconcept |Person*G23868|
iis (:and |Person*G23853|
(:some |hasSex| |male|)
(:all [hasSex| [male])
(:at-most 1 |hasSex|)
(:some |hasAge| |old])
(call |hasAge| |old]|)
(:at-most 1 |hasAgel))
:implies (:and (:filled-by Grammatical (|isDriverOf| |Vehicle]) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:filled-by Sensible (JisDriverOf| |RoadVehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:some |hasAge| |old|)
(:all [hasAge| |old])
(:at-most 1 |hasAge|)
(:some |hasSex| |male])
(:all |hasSex| |[male|)
(:at-most 1 |hasSex|)
(:filled-by Criteria-List (jhasSex| |male|) (lhasAge| |old]))
(:at-least 2 Criteria-List))
:defaults (:and (:filled-by |hasSex| [I*male])
(:filled-by |hasAge| |I*old]))
:characteristics (:monotonic :open-world))

;** ((Person which hasSex male) which hasAge young) name Boy.
(defconcept |Person*G23900]|
iis (:and |Person*G23853|
(:some |hasSex| |male|)
(:all [hasSex| [male])
(:at-most 1 |hasSex|)
(:some |hasAge| |[young])
(:all |hasAge| |young|)
(:at-most 1 |hasAgel))
:implies (:and (:filled-by Grammatical (|isDriverOf| |Vehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:filled-by Sensible (JisDriverOf| |RoadVehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:some |hasAge| |young|)
(:all |hasAge| |young])
(:at-most 1 |hasAge|)
(:some |hasSex| |male])
(:all |hasSex| |[male|)
(:at-most 1 |hasSex|)
(:filled-by Criteria-List (JhasSex| |male|) (lhasAge| |young|))
(:at-least 2 Criteria-List))
:defaults (:and (:filled-by |hasSex| [I*male])
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(:filled-by |hasAge| |I*young]))
:characteristics (:monotonic :open-world))
** Person which hasSex female.
(defconcept |Person*G23927|
iis (‘and |Person|
(:some |hasSex| |female|)
(:all |hasSex| |female])
(:at-most 1 |hasSex|))
:implies (:and (:filled-by Sensible (|isDriverOf| |RoadVehicle|) (lhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:filled-by Grammatical (JisDriverOf| |Vehicle]) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:some |hasSex| |female|)
(:all [hasSex| [female])
(:at-most 1 |hasSex|)
(:filled-by Criteria-List (JhasSex| |female|))
(-at-least 1 Criteria-List)
(:filled-by Criteria-List '(lhasSex| |female|)))
:defaults (:and (:filled-by |hasSex| [I*female]))
:characteristics (:recursive :monotonic :open-world))

;** ((Person which hasSex female) which hasAge old) name Woman.
(defconcept |Person*G23942|
iis (‘and |Person*G23927|
(:some |hasSex| |female|)
(:all |hasSex| |female])
(:at-most 1 |hasSex|)
(:some |hasAge| |old])
(:all [hasAge| |old|)
(:at-most 1 |hasAgel))
:implies (:and (:filled-by Grammatical (|isDriverOf| |Vehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:filled-by Sensible (JisDriverOf| |RoadVehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(:at-least 3 Sensible)
(:some |hasAge| |old|)
(:all |hasAge| |old])
(:at-most 1 |hasAge|)
(:some |hasSex| |female])
(:all [hasSex| [female])
(:at-most 1 |hasSex|)
(:filled-by Criteria-List (JhasSex| |female|) (lhasAge| |old]))
(:at-least 2 Criteria-List))
:defaults (:and (:filled-by |hasSex| |I*female])
(:filled-by |hasAge] |I*old|))
:characteristics (:monotonic :open-world))
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;** ((Person which hasSex female) which hasAge young) name Girl.
(defconcept |Person*G23974|
iis (t:and |Person*G23927|
(:some |hasSex| |[female|)
(:all |hasSex| |female])
(:at-most 1 |hasSex|)
(:some |hasAge| |[young])
(:all [hasAge| |young|)
(:at-most 1 |hasAgel))
:implies (:and (:filled-by Grammatical (|isDriverOf| |Vehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:filled-by Sensible (JisDriverOf| |RoadVehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:some |hasAge| |young|)
(:all [hasAge| |young])
(:at-most 1 |hasAge|)
(:some |hasSex| |female|)
(:all [hasSex| [female])
(:at-most 1 |hasSex|)
(:filled-by Criteria-List (JhasSex| |female]) (jhasAge| |[young]))
(:at-least 2 Criteria-List))
:defaults (:and (:filled-by |hasSex| |I*female])
(:filled-by |hasAge| |I*young]))
:characteristics (:monotonic :open-world))

** Person which isDriverOf Car.
(defconcept |Person*G24001|
iis (:and |Person|
(:some |isDriverOf| |Car]))
:implies (:and (:filled-by Necessary (JhasAge| |old|))
(:at-least 1 Necessary)
(:some |hasAge| |old|)
(:all [hasAge| |old])
(:at-most 1 |hasAge|)
(:filled-by Grammatical (JisDriverOf| |Vehicle]) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:filled-by Sensible (JisDriverOf| |RoadVehicle|) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:some |isDriverOf| |Car]|)
(:filled-by Criteria-List (JisDriverOf| [RoadVehicle|) (JisDriverOf| |Car]))
(:at-least 2 Criteria-List))
:defaults (:and (:filled-by |isDriverOf| |I*RoadVehicle])
(:filled-by |isDriverOf]| |I*Car]|) (:filled-by |hasAge| |I*old]))
:characteristics (:monotonic :open-world))
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** Person whichG isDriverOf Vehicle.
(defconcept |Person*G24032|
iis (‘and |Person|
(:some |isDriverOf| |Vehiclel))
:implies (:and (:filled-by Sensible (|isDriverOf| |RoadVehicle|) (lhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Sensible)
(:filled-by Grammatical (JisDriverOf| |Vehicle]) (jhasSex| |SexValueType|)
(JhasAge| |AgeValueTypel))
(-at-least 3 Grammatical)
(:some |isDriverOf| |Vehicle])
(:filled-by Criteria-List (|isDriverOf| |Vehicle]))
(-at-least 1 Criteria-List)
(:filled-by Grammatical '(JhasInsuranceRating| |IntegerValueType|))
(:filled-by Sensible '(JhasinsuranceRating| |IntegerValueType|)))
:defaults (:and (:filled-by [isDriverOf| |[I*Vehicle|))
:characteristics (:recursive :monotonic :open-world))

(defconcept |PetrolVehicle|
sis-primitive |Vehicle|
:characteristics :monotonic)
(defconcept |RailVehicle|
[is-primitive |Vehicle|
:characteristics :monotonic)
(defconcept |RoadVehicle|
[is-primitive |Vehicle|
:implies (:and (:filled-by Sensible '(JhasDriver| |Person|)))
:characteristics (:open-world :monotonic))
(defconcept |SexValueType|
[is-primitive |SymbolicValueType|
:implies (:and (:filled-by Grammatical '(|isSexOf| |Person|))
(:filled-by Sensible '(lisSexOf| |Person|)))
:characteristics (:open-world :monotonic))
(defconcept |SymbolicValueType|)
(defconcept |TopCategory|)
(defconcept |Train|
[is-primitive |RailVehicle|
:characteristics :monotonic)

;** [Tram| is both a |RailVehicle| and an |ElectricVehicle|.
(defconcept |[Tram|
;is-primitive (:and |ElectricVehicle| |RailVehicle])
:characteristics :monotonic)

(defconcept |TransportCategory|

sis-primitive |TopCategory|
:characteristics :monotonic)
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(defconcept |Vehicle|
;is-primitive |TransportCategory|
:implies (:and (:filled-by Grammatical '(JhasDriver| |Person|))
(:filled-by Grammatical '(JisOwnedBy| |CompanyValueType|))
(:filled-by Sensible '(lisOwnedBy| |CompanyValueType|)))
:characteristics (:open-world :monotonic))
(defconcept |britRail|
sis-primitive |CompanyValueType|
:characteristics :monotonic)

;** Instances of this conceptsuch as [I*busCe}would also be recognised by the
; A-box as instances of the concdpsPartOf:enormousMultiNational).
(defconcept |busCo|

sis-primitive |CompanyValueType|

:implies (:and (:some |isPartOf| [megaCorp|)

(:filled-by Necessary '(JisPartOf| [megaCorp|)))
:defaults (:and (:filled-by |isPartOf| |I*megaCorp|))
:characteristics (:open-world :monotonic))

(defconcept |enormousMultiNational|
sis-primitive |CompanyValueType|
:implies (:and (:some |contains| |[megaCorp|)
(:filled-by Necessary '(Jcontains| |[megaCorp|)))
:defaults (:and (:filled-by |contains| |I*megaCorp|))
:characteristics (:open-world :monotonic))
(defconcept |female|
[is-primitive |SexValueType|
:characteristics :monotonic)
(defconcept |gmBuses|
sis-primitive |CompanyValueType|
:characteristics :monotonic)
(defconcept |male|
[is-primitive |SexValueType|
:characteristics :monotonic)
(defconcept |megaCorp]|
sis-primitive |CompanyValueType|
:implies (:and (:some |contains| |busCo|)
(:filled-by Necessary '(Jcontains| |busCol))
(:some |isPartOf| |enormousMultiNational|)
(:filled-by Necessary '(JisPartOf| |enormousMultiNationall)))
:defaults (:and (:filled-by |contains| |I*busCo|)
(:filled-by |isPartOf| |I*enormousMultiNational]))
:characteristics (:open-world :monotonic))
(defconcept |old|
[is-primitive |AgeValueType|
:implies (:and (:some |isAgeOf| |Person*G23810])
(:filled-by Necessary '(JisAgeOf| |Person*G23810])))
:defaults (:and (:filled-by |isAgeOf]| |I*Person*G23810]))
:characteristics (:open-world :monotonic))
(defconcept |young|
[is-primitive |AgeValueType|
:characteristics :monotonic)
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;** Instantiate all concepts

(CREATE '|I*Bus| '|Bus|)

(CREATE '|I*Car*G24671| '|Car*G24671|)
(CREATE '|I*Person*G23810| '|Person*G23810|)
(CREATE '|I*Person*G23868| '|Person*G23868|)
(CREATE '|I*Person*G23974| '|Person*G23974|)
(CREATE '|I*Person| '|Person|)

;** Inherited default implication§] |I*Bus*G24158| |isOwnedBYy| |I*busCo]|

; and |I*busCo| |isPartOf| |I*megaCorp|. From the definition of the |isOwnedBy]|

;  relation the A-box is therefore able to infer |I*"Bus*G24158| |isOwnedBY| |I*megaCorp|.
(CREATE '|I*Bus*G24158| '|Bus*G24158|)

(CREATE '|I*Car| '|Car])

(CREATE '|I*britRail| '|britRail])

(CREATE '|I*female| '|female|)

(CREATE '|I*RailVenhicle| '|RailVehicle])

(CREATE '|I*AgeValueType| '|[AgeValueType|)

(CREATE '|I*TransportCategory| ‘| TransportCategory|)
(CREATE '|I*enormousMultiNational| '|lenormousMultiNational|)
(CREATE '|I*Person*G24001] '|Person*G24001|)
(CREATE '|I*CompanyValueType| '|CompanyValueType|)
(CREATE '|lI*young]| 'lyoung])

(CREATE '|I*Car*G24525| '|Car*G24525|)

(CREATE '|I*RoadVehicle| '|[RoadVehicle|)

(CREATE "|I*old| '|old|)

(CREATE '|I*DieselVehicle| '|DieselVehicle|)

(CREATE '|I*Tram| '|Tram|)

(CREATE '|I*Person*G23853| '|Person*G23853|)
(CREATE '|I*male| '|male])

(CREATE '|I*Person*G23900| '|Person*G23900|)

;** Inherited default implication§] [I*busCo| |isPartOf| |I*megaCorp| and

; |I*megaCorp| [isPartOf| [I*enormousMultiNational|. From the definition of the
; lisPartOf| relation the A-box is therefore able to infer

; |I*busCo| |isPartOf| |I*enormousMultiNational|.

(CREATE '|I*busCo| '|busCo|)

(CREATE '|I*gmBuses| '|gmBuses|)

(CREATE '|I*Vehicle| '|Vehicle|)

(CREATE '"|I*PetrolVehicle| ‘|PetrolVehicle])
(CREATE '|I*SexValueType| '|SexValueType])
(CREATE '|I*Train| '|Train])

(CREATE '|I*Person*G23927| '|Person*G23927|)
(CREATE '|I*Person*G24032]| '|Person*G24032|)
(CREATE '|I*ElectricVehicle| '|ElectricVehicle|)
(CREATE '|I*Person*G23942| '|Person*G23942|)
(CREATE '|I*megaCorp| '|megaCorp|)
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