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Knowledge acquisition(KA) is a well-definedprocess.However, that definition

maybetoonarrow to supportanevaluationof thestateof theart [66]. Themajorityof
theKA community, includingShadboltet.al.[103], woulddefineKA asfollows:

� KA is usuallytheprocessof mappingexpertstatementsinto conceptualmodels.

� KA usuallytries to reuseolderconceptualmodelsto guidethedevelopmentof
new models.

� KA is usuallyanearlylife cycleactivity thatprecedesmuchof theimplementa-
tion details.

While exceptionsdo exist� , the above threepoints characterizeof the majority
of the work seenin the Japanese,North American,European,andPacific region KA
workshops� . Despiteseveral major internationalcollaborative projects(the Sisyphus
experiments[59,99,103]), little hasbeenbeenconcludedaboutthe relative meritsof
differentKA techniques.Shadboltet.al.commentpessimisticallythat.. .

... noneof theSisyphusexperimentshave yieldedmuchevaluationinfor-
mation[103].

Shadbolt’s pessimismis unfounded,but only if researcherslook beyondstandard
KA literature.It is truethatcomparativestatementsaboutKA techniquesarefew and
farbetweenin thestandardKA literature[66]. However, by looking furtherafield,this
chapterwill makeseveralcomparativestatementsaboutdifferenttechniques.

Figure1 placesKA in a broadercontext. This broadercontext canbe calledthe
knowledgeelicitation (KE) space.TheKE spaceof Figure1 hastwo dimensions.The
howdimensionrefersto how theelicitationprocessis organized.For example,if the
developersmakeextensiveuseof a library of components,thenhow=reuse. Thewhat�

Seethework of the“AustralianKA club”; e.g.[13,24,27–29,37,54,55,58,69,71–73,75,77,79,94,95,
115].�

For proceedingsof theseworkshopsseehttp://ksi.cpsc.ucalgary.ca/KAW/ .
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Figure1: A The how andwhat of contemporaryKE. Shown on this plot arevarious
studiesdiscussedin this chapterthatexplorepartof this space.For anexplanationof
thetermsusedon thex-axisandy-axis,seethetext.

dimensionrefersto theprimarymodelingconstructusedby theanalysts.For example,
if aftertalkingto expertsanalystswrite downobject-oriented(OO)classdiagrams,then
what=OO.

The black boxesshown on the KE spaceof Figure1 mark areasthat have been
extensively studiedin theliterature.Thekey featureof Figure1 is thelargeunexplored
regions:mostof theevaluationexperimentsin this areacomesfrom a smallsubsetof
the KE space.Objectsthat areclosetogetherarehardto distinguish. It is easierto
distinguishdifferencesbetweenobjectsheld far apart. The KE spaceincludesmore
techniquesthat found in the standardKA literature. Within this broaderspace,data
pointscanbefoundthatlet usassesscontemporaryKA andKE techniques.

Thischapterwill concludethattherearemany openissuesin contemporaryKE that
requiremoreinvestigationandevaluation.Numeroustexts describeeffective methods
for the evaluationof softwarein general[39] andAI softwarein particular[23]. For
pointersto resourcesandexamplesof KE evaluations,see[66]. EvaluatingKE tech-
niquesis not ashardasmany researchersfear. For example,cost-effectivemethodsof
studyingcomplex systemsarediscussedin [65,73].
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This explorationof theKE spacebeginswith a definitionof thewhataxisof Fig-

ure1. Thisaxisshowswhatanalystswrite down whenthey recordknowledge.Numer-
ousnotationsexist suchastheonesshown in Figure2 anddiscussedbelow: MATH,
DAT, PROC, OO, IFA, ONA, KLA, KLAB, andKLB. Most of contemporaryKE re-
searchfocuseson OO,IFA, ONA, andKLB.
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Figure2: Whatis written down as“knowledge”. “1” denotesthat thesingleinference
engineis customizable;e.g. the knowledgeengineercanprovide operatorselection
rulesto customizetheproblemspacetraversal[57]. “2” denotesthatPSMsin KLAB
areusedonly in aninitial analysisstage.

2.1. DFE
G�H%IKJMLONQPSRUTVG;HWE
X�TVG�HZYW[\G�]_^0X�`a^0Xcb�XcdeHfG�HZYWg;dab
Impressive and intuitive visual programmingenvironmentsexist that allow end-

usersto modelcomplex systems,thenexecutethemusingsomemathematicalequation
solver [45,50]. Oneadvantageof the MATHs-basedapproachis that certainquality
factors(stability, observability, controllability) canberigorouslydetermined[51].

An interestingvarianton standardquantitative MATHematicalmodelingis quali-
tative modeling. Qualitative reasoningis the studyof equationsof physicalssystems
whosenumericvaluesarereplacedby oneof threequalitative states:UP, DOWN or
STEADY [52]. Qualitativemodelshave at leasttwo advantagesoverquantitativemod-
elsandonemajordisadvantage.Theadvantagesare:

1. Becausethey containlessdetails,qualitativemodelingcanbeperformedcheaply
andearlyin aproduct’slife cycle[117]. For exampleit is fasterto elicit thequal-
itative knowledgethat (e.g.) a encourages b thanthe quantitative knowl-
edgethat h/ikj=l mcn�oqp rsot�fu

2. While it canbe difficult explaining quantitative equations,simpleexplanation
structurescanbeeasilygeneratedfrom qualitativeequations[45,105].

The disadvantageof qualitative modelingis the chatter problem. Qualitative models
containfar lessdetailsandfar fewerconstraintsthanquantitativemodels.Hence,when
executed,qualitativemodelscangenerateanoverwhelmingnumberof possiblebehav-
iors. Clancy andKuipersobservethat.. .

Intractablebranchingdueto irrelevantdistinctionsis oneof themajorfac-
torshinderingtheapplicationof qualitative reasoningtechniquesto large
real-world problems[20].

Onemethodfor tamingchatteris theDecSIMsimulatorin which theuserdivides
thetheoryinto severalpartitions[20]. Thesepartitionsarethensimulatedasseparate
units. While DecSIM hasbeenableto offer richersimulationsthanstandardqualita-
tive reasoners,DecSIM’sauthorscommentthat“DecSIM cannotguaranteea tractable
simulationfor any model.”.
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Anothermethodfor tamingchatteris to imposemodelingrestrictionsthat dodge
the branchingproblem. Threesuchrestrictionsareavoiding unreachablemodels, a
restrictedsimulationpolicy andtheuseof saturation languages:

� In a reachablemodel, goalscan be quickly found beforechatteroverwhelms
thesimulation.Detectorsfor reachablemodelsexpressedasdirectedgraphsare
discussedby MenziesandCukic [67]. While thesedetectorscanfind chatter-
pronemodels,they offer little helpin stoppingamodelchattering.

� In a saturation language, if somepropertycan’t bereachedaftera very limited
simulation,it is certainthat it cannotbe reachedafter a much longersimula-
tion [76]. That is, any modelwritten in a saturationlanguageis alsoa reach-
ablemodel(definedabove).Thedisadvantageof thesesaturatinglanguages(e.g.
iedge [75,114]) is that only very simpleconceptscanbe expressed.However,
the advantageof suchsaturationlanguagesis that they canbe searchedusing
nearlylinear time algorithms[63]. Hence,very largemodelscanbeprocessed.
Further, despitetheir languagerestrictions,they areadequateto representawide
rangeof interestingmodelssuchaspropositionallogicalmodels,earlylife cycle
software requirements[63], andqualitative medicalknowledgeaboutinternal
humanphysiology.

� A qualitative simulatorcanexecutefasterwith lesschatterif it restrictsitself to
only thosebehaviors that leadto pre-specifiedgoals.This restrictedsimulation
policyhasbeenusedto find previouslyundetectedfaultsin theoriespublishedin
internationalrefereedmedicaljournals[37,68,78]. Note that sucha restricted
simulationpolicy is not requiredfor amodelwritten in asaturationlanguage.

2.2. DFE
G�H%IKv%LONwRx^\X�`�^\Xcb�X�deHtG;HWYWg;d�bzy�^0g;T|{�G;HtG}T~g6{�X�]�Y�d
�
Datamodelingresearchersassumethatknowledgewill beexpressedin something

like a relationaldatabases.Theoretically, there is nothing stoppingdatamodeling
workersfrom developingknowledgebasedsystems(KBS) [110]. However, in prac-
tice,conventionaldatabasemanipulationlanguagesaremuchstrongeron IO functions
anddiscstoragethanintricateRAM-basedmanipulationof data.Nevertheless,there-
lationalmodeloffers impressive supportfor structuringknowledgesuchthat it canbe
bettermaintained[33].

2.3. DFE
G�HzI"���*����g;^V����R�`a^0g6[\X0{;��^0G�]�g;^�g��t��X\[�HW��g;^�YWXcdeHfX\{~^0X�`a^0Xcb�XcdeHfG��
HWYWg+dab

A popularmethodof expressingknowledgeis in someprocedural(PROC)orobject-
oriented(OO) form. PROC andOO researchersrejectthedeclarative representations
usedin theotherapproaches.In the70s,this wasa largeresearcharea.Proponentsof
framerepresentations(e.g.[81,118]) arguedthatpartof humanexpertisewas“know-
how” andtheserecipesof “how” to solve a problemwerebestmodeledas(e.g.) Lisp
proceduresattachedto frameslots.Thedebatecontinuesto thisday[7,88] but thecom-
plexity of reasoningaboutprocedures(e.g.[36]) drovemostresearchersto declarative
characterizationsof their frame-basedknowledge(e.g.[9]).
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Figure4: Testingtimes: �������;�����s�\������ �¡ . “Code r”= time spenton codereviews.
“Unit t.”= timespentonunit testing.“Acceptancet”= timespentonacceptancetesting.
From[49].

PurePROC/OOKE researchersarerarethesedays,but somestill keepthe faith
(e.g.[7, 10]). OO hasbecomea very popularmodelingparadigmin the commercial
world [8]. OO languagesareusefulfor many task;e.g.JAVA is a naturallanguagefor
concurrentweb-basedapplications.However, OO classhierarchiescanconfuserather
thanclarify softwaremaintenance.Hatton[48] reportsonestudyoverasix yearperiod
with a £ 50,000LOC parserwritten andmaintainedin C++ andC. Theprogrammers
on this teamwereexperiencedin both languageandusedmaturesoftwareprocesses
(CMM-level j¥¤ ). Theaveragetime chasingbugsin theC++ parserwasmuchgreater
than in the C version(seeFigure 3). Hattonacknowledgesthat his resultscannot
distinguishbetweentheeffectsof object-orientedhierarchiesandtheparticularsof the
implementationenvironments. However, he notesthat analogousresultshave been
reportedelsewhere[49]; i.e. a C++ systemwasmuchslower to changelaterin thelife
cycle thananequivalentproceduralsystem(seeFigure4).

Hatton’s explanationfor theseempiricalresultscastsdoubton theutility of inher-
itanceasa modelingconstruct.His argumentis that the increasedmaintenancetimes
of C++ arenot dueto theidiosyncrasiesof thelanguage.Rather, theseproblemsarise
from thedistributednatureof propertiesin an inheritancehierarchy. Debuggingsuch
a hierarchyrequirestracingup anddown a hierarchy. During thattrace,to understand
somemethodin class¦ , theprogrammermustalsokeepin mindwhatis known about
how class¦ effectsamethodin class§ . Hatton’sargumentis thiskeepingin mindpro-
cessis slow anddifficult for peoplesinceit requiresreadingandwriting to long-term
memory(somethinghumansdoveryslowly andverypoorly).

2.4. DFE
G�H%I©¨�ª�LSRUY�d$y�Xc^0Xcd«[\X¬g;­=Xc^®G+¯;YWg;T¬b
In theIFA approach,therearedomainfactsand,usually, noexplicit generalization

of thosefacts. IFA typically commitsto a single inferenceprocedure.Examplesof
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theseinferenceenginesincludeProlog[56], OPS5[42], SOAR [57,97], PSCM[120],
GSAT [101], ISAMP [32],....

Crudelyexpressed,in theIFA approach,knowledgeengineeringis just a matterof
stuffing axiomsinto an inferenceengineandletting the inferenceenginework it all
out. IFA washow knowledgeengineeringwasperformedin the70s.Drawbackswith
IFA motivatedthedevelopmentof theothertechniquesdescribedin this chapter. The
critiquesof [15] and[17] wereparticularlyinfluential. Thesewritersarguedconvinc-
ingly thatabovethelevel of mererules,thereexisteddomain-independentorganization
principlesfor expertsystems.Thesehigher-level constructsarethe focusof muchof
contemporaryKE research(seethediscussionbelow on ONA, KLA, KLAB, KLB).

2.5. DFE
G�H%IS��°�L±RU�²b�X¬g\y®g;deHfg�]5g��+YWX�b
ONA is short for “ONtologies + Axioms”. Axioms are somelogical assertion

describingfactsor rules in a domain. Ontologiesmodelcommondomainterminol-
ogy. This terminologymight includethedatastructuresrequiredby aproblemsolving
method(PSM-discussedbelow). Usingagoodontology, it is argued,canguidedevel-
opersin theconstructionof new systems.

An active focus in ONA is the creationof ontologies. Ontologiesmay never
execute-ratherthey may be an analysistool for a domain. Softwareengineerswho
developarchitecturesor designpatterns,but do not executetheseabstractionsdirectly,
areONA (e.g.[44]).

Ontologiesare a large areaof active research. For more detailson this work,
see[53].

2.6. DFE
G�H%I´³�µ¶L·Rx°�Xc¸�X�]�]s¹ b�º6d«g+¸%]5X\{$��Xc�q]5Xc­=X�]
KLA modelingadoptsNewell’s knowledge-level insight [86,87]. According to

Newell, intelligencemaybemodeledat theknowledgelevel asasearchfor appropriate
operatorsthatconvertsomecurrentstateto agoalstate.Domain-specificknowledgeis
usedto selecttheoperatorsaccordingto theprinciple of rationality; i.e. anintelligent
agentwill selectanoperatorwhich its knowledgetells it will leadtheachievementof
someof its goals.

KLA makesa strongcommitmentto a single inferenceprocedure,which canbe
customized.This inferenceprocedurefeaturespredominantlywhenmodelinga sys-
tem;e.g.[57,80,120]. For example,a KLA analystwould recordthedifferentstatesa
systemcantake, thechoicesat eachstate,andtherationalityoperatorsthatselecthow
to movefrom this statetowardsthegoalstate.

2.7. DFE
G�H%I´³�µQ»KR�g�HZE
Xc^�º6d«g;¸%]5X0{$��X��q]5X�­=X�]_TVg�{�X�]�Y�d²�¼Gc`�`a^0g6G�[cE�Xcb
KLB modelingassumesthat new applicationsare built by reusingold problem

solvingmethods(PSMs)andontologies.A samplePSM is shown in Figure5. KLB
modelingproceedsby first selectinga PSM,thencollectingdomainspecificinforma-
tion relatingto the datatypesin the selectedPSM.For example,usingthis PSM,an
analystwouldbeguidedto ask“what arethenorm valuesfor theobservables ?”.

KLB useseither librariesof PSMs[116] or exploresa singlePSM within sucha
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Figure5: A problemsolving method(PSM) for diagnosis;ovals=functions,rectan-
gles=datatypes.

library [60]. KLB makesextensive useof ontologies. At runtime,KLB may usea
generalinferenceengineto executetheir systems(e.g. older versionsof PROTEGE-
II [35] compileddown to CLIPS[85]) but this inferenceenginedoesnot featurein the
designdiscussions.

Numerouslibrariesof PSMhavebeencollected;e.gSPARK/ BURN/FIREFIGHTER[61];
generictasks[16]; configurablerole-limiting methods[46,108]; modelconstruction
operators[19]; CommonKADS[100,116]; the PROTEGE family of systems[35];
componentsof expertise[106]; MIKE [4]; andTINA [6].

Thereis a largeresearchcommunityworking on KLB andthis chapteris too short
to discussall that work. Anotherchapterin this handbookis especiallydevoted to
KLB [83]. Note that the KLB communitycalls its activities “knowledge-level mod-
eling” even thoughsignificantdifferencesexist betweenKLB-style knowledgelevel
modelingandNewell-styleKLA knowledgelevel modeling:

� Newell-styleknowledge-level modelingis basedon customizinga singlesearch
engine.

� The PSM/ontologycommunityis basedon the reuseof librariesof PSMsand
ontologies.

2.8. DFE
G�H%I´³�µ¶L½»
KLAB is a hybrid KLA/KLB approachin which PSMsareusedto structurethe

analysisdiscussions,but thenconvertedby the knowledgeengineerat designtime to
KLA [16].
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Figure6: An exampleof what=reuse. A houseis built usingpartsfoundwhenthelast
housewasbuilt.
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Having describedthewhatof theKE space,it is now timeto studytheverticalhow

axisof Figure1. MoranandCarroll [82, p3] arguethat four broadparadigmsof exist
in the literaturewhich we will call reuse, search, argue, repair. Theseparadigmsare
describedbelow.

3.1. P�g+¸´IK�ÃXc�²b�X
How=reusedatesbackat leastto 1964with Alexander’s work on architecture[2,

3]. Designis taken to be the re-shuffling of componentsdevelopedpreviously, then
abstractedinto a reusableform. For example,in Figure 6, a new houseis built by
reflectingovermodelsdevelopedwhenolderhouseswerebuilt.

Contemporaryexpressionsof thisapproachincludeobject-orienteddesignpatterns
[11,70],andtheknowledgeengineeringresearchinto ontologies[47,113]andproblem
solvingmethods(PSMs)[15,17,100].Ourreadingof theliteratureis thatthisapproach
is thedominantparadigmin contemporaryknowledgeandsoftwareengineering.

KLB andONT assumehow=reuse. Thefundamentalpremiseof theKLB andONT
researchis thatconceptualmodelsabstractedfrom old domainsarepower toolswhen
reusedin new domains.

3.2. P�g+¸´IÅÄeX0G;^\[�E
The paradigmof construction-as-searchdatesbackat leastto 1969with Simon’s

work on artificial intelligence[104]. Accordingto Simon,designis the traversalof a
spaceof possibilities,looking for pathwaysto goals. For example,to build a house,
we might searchthrougha spaceof constraintsdescribingthe relationshipbetween
building parts(seeFigure7).

Contemporaryexpressionsof this approachincludesmostof theAI searchlitera-
ture [90]. KLA assumeshow=search, often usingthe SOAR toolkit [86,87] with or
without thePSCMextension[120].

3.3. P�g+¸´I´L�^q�+��X
This paradigmdatesback to at least 1972 with Ritell’s work on wicked prob-
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Figure7: An exampleof how=search. A houseis built via a searchof the spaceof
whatis known of bricks,tiles,andwood.
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Figure8: An exampleof how=argue. Let eachstakeholderdesigntheirpreferredhouse
separately. Themeritsof thedifferenthousescanthenthenbeassessed.

lems[96]. Wicked problemshave many features,the most importantbeing that no
objective measureof successexists. Designingsolutionsfor wickedproblemscannot
aimto producesomeperfectlycorrectanswersincenosuchdefinitionof correctexists.
Hence,thisapproachto designtriesto supporteffectivedebatesby acommunityovera
rangeof possibleanswers.For example,whenbuilding ahouseusinghow=argue, dif-
ferentstakeholdersfirst elaboratetheir own versionof thefinal product.Thedifferent
versionsarethenexploredandassessed(seeFigure8).

Contemporaryexpressionsof this approachincludestherequirementsengineering
(RE)community. Requirementsengineeringis usuallycomplicatedby theincomplete-
nessof the specificationbeingdeveloped:while a specificationshouldbe consistent,
requirementsareoftenvery inconsistent.RE researcherssuchas[34], [40], and[89]
arguethat we shouldroutinely expectspecificationsto reflectdifferentandinconsis-
tentviewpoints.Notethatthisparadigmrequiresmorethanoneexpertto bepartof the
knowledgeacquisitionprocess.

3.4. P�g+¸´IK�ÃX�`
G+Y�^
Thisparadigmdatesbackto at least1983with Schon’swork onthereflectiveprac-

titioner [98]. In this approach,designmostly happenswhensomeconcreteartifact
talks back to the designer- typically by failing in someimportantsituation. That is,
how=repair is lessconcernedwith the creationof someinitial artifact than the on-
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Figure9: An exampleof how=repair. Build ahouse,find out thattheliving roomgets
too hot in summer, plantfruit treesfor shade,makeandsell thejamfrom thefruit.

goingre-interpretationandadjustmentof thatartifact.So,whenbuilding ahouseusing
how=repair, versioni+1 of thehouseis createdusingthelessonslearntfrom building
versioni.

Contemporaryexpressionsof this approachinclude the situatedcognition com-
munity [18,74,107], certainapproachesto designrationale[12,41], andknowledge
engineeringtechniquesthatfocusonmaintenanceratherthaninitial design.For exam-
ple, in theripple-down-rules(RDR) repair-basedsystem,knowledgeis organizedinto
apatch tree. If a rule is foundto befaulty, somepatchlogic is addedon anunlesslink
beneaththerule. Thepatchis itself a rule andsomaybepatchedrecursively. When-
everanew patch(rule) is addedto anRDRsystem,thecasewhichpromptedthepatch
is includedin the rule. Thesecornerstonecasesareusedbelow whenfixing anRDR
system.At runtime,thefinal conclusionis theconclusionof the lastsatisfiedrule. If
thatconclusionis faulty, thenthe fault is localizedto the lastsatisfiedrule. For more
detailson ripple-down-rules,see[25,26,30,43,84,92,93].

Ì���1 Í=#=34��#$�0��
���&
The above discussionoutlinedwhat KE researchershave beendoing. However,

Cohenwarns:

Researchersareverygoodatdescribingwhatthey aredoing, but notwhat
they arelearning. [23]

Hence,weneednow to review whatwehave learntafterall thatdoing. Thesequel
looks for systemsthat usedifferentcombinationshow’s andwhat’s. Someof those
systemscomefrom the Sisyphuswork. By comparingthesesystems,we canat least
identify theopenissuesin contemporaryKE.

4.1. °�X0X\{8JÎg;^0XÏNQE
G;dÅÐtÑ��²b¥H¥Ò*�Â��]5Xcb
Ó
In the sectionwhat=IFA it wascommentedthat numerousresearchersdeveloped

KLA, KLB andONT approachesbasedon difficulties with IFA. It is an openissue
whetherthemethodsdevelopedsinceIFA aremoreproductivethanold-fashionedIFA:

� In the Oak Ridgestudy, variousresearcherstried to build applicationsfor the
sameproblem. Most of the groupsat Oak Ridge usedIFA-basedtechniques
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andproducedworking prototypes.However, thegroupusinganOO-basedtool
(RLL) did not producea working systemsincemost of their time was spent
configuringtheextensiverepresentationaloptionswithin their tool [5].

� In theSisyphus-IIIinitiative[103], RichardsandMenzies[95] usedanIFA RDR
approachto producea working systemfor lunar rock classification(RDR was
introducedabove in the sectionwhat=repair). In thesametime frame,various
reuse-basedteamsproducedno working systemsincethey werestill debugging
their upper-level ontologies.

Thecomparativelybetterperformanceof RDRfor lunarrockclassificationin Sisyphus-
III suggeststhepossibilitythathow=repairmaybemoreproductivethanthanhow=reuse
whenbuilding a system. Anotherdatapoint supportingthat possibility comesfrom
DARPA’sHigh PerformanceKnowledgeBaseinitiative (HPKB) [14,21,22,91]:

� Thegoalof HPKB wasto increasetherateatwhichaKE tool cancollectaxioms.
Variousteamsparticipatedin HPKB includingmany thatusedhow=reusemeth-
ods.In HPKB yearone,theGeorgeMasonteamgeneratedthemostnew axioms
addedperday(787binarypredicates)usingDISCIPLE:an incrementalknowl-
edgeacquisitiontool [109]. DISCIPLE includeselaboraterepairtools. Inside
DISCIPLEaremachinelearningtoolsthatabstractthesuppliedknowledge.The
abstractedrulesarethenproposedto the userin order to generateruleswhich
makesthemmoregenerallyapplicable.DISCIPLErequiresmeta-knowledgeto
execute,but thesystembuildsandupdatesthatmeta-knowledgeasit runs.

4.2. °�X0X\{8JÎg;^0XÏNQE
G;dÅÐtÑ��²b¥H¥Ò�ÄeX0G;^\[�E/Ó
ThedistinctionbetweenKLA/KLB is theamountof effort devotedto pre-modeling

thesearchprocedure:

� Reuseof largelibrariesof problemsolvingmethodsor ontologiesis notstressed
in KLA. In KLA, thereisasinglehard-wiredsearchprocedurewith customizable
operators.

� In KLB, elaboratelibrariesof problemsolvingmethodsareused.Theselibraries
containdeclarative descriptionsof proceduresusedto perform commontasks
suchasdiagnosis(e.g.Figure5). Theselibrariesareconstantlybeingimproved
in orderto simplify andimprovetheconstructionof new applications.

The Sisyphus-IIinitiative givesus onedatapoint with which to compareKLA and
KLB [99]:

� Yost[119] usedaKLA tool (PSCMs)to solveanelevatorconfigurationproblem.
Theotherparticipantsin theSisyphus-IIstudymadeextensiveuseof KLB [99].
Yost’s reporteddevelopmenttimesweremuchlessthanany of theotherteams.
It is possiblethatYost’sextraexperiencewith thedomaingavehim anadvantage
(Yosthadanalyzedthedomainextensively prior to systemconstruction).Onthe
otherhand,it is alsopossiblethatsearch-basedapproachesaremoreproductive
thanreuse-basedapproaches.
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Figure10: COCOMO-II,thecostof reusewith X% changes. Y-axisshowstherelative
costof changingvs rebuilding from scratch.Datafrom thousandsof NASA software
modules[1, p21].

The moreelaboratethe pre-modeling,the harderit is for a newcomerto useand
understandthelibrary of reusablecomponents.Thiseffecthasbeenwell studiedin the
SEliterature:

� TheCOCOMO-II softwarecostestimationmodeloffersanestimateof thecost
of adaptingreusablesub-routinesfor a new project[1, p21]. A learningcurve
mustbetraversedbeforeamodulecanbeadapted.By thetimeyouknow enough
to changea little of thatmodule,youmayaswell havere-written60%of it from
scratch;seeFigure10.

A similar effectmaywell exist whenreusingknowledge-basedcomponents:

� Cohenet.al. [21] studiedhow much ontologiessupportedthe developmentof
HPKB applications.The specificandrecenttermsaddedto an ontologyoffer
moresupportthangenerictermsaddedpreviouslyby otherauthors.Theformer
scoreda constant60%rateof reusein contrastwith thepoor22%rateof reuse
scoredby thebroadontologies.Theseresultscastsomedoubton theverbatim
reusebenefitsof genericontologiesbut Cohenet.al. arequick to addthat the
generictermsmay help designersto betterstructuretheir systems. However,
they offer noempiricalevidenceto supportthispossibility.

� In anotherstudy, internationalKA expertsusedsomebackgroundknowledgeto
guidetheiranalysisof atranscriptof apatienttalkingto adoctor[31]. Onegroup
could usea supposedlyreusablemodelof diagnosiswhich hadbeenmatured
overmany yearsby many researchers.Othergroupsusedeitherareusemodelof
diagnosisinventedvery quickly (the“straw man”) or no reusemodelat all. The
resultsareshown in Figure11. The“maturemodel” groupperformedaswell as
the“straw man”group.Further, the“no model”groupout-performedthegroups
usingthemodels!

4.3. ¨cÄ²LÕY�b*GÖÐc×'g6g6{�ÒFNQE�Y�d²�¶Ó
The ontologiesusedin ONT and KLB are often expressedin a type hierarchy.

Recalling Figure3, if sucha representationis to bereadby a human,it will befunda-
mentallydifficult for thathumanto find andfix flaws.
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ReuseModel % disorders
identified

% knowledgefragments
identified

Straw man:inventedveryquickly 50 28
Maturemodel:decadesof work 55 34
No model 75 41

Figure11: Productivity usingdifferentmodels.

4.4. P2Y4�=E��tµeX�­=X�]��Øg;d�b¥HW^��a[cHWb�G;^0X�JÙg;^\XÏN�Xcb¥HfG��c]5X�Ó
Therearemany claims that the high-level constructsof KLB’ s areeasierto test

e.g[38,102,111,112]. However, noneof this work hasyet to deviseanexperimental
evaluationof their claimsthatKLB = bettertesting. Note that if any of thesehigher-
level constructsareexpressedasinheritancehierarchies,thenrecallingthelastsection,
thesehierarchieswill beharder to manuallydebug thanflatterrepresentations.

While humansmaybeableto readandcritiquesmallmodels,automaticsupportis
requiredto testmodelsthatgrow beyonda trivial size.Onemethodfor suchautomatic
testingis to searchfor pathwaysfrom known inputsto desiredgoalsor faults. If any
faultscanbereachedor if somegoalscan’t bereached,thesystemcanbefaulted. In
thecaseof nondeterministicAI systems,this searchcouldget lost in all thenondeter-
ministicoptions.

MenziesandCompton[68,78] haveshown thatthis nondeterministictestingprob-
lem canbemappedto thechatterproblem.That is, themethodsdiscussedabove that
solve the chatterproblemcanalsoaddressthe problemof automaticallytestingnon-
deterministicsystems.Recallthatall thesesolutionsto thechatterproblemdiscussed
above (in thesectionwhat=MATH) requiredrestrictionson thetypesof modelsbuilt,
or thelanguageusedfor themodels,or how amodelis exercised.Suchrestrictionsare
not acceptableto theKLB community. Oneof thepremisesof thatcommunityis that
intelligencecanbeanalyzedusingknowledgecontentratherthanknowledgeform; i.e.
it is irrelevantif it is expressedin rulesor framesor C codeor inheritancehierarchies
or directedgraphsor saturationlanguages.While form maybe irrelevant for initial
knowledgeacquisition,it is vital whenassessingthetestabilityof anartifact.

Ú
��ÛO��&0����&0&��4
;�
This chapterhasbriefly surveyeda rangeof techniquesusedin contemporaryKE

(for moredetails,see[62]). Onelimitation with this survey is that it dealtonly with
mostlymanual knowledgeelicitation methodsthat have a large human-in-the-loop
component. Methodsfor mostly automaticknowledgeelicitation arediscussedelse-
where[62–64].

Thesurvey canbeusedin oneof two ways.Firstly, it couldbeusedasasimpleroad
mapdescribingcontemporarymethods.Secondly, the casestudiesin the last section
might motivatethe readerto explore the openissuesin KE. Clearly, the casestudies
aretoo few to make generalconclusionsaboutthe utility of differentKE techniques.
However, the casestudiesat the very leastsuggestthat we shouldbe moreactive in
critically assessingdifferentKE options.
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