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Chapter 1

Intr oduction

For any softwaresystem,thespeci�cationsthatdeveloperswrite to formally describethebe-

havior of systemcomponentsandtheprotocolsthey inventtospecifyhow softwarecomponents

will inter-communicateimplicitly de�ne vocabulariesfor theparticulardomainsaddressedby

thesystemcomponents.For large-scalesystems,suchasJFACC After Next, signi�cant prob-

lemsarisewhenthedevelopmentof thesevocabulariesis not coordinated.In theabsenceof

suchcoordination,asthescaleof thesystemincreases,smoothinteroperationof components

becomesincreasinglyproblematic. Humanswill �nd it increasinglydif�cult to familiarize

themselveswith thedomainmodelsmanipulatedby thesystem,andimplementersmayinde-

pendentlyinventoverlapping(i.e.,partially redundant)and/orinconsistentdomainmodels.

A solutionto this problemis to constructa collectionof formally-speci�edvocabularies

that de�ne the preferredusageandmeaningof termsreferencedby eachsystemcomponent.

We call a formal speci�cationof a setof domaintermsanontology. Suchontologiescapture

(make explicit) the vocabulary usedby systemimplementersandusers. Ontologiesneedto

be alignedso that their vocabulariesdo not con�ict, and they needto be extensibleso that

they cangrow asthesystemgrows. Theontologiescomprisea living documentof thesystem

terminology.
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A primaryobjectiveof theJFACCProgramwasto semi-automatetheprocessof construct-

ing computermodelsthatrepresentmilitary objectives,plannedcoursesof action,etc.As part

of our participationin the JFACC programwe developedontologies for JFACC that provide

rigorouslyde�ned conceptualbuilding blocksfor thesemodels,andknowledge basesthatcap-

turethesemanticsof realworld entitiesreferencedin amodel.Theontologiesfacilitateunam-

biguouscommunicationamongcooperatingmodel-builders(bothhumanandsoftware-based),

while the domainknowledgeexpeditesconstructionof software that can validate,critique,

andguidethe model-building process.We alsodevelopedan applicationcalledthe Strategy

DevelopmentAssistant(SDA) thatleveragesthedevelopedontologiesandknowledgebases.

A primarycontribution of our groupis theJFACContology thatwassharedandusedby a

varietyof contractorsof theJFACC program.We analyzedtheontologiesalreadydeveloped

within the ARPI planninginitiative and integratedtheminto a commonontology for ARPI

andJFACC.TheJFACC ontologydraws from theACP-SENSUSontology, theINSPECTAir

CampaignObjectives ontologyanddomainmodel (developedat ISI for critiquing air cam-

paignplans),aswell asARPI planningandschedulingontologiesandPIF processontology

(supportedin partby ARPA KnowledgeSharingEffort). A secondresultof our effort is the

JFACC knowledge basecontainingknowledgeaboutair campaignplanningprocesses,plan-

ning factors,availableassetsandtheir capabilities,generictasks,strategies,andobjectives.

During the life of the program,the JFACC ontologiesandknowledgebaseswereman-

agedby an Ontology Server where they could be accessedby other programparticipants.

This componentwasbasedon ISI's Loom knowledgerepresentationsystem(Loom is anad-

vancedKRS developedat ISI underDARPA sponsorshipthat hasbeendistributedto corpo-

rationsanduniversitiesworld-wide). Today, theJFACC ontologyis still browsableon-lineat

http://www.isi.edu/isd/ontosaurus.html (selectthe“li ve demonstrationversion”,follow the

instructionsto connectto theOntosaurusbrowserandselecttheory“INSPECT”).

Another result of our efforts was the Strategy DevelopmentAssistantor SDA. It is a
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knowledge-basedsystemfor aidingAir CampaignPlanningandit leveragestheJFACCknowl-

edgebasealsodevelopedby us.An earlypartof theplanningprocessinvolvesthedecomposi-

tion of high level objectivesinto morespeci�c sub-objectives.TheSDA assiststheuserin this

decompositionprocessby providing suggesteddecompositionsbasedon thecurrentsituation

andhigh-level goals.

TheSDA is usedto supportmilitary plannersin anearlyphaseof air campaignplanning.

The choiceof decompositionsis template-driven, basedon a setof underlyingassumptions.

TheSDA'sgraphicaluserinterfacedetailstheassumptions,allowstheuserto modify thevalues

of theassumptionsand,thus,capturestheassumptionsunderlyingtheplan.TheSDA is atruly

mixed-initiative planningsystem. All elementsof the interface designare gearedtowards

giving theusertotal controlof thedecisionstakenin thedecompositionprocess.

The rest of this report is structuredas follows: In Chapter2 we describethe building

processof the JFACC ontology, in particular, the problemsencounteredandlessonslearned

while merging overlappingontologiesaswell asdevelopingan ontologythatwasto beused

by multiple independetlydevelopedsystems.In Chapter3 we describetheStrategy Develop-

mentAssistantandshow anannotatedintegrateddemoshow-casingtheSDA aswell asother

componentsdevelopedby JFACC contractorshereat ISI.
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Chapter 2

Building, Usingand Reusingthe

JFACC Air CampaignPlanning

Ontology

2.1 Overview

Military air campaignplannersdevelop plansfor usingaircraft to achieve a varietyof objec-

tives. For a numberof reasons,air campaignplanningis a very complex process.First, there

area numberof interactingplanningconcerns.In additionto �guring out how aircraftwill be

used,onemustalsocreatea plan for supportingtheaircraftby supplyingthenecessaryfuel,

spareparts,munitionsandso forth. Today, thesedifferentplanningprocessesproceedin a

fairly independentfashion,leadingto seriousproblemswhencon�icts arediscovered.Second,

the kinds of operationsin which the military may becomeinvolved arenow muchbroader.

Whereasoncethemilitary plannedfor large-scalebattleswith majoropponents,now in addi-

tion to traditionalmilitary tasks,thearmedforcesmustbepreparedto dealwith awidevariety

of tasksthatdonot involve theapplicationof force,suchasnon-combatantevacuationsor hu-
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manitarianrelief operations.Third, thenatureof air campaignplanningitself haschangedand

becomemoredeliberatewith thedevelopmentof the“strategies-to-task”approach.Previously,

air campaignplanningwasprimarily bottom-up,focusingonmilitary targetsandplanningop-

erationsto attackthem. This approachis clearly lessappropriatefor non-militaryoperations,

but even for military operationsa problemwasthat the rationalebehindthe plan wasoften

lost, so it was not clearwhat objectives were beingserved by attackinga particulartarget.

In the strategies-to-taskplanningapproach,high level objectives (suchas“provide relief to

refugeesin thesouthernregion of countryA”) aredecomposedinto increasinglymorespeci�c

objectivesuntil onehasplannedspeci�c tasksfor particularaircraft.

Startingwith theARPA RomePlanningInitiative (ARPI) program,andcontinuingduring

DARPA'sJointForcesAir ComponentCommander(JFACC) program,we researchedandde-

velopeda numberof knowledge-basedapplicationsfor thedomainof air campaignplanning.

Withing theJFACCprogram,wehaveusedthisexperienceto build a relatively broadontology

of air campaignplanning,called the JFACC ontology. In developing this ontology, we had

severalgoals:

1. Facilitateinter-operationandcommunicationbetweensystemsby providing a common

terminology. This wasimportantbecausetheJFACC softwarewasbeingdevelopedby

severaldifferentgroups.

2. Promotesharingof knowledgebetweensystems.In particular, we wantedto integrate

our knowledgeacquisitionandmodelingefforts. Evenwithin ISI differentgroupswere

developingrelatedknowledgebasesandontologiesfor their own applications.These

ontologieswereall in thesamedomain,frequentlywith a high degreeof commonality,

but alsosometimeswith markedmodelingdifferencesthatstemfrom differentdegrees

of accessto experts,documentation,etc.

3. Createa repositoryfor generalknowledgeaboutair campaignplanningthat could be
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usedacrossthe broaderresearchprogramin several applications,including traditional

ones(thatis, not knowledge-based).

Thedevelopmentof theontologyis to a large extenta functionof theneedsof theappli-

cationsthatmake useof it, andassuchwe have beenoftenpragmaticin decidingwhich area

to attack�rst. For instance,it hasrepresentationsfor many of thebasicconceptsonewould

expect(time, objectives,plans),but otherconcepts(suchasactionandspace)arerepresented

in asomewhatsimpli�ed (andpragmatic)manner, sinceit wasnotyetnecessaryto useamore

completeandprincipledrepresentationof thesekindsof knowledge. The �nal versionof the

ontologyhasabout1,750entities(about1,100concepts,400relationsand250instances).

In the following, we relatetheexperienceandthe lessonslearnedin building theJFACC

ontologyandre-usingit in severalapplications.We usedexisting knowledgebasesfrom our

applications,generalontologiesof domainelementssuchasairplanes,aswell asexisting on-

tologiesavailablefrom publicrepositories.Wedividedthecontentsof theontologyinto several

modules,soasto make it moreeasilyreusablewhentheentireontologyis not required.The

resultingcombinedontologywasusedin severalapplications,sometimesrequiringtranslation

or adaptation.

Severalpapersin theliterature[6, 7, 18] discusstheuseof ontologiesto enablereuseand

asa tool to provide a morerationaldevelopmentof knowledge-basedsystems.In usingand

reusingontologies,several operationsandmanipulationstake place,suchastranslatingon-

tologiesdescribedin oneformalismto another, merging two or moreontologiesinto a new

ontology, or structuringlargeontologiesinto manageableparts.While we agreetheseopera-

tionsarenecessaryanduseful,mostof the literaturediscussestheseissuesfrom a theoretical

perspective, and the ontologiesproducedareseldomusedby applications. What we found

in our experienceis that developinga large ontologythat actuallyneedsto be usedby more

thanoneapplicationis a very painful process,andthat many of the techniquesproposedin

the literaturedo not work aseasilyin practiceaswe would like. In this reportwe provide a
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“report from thetrenches”anddiscusswhatissuesarerelevantwhentrying to obtainusability

andreusabilityin real applications.We will discusswhat problemswerefound in building

andusingtheJFACC ontology, how theseproblemsweresolved,andwhatissuesarosein the

process.Wewill concentrateonhow wesolvedtechnicalproblemsin speci�c instancesof four

generalproblems(seeFigure2.1):

1. How to translateandimportapublicly available,sharableontologyoriginally written in

anotherknowledgerepresentationformalism(Section2.3.2).

2. How to merge thecontentsof two existing, independentlydevelopedknowledgebases

into anontology(Section2.3.3).

3. How to structurea largeontologyinto reasonablyindependentmodules(Section2.4).

4. How to importknowledgefrom anontologyinto severalapplications,andhow to extract

part of the knowledgefrom the ontologyto usein a knowledge-basedapplicationthat

needstheknowledgein anotherformat(Section2.5).

The�rst two problems(topof Figure2.1)areinstancesof thegeneralproblemof ontology

reuse; thethird problem(middleof Figure2.1) is aninstanceof ontology structuring, andthe

fourth (bottomof Figure2.1) is an instanceof ontology use. We will detail what issueswe

foundin trying to solve theseproblems,andemphasizethelessonswe learnedin theprocess.

Thischapteris structuredasfollows: in Section2.2,wedescribetheapplicationswedevel-

opedfor theair campaignplanningdomain.In Section2.3we discusstheprocessof building

theJFACContology. We focusparticularlyon theadaptationof existingknowledgebasesand

theuseof publicly availableontologiesin theconstruction.In Section2.4,we brie�y discuss

the organizationof the JFACC ontology, its modulesandtheir contents.In Section2.5, we

discussusability issues,i.e., usingthe sameontologyin several applications.We explain in

particularhow wehadto augmenttheontologywith annotationsin orderto useits contentsto
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Figure2.1: Using andreusingontologiesin theconstructionandemploymentof the JFACC
Ontology.

build a grammarthatusedthesameknowledgein theontology. In Section2.6we presentour

conclusions.

2.2 Developing Applications for the Air Campaign Planning Do-

main

Within ISI several groupsdevelopedapplicationsfor the domainof air campaignplanning

during thecourseof theJFACC program.We (theLoom group)focusedon thedevelopment
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of variousontologiesfor JFACC aswell asbuilding andextendinggeneralpurposetools for

ontologyconstructionsuchasOntosaurus[16] (seeFigure2.2 for a samplescreen).These

toolsleveragetheLoomandPowerLoomknowledgerepresentationsystemsalsodevelopedby

us [11]. Additionally, we developedtheStrategy DevelopmentAssistant(SDA). TheSDA is

a mixed-initiative tool to helpplannersdecomposetheir objectives into sub-objectives. SDA

providessupportfor intelligent,guidedplandevelopment,following a theoryof air campaign

plan decompositionbasedon the strategies-to-taskapproach.SDA is bult on top of Loom,

makingextensiveuseof Loom's representationandreasoningfacilities. It is describedin more

detail in Chapter3.

The JFACC Ontologyis representedin Loom [10]. Loom is a knowledgerepresentation

framework basedon descriptionlogics[15]. Like otherdescriptionlogics,Loom is basedon

a semanticnetwork approachto knowledgerepresentation.It is possibleto de�ne conceptsin

Loom. Conceptscanhaverolesor slotswhichmaybeusedto specifyattributesof theconcept.

A key featureof descriptionlogic representationsis that the semanticsof the representation

languageis verypreciselyspeci�ed.Thisprecisespeci�cationmakesit possibleto build atool,

calledaclassi�er [11], thatcandeterminewhetheror notoneconceptsubsumesanotherbased

solely on the formal de�nitions of the two concepts.1 The classi�er is an importanttool for

building ontologiesbecauseit canbeusedto organizeasetof Loomconceptsinto ahierarchy

automatically, basedsolelyon their de�nitions. Thiscapabilityis particularlyimportantasthe

ontologybecomeslarge,sincetheclassi�er will �nd subsumptionrelationsthatpeoplemight

overlook,aswell asmodelingerrorsthatcouldmake theknowledgebaseinconsistent.

Othergroupsat ISI developingJFACC applicationswerethe EXPECTandMastermind

groups.TheEXPECTgroup,headedby YolandaGil, developeda planevaluationtool called

INSPECT[17]. INSPECTis designedto critiqueair campaignplansthatpeoplehave entered

1A conceptA is saidto subsumea conceptB if all thepossibleentitiesthat couldbedescribedby B arealso
necessarilydescribedby A. For example,“a manwhoonly drinksbeer”subsumes“a manwhoonly drinksimported
beer.” More detailsaboutsubsumptioncanbefoundin [19]
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Figure2.2: TheOntosaurusontologybrowser. Ontosaurusis a graphicalWeb-basedbrowser
for Loom andPowerLoomknowledgebases.Ontosaurusallows viewing andinteractingwith
a live Loom knowledgebaseusingthestandardHTTP protocol.Differentviews anda query-
by-examplesystemaresupportedby thesoftware.Thisexampleshows aside-by-sideview of
thedifferencebetweenaninstancerepresentationof “F-16” andaconceptrepresentation.
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(seeFigure2.3). Like theSDA, INSPECT'sknowledgebaseis written in Loom.

Figure2.3: INSPECT's agendaof problemsfound in the plan. INSPECTusesa library of
commonerrorsandproblemsto examinea user's plan to seeif it containsany of the errors
speci�ed in thelibrary, andthenproducesanagendareportingtheproblemsfound. INSPECT
hasfounderrorsin everyair campaignplanit hasexamined.

The Mastermindgroup, headedby PedroSzekely, developedan Objectives Editor that

allows a userto enterair campaignobjectives into anAdaptiveForm [5]. Objectivesarerep-

resentedasstructuredverb clausesusinga casegrammarapproach[4]. Figure2.4 shows a

samplescreenfor theobjective “Deploy forcesto theJOA” (JointAreaof Operations).

Having differentgroupsdevelop independentbut relatedapplicationsin thesamedomain

– air campaignplanning– providedaninterestingtestbedfor thedevelopment,useandreuse

of anair campaignontologythatcouldsupportall thesedifferentapplicationssimultaneously.
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Figure2.4: TheMastermindObjectivesEditor. Eachobjectiveconsistsof amainverb(suchas
“deploy”) andanumberof slotsthatspecifytheobjectsinvolvedin theactionandthelocation
andtime of theaction.Theeditoris basedon adaptive forms,a genericeditorframework that
takesagrammarat run-timeandproducesaneditingwindow which is awareof thesyntaxand
providesdirectedsupportto produceadmissiblesentencesin thisgrammar.

2.3 Building the JFACC Ontology

In building the JFACC ontology, we tried to useasmuchaspossiblethe formally described

knowledgethatwasalreadyavailableaboutthedomain. Whenever possible,we preferredto

usean existing ontologyor knowledgebaseinsteadof developingour own. We usedknowl-

edgebasesfrom implementedapplications,theoriesof fundamentalconceptssuchastimeand

system, andontologieswith extensive dataaboutspeci�c elementsin a domain(i.e., aircraft,

weapons). In thefollowing sections,wediscussin detailtheexperiencewehadin two of these
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reuseprocesses.First, we discusshow we importedanexisting andpublicly availableontol-

ogy of time into theJFACC ontology. Second,we discusshow we mergedtwo ontologiesof

aircraftthathadbeendevelopedfor differentusesinto acommonsharedontology.

2.3.1 Integrating application knowledgebases

A large part of the material in the JFACC Ontologycamefrom the knowledgebaseof the

INSPECTsystem[17]. Thisknowledgebaseincludeddetailedrepresentationsfor all themain

elementsof air campaignplans: campaigns,objectives,missions,phases,areas,sequencing,

etc. It alsoincludedan extensive typology of military targets,from military headquartersto

petroleumproductionfacilities.Finally, it includedbasicrepresentationsfor resourcessuchas

aircraftandweapons.

Oneof theimportantcharacteristicsof theINSPECTknowledgebaseis thatit wasnotpar-

ticularly “deep”or principled.Mostof thehierarchieswereonly afew levelsdeep,andin many

casespossiblesubsumptionlinks wereleft unexplored.For example,despitethefactthatmost

of thetypologyof targetsdealtwith physicalobjects,therewasno suchconceptin theknowl-

edgebase,thereasonbeingthattheconceptof objectwasenough(nosigni�cant non-physical

objectswererelevant). Also, conceptssuchastime andareahadvery simplerepresentations,

just aboutenoughto do the reasoningnecessaryfor theapplication's purpose.Theemphasis

wasonproducinghighly structuredconcepts,with a rich webof interrelations,thatwasuseful

for representingtheair campaignplanandreasoningaboutits parts.All thesecharacteristics

wereto a largeextenta consequenceof theteleologicalnatureof theknowledgebase:despite

someeffort to make thede�nitions clearandorganized,theknowledgeit containedwasmeant

to bejustenoughto producecertaintypesof inferences.In otherwords,usabilitywasfarmore

importantthatreusability.

In theprocessof makingthematerialin theINSPECTknowledgebasemorereusable,we

decidedthatweneededontologiesto representin amoreprincipledwaysomeof themostfun-
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damentalelementsof thedomain.Westartedby incorporatingontologyof time andsystems.

2.3.2 Re-usingan ontology of time

Time is anessentialconstituentof theair campaigndomain.We wanteda completeandwell-

foundedontologyof time, but wantedto avoid the time-consumingformalizationandrepre-

sentationprocess.Wethereforelookedfor apre-built andpublicly availableontology.

After somesearch,we found a satisfactoryontologyof time (basedon Allen's theoryof

time[1]) in theSharableOntologiesLibrary atStanford.2 It waspartof a job assignmentontol-

ogydevelopedby [8]. In trying to reusethisontologyfor JFACC,wefoundseveral problems,

all of themlooselyconnectedto the fact that we hadto usean Ontolinguatranslatorto im-

port the original ontology(written in Ontolingua)into our targetsknowledgerepresentation

language(Loom).3 TheOntolinguatranslatorwasusefulfor producinga �rst draft of a Loom

ontology, but theresultingtranslationhadseveralproblems.Therefore,wehadto make anex-

tensive manualadaptationof thetranslatedontology. Theoverall processof reuseis described

in Figure2.5.

Theproblemswith thetranslatedontologyfrom Ontolinguawere:

� Theontologythatresultedfrom thetranslationprocesswasdependenton a generalKIF

theoryfor frames(theframeontology).Thisis aconsequenceof thefactthatOntolingua

itself is basedon the frameontology, that is, the Ontolinguaconstructsfor framesare

built on top of the basicelementsof KIF. One easysolution for this problemwould

have beento import this theory into our knowledgebaseaswell, but we chosenot to

do that.Many of theframeontologycommitmentsalreadyexistedin Loom,andto take

2URL http://www-ksl.stanford.edu/knowledge-sharing/ontologies/README.html.
3For detailsonOntolinguaandits translators,seethepagesonOntolinguaattheStanfordUniversityKnowledge

SystemsLaboratoryhttp://ontolingua.stanford.edu/.
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Time ontology from
Sharable Ontologies Library

(Ontolingua)

automatic
translation

JFACC ONTOLOGY

Automatically translated
time ontology 

 (Loom)

JFACC time ontology 
 (Loom)

manual
adaptation

Figure2.5: Stepsin reusinganontologyof time from theSharableOntologiesLibrary.

advantageof Loom's built-in reasoner, we neededto recasttheOntolinguaformsin the

Loomidiom (Figure2.6.

� Even thoughOntolinguais moreexpressive thanLoom, Loom hasconstructsfor fre-

quentlyusedtypesof de�nitions that allow for simplerde�nitions thana literal trans-

lation produces.However, sincethe translationsoftwaredid not exploit all of Loom's

capabilities,the translatedontologywasunnecessarilycomplex (seeFigure2.7). We

believe a translatorshouldexploit thesefeaturesin Loom in orderto producea better

translation.

Theseproblemshadtwo maincauses.First, thereis a mismatchin modelingstyles: the

way knowledgeis modeledin Ontolinguais differentfrom theway it is normallymodeledin
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;;; Producedby theOntolinguatranslator.

(loom:defrelation meets
:context jat-generic
:is-primitive loom:binary-tuple
:arity 2
:annotations
((related-axioms

'(<=> (meets ?tr1 ?tr2)
(tp= (time-range.start-time

?tr1)
(time-range.start-time

?tr2))))
(documentation

"a time range ?tr1 ends at the same
time a time range ?tr2 starts.")))

;;; Modi�ed (“loomi�ed”) version.

(defrelation meets
:is (:satisfies (?tr1 ?tr2)

(:and (time-range ?tr1)
(time-range ?tr2)
(tp= (time-range.end-time

?tr1)
(time-range.start-time

?tr2))))
:arity 2
:domain time-range
:range time-range
:annotations
((documentation

"a time range ?tr1 ends at the same
time a time range ?tr2 starts.")))

Figure 2.6: De�nitions of meets in the ontology translatedfrom Loom and the modi�ed
versionusedin the JFACC Ontology. Notice how the contentsof the related-axioms
annotationon thede�nition producedby thetranslator(left) is almostthesameasthecontents
of the:satisfies clausein the“loomi�ed” de�nition (right). Theexpressionstartingwith

��� � canbe representedin Loom, sinceit de�nes whenthe relationmeets holdsbetween
two time ranges,but in orderfor Loom to reasonwith the expression,it mustbe part of the
de�nition of theconcept(:is clause).

Loom. Framesystemsanddescriptionlogics,wefoundout,arenotascloseasthey sometimes

seemto be. Moreover, knowledgerepresentationsystemsandlanguagesarenever completely

neutral. Either by the constructsthey provide or by an upper level ontology they assume,

knowledgerepresentationsystemsand languagesassumea view of how the world is to be

modeled,andevenwhat fundamentalpartstherearein theworld. Frequently, theconstructs

of the language(e.g.,a defconcept ) areshortcutsto expressimportantrelationsor setsof

relationsin termsof the top ontology. In Loom, for example,the top ontologystartswith

thing andcontainsde�nitions for several typesof numbers(or, moregenerally, constants),

for several relationsbetweenconceptsandrelations,for differentiationbetweenconceptsand

meta-concepts,etc. Likewise,Ontolinguais basedon a top ontologythatde�nes termssuch

asframes,slots,slot values,facets,etc. Therefore,any translationbetweentwo knowledge

representationlanguagesrequiressomekind of mappingbetweenthetopontologiesof thetwo

languages.Constructinga translatoris in generaleasierif thetopontologiesaresimilar. In the
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;;; Producedby theOntolinguatranslator.

(loom:defconcept day-number
:context jat-generic
:is-primitive loom:thing
:annotations
((related-axioms

'(= (i-upper-bound day-number) 31))
(related-axioms

'(= (i-lower-bound day-number) 1))
(documentation

"DAY-NUMBERdenotes a day of a
month.")))

;;; Modi�ed (“loomi�ed”) version.

(defconcept day-number
:is (:through 1 31)
:annotations
((documentation

"DAY-NUMBERdenotes a day of a
month.")))

Figure2.7: De�nition of day-number in the ontology translatedfrom Ontolingua(right)
andthemodi�ed versionusedin theJFACC Ontology(left). Thede�nition of day-number
in theontologytranslatedfrom Ontolinguais madeby usingtherelationsi-upper-bound
and i-lower-bound , which relateto the upperand lower boundsof an integer interval.
In contrast,the “loomi�ed” de�nition (on the right) usesthe built-in operator:through
to say the samething andallow the Loom inferenceengineto ef�ciently reasonaboutday
numbers.Theresultingde�nition is muchsimpler, andalsoallowedustodispensewith lengthy
de�nitions for typesof intervalsandrelationsandaxiomsaboutthem.

caseof Loom andOntolingua,thesimilarity is reasonablebut not very high, which explains

why producingagoodtranslationis feasiblebut to produceanexcellentoneis verydif�cult.

Second,andmoreinterestingly, thereseemsto beaninferencingenginebiasin modeling.

Evenwhenthereis nobiastowardstailoringtheknowledgeto beusedby aspeci�c application

or problemsolvingmethod,knowledgeis usuallymodeledwith certaintypesof inferencesin

mind. For example,if weexpectto usetheLoomclassi�er to infer whetheror not two intervals

meet(thatis, (meets int1 int2) , weneedto addenoughinformationin thede�nition of

therelationmeets to enabletheclassi�er to useit. If, however, all wewantto do is to assert

that the intervals meetandusethis informationfor otherinferences,it is enoughto statethe

rangeanddomainof themeets relation.

In contrast,Ontolinguadid not have an implementedreasoner. Consequently, the infer-

encingbiaseitherre�ects theusetheontologyhadoriginally (if it wasproducedfor speci�c

application),or tendsto approximatesomeabstractform of theoremproving that is “natural”

whenoneestablisheslogicalde�nitions.
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Oneinterestingexampleof thedifferencein ontologydevelopmentthat the inferenceen-

gine bias introducescanbe seenby examining the de�nition of a Rational-Number in

Ontolinguaandwhat happenswhenthat de�nition is translatedinto Loom. The Ontolingua

de�nition includesthefollowing axiom:

(<=> (Rational-Number ?x)
(and (Real-Number ?x)

(Exists (?y)
(and (Integer ?y) (Integer (* ?x ?y))))))

Thisaxiomcanbetranslated(manually)into its equivalentform in Loom:

(defconcept ontolingua-rational-number
:is (:satisfies (?x)

(:and (number ?x)
(:exists (?y)

(:and (integer ?y) (integer (* ?x ?y)))))))

Unfortunately, trying to usethis de�nition in Loom causesthefollowing errormessageto

beissued:

Query formation error:
Can't generate bindings for the variable ?Y.

Possible causes are
o ?Y is universally quantified and all generator expressions

for ?Y are open world
o All generators found for ?Y are constant concepts like

NUMBERor STRING, which cannot be used.
Error occurred in the query:
(ASK (:AND (NUMBER?X) (:EXISTS (?Y) (:AND (INTEGER ?Y) (INTEGER (* ?X ?Y))))))
while sealing (:SATISFIES (?X)

(:AND (NUMBER?X)
(:EXISTS (?Y) (:AND (INTEGER ?Y) (INTEGER (* ?X ?Y)))))).

It is importantto notethat thesourceof theerror is not thede�nition itself, or its syntax,

but the fact that Loom is trying to reasonwith the de�nition. The Ontolinguade�nition is

a perfectly valid descriptionof what it meansto be a rational number. Indeed,one might

�nd a similar de�nition in any mathematicaltextbook. Unfortunately, thede�nition doesnot

offer a practical,constructive methodfor determiningwhetherany given numberis, in fact,
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a rationalnumber. Considerwhat the de�nition tells you: In order to �gure out if ?X is a

rationalnumber, onemerelyneedsto �nd someinteger ?Y suchthat ?X times?Y yields an

integer. Mechanisticallyhow would a computerprogram(suchasLoom) usethis de�nition?

First, enumeratethe integersandtest them,stoppingwhena suitable?Y wasfound. While

theoreticallysound,this approachsuffers from ef�ciency problems.In fact,Loom recognizes

this andknows enoughnot to try — thusthe error message.In this particularcaseit is the

secondof thetwo possiblecausesof theproblemthatapply.

LessonsLearned: In ourwork in trying to translateandimportapublicly availableontology

of time, we learnedthat translatortechnologyis still immature. Translationof ontologies

writtenin differentformalismsis generallyadif�cult task.TheOntolingua-to-Loomtranslator

is clearlyproblematic,but in factcreatinga betteroneis by no meanseasy. We foundthatthe

resultof theautomatictranslationisstill interestingasadraft,but lotsof humaninterventionare

requiredto translateOntolinguainto Loom. Thisseemsto becausedby at leasttwo problems.

First,it is rarelyrecognizedin constructingthesetranslatorsthatthey mustsomehow bridgethe

gapsbetweentheunderlyingmodelsandviews usedin theformalisms(e.g.,mappingframes

andslotsinto conceptsandrelations)aswell asbetweenthe “uppermodels”assumedin the

developmentof theontologiesin eachformalism(e.g.,theframeontologyin Ontolinguaand

the representationof numbersin Loom's built-in-theory . Second,ontologiesusually

containaninferencingbiasthatmakesmappingevenmoredif�cult, andimportingevenmore

time-consuming.A largepartof theliteratureonontologies,particularlyon theformal/logical

side,treatsanontologyasanendin itself. For systembuilders,however, ontologiesaremeans

to anend,namelyto improve theengineeringof knowledge-basedsystemsby allowing reuse.

As a consequence,inferencingbias is a feature,not a bug. The challengeis not to get rid

of this bias,but to createtranslatorsthat allow to (re)introduce(underthe user's command)

in the translationprocess. In otherwords, translatorsneedto take into accountnot only

the“meaning”of thedescriptionsor de�nitions in theontology, but how theseconstructsare
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goingto beused.Thismeansthatthereshouldbeseveraltypesof mappingsusedasabasisfor

thetranslationprocess,andusersshouldbeableto choosethemappingmostadequateto their

situation.

2.3.3 Merging two ontologiesof aircraft

Beforebuilding theJFACC ontology, we developedtwo ontologiesof aircraft. The �rst one,

calledtheAircraft ontology, wasa domainontologydevelopedfrom FactSheetspublishedby

theUS Air Force,andcontainedextensive dataaboutaircraft typesin theUS ArmedForces.

The upperstructurewasdevelopedby oneof the authors. This ontologywasdevelopedto

demonstratetheOntosaurusbrowserandto showcaseparticularfeaturesof theLoom knowl-

edgerepresentationlanguage,in particularLoom's ability to classifyconceptsandinstances,

aswell asits ability to reasonwith andsupportrelation(slot)hierarchies.Thesecondontology

for aircraftwaspartof theknowledgebaseof theINSPECTsystemfor critiquingair campaign

plans. Interestingly, thesetwo ontologies,dealinggenerallywith thesamedomain,hadactu-

ally focusedon differentaspects.Thatmeantthat,althoughthey wereaboutthesamedomain,

therewasrelatively little overlapbetweentheinformationpresentat thedetailedlevel. To con-

structa modulewith broaderknowledgeaboutaircraftfor theJFACC ontology, wedecidedto

mergethetwo ontologies(Figure2.8).

Thelack of overlapbetweenthetwo original ontologiesmadethemerging processeasier,

sinceit meantthat many thingscould be mergedby a simpleunion process.In theonearea

wheretherewassigni�cant overlap— missionsandfunctional type of aircraft — we were

forcedto makechoicesasto whichmodelto prefer. In ourcasethiswasrelatively easy, at least

in the abstract,sinceonly oneof the ontologieswasdevelopedto supporta particularappli-

cation. SincetheINSPECTontologywasdevelopedin partbasedon interviews with subject

matterexperts(SMEs),it wasa naturalcandidateto prevail whenever therewerecon�icts in

theontologies.
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JFACC ONTOLOGY

INSPECT
Knowledge Base
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AIrcraft KB
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Figure2.8: Merging two knowledgebasesinto aJFACCaircraftontology. Two closelyrelated
ontologiesfocusingon differentdetailsweremergedto createa morecomprehensive domain
model.

In practice,however, the merging proved trickier thanonemight have expected.That is

becausethereweresubstantialstructuraldifferencesbetweenthe two ontologies.Onemajor

examplewas in the methodusedto determinewhetherparticularaircraft modelswere, for

example,�ghters or bombers.In theAircraft ontology, this classi�cationwasinferredbased

on themissionstheaircraftcouldperform.In INSPECT, themissionwerenotdirectly related

to theaircraft types.It turnedout thatsincein theaircraftknowledgebasetypememberships

wereall inferredby Loom'sclassi�er, switchingfrom onesystemto theotherwaseasierthatit

otherwisemighthavebeen.Therewerenodirecttypeassertionsaboutthesetypememberships

aboutindividualaircraftin theAircraft knowledgebase,sochangingto theINSPECTstructure

didn't requiredeletingany assertionsin theAircraft ontology.

Althoughnot requiredby themergingprocessitself, wedid, however, take theopportunity

of doingthemergeto reexaminea fundamentalquestionin themodels:Shouldaircraft types

be modeledas conceptsor as instances?The generalissueof whetherto model particular

itemsin a domainasinstancesor conceptscanbedif�cult to resolve whena knowledgebase

terminatesin abstractentities. It alsodependson the particularusefor which a ontologyis

designed.(seefor example,[2]). Thefact thatsuchusagein�uencesa fundamentalmodeling

issueis unfortunatefrom thepoint of view of makingontologiesreusableandeasilyapplied
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for applicationsthatwerenotenvisionedat thetime of thecreationof theontology.

Whenthe itemsbeingmodeledin theworld are“naturally” individuals,this is lessof an

issue.For example,if onewerecreatinga ontologydescribingAir Forceaircraft,thenhaving

instancescorrespondto particularairplanessuchas “F-16 serial number87-0217” thereis

relatively little controversy. Theissuearisesmainlywhenonewishesto notrepresenttheworld

at quitesodetaileda level. In thatcase,oneneedsto facethechoiceof whetheronewishesto

have particularmodels(classes)of aircraft representedin theontologyby an instances.One

could,for example,modeltheF-16Casaninstanceinsteadof aconcept.

This wastheapproachtaken in theAircraft ontology. This leadto a naturalde�nition of

theinstanceashaving particular�llers for attributessuchascrew-size,range,payload,etc.An

exampleof thishierarchyis shown in Figure2.9.

Thing

Entity

Physical Entity

Moving-Object

Flying-Object Vehicle

Aircraft

Fixed-Wing-Aircraft Combat-Aircraft

Fighter Bomber

F-16

Fighter-Bomber

Superconcept

Instance

Concept

Superconcept
 link

Instance of
link

Legend

Figure2.9: F-16Hierarchyin theAircraft Ontology.

Thesameapproachwasusedin theINSPECTontology, but it beganto exhibit somebreak-

downs in functionality. As onecanseein Figure2.10,thereweremultiple modelsof aircraft

beingrepresentedasinstances.As long asthesewereconceptuallyat thesamelevel of detail

(say“F-16C” and“F-16D”) the solutionstill seemedto work reasonablywell. The problem

wasthat INSPECTwould alsorefer to lessspeci�c aircraft typessuchas“F-16” whenthere
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wasn't a needto differentiate.(Themaindifferencebetweenthe“C” and“D” modelsis that

theC modelhasonecrewmanandtheD modeltwo crewmenandlessfuel.)

Thing

Domain-Concept

Order-of-Battle-Concept

Aircraft

F-16C F-16DF-16

Figure2.10:F-16Hierarchyin theInitial INSPECTOntology.

An instancerepresentationthereforelosesthe relationshipbetweentheseideas,sincethe

factthatF-16CsandF-16DsarebothF-16sis lost. This indicatesaneedto move (at least)the

“F-16” objectinto theconcepthierarchy. Oncethatwasdone,it waspossibleto consolidate

someof thecommondataabouttheaircraft into theconceptde�nition. This thencausedthe

differencein representationbetweenthe F-16 conceptand the individual modelsto appear

ratherarti�cial. We thereforeraisedall of theaircraftclassinformationto theconceptlevel in

theJFACContology. This resultedin thestructureseenin Figure2.11.

In switchingfrom an instance-basedto a concept-basedrepresentation,muchof the data

could be transferredin a relatively straightforward manner. For example,the �llers of roles

like lengthandwingspanwereeasilytransferredinto a conceptrepresentation.Someof the

information,however, wasnotsoeasilytransferred.Sincetheinstanceswerereallydescribing

classes,someof theassertionsof �llers werereally themeta-assertionsaboutthestructureof

theclass.For example,the “engine-count”and“engine-type”relationsaredescriptorsabout

the �llers of the enginerole. Whenmoving to a conceptrepresentation,it wasnecessaryto

changetheseinto a form thatmorepreciselymatchesthedescriptionlogic. In this caseit was

transformedinto a numberrestrictionon the“engine” role anda (disjunctive) typerestriction
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Figure2.11:F-16Hierarchyin theJFACCOntology.

on “engine”. This changeis animprovementin themodel,sinceit moreclearlyrepresentsthe

world in termsthattheLoomclassi�er canreasonabout.
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;; Instance
(:about F-16

fixed-wing-aircraft

(name "Fighting Falcon")
(designation 'F-16C)
(made-by General-Dynamics)
(length 49)
(height 16)
(wingspan 33)
(max-speed 1500)
(engine-count 1)
(engine-type F100-PW-200/220)
(engine-type F110-GE-200))

;; Concept
(defconcept F-16

:is-primitive
(:and fighter-attack-aircraft ...)

:constraints
(:and (:filled-by name

"Fighting Falcon")
(:filled-by made-by

General-Dynamics)
(:filled-by length 49)
(:filled-by height 16)
(:filled-by wingspan 33)
(:filled-by max-speed 1500)
(:exactly 1 engine)
(:all engine

(:or F100-PW-200/220
F110-GE-200))))

A muchharderpart of the transformationhadto do with the assignmentof weaponsto

aircraft. In theAircraft ontology, all of theassertionsaboutwhich aircraftcouldcarrywhich

weaponswasorganizedaroundtheweaponitself. For example,

(:about AIM-9M missile supersonic
(name "Sidewinder")
(length 9.4) ...
(carried-by f-16)
(carried-by cf-18)
(carried-by f-117)
(carried-by a-10)
(carried-by a-6) )

de�nes a missile (instance)that canbe carriedby a numberof aircraft (types). An inverse

relationof carried-by wasusedto link moreef�ciently anaircraft to themissilesit could

carry. This allowed thesystemto have the informationin a singleplace,with inferencepro-

viding thecross-linksasneeded.This hasobviousadvantagesfrom thesoftware-engineering

pointof view, sinceoneno longerhastheproblemof keepingthedataalignedin many places.

Oneconstrainingfactor is that althoughthe new ontologymadeit possibleto setup an

appropriatehierarchyandthusdescriptionsof theinstancesin termsof their �llers, it madeit

moredif�cult to write queriesthat returnedthesameinformationthatwassoeasyto retrieve

in theINSPECTontology. Whenthemeta-informationwasstoredsimply asassertionsabout
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instances,thenwriting a queryto retrieve the informationwaseasy. In theAircraft ontology

for example,if onewantedto get the type(s)of enginethat anF-16 hadthe following query

suf�ced:

(retrieve ?engine (engine-type F-16 ?x))
=> (|i|F100-PW-200/220 |i|F110-GE-200)

Whengoing to a conceptrepresentation,this expedientwasno longerasconvenient. In

partthis is alimitation in theLoommodelinglanguage,sincethereis noconvenientmethodby

which onecanmake meta-assertionsabouttheconceptsandhavetheclassi�er andde�nition

machinery handlethemautomatically. Insteadwe resortedto establishinga canonicalplace

in the de�nitions wherewe addedthe informationandthende�ned appropriaterelationsfor

retrieving theinformationasneeded.

To get similar informationfrom the JFACC ontologybecomesa lot trickier. That is not

only becausethe informationis encodeddifferently, but alsobecauseby usinga type restric-

tion we endup having to do morereasoningto �gure out exactly whatanswerwe want. This

is becausethetyperestrictionconstructedby theconceptde�nition is no longeraconceptthat

hasadirectanalogin therealworld, but is insteadadisjunctionof suchreal-world enginecon-

cepts:(:or F100-PW-200/220 F110-GE-200) . To �nd the two real-world engines,

we needto extract the type restrictionfrom the engine role andthen �nd the appropriate

subconceptsof that restriction. In orderto be ableto do this mechanicallywe needto intro-

ducea meta-annotation(engine-model-cla ss ) on theconceptsthatrepresentrealworld

enginesandthenusethismeta-informationto �lter thesubconceptsof eachrestriction.This is

abit cumbersome,but still not tooproblematic.

(retrieve ?engine
(:and (engine-model-class ?engine)

(:or (types (the-role 'F-16 'engine) ?engine)
(subrelations (types (the-role 'F-16 'engine)) ?engine))))
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Wherethis changein representationreally hurtsis in trying to �nd theaircraftwhich use

a particularengine.Sincethereis no directrelationbetweenthetypein a typerestrictionand

theconceptsfor which it restrictsa role value,oneis forcedto searchall aircraftmodelsand

look for thosewhoseengine rolehasatyperestrictionthatincludes(subsumes)theenginein

question.For easeof access,we canencodesuchaqueryin a relationin theknowledge-base:

(defrelation engine-type-can-be-used-by
"This relation is a meta-inverse relation. It returns concepts in the

meta-class AIRCRAFT-MODEL-CLASSthat use ENGINE-MODEL-CLASSas a type
restriction on the relation ENGINE"

:is (:satisfies (?x ?y)
(:and (aircraft-model-class ?y)

(engine-model-class ?x)
(:or (types (the-role ?y 'engine) ?x)

(subrelations (types (the-role ?y 'engine)) ?x)))))

LessonsLearned: In ourwork in trying tomergetwo knowledgebasesinto aricherontology

of aircraft, the �rst lessonwe learnedis a positive one. Merging wasworth the trouble. The

endresultobtainedwasmuchricher thanthe initial products,andricher thanwhatwe would

have beenobtainedif the producthadbeenbuilt from scratch.The richnesscomesfrom the

fact that the two individual ontologiesexploreddifferentviews on thedomain,andby trying

to integratetheseviews in themerging processweobtainedanontologythatincorporatesboth

views.

However, wealsolearnedthatevenwithin aspeci�c formalismonecanusedifferentmod-

elingstyles,andthatmergingneedsto take theminto account.Again,modelingis basedonthe

intendeduseof theontologyor knowledgebase,andthusevenwithin a singlerepresentation

formalism,modelingis never completelyneutral. In Loom, this problemappearsin thecom-

monly occurringproblemof transforminginstancesinto concepts.Our conclusionwasthat

toolsfor supportingthemerging of two ontologiesweresorelyneeded.While certainpartsare

inherentlymanual,theprocesscanbemademucheasierif a useris ableto expressin general

termshow the mappingshouldoccur, e.g.,this conceptmapsto this instance,this relation's
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�ller aremappedinto that relation's restrictions,etc. This calls for a tool that incorporatesa

languageto talk aboutontologies,their relationsandrelationsamongtheir components.Map-

pingsshouldbedescribeddeclaratively in this(meta-)language.To thisend,conceptrepresen-

tationslike the oneusedin Loom canbe lessconvenientbecausethey aremoregeneral,but

harderto manipulate.It is importantto �nd agraphicalrepresentationfor this(meta-)language,

thatcanbeusedin constructingtoolsthatarevisually rich andeasyto use.To date,a few tools

supportingtheprocessof ontologymerging areavailable[14, 3, 12], however, theproblemis

far from beingsolvedandmoreresearchis neededto bettersupportontologymerging efforts

in thefuture.

2.4 Organizationof the JFACC Ontology

In constructingtheJFACContology, animportantissuewashow to organizetheontologysoas

to make its maintenanceeasierandits constructionmorerational. Following almoststandard

guidelinesfoundin theliterature(e.g.,themicro-theoriesof [9]), wedecidedto modularizethe

ontology. In our experience,modularizationis a prettynaturalprocess:evenbeforedeciding

explicitly to usemodularization,we alreadyseparateddifferentsectionsof theontologyinto

several�les thatre�ectedthedifferentpartsof thedomain:plans,aircraft,etc.However, what

is lacking in this sort of “weak” modularizationis the notionof dependenciesbetweenthese

sub-ontologies.That is, eventhougha given �le encapsulatesmostof theknowledgeabouta

domainelement(say, aircraft),it is not clearwhich otherde�nitions (say, of physicalobjects)

arenecessaryto beableto usetheknowledgein that�le.

As a secondstep,we usedLoom contexts to obtainmodularization.A Loom context con-

tainsa symbol table that mapsa collectionof names(logical constants)onto corresponding

associatedlogicalentities(relationsandindividuals).Eachcontext inheritszeroor moreother

contexts; if acontext C2 inheritsacontext C1 thanall namesandentitiesbelongingto C1 also

belongto (arevisibleto) C2. Unlike,e.g.,CommonLisp packages,inheritanceis transitive—if
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context C3 inheritsC2, thanC3 alsoinheritsC1. Figure2.12shows theinheritancelatticefor

the JFACC ontology. Eachnodein the inheritancehierarchyis consideredto de�ne its own

(sub)ontology, so ontologiesaremappedone-to-oneonto contexts. In the remainderof this

section,we will usethetermscontext andontology asif they weresynonymous.

In somemodelingsituations,given a context C4, onewould like the ability to reference

namesde�ned in a context C5 that is not inheritedby C4. For example,the aircraft con-

text containsmany referencesto objectsin theweapons context (andvice-versa),but neither

context shouldlogically containthe other. Loom providesa pre�xing mechanismsimilar to

CommonLisp pre�xing of symbolsthatenablessuchcrossreferral;however, we �nd thatex-

tensive useof context pre�xesis undesirable(i.e., we muchpreferusingunquali�ed names).

To “solve” theproblemof implementingcross-referencesbetweentheaircraft, weapons, and

fuel contexts, we found it necessaryto constructanarti�cial context (theentities context) to

hold generalversionsof conceptsvisible to eachof theseothercontexts. For example,the

generalconceptaircraft is de�ned in the entities context so that it canbe usedby the

weaponsandfuel contexts (e.g.asoneof thetypesof targetsagainstwhichaweaponis meant

to beused),but thede�nitions for typesof aircraft(fighter-aircraft , F-16 ) arein the

aircraft ontology.

Somenewer KR systems,(e.g., PowerLoom and Ontolingua)supportboth an includes

relation betweencontexts (similar to Loom context inheritance)and a (non-transitive) uses

relation(similarto the:uses optionfor CommonLisp packages).Wewouldnothavefoundit

necessaryto de�ne theentities context if Loomofferedsupportfor bothkindsof inter-context

relations.

Occasionally, we asmodelerswould �nd it convenientto specializeor shadow a concept

de�ned in an inheritedcontext, therebyallowing us to de�ne a local versionof the concept

having thesamenameastheinheritedconcept.For example,wemight like to de�ne a“skele-

tal” versionof airplane in entities anda moredetailedversion(onehaving moreslots)in
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theaircraft context. While, Loomdoesnotsupportshadowing or same-nameconceptspecial-

ization,andfew KR systemsdo,we feel thathaving thiscapabilitywouldbeaplus.

2.4.1 The structure of the JFACC ontology

TheJFACContologyis organizedasalatticeof Loomcontexts thatimport from abasecontext

JFACC-Ontology . Thislatticeis shown in Figure2.12.An arrow indicatesthatanontology

is basedon another. For example,theEntitiesontologyimportsbothTimeandSystems, andit

is importedby Air CampaignPlans.

Time Systems

Entities

GrammarFuelWeapons

Aircraft

Forces

Air Campaign
Plans

Figure2.12:Organizationof theJFACCOntologyinto its constituentmodules.

Theindividual modules'contentsareasfollows:

SystemsThis ontology de�nes generalsystems,their decompositioninto subsystemsand

primitive components,their inputsandoutputs,etc. It alsocoversthede�nition of net-

works asa specialkind of system. This knowledgewasvery useful, for example,to
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modelenemysystemsvarying from distribution to transportationnetworks to military

systemsfor commandandcontrol.

Time Timeis afundamentalelementof any planningdomain,andair campaignplanningis no

different.Theontologyof timeweusedcontainsde�nitions for timepointsandintervals,

dates(absoluteandrelative) andmany relationsbetweentimepointandintervals.

Entities Thisontologycontainsa“micro-upper-level” thatencapsulatesthede�nition of gen-

eraltypesof entitiesthataresharedamongmany othercomponentontologies.It contain

alsoextensive hierarchiesof typesof targets,military actions,actioncapabilities,and

abstractcharacteristicsof thesituationor statethatareusedfrequentlywhende�ning air

campaignplanobjectives.

Air campaignplans Thisontologycontainsanoverview of thebasicelementsthatcharacter-

ize air campaignplans,suchas: campaign,scenario,participants,commanders,plans,

phases,objectives,etc.

Weapons includesde�nitions and extensive information aboutmissiles,guns,bombs,and

munitions.

Fuel containsde�nitions anddatafor themaintypesof fuel andadditivesusedby USmilitary

aircraft.

Air craft This ontology, discussedin Section2.3.3 above, containsknowledgeabouttypes

of aircraft in the US military, including dataaboutengines,podsandfuel tanksthese

aircraftcancarry.

Forces containsde�nitions aboutmilitary forceunits,includingde�nitions for military bases

andinstallations.This informationis particularlyrelevantfor reasoningaboutlogistics.

Grammar Someof theknowledgeaboutobjectivesin air campaignplansis usedto produce

casegrammarsto de�ne theseobjectivesin astructuredmanner, usingasyntax-oriented
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editor. This ontologycontainsthe conceptsandrelationsnecessaryto mapthe repre-

sentationof objectivesin theair campaignplansontology(seeabove) into thegrammar

representation.This is explainedin detail in sectionSection2.5,below.

Lessonslearned: StructuringtheJFACContologywasnotonly ausefulbut anecessarytask.

It is almostimpossibleto managethecontentsof anontologywith morethana few hundred

entitieswithoutsomekind of discipline.Creatingtheorganizationwasnoteasy, however, and

we madeseveral attemptsto comeup with the currentstructure.Themain lessonlearnedin

structuringandorganizingtheJFACC ontologyis thatquitea bit of �e xibility is neededfrom

a context mechanism— morethan is available in mostexisting KR systems.We intendto

experimentin usinganupperontology(suchasSensus[16]) to seewhatbene�ts it canbring

in termsof modularizationandorganization.

2.5 Using the JFACC ontology

The JFACC Ontologywasdesignedto be usedby a wide rangeof applications.Currently,

we implementedits useby threeapplications:INSPECT, the MastermindObjectivesEditor,

andtheStrategy DevelopmentAssistant(seeSection2.2andChapter3 for detailsaboutthese

applications).As Figure2.13shows, theseapplicationsusetheJFACC Ontologyin different

ways.Theknowledgebasesof INSPECTandSDA includetheJFACC ontology(or anumber

of its modules)andaddon top of this whatever additionalknowledgethey needto perform

their speci�c tasks. However, the useof the ontologyby the MastermindEditor is far from

trivial. Below, we describein somedetailhow theknowledgeusedby theMastermindEditor

(representedas a grammar)is extractedfrom the JFACC Ontology, and how we neededto

augmenttheontologyto copewith two problems:thestructural mismatch betweenthewaythe

knowledgewasformulatedin theoriginalontologyandthetargetrepresentation(a grammar),
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andthe lack of certainkindsof application-speci�cinformationin theontologythat required

thelayeringof theJFACContologyto allow for severaldifferentviewsonthesameknowledge.

Mastermind Plan Editor

INSPECT

import extract

JFACC ONTOLOGY

SDA

import

Air Campaign Objectives
Knowledge

Mastermind-specific
knowledge overlay

Mastermind Objectives Grammar

Figure2.13: UsingtheJFACC Ontologyin threeapplications:INSPECT, SDA, andtheMas-
termindPlanEditor. Both INSPECTandSDA usetheontologyby importingit. TheMaster-
mindEditorusestheknowledgein amorecomplicatedfashion.It usesanoverlayto overcome
problemsof structuralmismatchbetweenthecommonontologyandthegrammarMastermind
needs.

TheMastermindObjectivesEditorandits AdaptiveForm(seeSection2.2for details)uses

muchof thesameknowledgestoredin theJFACC Ontologyandalsousedby INSPECTand

SDA. Thegrammarthatservesasinput to theAdaptive Form containsinformationabout,for

example,whichverbscanbeusedandwhatobjectscanbeusedwith theseverbs,thestructure

andcontentsof area,time andresourceconstraints,etc. Initially, both the ontologyandthe

grammarweregeneratedby hand,andall the usualproblemsstartedto happen:it wasvery

hardto keepconsistent,knowledgehadto beenteredtwice, etc. Therefore,oneof our goals

wastodevelopanautomatictranslatorthatusedonecentralsource(theontology)andproduced

thegrammarfrom it.

We found two main typesof problemsbuilding this translator. First, the form in which
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this knowledgeis expressedin the grammaris ratherdifferent than in the ontology. What

is expressedin Loom asconcepts,relationsand instancesis representedin the Mastermind

grammarsas BNF rules— thereis a structural mismatch.4 Thereis no simple correspon-

dencebetweenelementsin theontologyandelementsin thegrammar, andthusit is necessary

to implementa non-trivial mappingbetweenthe two knowledgeforms. Second,part of the

knowledgeneededby the grammar(e.g.,how certainslotsareorderedwhenmappedto ele-

mentsin aBNF formula)wasnotpresentin theontology. Conversely, notall of theknowledge

hada correspondinggrammarform, andshouldbe ignoredin thetranslation.This additional

grammar-relatedknowledgeis not an inherentpart of the domain,but only guidanceabout

how to usetheknowledge.Consequently, we tried to separateit from the“core' ontologyby

creatinganoverlay thatusesannotationsto theontologyelementsto addthis informationfor

thetranslationprocess.

Figure2.14illustratesthestructuralmismatchproblembetweentheconceptacp-objective

andtheBNF rule that resultsfrom themapping/translationprocess.As we cansee,thereare

several typesof mismatch.Someof the typesof mismatchrelateto theway a speci�c slot is

mapped,othersto theway thenon-terminalrepresentingthatslot in thegrammaris going to

beproducedin themappingprocess.

� Someelementsof theLoomontologyhavenodirectmappinginto theMastermindgram-

mar. For example,the slot objective-issued -b y hasno correspondencein the

grammar. This occursbecausenot all knowledgewhich is relevant for the ontologyis

relevantfor thegrammar.

� Thewaythemappingisdonemaydependonthespeci�c slot. Someslots,likeobjective-

verb , arenotmappeddirectlyinto theexpansionof thenon-terminalobjective,but their

mappingis delayedto take into accountdependenciesbetweenits �llers andthe �llers

4Indeed,onecanseethis differenceasa consequenceof the two distinctviews underlyingtherepresentations
in Loomandin BNF.
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(defconcept acp-objective
:is-primitive time-range-bound-concept
:roles
((objective-statement :type String)

(objective-issued-by :type commander)
(objective-supports

:type acp-objective)
(objective-verb :type verb)
(objective-role :type entity)
(objective-measures-of-merit

:type measure-of-merit)
(objective-area-restriction

:type area :max 1)
(objective-time-restriction

:type time-restriction :max 1)
(objective-resource-specification

:type force-package)))

(defrelation DOB-role
:is-primitive objective-role)

(defconcept Deploy-forces-template
:roles ((DOB-role :facets

((order-info 1))))
:is (:and acp-objective

(:filled-by objective-verb
Deploy)

(:exactly 1 objective-role)
(:the DOB-role forces)))

objective "Objective":
'attrit' redObject |
'damage' redObject |
'deceive' redObject |
'deny' redAction 'to' redObject |
'deploy' forces | ...

..........

redObject "Red Object":
objectTerminals ofRedOwner;

redOwner "Red Owner" :
redSpecial | redCountryTerminals;

forces "Forces":
forceType forceNumber;

..........

areaRestriction "Where":
areaModifier area;

areaModifier "areaModifier":
'over' | 'in' | 'at';

area "Area" :
country | geographicRegion |
conflictSide;

Figure2.14:How theknowledgeabouttheuseof theverb“deploy” is expressedin theJFACC
Ontology (Loom, left) and the Mastermindgrammar(BNF, right). The conceptDeploy-
template expresseshow theverbdeploy is used— thatis, whichkindsof therolesit can
accept(speci�cally, the direct object,symbolizedhereby DOB-role ), andwhich kinds of
objectscan�ll theseroles(speci�cally, subtypesof thetypeforces ).

of otherslots— speci�cally, objective-role in its subtypes,suchasDOB-role .

Otherslots,like objectivearea-r est ri ct io n, aremappeddirectly into theex-

pansionof the non-terminalobjective . The basicquestionis whetheror not any

subtypesof the conceptacp-objective may introducea relationshipbetweenthe

�llers of two rolesof the parentconcept. If thereis no suchrelationship,we mapped

the slotsinto non-terminalin the grammarrule for objective. Otherwise,we leave the

mappingof theslotsto bedoneat asubsequentruleor expansion.

� Theway a mappingis constructedto build thegrammarrule for a speci�c non-terminal

is alsodependentonhow theknowledgeaboutthisnon-terminalwasstructuredin Loom.
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For example,givenaspeci�c non-terminalexpressedin theLoomontologyasaconcept,

theright handsideof therulecorrespondingto thatconceptmaybeconstructedby listing

instancesof theconcept,by listingsubconceptsof thatconcept,or bymappingseparately

eachof theslots(relations)associatedwith thatconcept.Thesameoccursfor mapping

non-terminalswhichcorrespondto relationsin Loom.

Thebasicstrategy weadoptedto copewith thesetwo problemsis to introduceannotations

in thebasicontologythatdeterminehow speci�c conceptsor slotsaremappedinto BNF rules

or elementsof theserules. Figure2.15 illustrateshow theseannotationsare introduced. It

showsanexpandedde�nition of theconceptdeploy-template ,aswell assomeadditional

elementsof theLoomontologyandsomeothergrammarrulesthatresultfrom theirtranslation.

As we canseein the�gure, theannotationsareintroducedin two places.First, we introduce

annotationson theslotsof speci�c conceptby addingfacetsto it. We introducedtwo facets:

order-info andfill-by :

� The order-info facetis usedto overcomeoneof the incompletenessproblems. It

addsthe informationaboutthe orderof the slotswhenthey aremappedinto elements

of theright sideof a BNF rule. For example,theorder-info annotationsin slotsof

theconceptDeploy-object-t empl ate expresstheadditionalinformationthatthe

contentscorrespondingto theslotsobjective-verb areto appear�rst (i.e.,leftmost)

into thegrammarrule, thecontentscorrespondingto DOB-role areto appearsecond,

etc. This annotationis alsousedto excludetheuseof certainslots,that is, every slot or

relationover theconceptdeploy-object-te mpla te thathasno speci�c order-

info informationis notmappedinto anelementof thegrammarrule.

� Thefill-by facetis usedto solve thestructuralmismatchproblemsfor slots.It indi-

cateshow a speci�c slot is supposedto bemappedinto an elementof a grammarrule.

Therearethreepossible�llers for thefilled-by facet:
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– The �ller instance indicatesthat theslotsis mappedinto thespeci�c instance

(�ller) of theslot in thede�nition of thecurrentconcept(in this case,thesymbol

deploy )

– The �ller type indicatesthat theslot is mappedinto theconceptspeci�ed in the

typerestrictionfor theslot in thede�nition of thecurrentconcept(in thiscase,the

conceptforces ).

– The �ller non-terminal indicatesthat the slot is mappedinto a non-terminal

with thesamenameastheslots. This non-terminalis queuedfor thetranslatorto

producelateraspeci�c rule for its expansion.

Second,we introduceannotationson conceptsto indicatehow they shouldbemappedin

thetranslationprocess.This is doneusingtherelationderive-bnf-by , with four possible

�llers:

� generate-subs indicatesthat this conceptis mappedinto a BNF rule in which the

right handsideis an OR clauseconnectingexpansionsfor eachof the immediatesub-

typesof theconcept.For example,acp-objective is generatedthis way: aswe see

in Figure2.14,its correspondinggrammarrule containstheexpansionsfor eachof the

“template”concepts,suchasDeploy-template .

� collect-instanc es indicatesthatthisconceptis mappedinto aBNF rule in which

theright handsideis anOR clauseconnectingall known instancesof this concept.For

example,the conceptcountry is mappedinto its known instances(USA, Canada,

Mexico , etc.). This kind of mappingoccurscommonlyfor concepts(e.g.,country ,

geographic-area ) for which the �llers in a given grammardependon thecontext

(e.g.,which speci�c region in the world) for which this grammaris beingused,either

becausenomeaningfulpre-compiledexhaustive list of �llers canbeprovidedor because

sucha list wouldbeunmanageablylarge.
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� collect-instanc es indicatesthatthisconceptis mappedinto aBNF rule in which

theright handsideis anORclauseconnectingall known subtypes(subconcepts)of this

concept.For example,theright handsideof therulefor area lists its subconcepts,such

asgeographic-are a, country-area , etc.

� generate-roles indicatesthatthis conceptis mappedinto a BNF rule in which the

right handsideis anOR clauseconnectingexpansionsfor eachof theslotsof thecon-

cept.For instance,theconcepttime-restrictio n is mappedinto arulewhoseright

handsidecontainsa non-terminalfor eachof its slots— in this casetwo slotsnamed

time-restrictio n-r el at io n and time-specifica ti on. Again, eachof

theseslotsbecomesa non-terminalfor which thetranslatorwill laterproducea speci�c

grammarrule.

(defconcept Deploy-object-template
:roles ((objective-verb :facets ((order-info 1) (fill-by 'instance)))

(DOB-role :facets ((order-info 2) (fill-by 'type)))
(objective-area-restriction

:facets ((order-info 3) (fill-by 'non-terminal)))
(objective-time-restriction

:facets ((order-info 4) (fill-by 'non-terminal)))
(objective-resource-specification

:facets ((order-info 5) (fill-by 'non-terminal))))
:is (:and acp-objective

(:filled-by objective-verb Deploy)
(:exactly 1 objective-role)
(:the DOB-role object))

:annotations (fs-objectives-grammar))

(tellm (derive-bnf-by acp-objective 'generate-subs)
(derive-bnf-by country 'collect-instances)
(derive-bnf-by area 'collect-subs)
(derive-bnf-by time-restriction 'generate-roles)
...
(derive-bnf-by forces 'collect-subs))

Figure2.15:Annotationof theconceptDeploy-objectiv e- te mpla te .

It is interestingto noticethat in additionto thesemoresemanticproblems,therearealso

varioussyntacticproblemsderived from the different conventionsfor namesin Loom and

Mastermind.For example,for non-terminalsthe conventionadoptedin Loom is to separate

differentpartsof the namewith a dash,while this characteris not allowed in a Mastermind
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grammar. Therefore,all dashcharactersin the namesof non-terminalsmustbe eliminated

in thetranslationprocess(e.g.,time-restrictio n is transformedinto timerestric-

tion ). For terminals,thetreatmentof thesecharactersis different.Becausewewantto obtain

human-readablenames,the dashesare transformedinto spaces.In addition, the namesare

surroundedby singlequotes(') — e.g.,military-commun ic at io ns is transformedinto

'military communications' . For thecasesin which a translationusingthesesimple

rulesof thumbis not adequate,we introducedanothertype of annotationusing the relation

human-name , in which anarbitraryhumanname(string)maybespeci�edasa mappingfor

a given Loom name. This is useful for translationsin which caseis important(for example

southern-califo rn ia into 'Southern California' ) aswell asmoreexceptional

casessuchastherelationDOB-role , whichmustbetranslatedinto theemptystring.

Lessonslearned: The problemswe found in trying to usethe JFACC ontologyin several

applicationsareto someextent similar to thosewe found in importing an externalontology.

This occursin partbecausewe alsohadto translatetheontologyto a differentformalism,and

thusfound the samemismatchandusebiasproblemswe discussedin sectionSection2.3.2.

Thegistof thesolutionwefoundfor thisproblem(annotatingtheoriginalontologyconstructs

to indicatetheir mappinginto theMastermindgrammar)canthusbeseenasa possiblemech-

anismto beusedin ontologytranslations.What theannotationsallow is for a useto “drive”

or “customize” to someextent the translationprocessto allow for a moreprecisemapping

betweensourceandtargetontologies.However, we hadanadditionalproblem,which is that

theknowledgein theoriginal ontologywasincomplete.Thesolutionto this problemwasto

structurethe knowledgein layers,so that the use-speci�cknowledgeis separatedas much

aspossiblefrom the core (andmorereusable)knowledge. While we did not intendthis to

be a generalsolutionto usability problems,we believe thesemechanismscanbe usedmore

generallyto solve similar problemsin otherontologies,providedtheformalismusedin those

ontologiesallows for layeringandtheuseof annotationsaswedid here.
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2.6 Conclusions

Building the JFACC Ontology was an extremely interestingand useful enterprise. We ob-

tainedall the bene�ts we envisionedin the beginning of the process— namely, to facilitate

inter-operationand communicationbetweensystemsto promotesharingof knowledgebe-

tweensystems,to integrateour knowledgeacquisition,and to offer a repositoryfor general

knowledgeaboutair campaignplanningthat could be usedin several applications.We also

usedtheontolgoy to bridgethegapbetweenknowledge-basedand“traditional” systems,sub-

stitutingor supercedingtheusualdatabaseor object-orientedschemawith anontology, which

offersa semanticallyrichermodelof thedomain.

Our experiencehasshown that reusabilityis bothdesirableandpossible.Having a well-

structuredontologyof adomainprovidesabasisonwhichto build, andthushelpsenormously

to developnew systemson thatdomain.For example,theSDA wascreatedafter theJFACC

Ontologywasalreadyin place,and its constructiondemandedmuch lessknowledgeacqui-

sition and modelingthan previous applicationsdid. In fact, not having to worry aboutthe

basicmodelingproblemsenabledusin thedevelopmentof theSDA to spendmoretime in the

representationissuesrelatedto SDA'sproblemsolvingmethods,saving considerabletime and

allowing usto produceabettersystem.

However, we found that actuallybuilding, usingandreusingontologiesrequiresa lot of

manualwork anda lot of dif�cult modelingdecisions,evenwhenusingsomeof thebestand

mostmatureknowledgerepresentationformalismscurrentlyavailable. Above we described

someimportant,generalproblems,andhow wesolvedthemin theJFACContology. First,dif-

ferencesin modelingstylesandunderlyingviews or uppermodelsin differentformalismscan

causeproblemsin translatingandmerging. The intendeduseof ontologies(expressedin the

inferencingbias)mustbeconsideredin thetranslationprocessto makethetranslationproducts

moreuseful.Second,theseproblemsappearevenwhenmerging severalontologiesoriginally

constructedin thesameformalism.A speci�c formalismrestrictssomemodelingchoices,but
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therearestill a lot of optionsavailablefor theontologicalengineerin how to usetheconstructs

available. As a consequence,differentpeoplecanconstructquitedifferentrepresentationsof

the sameknowledge. What we want to do is to be able to distinguishwhat is behindthese

choices,andwhatconsequencesthey entail,sothatthemerging canresultin a richerontology

thatcombinesthebestof bothinitial ontologies.Third, weaknessesin thecontext mechanisms

currentlyavailablecancauseproblemsin trying to organizeandmodularizelargeontologies.

Fourth, trying to usean ontologyin several applicationscanbe very nontrivial, andcanalso

requireatranslationprocesssimilarandequallydif�cult to theoneusedin importinganontol-

ogy. We found it is dif�cult to structureanontologyto beusedin differentapplications,and

an interestingsolution is to maintaina core representationand layer additionalinformation

necessaryto makespeci�c usesof theknowledgein thiscore.

Finally, while we wereableto �nd adequatesolutionsfor all the technicalproblemswe

found in developing the JFACC ontology, generalsolutionsto theseproblemsare dif�cult

to comeby. We believe, however, that practicalexperiencesin building, using,andreusing

ontologiesareextremelyimportantin directingresearchin ontologicalengineering.
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Chapter 3

The StrategyDevelopmentAssistant

(SDA)

3.1 Overview

In this chapterwe describea knowledge-basedsystemfor aidingAir CampaignPlanning.An

earlypartof thisprocessinvolvesthedecompositionof high level objectivesinto morespeci�c

sub-objectives. We developeda programcalledStrategy DevelopmentAssistant(SDA) that

assiststheuserin this decompositionprocess.TheSDA is a knowledge-basedsystem,whose

knowledgebasewasinitially basedon a theoryof air warfare. The SDA providessuggested

decompositionsbasedon thecurrentsituationandhigh-level goals.

TheSDA is usedto supportmilitary plannersin anearlyphaseof air campaignplanning.

The choiceof decompositionsis template-driven, basedon a setof underlyingassumptions.

TheSDA'sgraphicaluserinterfacedetailstheassumptions,allowstheuserto modify thevalues

of theassumptionsand,thus,capturestheassumptionsunderlyingtheplan.TheSDA is atruly

mixed-initiative planningsystem. All elementsof the interface designare gearedtowards

giving theusertotal controlof thedecisionstakenin thedecompositionprocess.
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Air CampaignPlansareplanspreparedby the US Military that describethe conductof

an air campaign:what objectivesaregoing to be achieved, when,andhow. Theseplansare

representedasa hierarchyof objectives. Top-level strategic objectivesarerecursively decom-

posedinto several layersof lower-level objectives, until eachobjective is associatedwith a

speci�c aircraft �ying onemission. Developingan air campaignplan is a complex task, in

whichseveralfactorshave to beweighedandmany decisionshave to bemade.However, users

arewary of automatingthewholeprocess,for example,by usinga generative plannersuchas

SIPE[13]. This is, sincemilitary plannersfeel they needto have control over eachelement

of the plan andthe planningprocess,andneedto understandin detail the rationalefor each

objective decomposition.For this reason,mixed-initiative systemsthatkeepthehuman“in the

loop” seemto bethebestoptionto provide computerizedsupportto theplanningprocess.

As partof our work for theJFACC program,we implementeda knowledge-basedsystem

for aiding in the decompositionof planningobjectives. Our Strategy DevelopmentAssistant

proposesoneor moredecompositionsfor auser-selectedobjective. TheSDA usesa library of

decompositiontemplatesderivedfrom atheoryof air campaignplanningprovidedby anexpert

in the�eld. SDA aidsusersin makingthenecessarydecisionsin customizingthesedecompo-

sitionsby examiningsituationinformationfrom availabledatabases(seeFigure3.1).TheSDA

is implementedusingLoom, a knowledgerepresentationandreasoningsystemdevelopedat

ISI [10]. It worksasanassistantthat is invoked from a Java-basedAir CampaignPlanEditor.

The idea is that usersshouldbe free to plan with or without the SDA, as they prefer. This

architecturealsohighlightstheroleof theSDA asanassistant,nota full planner.

Themaingoalof theSDA wasto acceleratethepaceof planningby providing setsof sug-

gesteddecompositions.In thiswayweavoid the“blank sheetof paper”syndromeby providing

guidance.Thesystemcanalsospeeduptheplanningprocess.For example,in emergency situ-

ationstheusermaypreferto provide minimal input andlet theSDA decomposeseveral levels

of objectives in the plan, makingall modi�cations in the end. Another importantbene�t is

43



Plan
Server

Data
Server

JOUST

Theory

Template KB

SDA

Loom KR

System
User
Interface...

Situation

Server

Figure3.1: SDA SoftwareArchitecture

that thelibrary of templatescanbecontrolledto re�ect bestpractices,aswell asenablingthe

creationof a “permanentmemory”by allowing plannersto storeinterestingtemplatesthatcan

beusedby otherplannerstomorrow. In this way, theSDA canbeusedto improve thequality

of theplansproduced.

TheSDA worksasfollows (SeeFigure3.1): A planner(user)selectsanexistingobjective

in theplan,andrequeststhehelpof theSDA in decomposingit. TheSDA thensearchesin its

knowledgebasefor templatesthatareableto decomposetheobjective at hand.Thetemplates

areselectedonthebasisof theirrelevanceto thecurrentplan,andthecurrentstrategic situation.

This informationis obtainedfrom severaldatabasesthatcontainsituation-speci�cinformation

thatchangesfrom onecampaignto another.

The SDA shows the userall objective decompositionsprovided by the templatesfound.

Theuserselectsoneof theproposeddecompositionsfor furtherwork. Theusercancomeback

to this point laterandreselectany otherdecomposition.

Oncea templatehasbeenselected,it is customizedto better�t thespeci�c problemfacing
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the planner. In the customizationprocess,the plannergenerallyneedsto addor remove ob-

jectivesin thedecompositionproposed.Thekey to this customizationprocess(andthemost

importantaspectin thesystemandinterfacedesign)is the useof assumptionsto explain the

rationalebehindeachsub-objective andhelp theuserdecidewhetherto keepor not keepthe

sub-objective. Wewill provide furtherdetailon this in therestof thepaper.

Whenthe useris satis�ed with the customizeddecomposition,the systemaddsthe new

objectivesto thecurrentplan,andreturnscontrol to theplaneditor. At this point, theuseris

againableto modify any partof thenew objectives.

Oneof theimportantfeaturesof SDA thataddsintelligenceto theprocessis how it keeps

trackof theassumptionsbehindobjectivesaddedto theplanevenafter theadditionhasbeen

made.For example,if thesituationchangesandit seemslike oneof theobjectives that was

omittedshouldnow be included,theSDA canwarn theuserandrecommendthedecisionbe

revised. If the new situationindicatesoneof the currentobjectivesdoesn't make senseany

longer, SDA canrecommendits removal.

Thecustomizationprovidesa lot of thepower of thesystem,but alsoposesa problem—

how to communicatethe informationto the userin a way that is clearandsuccinct. In the

remainderof this paper, we presentour solution to this problemand describesomeof the

designprinciplesbehindtheSDA interface.

3.2 Principles of Design

The SDA is partof a larger mixed-initiative planner. Our designphilosophyis to provide as

muchinformationaspossiblein a clear, succinctmanner;provide suggestedalternatives for

theplan;andleave theuserin ultimatecontrol.We alsowantedtheinterfaceto encouragethe

useof directinteraction,sincethatmakesit easierto operatewithoutextensive training.
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3.2.1 Rationale

The SDA interfaceshows the assumptionsthat underpinits recommendations.This allows

the userto seewhy particularsub-objectives wereincludedor not. An exampleis shown in

Figure3.2. Looking at the window, theusercanseethat the �rst objective (“defendSLOCs

[SeaLinesof Communication]of Blue againstenemyattack”) is includedbecausetheenemy

hastheability to damagethesekindsof targets.Thefourthobjective (“DefendSLOCsof Blue

againstenemyseaattack”)is not includedbecausetheenemydoesnothaveany naval forcesin

range.Notethatthesystemwasableto evaluatewhethertheseassumptionsaretrueor not by

importinginformationfrom databasesandreasoningaboutthemeaningof theseassumptions

usingtheSDA knowledgebaseandinferenceengine.

Figure3.2: SDA Editor Interface
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AlthoughtheSDA hasaccessto informationaboutthesituation,we wantedtheuserto be

in control.Asidefrom thegeneraldesirabilityof this from auser-interactionstandpoint,it was

critical for this application,sincewewerenotsoarrogantasto imaginethatwe wouldalways

beableto gettheright answer. Thereis nothingmorefrustratingfor a userthanto notbeable

to �x problemsin thecomputer's output.

Our taskwascomplicatedbecausethereweretwo levels at which we allowed userinter-

action with the interface: Userscould modify the value of the assumptionsunderlyingthe

planningandhave the effectspropagatethroughto the recommendations.Userscould also

directly overridethe recommendations.The formercourseof actionallows the systemto be

moreusefulasawhole,becauseit identi�es theassumptionsunderwhich theuseris changing

thesystemoutput.

Theidenti�cation of theseassumptionchangesprovidesahookfor otherpartsof thesystem

to monitor theresultingplan. If later informationbecomesavailablewhich indicatesthat the

assumptionsthe usermadein addinginformation to the plan was wrong, the systemhasa

recordof thatdependency. Thedecisionin questioncanberevisited. This ability to monitor

moreof thebackgroundof theplan

3.3 Particular Challenges

In designingtheinterface,therewerea few particularchallengesthatwe neededto addressin

orderto produceagood,functionalinterface.

3.3.1 Displaying the Recommendation

The �rst taskwasto show the userthe recommendedobjectives for inclusion. Becausewe

allow useroverrides,we wantedthe recommendationto be displayedasa distinct interface

elementfrom theactualchoiceof whethertheobjective wasincludedor not. Sinceinclusion
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was a binary decision,the obvious elementto usewas a checkbox. We then choseto use

a similar elementto indicate the recommendation,sincethat provides a strongvisual link

betweenthetwo elements.Wechoseto useacheckmarkoutsideabox. Thisprovidedavisual

link betweenthetwo checks,but by nothaving theboxaroundtherecommendation,theactive

elementwasdifferentiatedfrom thesystem-controlledelement.

3.3.2 Indicating Control

Sincethis is a mixed-initiative system,either the SDA or the usercould be ultimately re-

sponsiblefor a particularobjective beingin the planor not. We neededa way to convey the

informationabout“who madethedecision”in anintuitive andcompactway.

That is because(at different times) either the systemor the usercan control whethera

particularobjective shouldbeincluded.In automaticmode,therecommendationandthestate

of theobjective will alwaysbethesame,in otherwordsthetwo interfaceelementsarelinked.

In manualmode,the recommendationcanstill change,but the actualinclusionis underthe

control of the userratherthanthesystem.In otherwordsthe recommendationindicatorand

theinclusioncheckboxarenot linked.

TooCompact

Our �rst designfor indicatingthat the recommendationandtheobjective inclusionbox were

coupledwasto usea graphicelement(calleda drawbridge1) thateithershoweda connection

or no connection.This design(seeFigure3.3) wascompactandvery clever, but was�nally

judgedto betooobscure.
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Figure3.3: Mockupindicatingcontrolwith adrawbridge

Figure3.4: Mockupindicatingcontrolwith menus
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Clarity

We sadlyhadto abandonthe drawbridge. We replacedit with a pop-upmenuthat indicates

thechoicebetweenautomaticandmanualcontrol(seeFigure3.4).Althoughlesscompact,the

extraclarity wasdeemedworth thecostin screenrealestate.With thecontrolon“Automatic”,

thesystemhascontrolof theinclusionbox andcanchangeit if theuserchangesthevaluesof

theunderlyingassumptions.

In “Manual”, theuserhasfull control over the inclusionbox. The recommendationmay

change,but thecheckbox canonly bemodi�ed by userinteraction.By continuingto display

therecommendation,it is clearataglancewheretheuserhasmadeadifferentchoicethanthe

systemwould recommend.

3.3.3 Linking Controls

To make the systemwork reasonablewell, we neededto link the controls. For example,if

theuserwishesto overridethesystemrecommendation,aclick in theinclusioncheckboxwill

changethevalueof thecheckbox.It will alsoshift thecontrolfrom automaticto manual.

If theuserwantsto returncontrolto thesystem,thenautomaticcanbeselectedin thepop-

up menu. Thesystemthengainscontrolof the inclusioncheckboxandwill immediatelyset

theinclusionvalueto bethesameastherecommendation.

Thecontrollinkagewasdonein orderto makedirectmanipulationof theinterfaceelements

possible,andto minimizeboththenumberof gesturesdemandedof theuser, andto eliminate

theneedto go throughamoreinvolvedprocedurewith errorfeedback.

1Thedrawbridgehappensto look exactly like theelectricalcircuit symbolfor aswitch,but wechoseadifferent
namesoasnot to appearto betoo nerdly.
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3.4 Conclusions

The Strategy DevelopmentAssistantis a mixed-initiative knowledge-basedplanningsystem

for helpingusersdevelopair campaignplans.Someof themainfeaturesof thesystemareits

useof assumptionsto keeptrackof therationalebehindthedecisionsproposedby thesystem

andultimately madeby the user. The interfaceof the SDA is ableto dynamicallyadjustits

contentsto a particularsituation.This requireda �e xible front-end.Thecontentsarede�ned

at run-timeusingthecontentsof theknowledgebaseaswell assituation-speci�cinformation

By understandingwhy eachelementis present,theSDA canprovide intelligentsupportto the

users'decisions,while leaving themcontrolover the�nal wordover whatis decided.

3.5 An Annotated Demo

Below we describean integrateddemogiven at the May-98 PI meetingandshortly after in

Hurlburt, Florida. An extendedversionwaspresentedat ISTI-98. Thedemointegratestools

developedby threeseparategroupshereat ISI aspartof their JFACC participation:TheMas-

termindPlanEditor developedby theMastermindgroupled by PedroSzekeley, theStrategy

DevelopmentAssistantdevelopedby ourgroup(theLoomgroup),andtheINSPECTplancri-

tiquerdevelopedby theEXPECTgroupledby YolandaGil. All threetoolsmakeextensiveuse

of theJFACContologydevelopedby us.

Transition In: While CampaignAssessmentcontinuesto analyzetheenemyforcesandthus

lay thegroundwork for offensiveair campaignplanning,otherplannersareworking in parallel

ontheimmediateproblemsof bringingforcesinto thetheaterandpreparingadefense.Master-

Mind: ThePlanEditor allows usersto enterobjectivesusinggrammar-basedadaptive forms.

This technologyprovidesa �e xible, English-like interface,while producingobjectivesthatare

constrainedby thegrammarto beunderstandableto theautomatedplanningtools.
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In this example,we will beaddinga subobjective to theoptionundertheCJTFobjective

“Gain andMaintainAir Superiority”(seeFigure3.5).

Figure3.5: Addinga subobjective to theoptionundertheCJTFobjective “Gain andMaintain
Air Superiority”in theobjectiveseditor.

Theadaptive form comesup. Theobjective thatweenteris “Gain Air SuperiorityoverEast

Cyberland”. As each�eld is �lled in, the legal valuesfor thenext �eld areshown to prompt

theuserandallow quick entryof correctlyformattedobjectives(seeFigures3.6,3.7,3.8,3.9,

3.10,3.11and3.12).Theadaptive formsprovide avery �e xible meansof enteringobjectives.
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Figure3.6: Step1 in �eshing out theobjective in theMastermindPlanEditor.
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Figure3.7: Step2 in �eshing out theobjective in theMastermindPlanEditor.

54



Figure3.8: Step3 in �eshing out theobjective in theMastermindPlanEditor.
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Figure3.9: Step4 in �eshing out theobjective in theMastermindPlanEditor.
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Figure3.10:Step5 in �eshing out theobjective in theMastermindPlanEditor.
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Figure3.11:Final stepin �eshing out theobjective in theMastermindPlanEditor.
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Figure3.12:Thenew objective displayedin theMastermindPlanEditor.
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Another tool available to the plannerfor high-level plan decompositionis the Strategy

DevelopmentAssistantor SDA. TheSDA is aknowledge-basedcomponentof theJFACCtool

suitethatusestemplatesfor strategy developmentthatre�ect bestpracticeusingthe“Strategies

to Task”planningmethodology. Thetemplatesareautomaticallychosenandcustomizedbased

on thesituation.

We will show a templatefor decomposingtheJFACC level objective “defendsealinesof

communication”.We startby selectingtheobjective in theMastermindPlanEditor andthen

clicking abuttonto bringup theSDA (seeFigure3.13).

Figure3.13: Selectingan objective in the MastermindPlanEditor to be decomposedby the
Strategy DevelopmentAssistant(SDA).

TheSDA editorshowsatemplatethatmatchestheuserselectedobjective(seeFigure3.14).
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Thesubobjectivesthatform thetemplatearethosewhicharepotentiallyrelevantto defending

sealinesof communication.Someof thesubobjectivesarejudgedto berelevantto thecurrent

situationandarerecommended(indicatedby thecheckmarkin thesecondcolumn).

Figure 3.14: Sub-objectives of “Protect SeaLines of Communication”decomposedby the
Strategy DevelopmentAssistant(SDA).

Thereasoningbehindtherecommendationsis capturedin theassumptionsunderlyingeach

subobjective. Thevaluesare�lled in by theSDA queryingthecurrentsituation.Any assump-

tionstheuserbelievesareincorrectcanbechanged,andtheSDA recommendationsfor which

subobjective to includewill beupdated(seeFigures3.15and3.16).

Theassumptionsserve anotherimportantfunction in JFACC: They provide theability to

monitorthesituationandidentify whichpartsof aplanareaffectedby any changes.TheSDA
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Figure3.15:Changingoneof theassumptionsin theStrategy DevelopmentAssistant(SDA).

tool providesthe infrastructurefor this capabilityby explicitly recordingthe assumptionsin

theplan.

AlthoughtheSDA recommendsaparticularsetof subobjectives,thesystemis designedto

alwaysleave theplannerin control. Any of the recommendationscanbedirectly overridden

by theuser.
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Figure3.16:Updatingtheplanaccordingto thenew assumptionsin theSDA.
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We arenow back in in the MastermindPlan Editor (seeFigure3.17). The new option

with its subobjectiveshasbeenaddedto theplan. By usingtheStrategy DevelopmentAssis-

tant,plannerscanmorerapidly producebetter, moredetailedplans.They have accessto tem-

platesdesignedto encodethebestplanningpracticeof the “Strategiesto Task” development

methodology. Finally, theplansexplicitly recordtheunderlyingassumptions,which enables

theidenti�cation of portionsof theplanthatwill beaffectedif themilitary situationchanges.

Figure3.17:Thenew objective hasbeenaddedin theMastermindPlanEditor.

After objectivesareaddedto theplan,wecanusetheINSPECTtool to critiquethe(partial)

planandidentify problemsandopenissuesthatwill eventuallyneedto bedealtwith. After the

INSPECTtool hasexaminedthepartialplanit providedananalysisof thosepartsof theplan

thatareincompleteor thatwill requiresomeadditionaleffort.
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Figure3.18:TheINSPECTplancritiquerhasdeterminedthatthereis aspecialfuel need.

In thisexample,INSPECThasdeterminedthatthereis aspecialfuelneed(seeFigure3.18).

This conclusionis basedon the needfor ISR supportof the objective “Gain Air Superiority

over EastCyberland”andthelimitationson theforcemix (theonly allocatedaircraft thatcan

performtherequiredoperationsareU-2s). This specialrequirementis identi�ed very earlyin

the planningprocess,which allows the planningstaff to provide early noticeto the logistics

plannersthat they will needto take careof this. By doinga proactive forwardanalysis,more

time is availablefor affectedcomponentplannersto reactto needsformulatedby theoverall

Air CampaignPlan.Sharinginformationearlyis akey bene�t thattheJFACCprogrambrings

to collaborative planning.
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Figure3.19:Endof demo.
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