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Chapter 1

Intr oduction

For ary softwaresystemthe speci cationsthatdeveloperswrite to formally describethe be-
havior of systencomponentandtheprotocolghey inventto specifyhow softwarecomponents
will intercommunicatemplicitly de ne vocalulariesfor the particulardomainsaddressetly
the systemcomponentsFor large-scalesystemssuchasJFACC After Next, signi cant prob-
lemsarisewhenthe developmentof thesevocalulariesis not coordinated.In the absencef
suchcoordinationasthe scaleof the systemincreasessmoothinteroperatiorof components
becomesdncreasinglyproblematic. Humanswill nd it increasinglydif cult to familiarize
themseleswith the domainmodelsmanipulatedy the systemandimplementersnayinde-

pendentlyinventoverlapping(i.e., partially redundantand/orinconsistendomainmodels.

A solutionto this problemis to constructa collectionof formally-speci edvocalularies
thatde ne the preferredusageand meaningof termsreferencedy eachsystemcomponent.
We call a formal speci cationof a setof domaintermsan ontolagy. Suchontologiescapture
(male explicit) the vocalulary usedby systemimplementersand users. Ontologiesneedto
be alignedso that their vocalulariesdo not con ict, andthey needto be extensibleso that
they cangrow asthe systemgrows. The ontologiescomprisea living documenbf the system

terminology



A primaryobjectve of the JJACC Programwasto semi-automatéheprocesof construct-
ing computemodelsthatrepresentnilitary objectives,plannedcoursesf action,etc. As part
of our participationin the JJACC programwe developedontolgjiesfor JFACC that provide
rigorouslyde ned conceptuabuilding blocksfor thesemodelsandknowledg baseghatcap-
turethesemantic®f realworld entitiesreferencedn a model. The ontologiedfacilitateunam-
biguouscommunicatioramongcooperatingnodel-luilders(bothhumanandsoftware-based),
while the domainknowledge expeditesconstructionof software that can validate, critique,
andguidethe model-luilding process.We alsodevelopedan applicationcalledthe Strategy

DevelopmentAssistani{SDA) thatleverageshe developedontologiesandknowledgebases.

A primary contritution of our groupis the JFACC ontolgyy thatwassharedandusedby a
variety of contractorsof the JFACC program. We analyzedhe ontologiesalreadydeveloped
within the ARPI planninginitiative andintegratedtheminto a commonontology for ARPI
andJFACC. The JFACC ontologydraws from the ACP-SENSUSntology the INSPECTAIr
CampaignObjectives ontology and domainmodel (developedat ISI for critiquing air cam-
paignplans),aswell as ARPI planningand schedulingontologiesand PIF processontology
(supportedn partby ARPA KnowledgeSharingEffort). A secondresultof our effort is the
JFACC knowledg basecontainingknovledgeaboutair campaignplanningprocessesplan-

ning factors availableasset@andtheir capabilitiesgenerictasks stratgies,andobjectives.

During the life of the program,the JFACC ontologiesand knowvledge basesvere man-
agedby an Ontology Sener wherethey could be accessedby other programparticipants.
This componeniasbasedon ISI's Loom knowvledgerepresentatiosystem(Loom is an ad-
vancedKRS developedat ISI underDARPA sponsorshighat hasbeendistributedto corpo-
rationsanduniversitiesworld-wide). Today the JJACC ontologyis still browsableon-line at
http://www.isi.edu/isd/ontosaurus.html (selectthe “li ve demonstratioversion”, follow the

instructiongo connecto the Ontosaurubrovserandselecttheory“INSPECT”).

Another result of our efforts was the Strategy DevelopmentAssistantor SDA. It is a



knowledge-basedystentor aidingAir CampaigriPlanningandit leverageshe JJACC knowl-
edgebasealsodevelopedby us. An early partof the planningprocessnvolvesthe decomposi-
tion of high level objectvesinto morespeci ¢ sub-objecties. The SDA assistgheuserin this
decompositiorprocesshy providing suggestedlecompositiondasedon the currentsituation

andhigh-level goals.

The SDA is usedto supportmilitary plannersin anearly phaseof air campaigmplanning.
The choiceof decompositionss template-dsien, basedon a setof underlyingassumptions.
TheSDA'sgraphicaluserinterfacedetailstheassumptionsallows theuserto modify thevalues
of theassumptionand,thus,capturegsheassumptionsinderlyingtheplan. The SDA is atruly
mixed-initiatve planningsystem. All elementsof the interface designare gearedtowards

giving the usertotal control of the decisiongakenin the decompositiomprocess.

The restof this reportis structuredas follows: In Chapter2 we describethe building
processof the JFACC ontology in particular the problemsencounteredndlessondearned
while meging overlappingontologiesaswell asdevelopingan ontologythatwasto be used
by multiple independetlydevelopedsystemslin Chapter3 we describethe Stratgly Develop-
mentAssistantandshav anannotatedntegrateddemoshav-casingthe SDA aswell asother

componentslevelopedby JFACC contractordiereat ISI.



Chapter 2

Building, Using and Reusingthe
JFACC Air Campaign Planning
Ontology

2.1 Overview

Military air campaignplannersdevelop plansfor usingaircraftto achieve a variety of objec-
tives. For anumberof reasonsair campaigrplanningis a very comple process First, there
area numberof interactingplanningconcernslin additionto guring outhow aircraftwill be

used,onemustalsocreatea plan for supportingthe aircraft by supplyingthe necessaryuel,

spareparts, munitionsand so forth. Today thesedifferentplanningprocessegroceedin a
fairly independentashion Jleadingto seriousproblemswvhencon icts arediscovered.Second,
the kinds of operationsn which the military may becomeinvolved are nov much broader
Whereancethe military plannedfor large-scaldattleswith majoropponentspow in addi-
tion to traditionalmilitary tasksthearmedforcesmustbe preparedo dealwith awide variety

of tasksthatdo notinvolve the applicationof force,suchasnon-combatangdvacuationor hu-
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manitariarrelief operationsThird, the natureof air campaigmplanningitself haschangednd
becomanoredeliberatewith thedevelopmenbf the“stratagies-to-task’approachPreviously,
air campaigmplanningwasprimarily bottom-up focusingon military targetsandplanningop-
erationsto attackthem. This approachs clearlylessappropriatgor non-military operations,
but even for military operationsa problemwasthat the rationalebehindthe plan was often
lost, so it was not clear what objectives were being sened by attackinga particulartaget.
In the stratgies-to-taskplanningapproach high level objectives (suchas “provide relief to
refugeesn the southerrregion of countryA”) aredecomposethto increasinglymorespeci ¢

objectivesuntil onehasplannedspeci c tasksfor particularaircraft.

Startingwith the ARPA RomePlanninglnitiative (ARPI) program,andcontinuingduring
DARPA's JointForcesAir ComponenCommande(JFACC) programwe researchedndde-
velopeda numberof knowledge-basedpplicationgor the domainof air campaigrplanning.
Withing the JFACC programwe have usedthis experienceo build arelatively broadontology
of air campaignplanning,calledthe JFACC ontolayy. In developing this ontology we had

ses/eralgoals:

1. Facilitateinteroperationandcommunicatiorbetweersystemsy providing acommon
terminology This wasimportantbecausd¢he JFACC softwarewasbeingdevelopedby

severaldifferentgroups.

2. Promotesharingof knowledgebetweensystems.In particular we wantedto integrate
our knowledgeacquisitionandmodelingefforts. Evenwithin ISI differentgroupswere
developingrelatedknowledge basesand ontologiesfor their own applications. These
ontologieswereall in the samedomain,frequentlywith a high degreeof commonality
but alsosometimesvith marked modelingdifferenceghat stemfrom differentdegrees

of accesdgo experts,documentationetc.

3. Createa repositoryfor generalknowvledgeaboutair campaignplanningthat could be



usedacrossthe broaderresearctprogramin several applicationsjncluding traditional

ones(thatis, notknowvledge-based).

The developmentof the ontologyis to a large extenta function of the needsof the appli-
cationsthatmale useof it, andassuchwe have beenoften pragmaticn decidingwhich area
to attack rst. For instance,jt hasrepresentationfr mary of the basicconceptsonewould
expect(time, objectives, plans),but otherconceptgsuchasactionandspacelrerepresented
in asomavhatsimpli ed (andpragmaticmannersinceit wasnotyetnecessaryo useamore
completeandprincipledrepresentationf thesekinds of knowledge. The nal versionof the

ontologyhasaboutl,750entities(aboutl,100concepts400relationsand250instances).

In thefollowing, we relatethe experienceandthe lessondearnedin building the JFACC
ontologyandre-usingit in several applications.We usedexisting knonvledgebasedrom our
applicationsgeneralontologiesof domainelementsuchasairplanesaswell asexisting on-
tologiesavailablefrom publicrepositoriesWe dividedthe contentof theontologyinto several
modulessoasto make it moreeasilyreusablevhenthe entireontologyis not required.The
resultingcombinedontologywasusedin severalapplicationssometimesequiringtranslation

or adaptation.

Several paperdn theliterature[6, 7, 18] discusshe useof ontologiesto enablereuseand
asatool to provide a morerationaldevelopmentof knowledge-basedystems.In usingand
reusingontologies,several operationsand manipulationgake place,suchastranslatingon-
tologiesdescribedn oneformalismto another meging two or more ontologiesinto a nev
ontology or structuringlarge ontologiesinto manageabl@arts. While we agreetheseopera-
tionsarenecessaranduseful, mostof the literaturediscussesheseissuesrom a theoretical
perspectie, and the ontologiesproducedare seldomusedby applications. What we found
in our experiencels that developing a large ontology that actually needsto be usedby more
thanone applicationis a very painful processandthat mary of the techniquegproposedn

the literaturedo not work aseasilyin practiceaswe would like. In this reportwe provide a
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“reportfrom thetrenches’anddiscussvhatissuesarerelevantwhentrying to obtainusability
andreusabilityin real applications. We will discusswhat problemswerefoundin building
andusingthe JFACC ontology how theseproblemsweresolved, andwhatissuesarosein the
processWewill concentrat®nhow we solvedtechnicalproblemsn speci cinstance®f four

generaproblems(seeFigure2.1):

1. How to translateandimport a publicly available,sharableontologyoriginally writtenin

anotheiknowledgerepresentatioformalism(Section2.3.2).

2. How to mege the contentsof two existing, independenthydevelopedknowvledgebases

into anontology(Section2.3.3).
3. How to structurea large ontologyinto reasonablyndependeninodulegSection2.4).

4. How to importknowledgefrom anontologyinto severalapplicationsandhow to extract
part of the knowledgefrom the ontologyto usein a knowledge-basedpplicationthat

needsheknowledgein anotherformat(Section2.5).

The rst two problemgtop of Figure2.1) areinstance®f thegeneraproblemof ontolagy
reuse thethird problem(middle of Figure2.1) is aninstanceof ontolayy structuring andthe
fourth (bottomof Figure2.1) is aninstanceof ontolagy use We will detail whatissueswe

foundin trying to solve theseproblems andemphasizéhelessonsve learnedn theprocess.

This chapteiis structuredasfollows: in Section2.2,we describeheapplicationsve devel-
opedfor theair campaigrplanningdomain.in Section2.3 we discusghe procesf building
the JFACC ontology We focusparticularlyon the adaptatiorof existing knowledgebasesand
the useof publicly availableontologiesin the construction.In Section2.4,we brie y discuss
the organizationof the JFACC ontology its modulesandtheir contents.In Section2.5, we
discussusability issuesj.e., usingthe sameontologyin several applications.We explain in

particularhov we hadto augmenthe ontologywith annotationsn orderto useits contentso



— P\IUki)lli(ﬂ?/ Application Domain
avallable KB KB

ontology

Ontology< \ \ /

AY4

Ontology <
Structuring

JFACC
ONTOLOGY

Ontology
Use

Knowledge- Knowledge-
based based
application application

Figure2.1: Using andreusingontologiesin the constructionandemplo/mentof the JFACC
Ontology

build agrammarthatusedthe sameknowledgein the ontology In Section2.6 we presenbur

conclusions.

2.2 Developing Applications for the Air Campaign Planning Do-

main

Within ISI several groupsdevelopedapplicationsfor the domainof air campaignplanning

duringthe courseof the JFACC program.We (the Loom group)focusedon the development



of variousontologiesfor JFACC aswell ashuilding andextendinggeneralpurposetools for
ontology constructionsuchas Ontosaurug16] (seeFigure 2.2 for a samplescreen). These
toolsleveragethe LoomandPowverLoomknowledgerepresentatiosystemsalsodevelopedby
us[11]. Additionally, we developedthe Stratgly DevelopmentAssistant{SDA). The SDA is
a mixed-initiative tool to help plannersdecomposeheir objectivesinto sub-objecties. SDA
providessupportfor intelligent, guidedplan developmentfollowing a theoryof air campaign
plan decompositiorbasedon the stratgies-to-taskapproach.SDA is bult on top of Loom,
makingextensve useof Loom's representatioandreasonindacilities. It is describedn more

detailin Chapter3.

The JFACC Ontologyis representedh Loom [10]. Loom is a knowledgerepresentation
framewvork basedon descriptionlogics[15]. Like otherdescriptionlogics,Loom is basedon
a semanticnetwork approacho knowvledgerepresentationit is possibleto de ne conceptsn
Loom. Conceptsanhave rolesor slotswhich maybeusedto specifyattributesof theconcept.
A key featureof descriptionlogic representations that the semanticf the representation
languages very preciselyspeci ed. This precisespeci cationmakesit possibleo build atool,
calledaclassi er[11], thatcandeterminewvhetheror not oneconcepsubsumeanothetased
solely on the formal de nitions of the two concepts. The classi er is animportanttool for
building ontologiesbecausét canbe usedto organizea setof Loom conceptsnto a hierarchy
automaticallybasedsolely on their de nitions. This capabilityis particularlyimportantasthe
ontologybecomedarge, sincethe classi erwill nd subsumptiorrelationsthat peoplemight

overlook,aswell asmodelingerrorsthatcould make theknowledgebaseinconsistent.

Othergroupsat ISI developing JFACC applicationswerethe EXPECT and Mastermind
groups.The EXPECTgroup,headedyy YolandaGil, developeda planevaluationtool called
INSPECT[17]. INSPECTis designedo critique air campaigrplansthat peoplehave entered

1A conceptA is saidto subsumen conceptB if all the possibleentitiesthat could be describecby B arealso
necessarilglescribedy A. For example,“a manwhoonly drinksbeer’subsume$a manwho only drinksimported
beer’ More detailsaboutsubsumptiorcanbefoundin [19]



Figure2.2: The Ontosauru®ntologybrowvser Ontosauruss a graphicalWeb-basedrownser
for Loom andPowerLoomknowledgebases Ontosaurusllows viewing andinteractingwith
alive Loom knowledgebaseusingthe standardHTTP protocol. Differentviews anda query-
by-examplesystemaresupportedy the software. This exampleshawvs a side-by-sideview of
thedifferencebetweeraninstancerepresentatioof “F-16" andaconceptrepresentation.
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(seeFigure2.3). Likethe SDA, INSPECTSsknowledgebaseis writtenin Loom.

FE] MasterMind IMSFECT Agenda

NOTE Weapon AlM-TM not available for objective Destroy LADS in central and western sectors
WA Base BASE-12 not suitable for airframe: C130H

CAUTION  No aircraft for performing mission type ANTI-SUBMARINE - WARF ARE _
NOT —_— " rorat & A

P Ty & [ : ission type ANTI-SUBMARINE - WAF
* No primary aircraf for performing mission type SURFACE -WARFARE
~ No primary aircraft for performing mission type ELECTRONIC-COMBAT

Figure 2.3: INSPECTS agendaof problemsfound in the plan. INSPECT usesa library of
commonerrorsand problemsto examinea users planto seeif it containsary of the errors
speci edin thelibrary, andthenproducesanagendaeportingthe problemsfound. INSPECT
hasfounderrorsin every air campaigrplanit hasexamined.

The Mastermindgroup, headedby PedroSzelely, developedan Objectives Editor that
allows a userto enterair campaignobjectivesinto an AdaptiveForm [5]. Objectivesarerep-
resentedas structuredverb clausesusinga casegrammarapproach4]. Figure2.4 shawvs a

samplescreerfor the objective “Deploy forcesto the JOA” (JointAreaof Operations).

Having differentgroupsdevelop independenbut relatedapplicationdn the samedomain
— air campaigrplanning— provided aninterestingiestbedfor the developmentuseandreuse

of anair campaigrontologythatcould supportall thesedifferentapplicationsimultaneously

11
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A When | |» Lezve field empty
» Type a'When

» before
» after

+ between
» during

Figure2.4: TheMastermindObjectvesEditor. Eachobjective consistof amainverb(suchas
“deploy”) andanumberof slotsthatspecifythe objectsinvolvedin theactionandthelocation
andtime of theaction. Theeditoris basedon adaptve forms,a genericeditorframevork that
takesagrammarnatrun-timeandproducesaneditingwindow whichis awareof the syntaxand
providesdirectedsupportto produceadmissiblesentencei thisgrammar

2.3 Building the JFACC Ontology

In building the JFACC ontology we tried to useas muchaspossiblethe formally described
knowledgethat wasalreadyavailable aboutthe domain. Wheneer possible we preferredto
usean existing ontologyor knowledgebaseinsteadof developingour own. We usedknowl-
edgebasedrom implementedhpplicationstheoriesof fundamentatonceptsuchastimeand
systemandontologieswith extensve dataaboutspeci ¢ elementdn a domain(i.e., aircraft,

weapong In thefollowing sectionsyve discussn detailthe experienceve hadin two of these

12



reuseprocesseskirst, we discusshowv we importedan existing and publicly available ontol-
ogy of time into the JFACC ontology Secondwe discusshow we megedtwo ontologiesof

aircraftthathadbeendevelopedfor differentusesinto acommonsharedntology

2.3.1 Integrating application knowledgebases

A large part of the materialin the JFACC Ontology camefrom the knowvledge baseof the
INSPECTsysten17]. Thisknowledgebasencludeddetailedrepresentation®r all themain
elementsf air campaignplans: campaignspbjectves, missions,phasesareassequencing,
etc. It alsoincludedan extensie typology of military targets,from military headquarterso
petroleumproductionfacilities. Finally, it includedbasicrepresentationfor resourcesuchas

aircraftandweapons.

Oneof theimportantcharacteristicef theINSPECTknowledgebaseis thatit wasnot par
ticularly “deep” or principled.Mostof thehierarchiesvereonly afew levelsdeep andin mary
casegossiblesubsumptioninks wereleft unexplored. For example despitehefactthatmost
of thetypology of targetsdealtwith physicalobjectstherewasno suchconcepin the knowl-
edgebasethereasorbeingthatthe concepiof objectwasenough(no signi cant non-physical
objectswererelevant). Also, conceptsuchastime andareahadvery simplerepresentations,
just aboutenoughto do the reasoningnecessaryor the applications purpose.The emphasis
wason producinghighly structurecconceptswith arich webof interrelationsthatwasuseful
for representinghe air campaigrplan andreasoningaboutits parts. All thesecharacteristics
wereto alarge extenta consequencef theteleologicalnatureof the knovledgebase:despite
someeffort to make thede nitions clearandorganizedtheknowledgeit containedvasmeant
to bejustenoughto producecertaintypesof inferencesln otherwords,usabilitywasfar more

importantthatreusability

In the procesof makingthe materialin the INSPECTknowledgebasemorereusablewe

decidedhatwe neededntologieso represenin amoreprincipledway someof themostfun-

13



damentaklementof thedomain.We startedby incorporatingontologyof time andsystems.

2.3.2 Re-usingan ontology of time

Time is anessentiatonstituenof the air campaigrdomain. We wanteda completeandwell-
foundedontology of time, but wantedto avoid the time-consumingormalizationandrepre-

sentatiomprocessWe therefordookedfor a pre-huilt andpublicly availableontology

After somesearchwe found a satishctory ontology of time (basedon Allen's theory of
time[1]) in the SharabléOntologied_ibrary at Stanford? It waspartof ajob assignmendntol-
ogydevelopedby [8]. In trying to reusethis ontologyfor JJACC, we foundseveral problems,
all of themlooselyconnectedo the factthat we hadto usean Ontolinguatranslatorto im-
port the original ontology (written in Ontolingua)into our tamgetsknowledgerepresentation
languagglLoom)2 The Ontolinguatranslatomasusefulfor producinga rst draftof aLoom
ontology but theresultingtranslatiorhadseveral problems.Therefore we hadto make anex-

tensve manualadaptatiorof thetranslatedntology The overall proces®f reuses described
in Figure2.5.

Theproblemswith thetranslatedntologyfrom Ontolinguawere:

Theontologythatresultedrom thetranslationprocessvasdependenbn a generaKIF

theoryfor frames(theframeontology). Thisis aconsequencef thefactthatOntolingua
itself is basedon the frame ontology thatis, the Ontolinguaconstructdor framesare
built on top of the basicelementsof KIF. One easysolutionfor this problemwould
have beento import this theoryinto our knovledgebaseaswell, but we chosenot to

dothat. Many of theframeontologycommitmentsalreadyexistedin Loom, andto take

2URL http://ww-ksl.stanford.edu/knowledge-sharing/ontologies/README.html.
3For detailson Ontolinguaandits translatorsseethe pageson Ontolinguaat the StanfordUniversityKnowledge

Systemd_aboratoryhttp://ontolingua.stanford.edu/.
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Time ontology from
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automatic
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(Loom)
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JFACC time ontology
(Loom)

JFACC ONTOLOGY

Figure2.5: Stepdn reusinganontologyof time from the SharableDntologiesLibrary.

adwantageof Loom's built-in reasonerwe neededo recastthe Ontolinguaformsin the
Loomidiom (Figure2.6.

Even thoughOntolinguais more expressie thanLoom, Loom hasconstructsfor fre-
quentlyusedtypesof de nitions thatallow for simplerde nitions thana literal trans-
lation produces.However, sincethe translationsoftware did not exploit all of Loom's
capabilities,the translatedontology was unnecessarilgomple (seeFigure2.7). We
believe a translatorshouldexploit thesefeaturesin Loom in orderto producea better

translation.

Theseproblemshadtwo main causes.First, thereis a mismatchin modelingstyles: the

way knowledgeis modeledin Ontolinguais differentfrom theway it is normally modeledin
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;1» Producedby the Ontolinguatranslator ;;; Modi ed (“loomi ed”) version.

(loom:defrelation meets (defrelation meets
:context jat-generic s (:satisfies (?trl  ?tr2)
lis-primitive loom:binary-tuple (:-and  (time-range ?trl)
:arity 2 (time-range ?tr2)
:annotations (tp= (time-range.end-time
((related-axioms ?trl)
'(<=> (meets ?trl ?tr2) (time-range.start-time
(tp= (time-range.start-time ?tr2))))
?trl) -arity 2
(time-range.start-time :domain time-range
?tr2)))) rrange  time-range
(documentation :annotations
"a time range ?trl ends at the same ((documentation
time a time range ?tr2 starts."))) "a time range ?trl 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
annotatioronthede nition producedy thetranslator(left) is almostthe sameasthe contents
of the :satisfies clausein the“loomi ed” de nition (right). The expressiorstartingwith

canberepresenteih Loom, sinceit de nes whenthe relationmeets holdsbetween
two time rangesput in orderfor Loom to reasonwith the expressionjt mustbe part of the
de nition of theconcepf(iis clause).

Loom. Framesystemsanddescriptioriogics,we foundout, arenotascloseasthey sometimes
seemto be. Moreover, knowledgerepresentatiosystemsandlanguagesrenever completely
neutral. Either by the constructsthey provide or by an upperlevel ontology they assume,
knowledgerepresentatiosystemsand languagesassumea view of how the world is to be
modeled,andevenwhat fundamentapartstherearein the world. Frequentlythe constructs
of thelanguagde.g.,adefconcept ) areshortcutso expressimportantrelationsor setsof
relationsin termsof the top ontology In Loom, for example,the top ontology startswith
thing andcontainsde nitions for several typesof numbergor, moregenerally constants),
for severalrelationshetweenconceptsandrelations for differentiationbetweenconceptsand
meta-conceptstc. Likewise, Ontolinguais basedon a top ontologythatde nestermssuch
asframes,slots, slot values,facets,etc. Therefore,ary translationbetweentwo knowledge
representatiolanguagesequiressomekind of mappingbetweerthetop ontologiesof thetwo

languagesConstructingatranslatotis in generakasielif thetop ontologiesaresimilar. In the
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;1» Producedby the Ontolinguatranslator ;;; Modi ed (“loomi ed”) version.

(loom:defconcept day-number (defconcept day-number
:context  jat-generic iis (:through 1 31)
lis-primitive loom:thing :annotations
:annotations ((documentation
((related-axioms "DAY-NUMBERdenotes a day of a

‘(= (i-upper-bound day-number)  31)) month.")))
(related-axioms
‘(= (i-lower-bound day-number) 1))
(documentation
"DAY-NUMBERdenotes a day of a
month.")))

Figure 2.7: De nition of day-number in the ontology translatedrom Ontolingua(right)
andthemodi ed versionusedin the JFACC Ontology(left). Thede nition of day-number
in the ontologytranslatedrom Ontolinguais madeby usingthe relationsi-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 saythe samething and allow the Loom inferenceengineto efciently reasonaboutday
numbersTheresultingde nition is muchsimpler andalsoallowedusto dispenseavith lengthy
de nitions for typesof intenals andrelationsandaxiomsaboutthem.

caseof Loom and Ontolingua,the similarity is reasonabldut not very high, which explains

why producinga goodtranslations feasiblebut to produceanexcellentoneis very dif cult.

Secondandmoreinterestingly thereseemsdo be aninferencingenginebiasin modeling.
Evenwhenthereis no biastowardstailoring theknowledgeto beusedby aspeci ¢ application
or problemsolvingmethod knowledgeis usuallymodeledwith certaintypesof inferencesn
mind. For example,if we expectto usetheLoomclassi erto infer whetheror nottwo intervals
meet(thatis, (meets intl int2) ,weneedoaddenoughinformationin thede nition of
therelationmeets to enabletheclassi erto useit. If, however, all we wantto dois to assert
thatthe intenvals meetandusethis informationfor otherinferencesit is enoughto statethe

rangeanddomainof themeets relation.

In contrast,Ontolinguadid not have animplementedeasoner Consequentlythe infer-
encingbiaseitherre ects the usethe ontologyhadoriginally (if it wasproducedor speci c
application),or tendsto approximatesomeabstracform of theoremproving thatis “natural”

whenoneestablishetogical de nitions.
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Oneinterestingexampleof the differencein ontologydevelopmentthatthe inferenceen-
gine bias introducescan be seenby examiningthe de nition of a Rational-Number in
Ontolinguaandwhat happensvhenthat de nition is translatednto Loom. The Ontolingua

de nition includesthefollowing axiom:

(<=> (Rational-Number ?X)
(and (Real-Number  ?x)
(Exists  (?y)
(and (Integer ?y) (Integer * 2 ?y))

Thisaxiomcanbetranslatedmanually)into its equivalentform in Loom:

(defconcept ontolingua-rational-number
s (:satisfies (?x)
(:and  (number ?x)
(:exists (?y)
(:and  (integer ?y) (integer * 2x ?29))))

Unfortunately trying to usethis de nition in Loom causeshefollowing errormessagé¢o

beissued:

Query formation error:
Can't generate bindings for the variable ?Y.
Possible  causes are
o ?Y is universally guantified 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 2Y))))
while sealing ((SATISFIES (?X)
(:AND (NUMBER ?X)
(CEXISTS (?Y) (AND (INTEGER ?Y) (INTEGER (* ?X 2Y))))).

It is importantto notethatthe sourceof the erroris not the de 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 asimilarde nition in any mathematicatextbook. Unfortunately the de nition doesnot

offer a practical,constructre methodfor determiningwhetherary given numberis, in fact,
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a rationalnumber Considerwhat the de nition tells you: In orderto gure outif ?X is a
rationalnumbey one merelyneedsto nd someinteger ?Y suchthat ?X times?Y yields an
integer Mechanisticallyhow would a computermprogram(suchasLoom) usethis de nition?
First, enumeratehe integersandtestthem, stoppingwhen a suitable?Y wasfound. While
theoreticallysound this approachsuffersfrom ef ciency problems.In fact,Loomrecognizes
this andknows enoughnot to try — thusthe error message.n this particularcaseit is the

secondf thetwo possiblecause®f the problemthatapply

Lessond_earned: In ourworkin trying to translateandimporta publicly availableontology
of time, we learnedthat translatortechnologyis still immature. Translationof ontologies
writtenin differentformalismsis generallya dif cult task. The Ontolingua-to-Loomranslator
is clearly problematic put in factcreatinga betteroneis by no meanseasy We foundthatthe

resultof theautomatidranslatioris still interestingasadraft, but lots of humaninterventionare
requiredto translateOntolinguainto Loom. This seemgo becausedy atleasttwo problems.
First,it israrelyrecognizedn constructinghesedranslatorghatthey mustsomehw bridgethe

gapsbetweerthe underlyingmodelsandviews usedin the formalisms(e.g.,mappingframes
andslotsinto conceptsandrelations)aswell asbetweerthe “upper models”assumedn the

developmentof the ontologiesin eachformalism(e.g.,the frameontologyin Ontolinguaand
the representatioof numbersin Loom's built-in-theory . Secondpntologiesusually
containaninferencingbiasthatmakesmappingeven moredif cult, andimportingevenmore
time-consumingA large partof theliteratureon ontologies particularlyon the formal/logical
side treatsanontologyasanendin itself. For systembuilders,however, ontologiesaremeans
to anend,namelyto improve the engineeringdf knowledge-basedystemsy allowing reuse.
As a consequencdnferencingbiasis a feature,not a bug. The challengeis not to get rid

of this bias, but to createtranslatorghatallow to (re)introduce(underthe users command)
in the translationprocess. In otherwords, translatorsneedto take into accountnot only

the “meaning” of the descriptionr de nitions in the ontology but how theseconstructsare
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goingto beused.Thismeanghatthereshouldbe severaltypesof mappingausedasabasisfor
thetranslationprocessandusersshouldbe ableto choosehe mappingmostadequatdo their

situation.

2.3.3 Merging two ontologiesof aircraft

Beforebuilding the JFACC ontology we developedtwo ontologiesof aircraft. The rst one,
calledthe Aircraft ontology wasa domainontologydevelopedfrom FactSheetpublishedoy
the US Air Force,andcontainedextensve dataaboutaircrafttypesin the US Armed Forces.
The upperstructurewas developedby one of the authors. This ontology was developedto
demonstratéhe Ontosaurudrovserandto shavcaseparticularfeaturesof the Loom knowl-
edgerepresentatiofanguagejn particularLoom's ability to classifyconceptsandinstances,
aswell asits ability to reasorwith andsupportrelation(slot) hierarchiesThe secondntology
for aircraftwaspartof theknowledgebaseof theINSPECTsystenfor critiquing air campaign
plans. Interestingly thesetwo ontologiesdealinggenerallywith the samedomain,hadactu-
ally focusedon differentaspectsThatmeantthat, althoughthey wereaboutthe samedomain,
therewasrelatively little overlapbetweertheinformationpresenatthedetailedevel. To con-
structa modulewith broadeiknowledgeaboutaircraftfor the JFACC ontology we decidedto

meigethetwo ontologiegFigure2.8).

Thelack of overlapbetweerthe two original ontologiesmadethe meging processasier
sinceit meantthat mary things could be melgedby a simpleunion process.In the onearea
wheretherewas signi cant overlap— missionsand functionaltype of aircraft— we were
forcedto make choicesasto whichmodelto prefer In our casehiswasrelatvely easyatleast
in the abstractsinceonly one of the ontologieswasdevelopedto supporta particularappli-
cation. Sincethe INSPECTontologywasdevelopedin partbasedon interviavs with subject
matterexperts(SMES),it wasa naturalcandidateto prevail whenaer therewerecon icts in

theontologies.
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Figure2.8: Merging two knowledgebasesnto a JFACC aircraftontology Two closelyrelated
ontologiesfocusingon differentdetailsweremegedto createa morecomprehensie domain
model.

In practice,however, the mewging proved trickier thanone might have expected. Thatis
becausdherewere substantiaktructuraldifferencesetweenhe two ontologies. One major
examplewasin the methodusedto determinewhetherparticularaircraft modelswere, for
example, ghters or bombers.In the Aircraft ontology this classi cationwasinferredbased
onthemissionstheaircraftcould perform.In INSPECT the missionwerenotdirectly related
to theaircrafttypes. It turnedout thatsincein the aircraftknowledgebasetype memberships
wereall inferredby Loom's classi er, switchingfrom onesystemo the otherwaseasieithatit
otherwisemighthave been.Therewerenodirecttypeassertiongaboutthesetypememberships
aboutindividual aircraftin the Aircraft knowledgebase sochangingo theINSPECTstructure

didn't requiredeletingary assertionsn the Aircraft ontology

Althoughnotrequiredby the memging processtself, we did, however, take the opportunity
of doingthe memge to reexaminea fundamentafuestionin the models: Shouldaircrafttypes
be modeledas conceptsor asinstances?The generalissueof whetherto model particular
itemsin adomainasinstancesr conceptsanbe dif cult to resohe whenaknowledgebase
terminatedn abstractentities. It alsodependson the particularusefor which a ontologyis
designed(seefor example,[2]). Thefactthatsuchusagen uencesafundamentamodeling

issueis unfortunatefrom the point of view of makingontologiesreusableandeasilyapplied
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for applicationghatwerenot ervisionedat thetime of the creationof the ontology

Whenthe itemsbeingmodeledin the world are“naturally” individuals, this is lessof an
issue.For example,if onewerecreatinga ontologydescribingAir Forceaircraft,thenhaving
instancescorrespondo particularairplanessuchas “F-16 serial number87-0217” thereis
relatively little controversy Theissuearisesmainlywhenonewishesto notrepresentheworld
atquitesodetaileda level. In thatcase pneneeddo facethe choiceof whetheronewishesto
have particularmodels(classespf aircraftrepresentedh the ontologyby aninstances.One

could,for example,modelthe F-16Casaninstancensteadof a concept.

This wasthe approachakenin the Aircraft ontology This leadto a naturalde nition of
theinstanceashaving particular llers for attributessuchascrew-size,range payload.etc. An

exampleof this hierarchyis shavn in Figure2.9.

Superconcept

Superconcept:
link

L\ Instance of
link

Physical Entity

Moving-Object Legend
| Flying-Object | Vehicle
| Fixed-Wing-Aircraft | | Combat-Aircrat |
| Fighter | | Bomber |
JA)

F-16

Figure2.9: F-16Hierarchyin the Aircraft Ontology

Thesameapproaclwasusedn theINSPECTontology but it beganto exhibit somebreak-
downsin functionality As onecanseein Figure2.10,thereweremultiple modelsof aircraft
beingrepresentedsinstancesAs long asthesewereconceptuallyat the samelevel of detalil
(say“F-16C” and“F-16D”) the solutionstill seemedo work reasonablywvell. The problem

wasthat INSPECTwould alsoreferto lessspeci ¢ aircrafttypessuchas“F-16" whenthere



wasnt a needto differentiate.(The main differencebetweernthe“C” and“D” modelsis that

the C modelhasonecrevmanandthe D modeltwo crevmenandlessfuel.)

I Thing I
I Domain-Concept I

I Order-of-Battle-Concept I

Aircraft

Figure2.10: F-16Hierarchyin theInitial INSPECTOntology

An instancerepresentatiothereforelosesthe relationshipbetweentheseideas,sincethe
factthatF-16CsandF-16Dsareboth F-16sis lost. This indicatesa needto move (atleast)the
“F-16" objectinto the concepthierarchy Oncethatwasdone,it waspossibleto consolidate
someof the commondataaboutthe aircraftinto the conceptde nition. This thencausedhe
differencein representatiobbetweenthe F-16 conceptand the individual modelsto appear
ratherarti cial. Wethereforeraisedall of the aircraftclassinformationto the conceptevel in

the JFACC ontology Thisresultedn thestructureseenin Figure2.11.

In switchingfrom an instance-basetb a concept-basetepresentatiormuchof the data
could be transferredn a relatively straightforvard manner For example,the llers of roles
like lengthandwingspanwere easilytransferrednto a conceptrepresentationSomeof the
information,however, wasnot soeasilytransferredSincetheinstancesverereally describing
classessomeof the assertion®f llers werereally the meta-assertionasboutthe structureof
the class. For example,the “engine-count’and“engine-type’relationsare descriptorsabout
the llers of the enginerole. Whenmoving to a conceptrepresentationit wasnecessaryo
changeheseinto a form thatmore preciselymatcheghe descriptionlogic. In this caseit was

transformednto a numberrestrictionon the “engine” role anda (disjunctive) typerestriction
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| Flying-object | | Vehicle |

| Fixed-Wing-Aircraft | | wilitary-Aircrait | | Heavi;r-Than-Air-Craﬂl

Fighter-Attack-Aircraft

F-16A/B F-16C/D

[ F-16C | | F-16D |

Figure2.11: F-16Hierarchyin the JJACC Ontology

on*“engine”. Thischangds animprovementin themodel,sinceit moreclearlyrepresentshe

world in termsthatthe Loom classi er canreasorabout.
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;; Instance ;; Concept

(:about  F-16 (defconcept F-16

fixed-wing-aircraft lis-primitive

(:and fighter-attack-aircraft )
(name "Fighting Falcon") :constraints
(designation 'F-16C) (cand  (filled-by name
(made-by General-Dynamics) "Fighting Falcon")
(length  49) (:filled-by made-by
(height  16) General-Dynamics)
(wingspan  33) (:filled-by length  49)
(max-speed 1500) (:filled-by height 16)
(engine-count 1) (:filled-by wingspan 33)
(engine-type F100-PW-200/220) (:filled-by max-speed 1500)
(engine-type F110-GE-200)) (:exactly 1 engine)

Call engine

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

A muchharderpart of the transformatiorhadto do with the assignmenbf weapongo
aircraft. In the Aircraft ontology all of the assertiongboutwhich aircraft could carry which

weaponsvasorganizedaroundtheweaponitself. 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 can be carriedby a numberof aircraft (types). An inverse
relationof carried-by  wasusedto link moreef ciently anaircraftto the missilesit could
carry This allowedthe systemto have the informationin a singleplace,with inferencepro-
viding the cross-linksasneeded.This hasobvious advantagegrom the software-engineerin
pointof view, sinceoneno longerhasthe problemof keepingthe dataalignedin mary places.
One constrainingfactoris that althoughthe nev ontology madeit possibleto setup an
appropriatehierarchyandthusdescriptionf theinstancesn termsof their llers, it madeit
moredif cult to write queriesthat returnedthe sameinformationthatwasso easyto retrieve

in the INSPECTontology Whenthe meta-informatiorwasstoredsimply asassertiongbout
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instancesthenwriting a queryto retrieve the informationwaseasy In the Aircraft ontology
for example,if onewantedto getthe type(s)of enginethat an F-16 hadthe following query

sufced:

(retrieve ?engine  (engine-type F-16 ?x))
=> (|i|F100-PW-200/220 [iIF110-GE-200)

Whengoing to a conceptrepresentatiorthis expedientwas no longeras corvenient. In
partthisis alimitation in theLoommodelinglanguagesincethereis no corvenientmethodby
which onecanmake meta-assertiongboutthe conceptsand havethe classi er and de nition
madinery handlethemautomatically Insteadwe resortedto establishinga canonicalplace
in the de nitions wherewe addedthe informationandthende ned appropriaterelationsfor

retrieving theinformationasneeded.

To getsimilar informationfrom the JFACC ontology becomesa lot trickier. Thatis not
only becauseghe informationis encodedlifferently but alsobecausédy usingatype restric-
tion we endup having to do morereasoningo gure out exactly whatanswemwe want. This
is becausehetyperestrictionconstructedy the conceptde nition is nolongera concepthat
hasadirectanalogin therealworld, but is insteada disjunctionof suchreal-world enginecon-
cepts:(cor  F100-PW-200/220 F110-GE-200) . To nd thetwo real-world engines,
we needto extract the type restrictionfrom the engine role andthen nd the appropriate
subconceptsf thatrestriction. In orderto be ableto do this mechanicallywe needto intro-
ducea meta-annotatiofengine-model-cla ss ) ontheconceptghatrepresentealworld
enginesandthenusethis meta-informationo Iter thesubconceptsf eachrestriction.Thisis

abit cumbersomehut still nottoo problematic.

(retrieve ?engine
(:and (engine-model-class ?engine)
(cor (types (the-role 'F-16  ‘engine) ?engine)
(subrelations (types  (the-role 'F-16  'engine)) ?engine))))
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Wherethis changean representatiomeally hurtsis in trying to nd theaircraftwhich use
a particularengine.Sincethereis no directrelationbetweerthe typein a typerestrictionand
the conceptdor which it restrictsarole value,oneis forcedto searchall aircraftmodelsand
look for thosewhoseengine role hasatyperestrictionthatincludes(subsumesheenginen

guestion.For easeof accesswe canencodesuchaqueryin arelationin the knowvledge-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"
s (isatisfies ?x ?y)
(:and (aircraft-model-class ?y)
(engine-model-class ?X)
(cor  (types (the-role ?y 'engine) ?X)
(subrelations (types  (the-role ?y ‘'engine)) ?X)))))

Lessond_earned: Inourworkin tryingto meigetwo knowledgebasesnto aricherontology
of aircraft,the rst lessonwe learnedis a positve one. Merging wasworth the trouble. The
endresultobtainedwasmuchricherthantheinitial products,andricherthanwhatwe would
have beenobtainedif the producthadbeenbuilt from scratch. The richnesscomesfrom the
factthatthe two individual ontologiesexploreddifferentviews on the domain,andby trying
to integratetheseviewsin themeging processve obtainedanontologythatincorporatedoth

views.

However, we alsolearnedthatevenwithin a speci ¢ formalismonecanusedifferentmod-
eling styles,andthatmeiging needdo take theminto account. Again, modelingis basednthe
intendeduseof the ontologyor knowledgebase andthusevenwithin a singlerepresentation
formalism,modelingis never completelyneutral. In Loom, this problemappearsn the com-
monly occurringproblemof transforminginstancesnto concepts.Our conclusionwas that
toolsfor supportinghe meiging of two ontologieswveresorelyneededWhile certainpartsare
inherentlymanual the processanbe mademucheasielif a useris ableto expressin general

termshow the mappingshouldoccur e.g.,this conceptmapsto this instance this relations
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ller aremappednto thatrelations restrictions,etc. This calls for atool thatincorporatesa
languageo talk aboutontologiestheir relationsandrelationsamongtheir componentsMap-
pingsshouldbe describedleclaratrely in this (meta-)languagelo this end,conceptrepresen-
tationslike the oneusedin Loom canbe lesscornvenientbecausehey aremoregeneral,but
harderto manipulatelt isimportantto nd agraphicakepresentatiofor this (meta-)language,
thatcanbeusedin constructingoolsthatarevisually rich andeasyto use.To date,afew tools
supportingthe procesf ontologymeiging areavailable[14, 3, 12], however, the problemis
far from beingsolved andmoreresearchs neededo bettersupportontologymeiging efforts

in thefuture.

2.4 Organization of the JFACC Ontology

In constructinghe JFACC ontology animportantissuewashow to organizetheontologysoas
to make its maintenanceasierandits constructiomrmorerational. Following almoststandard
guidelinedoundin theliterature(e.g.,themicro-theorie®f [9]), we decidedo modularizehe
ontology In our experiencemodularizations a pretty naturalprocess:even beforedeciding
explicitly to usemodularizationwe alreadyseparatedlifferentsectionsof the ontologyinto
seseral les thatre ectedthedifferentpartsof thedomain:plans,aircraft, etc. However, what
is lackingin this sort of “weak” modularizationis the notion of dependenciebetweerthese
sub-ontologiesThatis, eventhougha given le encapsulatesostof the knovledgeabouta
domainelement(say aircraft),it is not clearwhich otherde nitions (say of physicalobjects)

arenecessarjo beableto usetheknowledgein that le.

As a secondstep,we usedLoom contetsto obtainmodularization A Loom context con-
tainsa symboltable that mapsa collection of names(logical constantspnto corresponding
associatedbgical entities(relationsandindividuals). Eachcontet inheritszeroor moreother
contets; if acontext C2 inheritsa context C1 thanall namesandentitiesbelongingto C1 also

belongto (arevisibleto) C2. Unlike, e.g.,CommonLisp packagesnheritancds transitve—if
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context C3inheritsC2, thanC3 alsoinheritsC1. Figure2.12shavs theinheritancdatticefor
the JFACC ontology Eachnodein the inheritancehierarchyis consideredo de ne its own
(sub)ontology so ontologiesare mappedone-to-oneonto contexts. In the remainderof this

sectionwe will usethetermscontext andontolayy asif they weresynorymous.

In somemodelingsituations,given a context C4, onewould like the ability to reference
namesde ned in a context C5 thatis not inheritedby C4. For example,the aircraft con-
text containsmary referenceso objectsin the weapons contect (andvice-versa),but neither
contet shouldlogically containthe other Loom providesa pre xing mechanisnsimilar to
CommonLisp pre xing of symbolsthatenablesuchcrossreferral;howvever, we nd thatex-
tensve useof contet pre xesis undesirabldi.e., we muchpreferusingunquali ed hames).
To “solve” the problemof implementingcross-referencdsetweertheaircraft, weapons, and
fuel contexts, we foundit necessaryo constructanarti cial contet (the entities contet) to
hold generalversionsof conceptsvisible to eachof theseother contets. For example,the
generalconceptaircraft is de ned in the entities contet so thatit canbe usedby the
weaponsandfuel contets (e.g.asoneof thetypesof tamgetsagainstwhich aweapors meant
to be used) but thede nitions for typesof aircraft(fighter-aircraft ,F-16 ) arein the

aircraft ontology

Someneawver KR systems,(e.g., PoverLoom and Ontolingua)supportboth an includes
relation betweencontets (similar to Loom context inheritance)and a (non-transitie) uses
relation(similartothe:uses optionfor CommonLisp packages)We would nothave foundit
necessaryo de ne theentities contet if Loom offeredsupportfor bothkindsof intercontext

relations.

Occasionallywe asmodelerswould nd it convenientto specializeor shadav a concept
de ned in aninheritedcontet, therebyallowing usto de ne alocal versionof the concept
having the samenameastheinheritedconcept.For example,we mightlike to de ne a“skele-

tal” versionof airplane  in entities anda moredetailedversion(onehaving moresilots)in
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theaircraft context. While, Loom doesnot supportshadaing or same-nameoncepispecial-

ization,andfew KR systemslo, we feelthathaving this capabilitywould bea plus.

2.4.1 The structure of the JFACC ontology

TheJFACC ontologyis organizedasalatticeof Loom contets thatimportfrom abasecontext
JFACC-Ontology . Thislatticeis shavnin Figure2.12.An arrow indicateghatanontology
is basedon another For example,the Entitiesontologyimportsboth Time and Systemsandit

is importedby Air CampaignPlans

Time Systems

\/

Entities

Air Campaign
Plans

/\\

Weapons Fuel Grammar

\/

Aircraft

!

Forces

Figure2.12: Organizationof the JFACC Ontologyinto its constituenmodules.

Theindividual modules'contentsareasfollows:

Systems This ontology de nes generalsystems,their decompositioninto subsystemsand
primitive componentstheir inputsandoutputs,etc. It alsocoversthede nition of net-

works as a specialkind of system. This knowledgewas very useful, for example,to
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model enemysystemsvarying from distribution to transportatiometworks to military

systemdor commandandcontrol.

Time Timeis afundamentaklemenbf ary planningdomain,andair campaigrplanningis no
different. Theontologyof timewe usedcontaingde nitions for time pointsandintenals,

dateqabsoluteandrelative) andmary relationsbetweertime pointandintenals.

Entities Thisontologycontainsa“micro-upperlevel” thatencapsulatethede nition of gen-
eraltypesof entitiesthataresharedamongmary othercomponenbntologiest contain
also extensve hierarchiesof typesof tamgets, military actions,action capabilities,and
abstractharacteristicef thesituationor statethatareusedfrequentlywhende ning air

campaigmlanobjectives.

Air campaignplans Thisontologycontainsanoverviewn of thebasicelementshatcharacter
ize air campaignplans,suchas: campaignscenario participantscommandersplans,

phasespbjectves,etc.

Weapons includesde nitions and extensve information aboutmissiles,guns, bombs,and

munitions.

Fuel containgde nitions anddatafor the maintypesof fuel andadditvesusedby US military

aircraft.

Air craft This ontology discussedn Section2.3.3 above, containsknowledge abouttypes
of aircraftin the US military, including dataaboutengines podsandfuel tanksthese

aircraftcancarry

Forces containsde nitions aboutmilitary forceunits,includingde nitions for military bases

andinstallations.Thisinformationis particularlyrelevantfor reasoningaboutlogistics.

Grammar Someof the knowledgeaboutobjectvesin air campaigrplansis usedto produce

casggrammardo de ne theseobjectivesin astructuredmannerusingasyntax-oriented
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editor This ontology containsthe conceptsandrelationsnecessaryo mapthe repre-
sentatiorof objectivesin theair campaigrplansontology(seeabove) into thegrammar

representationThisis explainedin detailin sectionSectioR.5, below.

Lessondearned: Structuringthe JFACC ontologywasnotonly ausefulbut anecessariask.
It is almostimpossibleto managethe contentsof an ontologywith morethana few hundred
entitieswithout somekind of discipline.Creatingthe organizatiorwasnoteasy however, and
we madeseveral attemptsto comeup with the currentstructure. The main lessonlearnedin
structuringandorganizingthe JFACC ontologyis thatquite a bit of e xibility is neededrom
a context mechanism— morethanis availablein mostexisting KR systems.We intendto
experimentin usingan upperontology(suchasSensug16]) to seewhatbene tsit canbring

in termsof modularizatiorandorganization.

2.5 Usingthe JFACC ontology

The JFACC Ontology was designedo be usedby a wide rangeof applications. Currently
we implementedts useby threeapplications:INSPECT the MastermindObjectives Editor,
andthe Stratgyy DevelopmentAssistant{seeSection2.2 andChapter3 for detailsaboutthese
applications).As Figure2.13shaws, theseapplicationsusethe JFACC Ontologyin different
ways. Theknowvledgebaseof INSPECTandSDA includethe JFACC ontology(or anumber
of its modules)andaddon top of this whatever additionalknowledgethey needto perform
their speci ¢ tasks. However, the useof the ontology by the MastermindEditor is far from
trivial. Below, we describen somedetailhow the knowledgeusedby the MastermindEditor
(representeds a grammar)is extractedfrom the JFACC Ontology and how we neededo
augmentheontologyto copewith two problems:thestructual mismatt betweerthewaythe

knowledgewasformulatedin the original ontologyandthetargetrepresentatiofa grammar),
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andthelack of certainkinds of application-speci cinformationin the ontologythatrequired

thelayeringof the JFACC ontologyto allow for severaldifferentviews onthesameknowledge.

JFACC ONTOLOGY

Air Campaign Objectives
Knowledge

__________ \ W

: Mastermind-specific !
i knowledge overlay

A |
INSPECT : | Mastermind Objectives Grammar

Mastermind Plan Editor

Figure2.13: Usingthe JFACC Ontologyin threeapplicationsINSPECT SDA, andthe Mas-
termindPlanEditor. Both INSPECTandSDA usethe ontologyby importingit. The Master

mind Editor usegheknowledgein amorecomplicatedashion.lt usesanoverlayto overcome
problemsof structuralmismatchbetweerthe commonontologyandthe grammarastermind
needs.

TheMastermindObjectvesEditor andits Adaptve Form (seeSection2.2 for details)uses
muchof the sameknowledgestoredin the JFACC Ontologyandalsousedby INSPECTand
SDA. Thegrammarhatsenesasinput to the Adaptive Form containsinformationabout,for
example,whichverbscanbe usedandwhatobjectscanbe usedwith theseverbs,the structure
and contentsof area,time andresourceconstraintsgtc. Initially, both the ontologyandthe
grammarwere generatedy hand,andall the usualproblemsstartedto happen:it wasvery
hardto keepconsistentknowledgehadto be enteredtwice, etc. Therefore,oneof our goals
wasto developanautomatidranslatothatusedonecentralsourcegtheontology)andproduced

thegrammairfromiit.

We found two main typesof problemsbuilding this translator First, the form in which
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this knowledgeis expressedn the grammaris ratherdifferentthanin the ontology What
is expressedn Loom as conceptsrelationsand instancesds representedn the Mastermind
grammarsas BNF rules— thereis a structual mismatt.* Thereis no simple correspon-
dencebetweerelementsn theontologyandelementsn thegrammayandthusit is necessary
to implementa non-trivial mappingbetweenthe two knowledgeforms. Second part of the
knowledgeneededby the grammar(e.g.,how certainslotsare orderedwhenmappedo ele-
mentsin a BNF formula)wasnot presentn theontology Corversely notall of theknowledge
hada correspondinggrammarform, andshouldbe ignoredin the translation.This additional
grammarelatedknowledgeis not an inherentpart of the domain, but only guidanceabout
how to usethe knowledge. Consequentlywe tried to separatet from the “core' ontologyby
creatingan overlay thatusesannotationgo the ontologyelementgo addthis informationfor

thetranslationprocess.

Figure2.14illustrateghestructuraimismatchproblembetweertheconceptacp-objective
andthe BNF rule thatresultsfrom the mapping/translatioprocess.As we cansee thereare
seseraltypesof mismatch.Someof the typesof mismatchrelateto the way a speci c slotis
mappedothersto the way the non-terminalrepresentinghatslot in the grammaris goingto

be producedn the mappingprocess.

Someelement®f theLoomontologyhave nodirectmappingnto theMastermindgram-
mar. For example,the slot objective-issued -b y hasno correspondencin the
grammar This occursbecauseanot all knovledgewhich is relevant for the ontologyis
relevantfor thegrammar

Thewaythemappings donemaydependnthespeci c slot. Someslots,like objective-
verb , arenotmappedlirectlyinto theexpansiorof thenon-terminabbjective, but their

mappingis delayedto take into accountdependenciebetweerits llers andthe llers

“Indeed,onecanseethis differenceasa consequencef the two distinctviews underlyingthe representations
in Loomandin BNF.
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(defconcept
Jis-primitive
‘roles
((objective-statement ‘type
(objective-issued-by ‘type
(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
(objective-resource-specification
type force-package)))

acp-objective
time-range-bound-concept

String)
commander)

‘max 1)

(defrelation DOB-role

Jis-primitive objective-role)
(defconcept Deploy-forces-template
roles  ((DOB-role  :facets
((order-info 1))
iis (: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’
‘deploy’ forces |

redObject |

redObject "Red Obiject"
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 theknowledgeaboutthe useof theverb“deploy” is expressedn the JFACC
Ontology (Loom, left) andthe Mastermindgrammar(BNF, right). The conceptDeploy-

template

expressesion theverbdeploy

is used— thatis, which kinds of therolesit can

accept(speci cally, the direct object, symbolizedhereby DOB-role ), andwhich kinds of
objectscan Il theseroles(speci cally, subtypeof thetypeforces ).

of otherslots— speci cally, objective-role

Otherslots,like objectivearea-r

pansionof the non-terminalobjective

subtypesof the conceptacp-objective

in its subtypessuchasDOB-role

est ri ct io n,aremappedirectly into the ex-

. The basicquestionis whetheror not ary

may introducea relationshipbetweenthe

llers of two rolesof the parentconcept. If thereis no suchrelationship,we mapped
the slotsinto non-terminalin the grammarrule for objective. Otherwisewe leave the
mappingof the slotsto be doneat a subsequentule or expansion.

Theway a mappingis constructedo build thegrammarrule for a speci ¢ non-terminal

is alsodependenvnhow theknowledgeaboutthis non-terminalvasstructuredn Loom.
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For example givenaspeci ¢ non-terminakxpressedn theLoomontologyasaconcept,
theright handsideof therule correspondingp thatconceptmaybeconstructedby listing
instance®f theconcepthy listing subconceptef thatconceptor by mappingseparately
eachof the slots(relations)associatedvith thatconcept.The sameoccursfor mapping

non-terminalsvhich correspondo relationsin Loom.

Thebasicstratgy we adoptedo copewith thesetwo problemss to introduceannotations
in thebasicontologythatdeterminehow speci ¢ conceptsr slotsaremappednto BNF rules
or elementsof theserules. Figure2.15illustrateshow theseannotationsare introduced. It
shavs anexpandedie nition of theconcepdeploy-template ,aswell assomeadditional
element®f theLoom ontologyandsomeothergrammarulesthatresultfrom theirtranslation.
As we canseein the gure, the annotationsareintroducedin two places.First, we introduce
annotationsn the slotsof speci ¢ conceptby addingfacetsto it. We introducedtwo facets:

order-info andfill-by

The order-info facetis usedto overcomeone of the incompletenesgroblems. It
addsthe informationaboutthe order of the slotswhenthey are mappednto elements
of theright sideof a BNF rule. For example,the order-info annotationsn slotsof
the conceptDeploy-object-t enmpl ate expressheadditionalinformationthatthe
contentsorrespondingpo theslotsobjective-verb areto appearrst (i.e.,leftmost)
into the grammarnule, the contentscorrespondingo DOB-role  areto appearsecond,
etc. Thisannotations alsousedto excludethe useof certainslots,thatis, every slot or
relationover the conceptdeploy-object-te mpgda te thathasno speci c order-
info informationis notmappednto anelementbof thegrammarule.

Thefill-by facetis usedto solve the structuralmismatchproblemsfor slots. It indi-
cateshow a speci c¢ slotis supposedo be mappednto an elementof a grammarrule.

Therearethreepossiblellers for thefilled-by facet:
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— The ller instance indicatesthatthe slotsis mappednto the speci ¢ instance
(ller) of theslotin thede nition of the currentconcept(in this case the symbol
deploy )

— The ller type indicatesthatthe slotis mappednto the conceptspeci edin the
typerestrictionfor theslotin thede nition of the currentconcepf(in this casethe
concepfforces ).

— The ller non-terminal indicatesthatthe slot is mappednto a non-terminal
with the samenameasthe slots. This non-terminais queuedor the translatorto

produceateraspeci c rule for its expansion.

Secondwe introduceannotationsn conceptdo indicatehow they shouldbe mappedn
thetranslationprocessThis is doneusingtherelationderive-bnf-by , with four possible

llers:

generate-subs indicatesthatthis conceptis mappednto a BNF rule in which the
right handsideis an OR clauseconnectingexpansiongor eachof the immediatesub-
typesof the concept.For example,acp-objective is generatedhis way: aswe see
in Figure2.14,its correspondinggrammarrule containsthe expansiongor eachof the
“template” conceptssuchasDeploy-template

collect-instanc es indicateghatthis concepfs mappednto a BNF rulein which
theright handsideis an OR clauseconnectingall known instance®f this concept.For
example,the conceptcountry is mappedinto its known instanceUSA Canada,
Mexico , etc.). This kind of mappingoccurscommonlyfor conceptge.g.,country
geographic-area ) for whichthe llers in a givengrammardependon the context
(e.g.,which speci c region in the world) for which this grammaris beingused,either
becaus@o meaningfulpre-compiledexhaustve list of llers canbeprovidedor because

suchalist would beunmanageabliarge.
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collect-instanc es indicateghatthis concepts mappednto a BNF rule in which
theright handsideis an OR clauseconnectingall known subtypegsubconcepts)f this
concept.For example theright handsideof therulefor area listsits subconceptsuch
asgeographic-are  a,country-area  ,etc.

generate-roles indicatesthatthis conceptis mappednto a BNF rule in which the
right handsideis an OR clauseconnectingexpansiondor eachof the slotsof the con-
cept.Forinstancetheconceptime-restrictio n is mappednto arulewhoseright

handside containsa non-terminalfor eachof its slots— in this casetwo slotsnamed
time-restrictio n-r el at io n andtime-specifica ti on. Again, eachof

theseslotsbecomes non-terminalfor which the translatomwill laterproducea speci c

grammarule.

(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 (tand 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 the conceptDeploy-objectiv e- te mda te .

It is interestingto noticethatin additionto thesemore semantigoroblems therearealso
various syntacticproblemsderived from the different conventionsfor namesin Loom and
Mastermind. For example,for non-terminalghe conventionadoptedn Loom is to separate

differentpartsof the namewith a dash,while this characteiis not allowed in a Mastermind
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grammar Therefore,all dashcharactersn the namesof non-terminalanustbe eliminated
in thetranslationprocesge.g.,time-restrictio n is transformednto timerestric-

tion ). Forterminalsthetreatmenbf thesecharacterss different. Becausave wantto obtain
human-readableames the dashesare transformednto spaces.In addition, the namesare
surroundedy singlequotey') — e.g.,military-commun  ic at io ns is transformednto
'military communications' . For the casesn which atranslationusingthesesimple
rules of thumbis not adequateye introducedanothertype of annotationusingthe relation
human-name, in which anarbitraryhumanname(string) may be speci ed asa mappingfor
a given Loom name. This is usefulfor translationdn which caseis important(for example
southern-califo rn ia into'Southern  California’ ) aswell asmoreexceptional

casessuchastherelationDOB-role , which mustbetranslatednto the emptystring.

Lessonslearned: The problemswe foundin trying to usethe JFACC ontologyin several
applicationsareto someextent similar to thosewe found in importing an external ontology
This occursin partbecauseve alsohadto translatehe ontologyto a differentformalism,and
thusfound the samemismatchandusebias problemswe discussedn sectionSection2.3.2.
Thegist of the solutionwe foundfor this problem(annotatinghe original ontologyconstructs
to indicatetheir mappinginto the Mastermindgrammar)canthusbe seenasa possiblemech-
anismto be usedin ontologytranslations.Whatthe annotationsllow is for a useto “drive”
or “customize”to someextent the translationprocessto allow for a more precisemapping
betweersourceandtamget ontologies.However, we hadan additionalproblem,which is that
the knowledgein the original ontologywasincomplete. The solutionto this problemwasto
structurethe knowledgein layers, so that the use-speci cknowvledgeis separatedis much
as possiblefrom the core (and more reusable)knowledge. While we did not intendthis to
be a generalsolutionto usability problems,we believe thesemechanismganbe usedmore
generallyto solve similar problemsin otherontologies provided the formalismusedin those

ontologiesallows for layeringandthe useof annotationaswe did 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 ervisionedin the beginning of the process— namely to facilitate
interoperationand communicationbetweensystemsto promotesharingof knowledge be-
tweensystemsto integrate our knowledge acquisition,andto offer a repositoryfor general
knowledgeaboutair campaignplanningthat could be usedin several applications.We also
usedthe ontolgy to bridgethe gapbetweerknowledge-basednd“traditional” systemssub-
stituting or supercedinghe usualdatabaser object-orientedgchemawith anontology which

offersa semanticallyrichermodelof thedomain.

Our experiencehasshavn thatreusabilityis both desirableandpossible.Having a well-
structurecontologyof a domainprovidesabasison whichto build, andthushelpsenormously
to develop new systemson thatdomain. For example,the SDA wascreatedafterthe JFACC
Ontologywasalreadyin place,andits constructiondemandednuch lessknowledgeacqui-
sition and modelingthan previous applicationsdid. In fact, not having to worry aboutthe
basicmodelingproblemsenabledisin thedevelopmentof the SDA to spendmoretimein the
representatiorssueselatedto SDA's problemsolvingmethodssaving considerabléime and

allowing usto producea bettersystem.

However, we found that actually building, usingandreusingontologiesrequiresa lot of
manualwork anda lot of dif cult modelingdecisionsgvenwhenusingsomeof the bestand
most matureknowledgerepresentatiofiormalismscurrently available. Above we described
someimportant,generalproblemsandhow we solvedthemin the JJACC ontology First, dif-
ferencesn modelingstylesandunderlyingviews or uppermodelsin differentformalismscan
causeproblemsin translatingandmeiging. Theintendeduseof ontologies(expressedn the
inferencingbias)mustbe consideredn thetranslatiorprocesgo make thetranslatiorproducts
moreuseful. Secondiheseproblemsappearven whenmeiging several ontologiesoriginally

constructedn the sameformalism. A speci ¢ formalismrestrictssomemodelingchoices put
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therearestill alot of optionsavailablefor theontologicalengineein how to usetheconstructs
available. As a consequencalifferentpeoplecan constructquite differentrepresentationef
the sameknowledge. Whatwe wantto do is to be ableto distinguishwhat is behindthese
choicesandwhatconsequencdsey entail,sothatthemeiging canresultin aricherontology
thatcombineghebestof bothinitial ontologies.Third, weaknessein the context mechanisms
currentlyavailablecancauseproblemsin trying to organizeandmodularizelarge ontologies.
Fourth, trying to usean ontologyin several applicationscanbe very nontriial, andcanalso
requireatranslatiorprocessimilarandequallydif cult to theoneusedin importinganontol-
ogy. We foundit is dif cult to structurean ontologyto be usedin differentapplicationsand
an interestingsolutionis to maintaina core representatiomnd layer additionalinformation

necessaryo malke speci ¢ usesof theknowledgein this core.

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 practicalexperiencesn building, using,andreusing

ontologiesareextremelyimportantin directingresearchin ontologicalengineering.
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Chapter 3

The Strategy Development Assistant

(SDA)

3.1 Overview

In this chaptemwe describea knowvledge-basedystemfor aiding Air CampaigrPlanning.An
earlypartof this processnvolvesthedecompositiorf highlevel objectivesinto morespeci ¢
sub-objecties. We developeda programcalled Strategy DevelopmentAssistant(SDA) that
assistghe userin this decompositiorprocess.The SDA is a knowledge-basedystemwhose
knowledgebasewasinitially basedon a theoryof air warfare. The SDA providessuggested

decompositionbasedn the currentsituationandhigh-level goals.

The SDA is usedto supportmilitary plannersn anearly phaseof air campaigrplanning.
The choiceof decompositionss template-dsen, basedon a setof underlyingassumptions.
TheSDA'sgraphicaluserinterfacedetailstheassumptionsallows theuserto modify thevalues
of theassumptionand,thus,capturesheassumptionsinderlyingthe plan. The SDA is atruly
mixed-initiatve planningsystem. All elementsof the interface designare gearedtowards

giving the usertotal control of the decisiondakenin the decompositiorprocess.
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Air CampaignPlansare planspreparedby the US Military that describethe conductof
an air campaign:what objectivesare going to be achieved, when,andhow. Theseplansare
representedsa hierarchyof objectves. Top-level stratgjic objectvesarerecursvely decom-
posedinto several layersof lowerlevel objectves, until eachobjectie is associatedvith a
speci ¢ aircraft ying onemission. Developingan air campaignplan is a comple task, in
which severalfactorshave to beweighedandmary decisionhave to be made.However, users
arewary of automatinghe whole processfor example,by usinga generatie plannersuchas
SIPE[13]. Thisis, sincemilitary plannersfeel they needto have control over eachelement
of the plan andthe planningprocessandneedto understandn detail the rationalefor each
objective decompositionFor this reasonmixed-initiative systemghatkeepthehuman‘in the

loop” seemto bethebestoptionto provide computerizedgupportto the planningprocess.

As partof our work for the JFACC program,we implementeda knowvledge-basedystem
for aidingin the decompositiorof planningobjectives. Our Stratgy DevelopmentAssistant
propose®neor moredecompositionfor a userselectedbjective. The SDA usesalibrary of
decompositiomemplateslerivedfrom atheoryof air campaigrplanningprovidedby anexpert
in the eld. SDA aidsusersn makingthenecessargecisiongn customizinghesedecompo-
sitionsby examiningsituationinformationfrom availabledatabaseseeFigure3.1). The SDA
is implementedusingLoom, a knowledgerepresentatiomnd reasoningystemdevelopedat
ISI[10]. It worksasanassistanthatis invoked from a Java-baseddir CampaigrPlanEditor.
Theideais that usersshouldbe free to plan with or without the SDA, asthey prefer This

architecturealsohighlightstherole of the SDA asanassistantnotafull planner

Themaingoalof the SDA wasto acceleratéhe paceof planningby providing setsof sug-
gestedlecompositionsin thiswaywe avoid the“blank sheebf paper’syndromeby providing
guidance Thesystemcanalsospeedip the planningprocessFor example,in emegeny situ-
ationsthe usermay preferto provide minimal input andlet the SDA decomposaeverallevels

of objectivesin the plan, makingall modi cations in the end. Anotherimportantbene t is
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Figure3.1: SDA SoftwareArchitecture

thatthelibrary of templateanbe controlledto re ect bestpracticesaswell asenablingthe
creationof a“permanenimemory” by allowing plannerdo storeinterestingemplateghatcan
be usedby otherplannergomorrav. In thisway, the SDA canbe usedto improve the quality

of the plansproduced.

The SDA worksasfollows (SeeFigure3.1): A planner(user)selectsanexisting objective
in the plan,andrequestshe help of the SDA in decomposingt. The SDA thensearche its
knowledgebasefor templateghatareableto decompos¢he objective at hand. Thetemplates
areselectednthebasisof theirrelevanceto thecurrentplan,andthecurrentstratgic situation.
Thisinformationis obtainedrom seseraldatabasethatcontainsituation-speci cinformation

thatchangedrom onecampaigrto another

The SDA shaws the userall objectve decompositionprovided by the templatesfound.
Theuserselectoneof theproposediecompositionfor furtherwork. Theusercancomeback

to this pointlaterandreselectry otherdecomposition.

Onceatemplatenasbeenselectedit is customizedo better t thespeci ¢ problemfacing
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the planner In the customizatiorprocessthe plannergenerallyneedsto add or remove ob-
jectivesin the decompositiorproposed.The key to this customizatiomprocesgandthe most
importantaspectin the systemandinterfacedesign)is the useof assumptionso explain the
rationalebehindeachsub-objectre andhelp the userdecidewhetherto keepor not keepthe

sub-objectie. We will provide furtherdetailonthisin therestof the paper

Whenthe useris satis ed with the customizeddecompositionthe systemaddsthe new
objectivesto the currentplan, andreturnscontrolto the plan editor At this point, the useris

againableto modify ary partof thenew objecties.

Oneof theimportantfeaturesof SDA thataddsintelligenceto the processs how it keeps
track of the assumption®ehindobjectivesaddedto the plan even afterthe additionhasbeen
made. For example,if the situationchangesandit seemdike oneof the objectivesthatwas
omittedshouldnow be included,the SDA canwarnthe userandrecommendhe decisionbe
revised. If the new situationindicatesone of the currentobjectives doesnt make senseary

longer SDA canrecommendts removal.

The customizatiorprovidesa lot of the power of the system but alsoposesa problem—
how to communicatahe informationto the userin a way thatis clearandsuccinct. In the
remainderof this paper we presentour solutionto this problemand describesomeof the

designprinciplesbehindthe SDA interface.

3.2 Principles of Design

The SDA is partof a larger mixed-initiatve planner Our designphilosophyis to provide as
muchinformationas possiblein a cleatr succinctmanner;provide suggestedlternatves for
the plan;andleave theuserin ultimatecontrol. We alsowantedthe interfaceto encouragehe

useof directinteraction sincethatmakesit easierto operatewithout extensie training.
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3.2.1 Rationale

The SDA interface shavs the assumptionghat underpinits recommendationsThis allows
the userto seewhy particularsub-objecties wereincludedor not. An exampleis shavn in
Figure3.2. Looking at the window, the usercanseethatthe rst objectve (“defendSLOCs
[SeaLinesof Communicationpf Blue againstenemyattack”)is includedbecausehe enemy
hastheability to damagdhesekindsof tamgets. Thefourth objective (“Defend SLOCsof Blue
againsenemyseaattack”)is notincludedbecaus¢heenemydoesnot have ary naval forcesin
range.Notethatthe systemwasableto evaluatewhethertheseassumptionsretrue or not by
importinginformationfrom databaseandreasoningaboutthe meaningof theseassumptions

usingthe SDA knowledgebaseandinferenceengine.

Mastermind JFACC Plan Editor 2.0.1: demo-plan
File Edit SDA INSPECT VISUALIZATION Help

D@ s@ensjnzss
= : :

Prolecl Sea Lines of Communicalion

User Value System W=
[Sub Objectives:
aom. w | /W Defend SLOCs of Blue against enemy air attack:

| Enemy has ability o damage SLOC targeis of Blue using air power:

|

awsm. v | /¥ Reduce generation of enemy air sorties against SLOCs of Blue:
= | Enemy has ability o damage SLOC targets of Blue using air power:
atem.. w | /¥ Destroy enemy naval forces capable of attack against SLOCs of Blue:

|

. | Enemy has ability to damage SLOC targets of Blue using maritime power:

i

AND Enemy has naval forces capable of atlacking/boarding SLOC targets of Blue
OR
Enemy has ability to caplure SLOC ships ol Blue using maritime power:
AND Enemy has naval forces capable of allacking/boarding SLOC largetis of Blue
atom. w| [ Defend SLOCs of Blue against enemy sea attack:

= | Enemy has ability o damage SLOC targeis of Blue using marilime power:

il

AND Enemy has naval forces capable of allacking/boarding SLOC largetis of Blue

3
]

AND Enemy has naval forces within range ol SLOC fargels of Blue

|

Enemy has ability to caplure SLOC ships ol Blue using maritime power:

|

Enemy has naval forces capable of allacking/boarding SLOC largets of Blue

Py
7

Enemy has naval forces within range of SLOC targels of Blue

| ResetForm || Show All Assumptions || Hide All Assumptions | | update Plan || Cancel |

Figure3.2: SDA Editor Interface
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Althoughthe SDA hasaccesdo informationaboutthe situation,we wantedthe userto be
in control. Asidefrom the generadesirabilityof this from a userinteractionstandpointijt was
critical for this application,sincewe werenot soarrogantasto imaginethatwe would always
beableto gettheright answer Thereis nothingmorefrustratingfor a userthanto notbeable

to x problemsn thecomputers output.

Our taskwas complicatedoecausdhereweretwo levels at which we allowed userinter
action with the interface: Userscould modify the value of the assumptionsinderlyingthe
planningand have the effects propagatahroughto the recommendationsUserscould also
directly overridethe recommendationsThe former courseof actionallows the systemto be
moreusefulasawhole,becausét identi es theassumptionsinderwhich theuseris changing

the systemoutput.

Theidenti cation of theseassumptiorchangegrovidesahookfor otherpartsof thesystem
to monitortheresultingplan. If laterinformationbecomesvailablewhich indicatesthatthe
assumptionghe usermadein addinginformationto the plan waswrong, the systemhasa
recordof thatdependenc Thedecisionin questioncanbe revisited. This ability to monitor

moreof the backgroundf the plan

3.3 Particular Challenges

In designingtheinterface,therewerea few particularchallengeshatwe neededo addressn

orderto producea good,functionalinterface.

3.3.1 Displaying the Recommendation

The rst taskwasto shaw the userthe recommendedbjectives for inclusion. Becausewe
allow useroverrides,we wantedthe recommendatioto be displayedas a distinct interface

elementfrom the actualchoiceof whetherthe objective 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 recommendationsince that provides a strongvisual link

betweerthetwo elementsWe choseo useacheckmarkoutsideabox. This providedavisual
link betweerthetwo checksput by not having thebox aroundtherecommendatiorthe active

elementwasdifferentiatedrom the system-controlleélement.

3.3.2 Indicating Control

Sincethis is a mixed-initiatve system,eitherthe SDA or the usercould be ultimately re-
sponsiblefor a particularobjective beingin the planor not. We needech way to corvey the

informationabout*who madethedecision”in anintuitive andcompactway.

Thatis becausdat differenttimes) eitherthe systemor the usercan control whethera
particularobjective shouldbeincluded.In automationode,therecommendatioandthe state
of theobjective will alwaysbethesamejn otherwordsthetwo interfaceelementsarelinked.
In manualmode,the recommendatioranstill change but the actualinclusionis underthe
control of the userratherthanthe system.In otherwordsthe recommendatiomdicatorand

theinclusioncheckboxarenotlinked.

Too Compact

Our rst designfor indicatingthatthe recommendatioandthe objective inclusionbox were
coupledwasto usea graphicelement(calleda drawvbridge') that eithershaved a connection
or no connection.This design(seeFigure 3.3) wascompactandvery clever, but was nally

judgedto betoo obscure.
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Defend LOC of Blus against enemy alr attack

Reduce generation of enemy air sorties against LOC of Blue

— Defand LOC of blua against enemy land attack

— Reduce generation of enemy land missile/artillery attack against LOC of Blue
— | Dafand LOC of Blue against enemy maritime attack
— _| Reduce eneray naval forces eapable of attack against LOC of Blua
~=' Dagrada C2 of anemy forces affacting LOC of Blua
~= | Dany Intal collection over LOC of Blua

- Deafand L.OC of hlna against enemy land attack

[¥l-=" Defand LOC of Blue against enemy air attack
== Feduce generation of enemy air sorties against LOC of Blue

Figure3.3: Mockupindicatingcontrolwith adravbridge

Control Advice Actual Ohjective
Automatic v Defend LOC of Blue against enemy air attack
Automatic v Reduce generation of enemny air sorties against LOC of Blue
Automafic v Defend LOC of blue against eneny land attack
Automatic v Reduce generation of enemy land missile/artillery attack against LOC of Blue
Automatic Defend LOC of Blue against enemy maritime attack
Automatic Reduce enemy naval forces capahle of attack against LOC of Blue
Automafic Degrade C2 of enemy forces affecting LOC of Blue
Automatic Deny Intel collection ovexr LOC of Blue
Automatic v Defend LOC of blue against enemy land attack
Automaltic v Defend LOC of Blue against enenty air attack
Automafic Reduce generation of enemy air sorties against LOC of Blue

Figure3.4: Mockupindicatingcontrolwith menus
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Clarity

We sadlyhadto abandorthe drawbridge. We replacedt with a pop-upmenuthatindicates
thechoicebetweerautomati@andmanualcontrol(seeFigure3.4). Althoughlesscompactthe
extra clarity wasdeemedvorth thecostin screerrealestate With the controlon“Automatic”,
the systemhascontrolof theinclusionbox andcanchangeit if the userchangeghevaluesof

theunderlyingassumptions.

In “Manual”, the userhasfull control over theinclusionbox. Therecommendatiomay
changeput the checkbox canonly be modi ed by userinteraction.By continuingto display
therecommendationt is clearat a glancewherethe userhasmadea differentchoicethanthe

systemwould recommend.

3.3.3 Linking Controls

To male the systemwork reasonablevell, we neededo link the controls. For example, if
theuserwishesto overridethe systemrecommendatiorg click in theinclusioncheckboxwill

changethevalueof the checkbox It will alsoshift the controlfrom automaticto manual.

If theuserwantsto returncontrolto thesystemthenautomaticcanbe selectedn thepop-
up menu. The systemthengainscontrol of the inclusioncheckboxandwill immediatelyset

theinclusionvalueto bethe sameastherecommendation.

Thecontrollinkagewasdonein orderto make directmanipulatiorof theinterfaceelements
possible andto minimize boththe numberof gesturegslemandeaf the user andto eliminate

theneedto gothrougha moreinvolved procedurewith errorfeedback.

Thedrawbridgehappenso look exactly like theelectricalcircuit symbolfor aswitch, but we chosea different
namesoasnotto appeato betoo nerdly

50



3.4 Conclusions

The Stratgly DevelopmentAssistantis a mixed-initiatve knowledge-basegblanningsystem
for helpingusersdevelop air campaigrplans. Someof the mainfeaturesof the systemareits
useof assumptionso keeptrack of the rationalebehindthe decisiongproposedy the system
andultimately madeby the user The interfaceof the SDA is ableto dynamicallyadjustits
contentgo a particularsituation. This requireda e xible front-end. The contentsarede ned
at run-timeusingthe contentsof the knonvledgebaseaswell assituation-speci cinformation
By understandingvhy eachelements presentthe SDA canprovide intelligentsupportto the

users'decisionswhile leaving themcontroloverthe nal word overwhatis decided.

3.5 An Annotated Demo

Below we describean integrateddemogiven at the May-98 Pl meetingand shortly afterin
Hurlburt, Florida. An extendedversionwaspresentedt ISTI-98. The demointegratestools
developedby threeseparatgroupshereat S| aspartof their JFACC participation: The Mas-
termindPlan Editor developedby the Mastermindgroupled by PedroSzeleley, the Stratgy
DevelopmentAssistantdevelopedby our group(the Loom group),andthe INSPECTplancri-
tiqguerdevelopedby theEXPECTQgroupled by YolandaGil. All threetoolsmake extensve use
of the JFACC ontologydevelopedby us.

Transition In:  While Campaigrmssessmentontinuego analyzetheenemyforcesandthus
lay thegroundverk for offensive air campaigrplanning,otherplannersareworkingin parallel
ontheimmediateproblemsof bringingforcesinto thetheatermndpreparinga defenseMaster
Mind: The PlanEditor allows usersto enterobjectivesusinggrammasbasedadaptve forms.
Thistechnologyprovidesa e xible, English-like interface ,while producingobjectvesthatare

constrainedy thegrammaro beunderstandabli the automateglanningtools.
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In this example,we will be addinga subobjectie to the option underthe CJTFobjective

“Gain andMaintain Air Superiority”(seeFigure3.5).

= Mastermind JFACC Plan Editor 2.0.1: demo-plan BE
‘ File Edit SDA INSPECT VISUALIZATION Help g

Ded s W@ e v Ex[s ob

[~ objectives Hierarchy (active)

| Objective/Option

No. L
| Abbrey prsres invading forces 1 CJTF
| NSO gain and maintain air superiority 2 QTF
| NMO Option: a 3
CINC 1" deploy forces in JOA 4 CJTF
CITF Option: a 5
i defend lines of commum¥gation from attack 6 JFACC
[|Phas Option: SDA: Protect BludJines of communication 7
defend airports from attagk 8 |JFACC
Phase defend seaports from attady 9 JFACC
Phase defend land lines of commuNjcation from attack 10 JFACC {
Phase defend sea lines of communication from attack 1 FACC {

| [] command-Line Form ]I} [} Mastermind INSPECT Agenda Il | [ strateay Development assistant ||

Figure3.5: Adding a subobjectie to the optionunderthe CJTFobjective “Gain andMaintain
Air Superiority”in the objectveseditor

Theadaptve form comesup. Theobjective thatwe enteris “Gain Air Superiorityover East
Cyberland”. As each eld is lled in, thelegal valuesfor thenext eld areshawvn to prompt
theuserandallow quick entryof correctlyformattedobjectives(seeFigures3.6,3.7,3.8,3.9,

3.10,3.11and3.12). Theadaptve formsprovide avery e xible meanf enteringobjectves.
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New objective for the selected option:

Figure3.6: Steplin eshing outtheobjectie in the MastermindPlanEditor.
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Objective Level
Measures of Merit

Additional Parents

H[>] HEN

Other Parent

New ob jective for the selected option:

Objective = =
‘attrit’/damage’/. red object/filler o ‘from'/to'/. red action/red obj filler of defend
Where
where
When _
‘before’/'after/. Time Or Phase ‘and’ Time Or Phase

Objective Level

Measure of Merit  Measure of Merit  Measure of Merit

[ objective | |+ Type an Objective

» attrit

» damage

» deceive

» defend against
» defend

» degrade
»deny

»deny use

» deploy

» destroy

» deter » maintain
+ disable » neutralize
» discourage » prevent |
» disrupt o
» drive

» eliminate
» ensure

» establish
» exploit,
»gain » Support
» isolate

» limit

Figure3.7: Step2in

eshing out the objective in the MastermindPlanEditor.
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clive for the selected option:

Figure3.8: Step3in eshing outtheobjectie in the MastermindPlanEditor.
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New objective for the selected option:

Figure3.9: Step4 in eshing outtheobjective in the MastermindPlanEditor.
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New objective for the selected option:

o =3 Object [T IS LN
pigtt | All Choices

Figure3.10: Step5 in eshing outthe objective in the MastermindPlanEditor.
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New objective for the selected option:

AI.I' Choices

Figure3.11:Final stepin eshing outtheobjectie in the MastermindPlanEditor.

58



~____ Mastermind JFACC Plan Editor 2.0.1: demo—plan |

Edit SDA INSPECT VISUALIZATION Help

nvading forces

No. Level

1
gain and maintain air superiority 2
Option: a 3
CINC gain air superiority over East Cyberland 4 JFACC
CITF T deploy forces in JOA 5 CITF
Option: a 6
% defend lines of communication from attack 7 JFACC
Option: SDA: Protect Blue lines of communication 8
Phase defend airports from attack 9 JFACC
Phase defend seaports from attack 10 JFACC
Phase | defend land lines of communication from attack 11 JFACC
defend sea lines of communication from attack 12 JFACC

Figure3.12: The new objective displayedn the MastermindPlanEditor.
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Anothertool available to the plannerfor high-level plan decompositions the Stratgy
DevelopmentAssistanior SDA. The SDA is aknowledge-basedomponenbf the JFACC tool
suitethatusedemplatedor stratgy developmenthatre ect bestpracticeusingthe“Stratagies

to Task”planningmethodology Thetemplatesreautomaticallichoserandcustomizedased
onthesituation.

We will shav atemplatefor decomposinghe JFACC level objective “defendsealines of
communication”.We startby selectingthe objective in the MastermindPlanEditor andthen

clicking abuttonto bring up the SDA (seeFigure3.13).

Figure 3.13: Selectingan objective in the MastermindPlan Editor to be decomposedby the
Stratgly DevelopmentAssistan{SDA).

TheSDA editorshavs atemplateghatmatchesheuserselectedbjective (seeFigure3.14).
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Thesubobjectiesthatform thetemplatearethosewhich arepotentiallyrelevantto defending
sealinesof communicationSomeof the subobjectiesarejudgedto berelevantto the current

situationandarerecommende(ndicatedby thecheckmarkin theseconccolumn).

Figure 3.14: Sub-objecties of “Protect SeaLines of Communication"decomposedy the
Stratgly DevelopmentAssistan{SDA).

Thereasonindehindtherecommendationis capturedn theassumptionsinderlyingeach
subobjectie. Thevaluesare lled in by the SDA queryingthe currentsituation.Any assump-
tionstheuserbelievesareincorrectcanbe changedandthe SDA recommendation®r which

subobjectie to includewill beupdatedseeFigures3.15and3.16).

The assumptionsene anotherimportantfunctionin JFACC: They provide the ability to

monitorthe situationandidentify which partsof a planareaffectedby ary changesThe SDA
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Figure3.15: Changingoneof theassumption# the Stratgy DevelopmentAssistan{SDA).

tool providesthe infrastructurefor this capability by explicitly recordingthe assumptionsn

theplan.

Althoughthe SDA recommends particularsetof subobjecties,the systems designedo
alwaysleave the plannerin control. Any of the recommendationsanbe directly overridden

by theuser
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Figure3.16: Updatingthe planaccordingo the nev assumptiongn the SDA.
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We arenow backin in the MastermindPlan Editor (seeFigure 3.17). The new option
with its subobjecties hasbeenaddedto the plan. By usingthe Stratgy DevelopmentAssis-
tant, plannerscanmorerapidly producebetter moredetailedplans. They have accesgo tem-
platesdesignedo encodethe bestplanningpracticeof the “Strategiesto Task” development
methodology Finally, the plansexplicitly recordthe underlyingassumptionsywhich enables

theidenti cation of portionsof the planthatwill beaffectedif the military situationchanges.

Figure3.17: The new objective hasbeenaddedn the MastermindPlanEditor.

After objectivesareaddedo theplan,we canusetheINSPECTtool to critiquethe (partial)
planandidentify problemsandopenissueghatwill eventuallyneedto bedealtwith. After the

INSPECTtool hasexaminedthe partial planit provided ananalysisof thosepartsof the plan

thatareincompleteor thatwill requiresomeadditionaleffort.
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Figure3.18: TheINSPECTplancritiquerhasdeterminedhatthereis a specialfuel need.

In thisexample INSPECThasdeterminedhatthereis aspeciafuel need(seeFigure3.18).
This conclusionis basedon the needfor ISR supportof the objective “Gain Air Superiority
over EastCyberland’andthe limitations on the force mix (the only allocatedaircraftthatcan
performtherequiredoperationsareU-2s). This specialrequirements identi ed very earlyin
the planningprocesswhich allows the planningstaf to provide early noticeto the logistics
plannerghatthey will needto take careof this. By doinga proactve forward analysismore
time is availablefor affectedcomponenplannersto reactto needsformulatedby the overall
Air CampaigrPlan.Sharinginformationearlyis akey bene t thatthe JFACC programbrings

to collaboratve planning.
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Figure3.19: Endof demo.
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