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Abstract

Our broad,overall goalis to enablecost-efective sharingof designknawledgebetweerknownledge-base@ngi-
neeringsoftwaresystemsTo achieve this, we have identifiedandexploredthreedifferentapproachefor knowledge
sharingwhich we presenin this paper:

(i) Sharingservicesvia point-to-pointtranslation
(i) Neutralinterchangdormats
(iii) Neutralauthoring

In all of theseapproachesthe issueof translationbetweenthe differentunderlyingontologiesplays a major role.
Thesethreeapproachesliffer significantlyalongseveraldimensionsijncluding their cost(bothimmediateandlong-
term), scale,usability andmaintainability In this paper we provide a descriptionand critical assessmerdf each,
basedon one or moreillustrationsthat usedeachapproach.We analyzetheir successeand limitations, and offer
somesubjectve adviceaboutthe circumstancesnderwhich eachapproachs appropriate.

1 Intr oduction

Thereare mary Knowledge-BasedEngineering(KBE) software systemsat Boeingwhich containimportantdesign
andengineeringknowledge.A few yearsago,we startedthe “Neutral Representationproject(Barley etal., 1997);its

goalwasto find waysto helppresere andreusetheknowledgethatis embeddedh this (KBE) software. Of particular
concernwasthe long term retentionof designknowledge,muchof which is not capturedat all. Of the knowledge
thatis captured,muchof it is tied up in vendorspecificformats, makingit inaccessibldo other applicationsthat
may requireit, andrequiringthatengineersetrainedin multiple vendorlanguagesThesefactorsalsocontributeto

difficultiesin maintenancelf the samecontentexistsin multiple applicationsthenthey mustall be synchronizeds
the knowledgeevolves. This is a maintenancéurden,andif not attendedo, differentknowledgebasedengineering
systemawhich shouldbe usingthe sameknowledgewill behae inconsistently

To addresshesechallengeswe have studiedvarious approachedy which knowledge sharingand reusecan be

achieved, and consideredsomeof the cost-benefitrade-ofs of each. In this paper we adopta broad meaningof

theterm: 'sharing’. We emphasizehat knowledgeassetsat Boeingmustbe fully exploited. This meansbeingused
by multiple personsacrosamultiple applicationsandin multiple contets. We purposelyignoredifferencesdetween
‘sharing’, ‘reuse’ and’exchange’eachof which sometimeshasa specifictechnicalmeaningt

In this paper we considerthreeapproachegor knowledgesharing. For each,we describethe approachijllustrate
it with one or more examplestaken both from within Boeing, andfrom the outside,both in researchandindustrial

1Distinctionsinclude whetherone or more applicationsuseknowledgeat differenttimes (reuse)versusmultiple applicationsusingthe same
knowledgeatthesametime (sharing).A furtherdistinctionis sometimesnadebetweerasinglerepositorybeingreferencedy multiple applications
(passby referencesharing)versusinformationbeingcopiedandpossiblytranslatedrom oneapplicationto another(exchangepassby value). In
this paper we usetheterm‘sharing’ to includeall of theabove approachefor exploiting knowledgeassets.



contets. We indicatewhatthe intendedbenefitsare,andsomeof the costtradeofs. Thethreeapproacheare:

Useof sharing sewicesvia point-to-point translation: In whichtwo or moresystemshareknowledgevia run-time
interactions.This approachs basedn a “community of experts”metaphorin which caseonesystenmwill call
onanotherto solve aproblem ratherthanrequesthe knowledgeto solveit itself.

Neutral interchangeformats: In whichknowledge,andmoregenerallyinformation,is exchangedetweersystems
via anintermediate;neutral” format. Theexchangednformationmaybebothitemsof staticdata,or “rules” of
somekind whoseprimary interpretatiorhasdynamicor behaioural properties.

Neutral authoring: In which a neutralintermediatdanguages usedfor authoring,ratherthan exchanging,design
knowledge.

By ‘neutral’, we specificallymeanwith respecto targetimplementations.This might meanneutralwith respecto
specificapplicationsor languagesisedby applications.In all of theseapproacheshe issueof translationbetween
the variousunderlyingontologiesandrepresentationplaysa major role. Thesethreeapproachesliffer significantly
alongsereraldimensionsincludingtheir cost(bothimmediateandlong-term),scale usability andmaintainability In
this paper we provide a descriptionandcritical assessmertdf each.We analyzetheir successeandlimitations,and
offer somesubjectve adviceaboutthe circumstancesnderwhich approachs or is not appropriate.

2 ThreeApproachesto KnowledgeSharing

2.1 CurrentPractice

At presentthe mostcommonapproachto information-sharings throughthe useof point-to-pointtranslatorscon-
verting betweendifferentformatsbasedon differentontologies. By “point-to-point”, we meanthatthereis a direct
translationfrom a sourceformat(pointa) to atargetformat(pointb). An alternateapproachthatis becomingncreas-
ingly common,is to achieve translationfrom sourceto target by going througha a neutralinterchangdormat. This
is sometimesgeferredto asa “hub-and-spok” model. This approactconsistsf translatingeachformatfirst into the
neutralformat,andthenfrom there,outto thetargetformat.

This latter approachis usedby the STEPfamily of standardqSteptoolsinc., 1998). STEPfocuseson exchange
and sharingof static models(e.qg., the geometricdescriptionof a particular physical part). While STEP provides
mechanism$or describingrulesandconstraintstheir useis limited to validationof the staticmodelsbeingexchanged
andshared FutureSTEPstandardplanto addresgenerakexchangeof designrulesandconstraints.

2.2 ThreeApproaches
In this paperwewill considerthreemodelsof knowledgesharing,describedelow, andillustratedin Figurel.

Shared Servicesvia Point-to-Point translation: This approachentailsone systemmakingits servicesavailableto
anothersystem. Translationis requiredbecauséahe conceptsandtermsusedby eachsystemaretypically not
thesame.lf applicationl requiresa serviceprovidedby application2, therequesftor information,expressedn
thetermsof applicationl mustbe convertedto termsthatapplication?2 understands-urther theresponsdrom
application2 mustbe corvertedbackinto termsthatapplicationl understands.

Note that, for this paper we aregroupingsharedserviceswith point-to-pointtranslationasa single approach.
The reasonfor this is historical- we performedan experimentwhich usedthis approach.However, thereare
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FIGURE 1: ThreeDifferentModelsof KnowledgeSharing.The shadedoxesdenotetranslatordetweerthe variousrepresentatiorenguages.

really two essentiallyorthogonalissues.Oneis how the informationis shared:the point-to-pointapproachjs
in contrastwith usinga neutralinterchangdormat. The otherissueis the natureof the information/knavledge
beingshared Herewe aretalking aboutsharingservicesasopposedo applicationdataor knowledgein general.
Any combinationis possible but we do notconsiderall of themexplicitly.

Useof a Neutral Inter changeFormat: Thisis the ‘hub andspoles’ modelfor sharinginformation. If applicationJ
requiresnformationthatapplicationK has thentheinformationmustbetranslatedrom formatK to theneutral
formatandthenfrom theneutralformatinto formatJ. Notethatthis approactcanbeusedfor sharingservicesor
for sharingapplicationdata.In this paperwe will concentratenainly onthelatter If N is greaterthanor equal
to four, thenthis approachrequiresfewer translatordo be built. It alsohasthe advantagethatthe applications
canbe maintainedmoreindependentlyThis is anotherin principle benefitof this approach How andwhether
thesebenefitscanbe achieredwill beaddressethroughouthis paper

Neutral Authoring: This approachis very similar to the previous one, in that a neutralformat is translatedinto
varioustargetapplicationformats.However, therole of the neutralformatdiffers— it is usedfor authoringrather
thaninterchange.This meanghata singleauthoringlanguagds used,ratherthanauthoringin multiple target
languageslt alsomeanghatonly one-way translationis required,.e., from the neutralformat, but notinto it.



3 Shared Servicesvia Point-to-Point Translation

In anidealworld, if onesystenrequiresknowledgewhich anothersystemcontainsthenit would be easyto call upon
thatknowledgeand make useof it asneededn a seamles$ashion. One obvious approachwould be for the target
systemto requestandimport the knowledgefrom the othersystem,andto processandmalke useof it locally (i.e., in
thetargetsystem).However, therearesubstantiabarriersto this approachFirst, if thedifferentsystemsausedifferent
underlyingrepresentatiofanguagesthe knowledgeneeddo be translatedsothatits dynamicbehavioural properties
arepresered. Secondevenif the languagesrethe same the knowledgein the differentsystemamay be basedon
differentdomainontologiesrequiringthatthe domaintermsalsobe translatediuring the knowledgetransfer

In sections4 and5, we will discusstwo modelsfor tackling theseproblems,Section4 discussinghe feasibility of
this kind of knowledge-sharindy usinga neutralinterchangeormat, and section5 by requiringthe knowledgebe
authoredn a singleneutrallanguage However, anevensimplerapproachwhich we discusshere,is to avoid sharing
the behaioural knowledgeentirely, andinsteadusea modelof delegationvia sharedservicedor problem-solvinglin
this approacha systemrequiringananswerto a particulardesignquestionwill notrequestindimportthe knowledge
to answetthatquestionput insteaddelegatethe problemto anothersystenmcapableof answeringt. This simplifiesthe
translationproblemsignificantly Only thequestionandanswersieedto betranslateetweerthe differentsystems,
notthewholeknowledgebase.This modelis basedn the metaphoiof acommunityof experts,collaboratingo solve
a problemtogethemwithout trying to teacheachothertheir respectie expertise.

3.1 lllustration

As partof thisresearchwe exploredthis approactto link togethertwo KBE systemsn Boeing,oneanexpertsystem
for (amongotherthings) materialselectioncalled ESDS(Dahl, 1993),andthe otherfor generatie design,basedon
theGenesisystem(Heisserma& Mattikalli, 1998).In this context, thegeneratie designsystemsometimesieedgo

know which materiala particulartubeshouldbe madeof, in orderto make routing decisions.To do this, it engagesn

arun-timedialoguewith the ESDSsystem,n which ESDSsendgquestionqeg. “which zoneis thetubein?”, “what

pressurewill it be?"),the designsystemanswersandeventuallyESDSsendsa materialrecommendation.

A barrierto ary attemptto shareknowledgeare differencesbetweenontologiesunderlyingdifferentsystems.The
difficulty in translations proportionako thedegreeof differentnessln this particularcasethetwo systemsbontologies
arevery similar, but thereareimportantdifferencesoo. For example,althoughboth have the sameconcept'system
catgyory’, andbothusethesameermfor this, theconceptuabreakdavn of the systeminto differentcateyoriesdiffers.
In addition, just becausdoth systemsusethe sameterm, this doesnot meanthat they referto the sameunderlying
concept. To find out whetherthey do or not requiresa careful analysisof the two applications,to seewhat the
fundamentatonceptareandwhattermsareusedto referto them.

Themaintaskrequiredo link thesewo systemss to translatehequestionandresponsefom thedifferentontologies
underlyingeach. To achieve this, we did threethings. First, we carefully analyzedeachsystemandidentified the
underlyingconceptsandtermsfor each(i.e., its underlyingontology). Dependingon how the systemwasengineered
anddevelopedthis ontologymayor maynotbeexplicit, beforetheanalysisstep.If it is explicit, it islikely to bein the
form of documentationpossiblyin anearly systemrequirementslocument.f it is, this makesthis stepmucheasier
Secondyve createda setof mappingrulesthatindicatehow atermin onesystemcanbemappedo atermin theother
one. This setof rulesspecifiegherequirementgor a mediator which is anexplicit pieceof software,separatdérom
bothsystemsCreatingthis mediatoris thethird step(seefigure 2).
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FIGURE 2: SharedServicesandPoint-to-PointTranslation

3.2 Scope,Costs,and Benefitsof the Approach

Therearesereralimportantlessonsvhich canbedravn from our experiencen this pieceof work. Most significantly
this approachhasa high degreeof practicality: It canbe madeto work, andat leastin the short-termis a relatively
low cost,practicalapproachWe successfullyeusedknowledgethatwasalreadyin anothersystem(ESDS),without
having to re-implementt from scratch andthe softwarewassuccessfullybuilt into a productionsystem.

However, thereare also significantcaveatsto this style of knowledgesharing. First, thereis a significantchallenge
for maintainingsucha knowledgesharinglink, asthe systemamustbe maintainedn lock-step. For example,if the
ESDSknowledgebasechangese.qg.,if termsbecomeusedin a differentway, or if new termsareintroducedthenthe
mediatormustbe updated Worseyet, inconsistenciemay go unnoticeduntil they have impactedcritical applications
or data. Second,direct run-time sharingincreasesan applications dependencen network services,which could
impactperformancendreliability.

Finally, therewasa significanteffort requiredto build thetranslatorandin somecasegherewasinsuffiicientinforma-
tion to unambiguouslyletermineatermfrom onesystenmappedo thatof another(eg. how do air-pressureateyories
“low” and“high” from onesystemmapinto cateyories‘low”, “medium”, and“high” in the other?).In this situation,
modificationshadto be madeto one of the systemgo requestthe missinginformationfrom the user This is only
possibleif oneor both systemsawvereinternally developed. Systemdrom outsidevendors,or from otherpartsin the
organizationcannotbe changedThis is a potentiallyseriousbarrierto sharingknowledgein this way.

The PunchLine

Question: Is SharingServicesvia Point-to-PoinfTranslationan effective way to shareknowledgeassets?



Answer: Thisapproachs feasible but therearesubstantialimitations.

4 Neutral Inter changeFormat

In the previous section,we considereknowledgesharingvia point-to-pointtranslationbetweerntwo systems.How-

ever, if this approachwereextendedto involve mary systemsit maybe moreappropriatdo translatevia a “neutral”,

intermediataepresentatiolanguage In the strongestaseof this, we would lik e to transfernot just applicationdata
but designruleswith behaioural propertiesalsoin this fashion.This modelof knowledgesharingwasthebasisof the
DARPA knowledge-sharingffort (Nechesetal., 1991),usingKIF astheneutralinterchangdéanguaggGenesereti8&

Fikes,1992).We discusshis neutralinterchangenodelof knowledgesharingin this section.

Theneutralinterchangeapproactrequires:

1. thedesignof a sufficiently expressve neutralinterchangdormat

2. theconstructiorof two-way translatordetweerthe neutralformatandeachtargetapplicationformat

Notethat,in this approachthe knowledgeto be sharechetweenvarioussystemss authoredn the original systems,
notin the neutralformat(we will considerauthoringdirectly in the neutralformatin section5).

Differentstrategyiesexist for designingthe neutralformat. Oneis to make it very expressve, so that nothingis lost
in the translationfrom the target applicationsto the neutralformat (ie. its expressienesoversthe expressveness
of all theindividual targetlanguages) At the otherextreme,the expressve power of the neutralformatcould bethe
lowestcommondenominataror theintersectiorof the expressve power of all thetargetapplications.This makesthe
creationof thetranslatorsasier but hasthe disadwantageof requiringthatengineersauthorwith translationin mind,
only usingthatrestrictedsubsebf their homeformatswhich they know is translatabléWe referto this as“translator
bias”in theauthoring).In practice someintermediarypositionis typically choserbetweerthesetwo extremes.

This modelof knowledgesharingaimsto allow all applicationsto useinformationfrom all otherapplicationswith

several potentialbenefits.First, thereis no needfor applicationbuildersto learna new languageor authoring,since
theauthoringtakesplacein theoriginal applicationformats.Secondthedifferentsystemsanbemaintainedndepen-
dently: atleastin theory the only thing requiringchangingshouldthe applicationlanguagebe modifiedwould be the
translatorgo/from one's own formatto the neutralformat. Finally, therearepotentialsazingsto be gainedby building

fewer translators.One needsto build O(n) translatorsinsteadof O(n?) which would be requiredif point-to-point
translatoraverebuilt for every pair of applications We stresghatthesearepotentialbenefitswhich may or may not
be possibleor practicalto realize. We discussthe actuality of thesebenefitslater. At this point, we examinethree
examplesof usingthe neutralinterchangdormatapproachandcompareandcontrasthem.

4.1 [lllustration 1: PIF/PSL for ProcesdModels

The Procesdnterchangd~ormat(PIF) (Lee et al., 1998)is a neutralinterchangdormatfor applicationswvhich build
and useprocesanodels,designedso that eachapplicationcan accessmodelsbuilt usingthe otherapplications. A
smallteamworking parttime over the courseof a few yearsdevelopedPIF, fundedin partby DARPA. The Process
SpecificationLanguages a similar effort (NIST, 1999),which startedindependentlyandwasfundedby NIST. PIF
andPSL arein the procesf beingmemged,sowe will treatthemhereasif this processverecompleteandthey area
singlelanguageln this modelof knowledgesharing a processnodelresidenin oneapplicationwill first betranslated
into PIF/PSL,andthentranslateca secondime out of PIF/PSLinto anothettargetformat.

This effort distinguishestself amongmostby usingarigorouslogical formalismfor definingandrepresentinghecore
conceptsequiredto represenprocessesPIF/PSLconstitutesa procesontology It usesthe syntaxof the Knowledge



Interchangd~ormat(KIF) which givesthe full power of first-orderlogic, andhasa formal semanticsThevocalulary

of PIF/PSL consistsof termssuchas ‘activity’, ‘time-point’, ‘before’ which are usedto represenprocesses.The

semanticof thetermsis givenasa setof axioms,which reduceshe possibility of ambiguityby ruling out incorrect
interpretation®f thetermsandrelationshipsThis formal definitionof PIF/PSLsenesasarequirementspecification
for thetranslators.Currentlytherearetranslatordor IDEF3 andfor ILOG. Thetranslatorsdeingbuilt areimperfect,

insofarasthey haveto dealwith inherentdifferencesn expressie power of thetargetlanguagesaswell asmismatches
in the particularconceptghatareused.

Thiswork is in theresearclprototypestage andis ongoing.PIF/PSLhassuccessfullpeenusedto allow the IDEF3-

basedProCAPprocess-modelintpol to successfullyexchangeprocessnformationwith the C++-basedLOG Sched-
uler, anda secondpilot implementatiorhasbegunthatwill involve the exchangeof processnformationbetweerthe

MetCAPPproceslanningapplicationandtheQuestsimulationapplicationvia PSL.Thisis expectedo becompleted
by theendof Septembe 999. The authorshave alsocreatednappingdrom the PSLsemanticconceptdo EXPRESS
andXML?2.

4.2 lllustration 2: STEP

Anotherexample of the neutralinterchanggormat approachbeing usedis in the STEP standardgor representing
productdata (Steptoolsinc., 1998). The basicapproachis similar to PIF/PSL, however there are also important
differencesUsersbegin by usingthelanguageEXPRESSto definea schemaThis schemalefinesthe ontologyfor
thedatabeingexchangedTranslatordor eachapplicationthenreadandwrite informationaccordingto this ontology
andexpressedisinga pre-definedile syntax(the“Part 21" file format).

Commercialsoftware now exists for automaticallygeneratingthe API for readingand writing from/to the neutral
format. This is a significantbenefit,but is a relatively small partof the translationtask. Therealwork of translationis
in decidingwhatcallsto the API arerequiredto translatea givendataitem storedin theinternaldatastructuresof an
application.Thisremainsa challengingmanualeffort. Thereareexamplesof STEPbeingusedat Boeing.

4.3 |lllustration 3: KIF

More ambitiously the Al communityhassoughtto exchangenot just applicationdatabetweensystemshput alsoin-
formationwhoseprimaryinterpretatiorhasdynamic,behaioural propertiesje. which canbe “executed”to perform
somecomputation. For example,exchangingknowledgebasesauthoredin differentknowledgerepresentatiotan-
guagesrequiresthat inferencebehaiour be presered. The languageKIF wastargetedas the neutralinterchange
format while the languageOntolinguawas usedto expressthe ontology usedin the interchangdie. whatthe non-
logical symbolsshouldbe). Translatiorremainsa difficult problemin thegenerakase(seediscussiorbelow in § 5.2).

4.4 Scope,Costs,and Benefitsof the Approach

ThesethreeexamplesPIF/PSL,STER andKIF, all usethe neutralinterchangdormatapproachyetdiffer significantly
in their maturity anddegreeof success.t is interestingto discussthe reasondor this contrast,andthe dimensions
alongwhichthethreedifferentillustrationsdiffer.

First, someof the apparensuccessn the STEPcommunitymay be dueto sheerdifferencedn the amountof effort
applied. EachvendorsupportingSTEPformatsdevotesa significantamountof effort to obtaincompliance.Further

2Thesewill shortly be available at http://wwwsteptools.com/projectssl/ and http://wwwnist.gav/psl/xml. For further information, visit the
PSLwebsite (NIST, 1999)



more,theeffort is spreadover eachof the vendors amountingto mary hundredsf person-yearsf effort, oneor two
ordersof magnitudemorethandevotedto the PIF/PSLandKIF efforts.

Second,and perhapsmore significantly is the natureof the knowledgebeing shared. STEPis currently focussed
on sharingapplicationdata,correspondindo groundassertionsn a logical formalism. For example, STEPcanbe

usedto exchangethe geometryof a particularinstanceof a pressuregube madeof titanium, but not to exchangea

generakule suchas: “all pressurgubesaremadeof titanium”. KIF, in contrastjs designedo be a highly expressie

interchangdormat capableof expressingfull first-orderlogic expressionswith PIF/PSLbeing someavhat between
thesetwo extremes. Thereis a generalirade-of here,that more expressie the databeinginterchangeds, the more
difficult it will beto createtranslatorsihis turnedout to be a major challengefor the KIF projects. In addition,in

the KIF experiments differenttarget languagegypically only supporta subsetof first-orderlogic, and that subset
is differentfor eachtarget. As a result,knowledgeauthorsneedto be carefulto eitheruseonly the commonsubset
betweerall targetlanguagegor thereto beary hopeof feasibletranslation.

The potentialbenefitof requiring fewer translatoramay be more than offset by the expenseof building the neutral
format,especiallywhereN is not very large. Experienceshows thatthis is very time-consumingandthereforecostly.
If this costis born by public funding, or is sharedamongmajorindustrialor academiaconsortiathenthereis more
hopefor the costbeingamortizedn time amongmary users.

Thereis anotherpotentialbenefitof the neutralinterchangdormat approach:simplifying the maintenanceroblem,

whennew formatscomeon line, or if existing oneschange In principle,oneneedonly be concernedvith translators
to andfrom the interchangegormat and one's own application. If a new applicationcomeson line, thenoncethe

translatorsare in placefor the new application,then,ideally, no more work needsto be doneby arny of the other

applicationdevelopers/maintainerd.his maybetrue aslong asthe interchangdormatremainsstable but substantial
changesn tarmgetformats,mayrequiretheinterchangdormatitself to be updatedwhich undermineghis benefit.

Anothertradeof of this approachs thattheremay be morelostin two translationghanin a single translationper
formedby a purpose-hilt point-to-pointtranslator

In light of theseconsiderationsn termsof gettingthe job doneon time andwithin budget,point-to-pointtranslators
may sometimede preferred.

The PunchLine

Question: Are Neutrallnterchangd-ormatsan effective way to shareknowledgeassets?

Answer: Yes,for applicationdata,althoughtherearelimitations.

Not yet for sharinginformationwhoseprimary interpretationhasdynamicbehaioural properties.In general,
building translatorsn this casejt beyondthe stateof theart. However, this is a subjectof active research.

5 Neutral Authoring

We now turn our attentionto the useof Neutral Authoring asa way to shareknowledgeassetqseefigure 3). This
approachs similar to neutralinterchanggormat approachhowever, in this approachknowledgeis authoredn the
neutral format, and translationis only requiredone way, from the neutralformat into target formats. Nothing is
translatednto the neutralformat.

In both casesthereis the time-consumingask of designingthe neutralformat. However, becausat is to be used
differently, there may be differentdesignconsiderations.While it might possiblein principle to use PIF/PSL for
authoringprocesamodels,it wasnot intendedfor that. Oneissueis readability in thata formatthatis usedonly for
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This approad entails designinga suficiently expressiveneutral format and building one-way translatos from this format. The
neutral formatis usedfor authoring notfor interchange.

FIGURE 3: NeutralAuthoringModeling

interchangaeednotalsobe humanreadable Also, becaus®nly oneway translations neededtheremaybestronger
argumentdor designinghelanguageo bethelowestcommondenominatoin expressve powver. We will discusgwo
differentcaseswvhereneutralauthoringwasusedduringresearchereat Boeing.

There are several potential benefitsof the neutralauthoringapproach. First, by authoringin a single format and
translatinginto multiple targetlanguageswe reducedependencen particularvendorformats. In addition,we need
only maintainone versionof the knowledge. Together thesecontribute to a potentially cheapermand more effective
retentionof importantknowledgeassets.

5.1 lllustration: The Specwake Experiments

To explore this approachin detail, we performeda seriesof experimentsusinga tool called Specvare (Jullig et al.,
1995). Specvareis atool for the specificatiorandformal developmenif software,in which softwareis first specified
using a high-level specificationlanguage(called SLANG), and thenthesespecificationsare interactively translated
to executablecode(in eitherLisp or C++) via a formal procesof refinement.In our context, SLANG providesthe
syntaxfor a neutralauthoringlanguageandits specificatiorrefinementcapabilitiesprovidesinteractive supportfor
translationto thetwo tarmgetlanguagesvhichit supports.

In thefirst experimentwe startedwith asmall,existing pieceof engineeringoftwareencodedn ICAD, aknowledge-
basedengineerindanguage Thiswasreverse-engineeredndre-expressedn a“neutral” representatiorysingSlang,
the languageof Specvare (Williamson et al., 1997). This includedfactoringthe knowledgein the original software

into modularSLANG “components”representingheoriesor engineeringonceptsuchasmaterials simplephysics,
real numbers,and geometry The SLANG componentsvere then combinedto producea neutralstatemenbf the

problemfor which softwareis requiredto solve. Finally, Specvarewasusedto refinethatspecificatiorinto executable
Lisp code,andthecodeincorporatednto alargerICAD applicationperformingdesignof a simplepart.

In the secondexperimentwe exploredthefeasibility of importinganexisting theoryfrom outsideBoeing,ratherthan
creatingall thetheoriesfrom scratchto asses$iow cost-efective suchreusemight be. In this experiment thetheory



we importedwasthe EngineeringMath ontologyin the Ontolinguaknowledgerepository(Gruber 1993),containing
knowledgeaboutunits of measuremenand units cornversions. The original theory was expressedn the language
OntolinguaratherthanSLANG (ie. in adifferentspecificationanguage)andsoa (manual)translationof knowledge
at the specificationlevel hadto first be made. This in itself turnedout to be challenging,althoughfeasible,andour
overallconclusiorwasthattherewasa netbenefitin this processomparedvith startingfrom scratch((Uscholdetal.,
1998)).Finally, theEngineeringViath theorycouldbecombinedwith the otherexisting theoriesn SLANG to produce
anenhancedpecificatiorof thetargetknowledge.

Given the technicalcomplexity of authoringin a specificationlanguage basedon logic and cateyory theory and
controlling the refinementprocessjt seemedunlikely that a wide-scaleuseof this approachor engineeringdesign
would befeasiblein thenearfuture. As aresult,we conductedathird experimentexploring the possibility of creating
a hybrid engineeringdesignervironment. In this ervironment, a library of basicgeometriccomponentsavould be

authoredn aneutrallanguagd SLANG), andthencorvertedto softwarein differentstandardKBE languages;apable
of executingandcreatingthe geometricdatawhich the componentslescribed.Then,designof specificpartswould

continuein the native KBE languageshut usingthis sharedibrary, derivedfrom the neutralrepresentation.

The resultsof this third experimentwereasfollows. We demonstratethat this approachwasfeasiblefor somevery

simple parts(which includedsimple attributesand subparts) and developeda neutrallanguagefor describingthem.

We were ableto translatetheminto two KBE languagegICAD and AML 3), and successfullyjoadedand executed
themin the target software systems.However, this initial successvaslimited to usingfeatureshatwereessentially
the samein bothlanguagesThe translationwasrelatively straightforward, andthe differencebetweerthe AML and

ICAD versionsof the partswaslimited to minor syntacticdifferencesn thelanguagesWhenwe attemptedo include

additionalfeatureqeg. referencechainsandpositioning),importantdifferencesrosan theway they werehandledby

thetwo targetlanguagesTo malke translationof suchfeaturedeasible generattheoriesdescribingthemwould have

beenrequired.lt wasnt clearhow thesegeneratheorieswould applyin otherenvironmentsandlanguages.

5.2 lllustration: Ontolingua

Ontolingua,wasdesignedasa neutralformatfor authoringontologies.Therearea suiteof translatoravhich corvert
theontologiednto thedesiredanguagde.g. Prolog,Loom, Clips andmary others).Fromtheearlyliteratureonusing
ontologiesandtranslationfor knowledgesharingandreuse(eg. (Cutkosky et al., 1993; McGuire et al., 1993)), it
waspossibleto gettheideathatrobusttranslatorsexistedthat couldaccurateltranslateknowledgebasego andfrom
Ontolingua. However, therearefew if any publishedreportsdescribingmajor applicationsor researchexperiments
whereusingtheseranslatorprovidedsubstantiabenefits.In fact,thesetranslatoraverequitelimited, mainly beinga
syntacticrewrite rules,andthewidespreadiseof knowledgesharingvia fully automatidranslatiorto/fromOntolingua
still remainsalong-termgoalto beachieved(see(Valenteetal., 1999;Grosscetal., 1998;Uscholdetal., 1998)for in
depthdiscussion®f someof theseissuesIn the shortterm, thesetools may be helpfulin kick-startingthe translation
process-i.e. thetranslatorgprovide afirst cut, which is thentakenasa startingpoint for producingatranslation.

5.3 Scope,Costs,and Benefitsof the Approach

As with the otherapproachedranslationis a key to this approachandsimilar difficulties arose. Translationis hard
to doin general but within certainlimited domainsandcircumstancedyanslationcanbe accomplishedDifferences
betweerthe expressie capabilitiesof differenttargetlanguagesmeanshatavoiding “translatorbias” remainsa sig-
nificantchallenge.This wasdiscussedn the context of the neutralinterchangdormatapproachijt alsoariseswhen
doing pointto point translation.This issuemanifeststself slightly differently; in this approachsincewe arenow au-
thoringin asinglelanguageln particular it impactson the designof the neutralformat. To eliminatetranslatotias,

SAML: Adaptive ModelingLanguage
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onecanadopta neutralauthoringformat thatis the leastcommondenominatoiof expressve power of the intended
targetlanguageslf theformatis moreexpressive, andthenauthorswill have to be carefulaboutwhich featureghey

use knowing thatthey will notall betranslatedequallywell into thedifferenttargetlanguagesThiswill requireusing
asubsedf theauthoringlanguageto ensurethattherequiredtranslations carriedout effectively. Notethat,thisissue
of translatorbiasseemso be unavoidable. Furthermorejt undermineghe whole point of having andusingneutral
formats,bothfor authoringandfor interchange.

The PunchLine

Question: Is NeutralAuthoringaneffective way to shareknowledgeassets?

Answer: It depends.

Not yet in general,dueto translationdifficulties. In addition, the costof designingthe neutrallanguages a
significantobstacle. Thereare no widely acceptedgeneralprinciplesfor developing neutrallanguagese.g.
wherethe bestplaceis alongthe expressve power continuum givenassetof targetlanguages.

Yes,in limited circumstanceghe neutralauthoringapproactcanbe cost-efective: First, if thetargetlanguage
canbe tightly restricted,thenthis approachcanbe feasible. In our case,Specvare outputscodeinto highly

restricted(applicative) subsetsof C++ andLisp. If theseare adequatdor expressingthe designknowledge,
thenthis approachmay be suitable. Second,if trace-abilityand/orverifiability are very important,thenthe

guaranteesfferedby automaticrefinementools suchas Specvareoffersimportantadvantagesandmay make

thisapproactcosteffective. Finally, trainedauthorsmustbe availableto usethe neutralauthoringformat, or the

costof trainingthemmustbe limited.

TheOntolinguatranslatorsionotappeato bein widespreadise.We believe thisis becaus¢hegenerabroblem
of translatingarbitraryknowledgein anontologyis beyondthe stateof theart. However, In theshortterm,these
translatorgnay be helpfulin kick-startingthetranslationprocess.

However, the existenceof Ontolinguaandthe ontologylibrary is still of greatvalue. It is far easierto startwith
anexisting ontologythanto build onefrom scratchgvenif thereareno automatidranslators.

6 Summary and Conclusions

Our goal in this paperis to explore differentways of achieving knowledgesharingin a cost-efective manney and
assessheir benefitsandtradeofs. We identifiedanddescribedhreedifferentapproachefor knowledge-sharing:

(i) Sharingservicesvia point-to-pointtranslation
(i) Neutralinterchangdormats

(iif) Neutralauthoringof designknowledge

Sharedservicesseemsanimmediatelyfeasibleapproactto knowledgesharing,but with somesubstantiahndfunda-
mentallimitations asdescribeckarlier Neutralinterchangdormatscanbe feasible,but it dependson the natureof
information beingexchanged.If the exchangednformationis applicationdata, without behaioural properties(ie.
is not to be “executed”in a target ervironment),then neutralinterchangeformatscan be a cost-efective approach
asthe currentresultswith STEPsuggest.However, this approachs currentlynot yet matureenoughfor exchanging
datawith behaioural propertiesandbuilding fully automatidranslatorsn the generalkaseis beyondthe stateof the
art. Finally, neutralauthoringsimilarly suffers from the difficulties of translationandthe costof languagedesign.In
generalt is notyetaviableoption,but therearespecialcasesvhereit canbefeasible e.g.whenthetargetlanguages
aresuitablyconstrained.
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An Alter native to Translation

In all of theseapproachegheissueof translatiorbetweerthevariousunderlyingontologiesin thedifferentlanguages
is amajorissue,andthe greaterthe gapbetweerthe tagetlanguagesthe moredifficult thetask. Thisis truewhether
the translationsare point-to-point,or via a neutralformat. However, thereis an alternatve approachnot relianton
translation.lt is to agreeon a commonlanguagestandard.The underlyingontology of this languagewvould be some
blendof the ontologiesof the existing languagesThis ontology andthe procesf creatingit would likely be similar
to the effort andresultsof creatinga neutralinterchangdormat.

A goodexampleof thisapproachs theevolution of athelanguagéVHDL (VHDL International 1999))for specifying
electroniccircuit design. Therewere several competinglanguagedor which translatorswere requiredto achieve
sharingand/orinter-operation. A commonlanguagealleviatesthe needfor translation. However, thereis a cost,
namely thatcertainlanguagdeaturesareno longersupportedA relatedtradeof is thatthis may stifle creatvity.

Let usseehow this mayapplyin the caseof multiple KBE languagedor creatingpartdesigns.If designsneedto be
sharedthentranslatoranustbe developedbetweernthe differentrepresentationsTranslatorscan be very expensve

to produce andoftenthey leave muchto be desired- i.e. not everythingcanbe faithfully translated.An alternatve

which may be cheaperandmoreeffective in the long run might be to avoid translationaltogetherandto have all the
major playersagreeon a standardKBE languageg(e.g. Boeing, Ford Motors, etc) analogoudo VHDL. Today KBE

vendorscompeteon variousfeaturesn thelanguageandtools, to distinguishtheir products.In the nev marketplace,
they would insteadcompeteon the quality of the compilersandthe ervironments.This is somavhatanalogougo the
experiencewith theintroductionof CommonLisp.

Notethatthis is actuallythe neutralauthoringapproachin disguise.Thereis a singlelanguageandit is ‘translated’
(i.e., compiled)into the native datastructuresof competingvendorsystems.This shifts the burdenof translationto
thevendorshut it doesnot disappeacompletely But, becausesuchcompilationis betterunderstoodhantranslation
betweerhigh level languagessomeof the problemsareminimized.

Thereis aninherentiradeof betweerthe needfor differentexpressie capabilitiedfor differentpurposesandtheneed
to shareinformationbetweensystems.If sharingstartsto becomemoreimportant,thensomesacrificesneedto be
madein expressve power. If we buy into any approachbasedon translationthenthis tradeof is manifestby usinga
restrictedsubsebf alanguagesothatit will translatevell into intendedargetformats.Thisis functionallyequialent
to alossof languagdeatureswhichis exactlywhathappensf astandardanguages adopted.Thereis nofreelunch.
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