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Abstract

Despitesomesuccesseshe lack of tools to allow subject
matterexpertsto directly enter query anddehug formal do-
main knowledgein a knowledge-basestill remainsa major
obstacleto their deployment. Our goal is to createsuch
tools, so that a trainedknowledgeengineeris no longerre-
quiredto mediatethe interaction. This paperpresentsour
work on the knowledgeentry part of this overall knowledge
capturetask, which is basedon several claims: that users
can constructrepresentationby connectingpre-fabricated,
representationatomponentsyatherthan writing low-level
axioms;thatthesecomponentganbe presentedo usersas
graphs;andthe usercanthenperformcompositionthrough
graphmanipulationoperations. To operationalizethis, we
have developeda novel techniqueof graphicaldialog using
examplesof the componentonceptsfollowed by an auto-
matedprocesdor generalizingheusersgraphically-entered
assertionsnto axioms. We presenttheseclaims, our ap-
proach,the system(called SHAKEN) that we are develop-
ing, andanevaluationof our progresdasedn having users
encodeknowledgeusingthe system.
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INTRODUCTION
Despitesomesuccesseshe lack of tools to allow subject
matterexpertsto directly enter query anddelug formal do-
main knowledgein a knowledge-bas€KB) still remainsa
major obstacleto their deployment. Our goal is to create
suchtools,sothatatrainedknowledgeengineeiis nolonger
requiredto mediatethe interaction. This paperpresentsour
work on the knowledgeentry part of this overall knowledge
capturetask. In particular we presenta novel technique
of graphicaldialog using examplesof componentconcepts,
andan evaluationof this technique.The particularapplica-
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tion domainwe are working with is cell biology (although
our techniguesare not specificto this domain),and our fo-
cus hasbeenon capturingdomainknowledge, as opposed
to problem-solvingknowledge (the “what” ratherthan the
“how to” knowledge). This work is beingconductedaspart
of DARPA's RapidKnowledgeFormation(RKF) project[8].

CONTEXT, GOALS, AND CLAIMS

Context of the Work

Component-baseatpproachefor knowledgecapturearecur-
rently popular and so we first describewhereour work fits
in this context. It is usefulto view expertiseas compris-
ing problem-solvindknowledge(“how” knowledge)anddo-
mainknowledge(“what” knowledge).Perhapshe mostsuc-
cessfulcomponent-base#nowledgecapturework hasbeen
with problem-solvingknowledge,wherereusableproblem-
solving methodg(PSMs)canbe assembledo producetask-
specificproblem-solers,e.g.,[4, 18]. Moreover, PSMscan
also be usedto guide acquisitionof domainfacts, asthey
“expect” certaintypesof knowledgein orderto operateg.g.,
the Expectsystem[2], Protege-dervedtools[13].

Lesswork hasbeendevotedto captureof domainknowledge,
andit is captureof thiskind of knowledgethatis the primary
focusof ourwork. Existingtools have focussednly on en-
try of taxonomic(“isa”) knowledgeanddatabase-styl&acts,
e.g.,WebOnto[9], or have beentargetedfor useby knowl-
edgeengineergatherthan subjectmatterexperts,requiring
logical axiomsto be directly enteredge.g.,Ontolingua[10],
GKB [15], andthe HITS KnowledgeEditor [17]. Our goal
is to allow usersto encodethesemore comple, declaratve
axioms,describingbothstaticobjectsanddynamicprocesses
in theworld, without requiringexpertisein logic or Al. Our
approachs analagougo work on PSMs: We similarly as-
sumea library of componentgbut aboutobjectsand pro-
cessef theworld, ratherthanaboutproblem-solvingstrate-
gies); and componentssimilarly provide “expectations”to
guidethe user(but abouthow domainknowledgeshouldbe
represented)Theresultof the knowledgecaptureprocesss
a new setof axiomsabouta domain-specifiobjector pro-
cesswhich canthenbe usedfor question-answering.

Concerninguruseof graphdor interactingwith usersgraph-



ical notationshave frequentlybeenfound to be intuitive to
usesse.g.,in “conceptmaps; aninformalgraphicalnotation
developedfor educationakettingsandusedin toolssuchas
WebMap[12] andby Univ. WestFlorida[3]. Similarly they
have sometimedeenfoundintuitiveto knowledgeengineers
themseles,e.g.,[16, 11]. Ourgoalis to exploit thisintuitive-
nessfor working with a pre-huilt library of representational
components.

Claims

A centralclaim of our approachis that userscan construct
axiomaticrepresentationBy connectingpre-fabricatedrep-
resentationatomponentsratherthanwriting low-level ax-
ioms directly. By componentwe meana coherentset of
axiomswhich describesomeabstraciphenomenoite.g. the
conceptof “invade”), andwhich are presentedo the users
asa singlerepresentationalnit. By composition,we mean
the connectionof suchcomponentgogether and the com-
putationof additionalimplicationsof the compositeset of
axioms. Componentare intendedto encodefairly abstract
phenomenasuchasknowledgeaboutthe conceptsinvade’,
“break! “containef’ and“control systent. Ourgoalis thus
to recastthe knowledgecaptureprocessasone of instantia-
tion andassemblyratherthanof axiomwriting.

A secondyelatedclaim of our work is thatcomponentgan

bepresentedo usersasgraphsandtheusercanthenperform

compositionthrough graphmanipulationoperations. As a

result,detailsof the underlyinglogic arehiddenfrom users.
Two implementatiorchallengedor this arefirst expressing
componentasgraphsandsecondranslatingheusersgraph
manipulationoperationsbackinto logic, sothatasthe user
manipulategraphsthesystenrecordghelogicalequialent
of thoseoperationsOur novel solutionto this challengés to

have thedialogwith theusersbein termsof examplesf their

conceptf interest,coupledwith a procesdor generalizing
theusers graphically-enteredssertions.

Thesetwo claimsarerelated. In particular the claim that

knowledgecapturecanbe treatedprimarily asan assembly
processsuggestghat just a small numberof axiom types
(for statingconnectionsandinstantiationsof existing com-

ponents)will be sufiicient to allow the usersto build ade-
guaterepresentationsAlthough ary full axiomatizationof

the users conceptof interestmay requirecomplex axioms
aboutspace time, actions,movement,etc., thesewill have

beenpre-tuilt in the KB, andthe users job is thus simpli-

fiedto describingdomain-specificonceptaisingthem. This

providesa basisfor the designof the graphicalinterface,as
it only needsto supportentry of this restrictedsetof axiom

types,ratherthanthe full rangeof possiblefirst-orderlogic

expressionsTo the extentthattheseclaimshold, a parsimo-
nioustool for knowledgecapturecanbe constructedandto

the extentthatthey do not, specialadd-onswill be neededo

accomodat¢heusers needs.

TECHNICAL APPROACH

Theusers goalis to create/g&tendarepresentatioof a con-
cept,i.e.,encodeaxiomsdescribingthe propertiesstructure,
andbehaior of somedomain-specifiobjector processThe
usersactiitiesareto: (1) Identify relevantcomponentérom

the pretuilt KB; (2) connectandextendthemto build a nen

representation(3) save theresult;and(4) testandaskques-
tions aboutthe new concept. The focus of this paperis on

step2 above, the constructiorof new representations.

Components

A componentis a small setof first-orderlogic (FOL) ax-

ioms abouta particularconcept,gatherednto a singledata

structureencodingacoherentlescriptiorof thatconcep{s].

The useris providedwith a pre-huilt library of suchcompo-

nentsto work with. (Creatingthislibrary is a separatemajor

goalof our project[1]). For example,considera (muchsim-

plified) componentdescribingthe processof “Invasion”. It

mightincludeaxiomsstatingthat:

e Thedefendingobjecthassomebarrierto protectit

e During an invasion,the invaderpenetrateshat defensie
barrier, thenentersthroughit, thentakescontrol of the at-
tackedobject.

e Theinvadingagentis atangibleentity

e etc.

Statementsuchof theseare encodedn first-orderlogic in
the KB using (in our case)the frame-basedanguageKM
[6]. A simplified exampleof this notion of invadelooks (in
KM notation,with examplesof equivalentFOL notationas
footnotes}):

i [ 1] “The invadingagentis atangibleentity”

[ 2] “The subeentsof aninvasionareapenetrate,

anenter andatake control”
;i [ 3] “During the penetratetheinvaderpenetrates
thedefensie barrierof theattacled object’

i [ 4] “Thefirst subeventis a penetratevent”

i1 ete.

(I'nvade has (superclasses (Attack)))

(every I nvade has

(agent ((a Tangible-Entity))) i [1]
(object ((a Tangible-Entity with
(has-part ((a Barrier))))))
(subevent (
(a Penetrate with ;[ 2a]
(agent ((the agent of Self))) ;[ 3a]
(object ((the Barrier has-part of ;[3b]
(the object of Self))))
(next-event ((the Enter subevent
of Self))))
(a Enter with ;[ 2b]

(agent ((the agent of Self)))
(object ((the object of Self)))
(next -event (
(the TakeControl
(a TakeControl with

subevent of Self))))
;[ 2c]

LBriefly on KM’ s syntax:slots(lowercaseprebinary predicatesglasses
(mixed case)aresorts/types;every’ denotediniversalquantificationand
‘a’ denotesxistentialquantification.See[6] for furtherdetails.



(agent ((the agent of Self)))
(object ((the object of Self))))))
(first-subevent (
(the Penetrate subevent of Self)))) ;[4]
Or in standard=OL syntax:
[ 1] Viisa(i, Invade) —
y isa(y, Tangible- Entity) A agent(i,y)
[ 2a, 3] Viisa(i, Invade) —
(3p subevent (i, p) A isa(p, Penetrate) A
(VYa agent(i,a) — agent(p,a)) A
(Vo,b object(i, a) A has-part(o,b) A
isa(b, Barrier) — object(p, b)) )
etc.
Theseaxiomsprovide onefairly generalmodelof invasion
for theuserto startfrom, anduseconceptahichthemseles
alreadyhave rich semanticsn the KB. For example,axioms
aboutthe conceptof Ent er (not shawvn here)encodethat
if somethings enteredthenthe enteringobjectwill be spa-
tially insideafterwards thatthe pathof entrywill necessarily
crossthe boundaryof the enteredthing, etc. The KB uses
arich languagefor describingthe propertiesand effects of
actions,allowing questiongo be answeredhroughbothde-
ductive reasoningandrunningsimulations.

Displaying Axioms to the User

To presenthe axiomsabouta concept”' to theuser theraw
axiomsare not presentedlirectly. Rather the userseesan
examplel of thatconcept,i.e., a setof groundfactsabout
I, computedrom thoseaxioms.Groundfactsarebothcom-
prehensiblendgraphableandprovide aneasy-to-grasgal-
thoughapproximatesummaryof whatthe KB “hasto say”
abouta concept.The userthenbuilds new conceptdy inter-
actingwith this andotherexamples.

For instancesupposeghe useris wantingto build arepresen-
tation of how a virus invadesa cell. One startingpoint for
thisis thepre-huilt concepbf Invade, whichtheuserwould
locateby browsing the componentibrary. To thendisplay
theaxiomsfor invade,our systemSHAKEN then:

1. createsaninstancel of Invade (i.e., assertthe existence
of anindividual of type Invade), then

2. queriegheKB for valuesfor eachof I'sslots(i.e.,usesn-
ferenceto computeall groundfactsof theform slot (1, x)).
Existentiallyquantifiedvariablesare Skolemized.andthus
theresultof this is typically a setof ground,binary facts
betweerSkolemindividuals.An exampleis shavn shortly.

3. Recursvely appliesstep2 to eachsuchvaluez found,up
to a certaindepthlimit.

4. Presentthisdatabasef groundfactsto theuserasagraph,
whereeachSkoleminstancds anode,andeachbinaryre-
lation is anarc. Nodesarelabelledwith the mostspecific
class(esji.e., sort, type)thateachinstancebelongso.

Theboundarie®f this procedureandhencethe extentof the
resultinggraph,are setmanuallyby us, the knowledgeen-
gineers by pre-specifyingwvhich slotsshouldbe includedin
the graph,andthe depthof recursion. An autolayoutalgo-
rithm then determineghe spatiallayout of nodesandarcs.

The graphsare computeddynamicallyby this procedureat
run-time, and thus can automaticallyadaptas new axioms
are addedto the system. From here,the usercan modify
the initial presentatiorby moving, expanding,or contract-
ing nodesin the graph,hiding or exposingedgesandsaving
his/herrevisedpresentatiorso new usesof thatconceptwill
appeathe sameway.

Applying this procedureto our (simplified) Invade repre-
sentation SHAKEN would first generatea Skoleminstance
denotingan exampleof invade,e.g.,namedinvadel (terms
endingwith numbersdenoteSkolem constants)and hence
thesetof facts:

agent(Invadel,Tangible-Entity2)
object(Invadel,Tangible-Entity3)
has-part(Bngible-Entity3Barrier4)
first-subgent(Invadel Penetiate’s)
subezent(Invadel Penetiate’s)
agent(Renetate5, Tangible-Entity2)
object(Renetate5,Barrier4)
next-event(Renetate5,Enter6)
subezent(Irvadel Enter6)
agent(Enter6,Tangible-Entity2)
object(Enter6;Tangible-Entity3)
next-event(Enter6TakeContol7)
suberent(lnvadel,TakeContol7)
agent(TakeContol7, Tangible-Entity2)
object(BkeContol7, Tangible-Entity3)

Fromthis,agraphwouldbesynthesize@nddisplayedwhere
eachnodecorrespondso a Skoleminstanceandeacharc a
binaryrelation. Theresultinggraphmaylook, for example:

Penetratd——=] Enter]__ | TakeContro

event event

Entering Knowledge by Interacting with the Graph
Supposéhattheuserwishesto build arepresentationf how
avirusinvadesa cell. He/shewould first provide a namefor
thisnew concepie.g.,VirusInvasion), andthenlocateone
or morecomponenti theKB to startfrom. In thisexample,
the usermay selectthe Invade conceptshonn earlier As a
result, SHAKEN generatetheabove databaseandalsoadds
the assertiorthat the root instancedenotegan exampleof)
theusers new conceptj.e., asserts:

isa(Invadel, VirusInvasion)

As a result, the label on this root node appearsas “Virus-
Invasion’; and would appearas showvn in the top graphin
Figurel. Theentiregraphis treatedasa “representatie in-
stance’of theusers new concept.



To develop a modelof how (for example)a virus invadesa
cell usingthis and other componentsthe userneedsto en-
codefactssuchas:
A1l. theinvadingagentis avirus
A2. theinvadedobjectis acell
A3. thepenetratés by meansof endogtosis
A4. the agentin the endogtosisis the invadedobject(i.e.,
thecell)
Ab5. thereis alsoadelivery (of DNA) takingplace
A6. there are certain correspondenceletweenthe invade
andthedeliverye.g.,
A6.1 the invader(i.e., the virus) is the sameasthe
agentin thedelivery
A6.2 thethingdeliveredis the DNA of thatvirus.

Ratherthanwriting thesestatementi logic, theusermakes

themthroughthe graphicalinterfacevia graphmanipulation
operationsThisis possiblebecaus¢heseaxioms(specifying
thecomposition)aregenerallyall of asimpleform: thecom-

plex axiomsaboutvirus invadingacell, e.g.,how the spatial
relationshipsof the objectschangeduring the process.are

mainly applicationsof more generalaxiomswhich already
residein more generalcomponentsand thus have already
beenpre-encodedn the componentibrary. The users job

(andthusthe interface)is thus simplified to using just this

restrictedsubsebf axiomtypes. As statedearlier, thisis an

importantclaim of our work, namelythat by pre-encoding
componentswvell, a setof simple typesof connectionse-

tweenthemwill be adequatdor KB constructionby a user
whois notatrainedknowledgeengineer

SHAKEN currently supportsfour types of axiom-kuilding

graphoperationgplusothersfor controllinglayoutandnode
visibility). Eachgraphicaloperatiorcorrespondso asimple,
groundassertiorabouttheexamplehe/shas workingon,and
eachtime the userperformsan operation SHAKEN makes
the correspondindogical assertionn the KB. On comple-
tion, analgorithmgeneralizesheseassertionso hold for all

instancesof the conceptC the useris describing,and the
resultingaxiom setcaptureshe knowledgethe userhasen-
tered.If theuseris happy with his/herwork, theaxiomsetis
addedo the KB, andcanbefurtherrefinedlaterand/orused
itself asa componenfor definingnew concepts.

The four graphicaloperationsand their correspondingax-
iomsarelistedin Table 1 andillustratedin Figurel. They
areasfollows:

Specialize: Refinean object’s most specific class(es). In
Figurel, theuserhasclickedonthefirst Entity node
andthenselected”ell from a menu,to statethatthe
thingbeinginvadeds acell. Thisassertssa(Tangible-
Entity3,Cell)in the KB.

Add: Add a new participantto the representationin Fig-
urel, theuserhasselectedhe graphfor Virus. This
assertslz isa(x, Virus), whichis thenSkolemizedo
isa(Virus8, Virus) andassertedn theKB.

Unify: Statethattwo objectsarecoreferential.ln Figurel,

~—0bject
Viruslinvasion

suggvent

objec
| Penetratg——={ Enter]— > TakeControl
event event
;SPECI ALIZE
‘S
/ Coll > object
e
\ /] Virusinvasion |2
- Entity
@ objec Suévent agen
objec agent

Penetrat

[ Enter]—={ TakeControl
ext— next—
event event

;ADD

~£—QObject
Cell ! Viruslnvasion agent
has—p TN

suﬂevent agen

| Penetratq | Ente]—={ TakeControfl | contai
next— | Inext=1 ‘\l___l ;’5
event event
DNA
SNo //

Viruslnvasion

objec
| Penetratg——={ Enter]—>{ TakeControl
event event
; CONNECT
~£—0bject

Viruslnvasion

suﬂevent

Figure1l: Examplesof thefour axiom-asserting graphical
operationsthat the user can usein SHAKEN.



Operation Examples Graphical Action Graphical Result Logical Assertion |
specialize A1, A2 click nodel +selectclass I'slabelchangedo Class isa(I,Class)

add A3, A5 click button+ selectclass  graphfor classappears Je isa(e, Class)
unify A4, A6.1, A6.2 dragnodel ontonodel’ nodesfuse I=r

connect A3, A4 sketcharc R betweenl, I’ arcappears R(I,I')

Table 1: The four graphical operationsin SHAKEN, and their logical equivalent. The examples refer to the axioms

listed in the body of this paper.

the userhasstatedthat the invaderis the sameobject
asthe virus he/shejust introduced,by draggingone

on top of the other (which then fuse). This asserts

Tangible-Entity2=\fus8.

Connect: Asserta relation holds betweentwo nodes,by
sketchinganarc. In Figurel, the users actionresults
in agent(Enter6, Virus8) beingasserted.

Implications of the User’s Assertions

The users assertionanay have logical implicationsin the
KB, andhencemayimply changedo the graphthe useris
viewing. For example,if the userhastwo graphsfor two
distinctvirusesdisplayedsimilarto the Virus graphin Fig-
ure 1), andhe/shethenunifiesthe two viruses,this implies
(from constraintgn the KB) thatthe two DNA nodesmust
alsobe coreferentialandso shouldalsobe unified. To feed
thesechangedackto the user first these'knock on” effects
arecomputedn theKB, andthenthegraphgheuseris view-
ing arerecomputedandredisplayedpreservingas much of
theoriginal spatiallayoutaspossible).

ThusSHAKEN is not just a passie grapheditor, but is ac-
tively engagedn shawving the userconsequencesf his/her
assertionsvhen they affect the visible graphs. This is an
importantanddistinctive propertyof our interface,andnec-
essaryto keepthe graphsandthe KB synchronizedso that
thedialogremainscoherent.

Axiom Synthesis from Graph Operations
Throughthe abore means,the usercan only enterground

factsaboutthis particularexampleof his/hernew concept.

Thefinal stageof this knowledgeentry phasgbeforetesting
anddehugging)is the automaticgeneralizatiorof thoseas-

sertionsto hold for all instanceof the users new concept.

Thisgeneralizatioprocesss algorithmic(ratherthaninduc-
tive), whichwe now describe.

The axiomswhich the userhasgraphically enteredare all
relationshipseitherbetweenSkoleminstancesopr betweera
Skolem instanceanda class. For example,the userwould
enterthe earlierassertionA2 that “the invadedobjectis the
cell” by a ‘specialize’ graphicaloperationon the nodede-
noting the invadedobject,namelyTangible-Entity3 This is
illustratedin thefirst stepof Figure 1, andresultsin the cor
respondindogical assertiorbeingaddedo the KB:

isa(Tangible-Entity3, Cell)

To generalizahis to applyto all instancef the users nen
conceptVirusInvasion, thealgorithmbehaesasfollows:

1. First, the axiom is rephrasedo only mentionthe “root”
SkoleminstanceR, namelythe one denotingthe concept
the useris defining. In our examplehere,theroot Skolem
R is Invadel denotingthe users example of Virusinva-
sion Informally, this meansa statementik e

“Tangible-Entity3is aCell”

is rephraseds
“the objectof Invadelis aCell”

Note that the latter statemenbnly mentionsthe root in-
stancelnvadel. Thisis requiredfor step2.

Formally, eachSkoleminstancel in the groundassertion
is replacedwith a variablev, anda formula is addedas
an antecedentvhich uniquelyidentifiesv asthat Skolem
instancel, andno other In otherwords, this formulais a
descriptionof 7, statingthe uniqueway it is relatedto the
root R, i.e. is trueonly whenv = I. In SHAKEN, this
formulais apath(role chain)of relationshipgrom theroot
instanceR to I, foundby asimplegraphsearchprocedure
startingat R andlooking for path(s)to I. The resulting
formulahastheform:

p1(R, 1) Apa(21,22) A wee Apn(n-1,0)
andthustherephase@xiomhastheform:
Ve, .., v p1(R, 1) A co.pn(@n_1,v) — aziom(v)
In theabove example thegroundfact
isa(Tangible-Entity3, Cell)
would thusberephaseds
Vv object(Invadel,v) — isa(v, Cell)
If thereare multiple suchobjects,then additional predi-

catesareaddedo theformulauntil it only holdsfor I (here
Tangible-Entity3.

2. This axiomis thengeneralizedso thatit holdsfor all ex-
amplesof the conceptNewC beingdefined.This is done
by replacingthe rootinstanceR in the axiomwith a vari-
abler, andaddingan antecedenstatingthe axiom holds
for all caseswhenr is aninstanceof NewC, i.e., when
isa(r, NewC) is true. Thefinal axiomwill thushave the
form:



Vr isa(r, NewC) — formula(r)

where formula(r) is the axiom from step1 with R re-
placedby r. In theexample thefinal resultwould be:

;;; “The invadedobjectis thecell”
Vr isa(r, VirusInvasion) —

(Vv object(r,v) — isa(v, Cell))

It shouldbeclearthatthepurposeof stepl, rewriting in terms
of R, is to pavetheway for step2, whereR is replacecby a
universallyquantifiedvariable.

Onecomplicationmustbedealtwith for the*Add’ operation.
Whenthe useraddsa nev componento the screenthrough
the‘Add’ operationjt is initially disconnectedrom theroot
graphdescribingthe users new concept. This meansthat
thereis no pathconnectingherootinstanceR to instancesn

thatnew graph,andthusthereformulationin stepl will fail.

To handlethis, a (graphicallyinvisible) “participant”relation
is assertedo hold betweenR andthe new instancewhose
existencehasbeendeclaredstatingthat the new instances

a“participant”’in R. As aresult,the procedurdn stepl can
now find apathfrom R to thatinstanceandothersin its graph
by traversingthatparticipantrelation. For example,in graph
3 of Figurel, theuserhasaddedhegraphfor Virus, sothe
assertionis addedo the KB:

participant(Invadel, Virus8)

This allows pathsto instancesn the new graphto befound.

Axiom Synthesis with ‘Delete’ Operations

An undesirablecharacteristicof this axiom synthesisrou-
tineis thatit assumes monotonicallygrowing KB. As each
axiom includeslogical descriptionsof the objectsthe user
manipulatedgeneratedat a fixed momentin time, the user
cannotlater deletefactsaboutthoseobjectswithout risking
invalidatingthosedescriptionsandhencehis/herearliersyn-
thesizedaxioms. In the earlier example, if the userwere
to laterdeletetheassertiorobject(Invadel, @ngible-Entity3),
thenthe synthesizeéxiomshavn would no longerbevalid.

We have recentlyprototyped(but not deployed) an alterna-
tive, andvery different,axiom synthesigoutinewhich sup-
ports non-monotonicchange,thus providing the userwith
a much desired'Delete’ (of a nodeor arc) operation,and
whichwe briefly describehere. Ratherthancorvertingeach
useractioninto anaxiom,thisalternatve approactstoreshe
users final graphitself asa (large) “forall...exists..” axiom
statingthat“forall instance®f theconcepteingdefined all
the objectsandrelationshipsn the graphexist” This axiom
is creatednly attheendof theusers sessionandoverwrites
ary previousaxiomfor thatconceptthusallowing theuserto
deleteaswell asaddto thegraph.To supporthis, two exten-
sionswereneededor the inferenceengine:First, the users
deleteoperationsnustoverrideimplicationsfrom the KB, to
preventSHAKEN re-inferringthe deletedarc/node Second,
wheninferencingwith several “forall...exists..” statements
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Figure 2: A screendump of SHAKEN's graph interface,
showing a user’'s representation of how the process of
RNA transcription isinitiated.

like this, the inferenceengineneedsto heuristically deter

mine coreferencedetweeninstancesn the (logical equi-

alentof) the multiple graphs,so that they are appropriately
mergedtogether Although theseextensionscomplicatethe

formal semanticsof axiomsin the KB, they will provide

userswith a much-desiredDelete’ capability in later ver

sionsof the system. It hasbecomeincreasinglyclearfrom

our experimentghatassumingsimple axiom semanticsand
amonotonicallygrowing KB aredifficult positionsto main-

tain for real-world knowledgeacquisition.

Entering Knowledge through the Interface
Throughtheseoperationstheuserstaskis to assemblarep-
resentatiorof new concepts.The userfirst providesa name
for his/hernew conceptthenselectsfrom the KB the most
appropriate pre-huilt generalizatiorof that conceptto start
from. SHAKEN thendisplaysthe initial graphfor (anin-
stanceof) thatnew concept.From here,the useradds,spe-
cializes,connectsandunifiesnodeson the screento gradu-
ally build arepresentationAn exampleof oneof thesimpler
representationbuilt by a userduringthe experimentaleval-
uationis shavn in Figure2. Separatdestingandquestion-
answeringtools [14, 7] allow the usersto delug and pose
questiongo their representationgntil they aresatisfied.

EVALUATION AND DISCUSSION

Duringthesummeiof 2001,anextensive evaluationwasper
formedon SHAKEN, including the graphicalentry compo-
nentdescribedn this paper Four userswho weretrained
in biology (threegraduatestudentspneundegraduate)and
who hadno backgroundn programmingpr formallogic, un-
derwenta weeks training in using the system. Following
this, they thenindependentlyworked over a period of four
weeks(exceptfor onewhoworkedfor threeweeksdueto va-
cationconstraintspn encodingan 11-pagesubsectiorfrom
a graduate-leel textbook on cell biology, including detug-
gingandtestingtheirrepresentations heserialswasrun by



anindependentontractor(IET, Inc.), ratherthanoursehes.
For the trials, the basiccomponentibrary was augmented
with representationsf the prerequisit&knowledgeneededo
understandhe subsectionThis augmentatiorwas carefully
controlledby IET to preventknowledgefrom the subsection
itself beingincludedin theinitial library.

Most significantly all four userswere able to both grasp
thebasicapproactof assemblingomponentsandconstruct
representationssingthe graphicalinterface. Over the four
week period (threefor oneuser),the usersconstructedep-
resentation®f 442 biological conceptqapproximatelyl00
each)rangingin compleity from a singlenode(i.e., just a
conceptname)to graphscontainingover 100 nodes. The
total numberof synthesizecaxiomsin the users’final rep-
resentationgwhereeachaxiom-tuilding graphicalactionre-
sultsin oneaxiombeingsynthesizedjvere1408,567,1296,
and921respectiely. The usersalsotestedtheir representa-
tionshy posing(independentlhget)questiongo themusinga
menu-drizen question-askingnterface. The questionavere
approximatelyhigh-schoollevel difficulty, andweremainly
“readingcomprehensiontype questiongequiringonly sim-
ple inference althougha few requiredmore comple infer-
enceand simulation. Sometimesthis testing revealeder
rors or inadequaciein the representationsyhich the users
would thencorrect. The final, system-generateahswergo
thetestquestionsverecollected and,afterthefour weekpe-
riod wascomplete werescoredby anindependenbiologist
on a 0-3 scale(0 = completelyincorrect,1 = mostly incor-
rect, 2 = mostly correct,3 = completelycorrect). At time
of writing thefinal scoresarestill beingtallied, but the eval-
uatorsreportthatthe averagescoreis closeto 2, reflecting
thatthe usershadsuccessfullyconstructedeasonablhaccu-
rate,inference-capablepresentationslheseresultsaresig-
nificant: they suggesthat the basicmachineryworks, pro-
viding a basicvehiclefor axiom-kuilding without the users
having to encodeaxiomsdirectly (or even encountetterms
like “concept; “relation;’ “instance; “quantification; etc.);
andthat thoseaxiomsare built in termsof pretuilt knowl-
edge,hencebringing backgroundknowledgeinto the repre-
sentationgor futurereasoning@andquestion-answeringsks.
This is animportantachiezementfor this project. In a sep-
aratequestionnairgo the threeusersat the end of the four
weeks (the fourth userstill to completethe questionnaire
whenbackfrom vacation) all threeratedSHAKEN as“use-
ful” asatool to enterknowledge(on a scaleof useless/naso
useful/moderate/usefulévy useful), and “easy” to use (on
a scaleof very easy/easy/moderate/fidult/very difficult).
Thisagainpointsto theviability of this approach.

Although the userswere ableto encodea lot of knowledge

with SHAKEN, therewasalsoknowledgethey wereunable

to encodedueto thelimited expressvity of theinterface.The

mostsignificantof these asreportedby theuserswere:

e simple attribute values(which hadto be representedis
classesn thecurrentsystem)g.g.,rates sizes

equationainformatione.g.,how ratesvary with time
temporalrelations,e.g.,simultaneous/temporallgverlap-
ping events

pre/postconditionsfor actions
richerprocessnodels.e.g.,repetitve events
sequence®.g.,nucleotidesequences

negative information, e.g., being able to say something
doesnt happen

locational/spatiainformationb

e how thingschangewith time (fluentinformation). Thesys-
temassumeshe graphdescribesheworld atthe startof a
processandso, for example,it is not possibleto describe
whatanobjectlookslike attheendof aprocess.

Similarly, comparingthe users’sourcetext with what they
actuallyencodedijt is clearthatthey abstractedway mary
of the detailscontainedn thetext. For example,the source
text for the userbuilt representatiom Figure?2 begins:

“In bacteria,RNA polymerasemoleculestendto stick
weaklyto the bacteriaDNA whenthey make arandom
collision with it; the polymerasemoleculethen slides
rapidly alongthe DNA..”

If we comparethis text with whatwasactuallyencodedsee
Figure 2) by one user we can seethat eventslike “stick”
and “slide” have beenabstractedo Make- Cont act and
Move- Thr ough (whoserepresentationarepre-huilt in the
library), and other phrasedike “weakly”, “rapidly”, “ran-
dom”, and“tend to” have beenomitted. (This userhasalso
addedanextraprerequisitestep,mentionedn text elsevhere,
of the sigmafactorattachingto the polymerase).In fact, to
our surprisetheusersseemedo havelittle or notroubleab-
stractingout detailswhenbuilding their representationgnd
they quickly graspedwhat could be representecind what
could not using SHAKEN. In contrast,users(suchas our-
seles) with more experiencein knowledgerepresentation
sometimesadmoredifficulty abstractingn this way when
attemptingthe sameencodingtask. Interestingly despite
thesdimitations,theuserghemselesfelt they hadmanaged
to encodamuchof the coreknowledge.After thetrials were
completedthey wereeachaslked: “Next weekSHAKEN will
be asled questionsand answerthem using the knowledge
you entered andbasedon thatit will be givena grade. Do
you think it will be a passinggrade?”. All threeusersre-
pondedquite confidently sayingthingslik e “definitely” and
“oh yes”. Whenasked “What kind of grade?”,two users
answeredA-, the third said B. Independentf whetherthis
perceptionis corrector not, it is interestingthat the users
themselesfelt they hadbeenableto teachthe systemmuch
of thebiologicalknowledgein the selectedsubsection.

Another surpriseto us was the size of the representations
the userscreated.Someof the users’graphscontainedover
100nodesdn, andwererichin relationshipsandassociations.
(The userscould managegraphsthis sizeastheinterfaceal-
lows themto hide/exposepartsof the graph,sonotall nodes



needbevisibleatonce). Thegraphshovnin Figure2 is thus
not representatie of the typical compleity that the users
wereableto build. Thefacttheuserswereableto build such
sophisticatedepresentationgerhap9artially explainstheir
confidencen theamountof knowledgeencoded.

Despitethe reasonabl@erformancescores therewere still
errorsin theusers’final representationsSomeof thesearose
due to the useof linguistic-style devices (e.g., metorymy,
analogy metaphoy approximation)in their graphicalasser
tions. Exampleswe obsered include: indirect reference;
interchangeablyeferringto an object and an event; inter-
changeablyreferring to an object and a location; missing
coreferencstatementspvergeneralitymissingcontext (stat-
ing a conditionalfact asa universalstatement)and misuse
of caseroles. An importantfuturetaskis to make SHAKEN
moreactive in interpretingandcritiquing theusers’input, so
theseerrorsaredetectecandcorrectednoreagressiely.

A final, interestingpoint concernsthe interactionbetween
representatioandquestion-answeringHAKEN assumes
single,universalrepresentatioffior eachbiological concept,
while sometimeshe userswvantedto be ableto representhe
sameconceptin multiple ways, dependingon whatkind of
tasksthey wantedtheirrepresentatioto support.Sometimes
thisresultedn theuserscreatingmultiple representationfor
the sameconcept(using slightly differentconceptnames).
A moreprincipledmethodfor handlingdifferentviewpoints
like this, eitherin the KB itself and/orin the reasoningand
guestion-answeringroceduresywould bedesirable.

SUMMARY

We have presentedmethodfor knowledgecapturejn which
knowledgeentryis viewed primarily asa taskof component
assemblyratherthan axiom-writing, and shovn how it can
be implementedusing a graph-basednterface, basedon a
novel techniqueof dialog using examples. Our trials sug-
gestthat userscan both graspthe approachand construct
sophisticatedaxiomaticrepresentationgjespitehaving no
formal training in logic or Al. This is a potentially signifi-
cantachiavementor enablingsubjectmatterexpertsto build
KBs directly.
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