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Abstract

RecentTREC results have demorstratedthe
needfor deegr text undestandingmethals.
This paperintroducesthe idea of automatd
reasonig apgied to questionansweringand
shavs the feasibility of integrating a logic
proverinto a QuestionAnsweringsystem.The
apprachis to transformquestios andanswer
passagesdnto logic repesentations. World
knowledge axioms as well as linguistic ax-
ioms are suppliedto the prover which renders
a deepunderstandingof the relationshipbe-
tweenquestiortext andansweitext. Moreover,
thetraceof the prod's provide answejjustifica-
tions. Theresultsshawv thatthe prover bocsts
the perfamanceof the QA systemon TREC
questios by 30%.

1 |Introduction

M ativation

In spite of significant advances made recently in the
QuestionAnswerirg techrology, therestill remainmary
prodemsto be solved. Someof theseare: bridging the
gapbetweemuestionandanswemwords,pinpdnting ex-
act answerstaking into consideation syntacticand se-
manticrolesof words,betteranswerankng, answefjus-
tification,andothes. Therecen TRECresults(Voothees
2002 have demamstratedthat mary perfoming systems
reached plateay the systemsranked from 4th to 14th
answeredorrectly betweer384% to 24.8% of thetotal
numter of questions. It is clearthatnew ideasbasedon
a deepe language uncerstandig are necessaryo push
further the QA techrology.

In this pape weintrodwce onesuchnove idea,theuse
of automéaed reasoing in QA, andshaw thatit is fea-
sible, effective, and scalable. We have implementeda
Logic Prover, called COGEX (from the permuation of

thefirst two syllablesof the velb excagitate) which uni-
formly codifiesthe questionandanswertext, aswell as
world knowledgeresourcesin order to useits infererce
engire to verify andextractary lexical relationshipge-
tweenthe questionandits candidée answers.

Usefulness of a Logic Prover in QA

COGEX captureghe syntax-lasedrelationshig suchas
the syntacticobjects,syntacticsubjectsprepsitionalat-
tachmets, comgex nomnals, and adwerbial/adjectial
adjurcts provided by the logic representatio of text. In
additionto thelogic represetationsof questiongndcan-
didateanswersthe QA Logic Prover need world knowl-
edgeaxions to link questim conceps to answercon-
cepts.Theseaxiomsareprovidedby theWordNetglosses
represetedin logic forms. Additionally, theproverneeds
rewriting procediresfor semanticallyequivaent lexical
patterns. With this deepand intelligent representation,
COGEXeffectively andefficiently re-rarks canddatean-
swershy their correctnessextrads theexactanswerand
ultimately eliminatesincorrectanswers.In this way, the
Logic Prover is a powerful tool in bocstingthe accurag
of the QA system.Moreover, thetraceof a prod consti-
tutesa justificationfor thatanswer

Technical challenges

The challergesonefaceswhenusingautomatedeason
ing in the context of NLP include logic representation
of opentext, needof world knowledgeaxiorns, logic rep-
resentatiorof semanticallyequvalentlinguistic patterns,
andothers.Logic proofs areaccuatebut costly, bothin
termsof highfailureratedueto insufficientinput axioms,
aswell aslong processingiime. Our solutionis to inte-
gratetheproverinto the QA systemandrely onreasonig
method only to augnentother previously implemente
answerextradion techniqes.



2 Integration of Logic Prover into a QA
System

The QA systemincludes traditioral modules such as
guestionprocessingdocumentretrieva, answerextrac-
tion, built in ontologes, aswell as mary tools suchas
syntacticparser nameentity recoquizer, word sensedis-
ambiguation (Moldovan and Novisck 20@), logic rep-
resentatiorof text (MoldovanandRus2001) andothers.
The Logic Prover is integratedin this rich NLP environ-
mentandaugmets the QA systemopeation.

As shovnin Figurel, theinputsto COGEX consistof
logic represetationsof questions,potentialanswerpara-
grapts, world knowvledgeand lexical information. The
term Answer Logic Form (ALF) refers to the candichte
answersn logic form. Candidateanswersetunedby the
AnswerExtractionmodue areclassifiedasopentext due
to the unpralictable nature of their grammatical struc-
ture. Theterm QuestionLogic Form (QLF) refersto the
guestios posedto the QuestionAnswerirg systemrep-
resentedn logic form.

The prover also needsworld knowledgeaxiomssup-
plied by the WordNetglossedransfomedinto logic rep-
resentation. Additionally thereare mary otheraxioms
represeting equivalence classesof linguistic patterns,
calledNLP axioms. All thesearedescribedelow.

The Axiom Builder convertsthe Logic Forms for the
guestion the glossesandits canddate answersnto ax-
ioms. Basedon the parsetree patternsin the questim
andanswersptherNLP axions are built to supplemat
the existing geneal NLP axiorms. Oncethe axiomsare
compete andloaded justification of the answerbegins.
If a prod fails, the relaxationmodde is invoked. The
purpose of this modde is twofold: (1) to compesate
for errois in the text parsirg and Logic Form transfa-
mationphasesuchasprepaitionalattachmets andsub-
ject/objectdetectionin verbs, (2) to detectcorred¢ an-
swerswhenthe NLP andXWN (ExterdedWordNet)ax-
iomsfail to provide all the necessarynfererces. During
therelaxation agumentsto predicatesn thequestiorare
incrementally uncowpled, the proof scoreis redwced,and
the justificationis re-attemped. The loop betweenthe
Justificationandthe Relaxationmodues cortinuesuntil
the proof succeedsor the proof scoreis below a prece-
finedthreshold Whenall the candichiteanswersarepro-
cessedthe canddate answersareranked basedon their
prod scores,with the output from COGEX being the
rankedanswersandtheansweijjustifications.

3 Logic Representation of Text

A text logic form (LF) is anintermedary stepbetween
syntacticparseandthe deepsemantidorm. TheLF cod-
ification acknavledgessyntax-lasedrelatiorships such
as: (1) syntacticsubjects(2) syntacticobjects(3) prepe

sitional attachments(4) complex nominals, and (5) ad-
jectival/aderbialadjunds. Our appoachis to derive the
LF directly from the outpu of the syntacticparsemwvhich
alreadyresolesstructual andsyntacticamhbguities.

Essentiallythereis a oneto onemappng of thewords
of thetext into thepredicatsin thelogic form. Thepred
icatename<sonsistof thebaseform of theword concae-
natedwith the part of speechof the word. Eachnoun
hasanargumentthatis usedto representt in otherpred-
cates. One of the mostimportant featues of the Logic
Form represetation is the fixed-sld allocation mecta-
nism of the verb predcates(Hobbs 1998). This allows
for the Logic Prover to seethe differencebetweenthe
role of the subjectsandobjectsin a sentencdhatis not
answerale in akeyword basedsituation.

Logic Formsarederivedfrom thegranmarrulesfound
in the parsetree of a sentence.Thele arefar too mary
gramnar rulesin the Englishlangwageto efficiently and
realisticallyimplementthemall. We have obsevedthat
the top ten most frequently usedgramnar rules cover
90% of the casedfor WordNetglosses.This is referrel
to asthe 1090 rule (Moldovan and Rus 2001). Below
we provide a samplesentencendits corresponthg LF
represetation.

Example
Heavy selling of Standard® Poors 500stockindex fu-
turesin Chicagorelentlesslybeatstocksdownward.

LF:

heary JJ(x1) & sellingNN(x1) & of IN(x1,x6) &
Standard\NN(x2) & & CC(x13,x2x3) & PoorNN(x3)
& s POS(x6,43) & 500stock.JJ(x6) & index NN(x4)
& future.INN(x5) & nn.NNC(x6,x4x5) & in IN(x1,x8)
& ChicagaNN(x8) & relentlesslyRB(e12)&
beatVB(e1l2,X,x9) & stocksNN(x9) & down-
ward RB(el2)

4 World Knowledge Axioms

L ogic representation of WordNet glosses

A major prablem in QA is that often an answeris
expressedn wordsdifferentfrom thequestiam keywords.
World knowledgeis necessaryo concepually link ques-
tionsandanswers WordNetglossescortain a sourceof
world knowledge. To be usefulin automéaed reasoning
the glossesneedto be transforned into logic forms.
Taking the sameapprach as for opentext, we have
parsedandrepresentedn logic forms morethan50000
WordNet glosses. For exanple, the gloss definition of
concep sport NN#1 is an active diversion requiring
physicalexertionandcompetitionwhichyieldsthelogic
represetation;

actve JJ(x1) & diversion.NN(x1) & re-
quireVB(el,x1x2) & orCC(x2,x3x4) & physi-
cal JJ(x3)& exertion NN(x3) & competitionNN(x4)
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A muchimprovedsouce of world knowledgeis obtainel

when the gloss words are semanticallydisambigiated
(Moldovan andNoviscki 2009. By doing this, the con-
nectvity betweersynsetss dramdically increasedLex-

ical chainscanbeestablishethetweersynsetsn different

hierardies. Thesearesequenceof semanticallyrelated
wordsthatlink two corcepts.

Lexical chainsimprove the performane of questio
answeringsystemsn two ways: (1) increasethe docu
mentretrieval recall and (2) improve the answerextrac-
tion by providing the muchneeedworld knowledgeax-
iomsthatlink questiorkeywordswith answersonepts.

We developed software that automatically provides
conrecting pathsbetweenary two WordNetsynsetsS;
andS; up to a certaindistancg(MoldovanandNoviscki
2002. The meanimgy of thesepathsis thatthe corcepts
alonga patharetopically related. The pathmay cortain
ary of the WordNetrelationsaugnentedwith a GLOSS
relationwhich indicatesthata certainconcep is present
in asynsefloss.

Examples
Below we provide somerelevart lexical chainsthat link
afew selectedrREC 20 questios with theiranswers.

Q13%: Whatcountrydid the gameof croqué originate
in?

Answer Croquetis a 15th-centuryFrenchsportthathas
largdy beendomiratedby older, wealthierpeope who
play atexclusive clubs.

Lexical chans:

(1) game:n#3 — HYPERNYM — recreéion:n#1 —
HYPONYM — sport:ni

(2) originatein:v#l — HYPONYM — stem:vil—
GLOSS — origin:n#l —+ GLOSS — be:v#l

Q14@: When was the internal comhustion engire
inventel ?
Answer Thefirst internal- comhustionengne wasbuilt

Lexical chans:

(1) inventv#l — HYPERNYM —  cre-
ateby_mentalact:.v#l — HYPERNYM — create:vit
— HYPONYM — build:v#1

Q: 1518Whatyeardid Marco Polo travelto Asia?
Answer MarcoPolodivulgedthetruth afterreturring in
1292from his travels, which included severalmonths on
Sumatra.

Lexical chains:

(1) travelto:v#1l— GLOSS — travel:v#1 —- RGLOSS
— travel:n#l

(2)travel to#1— GLOSS — travel:v#l — HY PONY M
— returnv#l

(3) Sumatran#1 — ISPART — Indonesia:n#1— 1S-
PART — SoutleastAsia:n#1— |SPART — Asia:n#1

Q: 1540Whatis thedeepestake in America?

Answer Rangersat CraterLake NationalParkin Oregon
have closedthe hiking trail to the shoreof the nation’s
deepestake

Lexical chains:

(1) America:n#1 — HYPERNYM —
North_.American_courtry:n#1 — HYPERNYM —
courtry:n#1— GLOSS — nation:rtl

Q: 1570Whatis thelegal age to votein Argentira ?
Answer Votingis mandatoy for all Argertinesagedover
18

Lexical chans:

(1) legd:a#l —» GLOSS — rule:n#1— RGLOSS —
mandtory:a#l

(2) age:#1 —-RGLOSS — aged:a8

(3) Argentine:a#1— GLOSS — Argentina:n#

5 NLP Axioms

In additionsto world knowledge axions, a QA Logic
Prover need linguistic knowledge. This is what distin-
guishesan NLP prover from a traditiond mathenatical



prover. Generalaxions thatreflectequivaenceclasses
of linguistic patternaneedto be createdandinstantiated
wheninvoked. We call theseNLP axions and present
belov someexampes togetherwith questios that call
them.

Complex nominals and coordinated conjunctions

A questiormayreferto asubject/opect by its full proper
name,andthe answerwill referto the subject/opect in

an abbeviatedform. For exanple in the correct cand-

dateanswerfor the question,“Which compary created
the InternetbrowserMosaic?”, IntemetbrovserMosaic
is referedto asMosaic.

Using abdution, anaxiomis built suchthatthe head
nounof the comple nominal in the questionimpliesthe
remainirg nours in thecomplex nominal:
all x1 (mosaicnnxl) — internetnnixl) &
browsernn(xt))

An additioral axiomis built suchthatall thenoursin the

compex nomind imply acomplex nomiral:

all x1 (internetnnxl) & browsernn(xl) & mo-

saicnn(xl) = nn.nncf1,x1,x1,x1))

Soasnotto restrictthe orderingof thenownsin thenown

phrasefrom which the complex nominal is built, the

sameargumentis usedfor eachof the nowun predicates
in the comgex nomiral. Similar to the above issue,a

guestiommayreferto thesubject/ofectin anabbeviated
form, while the answerwill refer to the subject/ofect

in its full, proper form. For exampe in the correct
candichteanswerfor the question“When wasMicrosoft
established?, Microsoft is refered to as Microsoft

Corp.

An axiomis built suchthateachnounof the complex
nomiral takesontheidentifying argumentof thecomplec
nomiral:
all x1 x2 x3 ( microsof nn(x)) & corpnn(x) &
nn_nnck3,x1,x2) — microsof nn(x3) & corpnn(x3))
Similaraxiomsareusedfor coodinatedconjunctionsde-
tectedin the answerandthe question.Thesearecorsid-
eredweakaxioms,andary proof thatusesthemwill be
penalizedy beinggivenalower scorethanthosethatdo
not.

Appositions
A candidateanswelifor a questiormayuseanappaition
to describethe subject/objet of the answer The ques-
tion may refer to the subject/ofect by this apposition
For examge in the question “Name the designerof the
shoethat spawnednillions of plasticimitations, known
asjellies”, the candidée answey“..Italia n Andrea Pfis-
ter, desigrer ofthe197 " birdcage” shoethatspawned
millions of plasticimitations,knownas” jellies..” uses
anappositiorto describehe designe

An axiomis built to link the headof the nowun phrases
in theappositiorsuchthatthey sharehe sameargument:

all x12 x13 x14 x15 x17 x18 x19 (ital-
iannn(x12) & andeannx13) & pfisterNN(x14)
& nnnnc(x5,x12,x13,x14 — desigernnixls) &
of in(x15,x17 & 1979nn(x17) & bird nn(x18) &
cagenn(x19))

Possesives
A questiofianswersubstituteshe useof a possesie by
usinganof or by prepaition. For examge, in the ques-
tion, “What wasthe lengh of the Wright brothers’ first
flight?’, thecandid&e answeyr“Flying madines, which
got off the groundwith a 120 - foot flight by the Wright
brothersin 19(8..” impliesownershipusingthe prepsi-
tion by to connecthe Wright brathersto flight.

An axiomis built to connet by to thepossessee:
all x1 x2 (by_in(x1,x2) — __pos(xL,x2)

Equivalence classes for prepositions
Prepositios canbe groyedinto equvalenceclassegsle-
pendng on the context of the question,which is deter
minedby the expectedanswertype. In locationseeking
guestios theprepaitionsat andin areofteninterchage-
able. Similarly for in andinto, andfromandof. In date
seekingquestiondgn andof have interchaigeablemean
ingsasdoat andin. For exanple,in thequestion;'What
body of water doesthe Colorado River flow into?”, the
candidite answey “...the Colorado River flowedin the
Saltontrough abaut 130 miles eastof SanDiegd’, the
prepaition in andinto in the answertake in the same
meanirg.

An axiomis built to link in to into:
all x1 x2 (in_in(x1x2) — into.in(x1,x2)

Part of relationsin location questions

A location seeking question may have a candidcte
answetrthatidentifiesa locationby refering to a part of
the location For example in the question “Where is
Devil 's Tower?”, the answer “American Indians won
anotter court battle over their right to worship without
interferenceat Devils Tower National Monumentin the
northeat corner of Wyoming”, identifies Wyoming as
thelocationof Devil 's Tower by refering to the part of
Wyomingin whichit lies. An axiomis built to conrect
Wyomingto its part:

all x1 x2 x3 (corrernnixl) & ofin(x1,x2) &

wyoming_nn2) — wyomingnn(xl) )

Attribute of relationsin quantity seeking questions

A questionseekinga quantitymay have a candidatean-
swer that implies quantity of subjectby prefixing the
quarity to the subject. For exampe in the questim
“What is theheightofthetallestredwoo®” theanswelis
“329 feetMotherof Forest's Big Basintallestredwood’.
An axiomis built to connectthe quariity to its subject,
redwoad:

all x1 x2 (_quantitykl) &
of_in(x1,x2))

redwood NN(x2) —



This is aweakaxiom sincethe proximity of redwood to
quarity in the answertext is not guarameed. As men-
tionedfor thecomplex nomiral andcoodinatedcorjunc-
tion axioms,ary proof that usestheseaxions shouldbe
penalizedandranked lower thanthosethatdo not. Note
thatfor this axiomto be effective, an axiomlinking the
headsof theappaitionis built:

all x8 x9 x10 x11 x12 (mother nnk8) & of in(x8x9)

& forestnnx9) — bignn(x10) & basinnnix1l) &

nnnncfk12,x10,x11) & s pos(x8x12) & tall jj(x8) &

redwood_nn(x8))

6 Control Strategy

Axiom partitioning mechanism

The searchstratgyy usedis the Setof Supprt Strateyy,

which partitions the axioms usedduring the course of

a prod into thosethat have suppat and thosethat are
consideed auxliary (Wos 1983). The axions with sup-
port are placedin the Setof Suppot (SOS)list andare
intendel to guide the prod. The auxiliary axiomsare
placedin the Usablelist andare usedto help the SOS
infer new clauses.This stratgy restrictsthe searchsuch
thata new clauseis inferred if andonly if oneof its par

ent clausescomefrom the Setof Suppot. The axioms
thatareplacedin the SOSarethe candidateanswersthe
guestionnegaed (to invoke the proof by contradkction),

and axiomsrelatedto linking namedentitiesto answer
types.

Axioms placedin the Usablelist are: (1) Extende
WordNetaxioms,(2) NLP axioms,and(3) axiomsbased
on outsideworld knowledge,suchaspeopleandorgani-
zations.

Inferencerules

Theinferercerule setsarebasedn hyperresolutiorand
paranodulation Hypearesolutionis aninferen@ rule that
doesmultiple binary resolutionstepsin one, where bi-

naryresolutionis aninferencemechaism thatlooks for

a positive literal in one clauseandnegative form of that
sameliteral in anothe clausesuchthat the two literals
can be canceled resultingin a newly inferred clause.
Paramalulationintrodwcesthe notion of equality substi-
tution so that axiomsrepreseting equalityin the prod

do not needto be explicitly included in the axiom lists.

Additionally, similar to hyperresoltion, paranodulation

comhbinesmultiple substitutionstepsinto one

All mocern theoren provers usehyperresoltion and
paranodulation inferencerules since they allow for a
more compact and efficient proof by condensingmulti-
ple stepsinto one.

COGEXwill continte trying to find a proof until the
Setof Suppat become empty a refutdion is found, or
theprod scoredropsbelowv a predefirrdthreshold

Two technigieshave beenimplemertedin COGEXto

dealwith incomgete prods:

1. Countthe nunber of unificatiors/resolutionswith
termsin the questioralongthelongestsearctpathin the
prod attemptsand

2. Relaxthe questionlogic form by increnentally un-
couging argumentsin the predcates,and/a remaoving
prepaitionsor modfiersthatarenotcrucialto themean
ing of thetext.

For exanple in question, “How far is Yaroslavl from
Moscow?” acanddateansweiis “.. Yaroslavl,a city 250
milesnorth of Moscow By drgppingthefrompredcate
in thequestiormalkestheprod succeedor the candidhte
answer

7 An example

Thefollowing examge illustrateshow all thesepiecesare
puttogetter to geneateanswermprods.

Questionl08?:
Which company createdhe IntemetBrowserMosaic?

QLF:

_organizationAT(x2) ) & compay NN(x2) & cre-
ate VB(el,X2,x6)& Internet NN(x3) & browvserNN(x4)
& MosaicNN(x5) & nn_NNC(x6,X3,x4,x5)

QuestionAxiom:

-(exists el x2 x3 x5 x6 (.organizatiomat(x?d &
commry_nn(X2) & createvb(elx2,x6) & inter
netnn(x3d & browsernn(x4) & mosaicnn(3d) &
nn_nncf6,x3x4,X5))).

Answer:

In particdar, a progam called Mosaic, developedby
the National Centerfor Supercanputirg Applicatiors (
NCSA) at the University of lllinois at Urbana- Cham-
paign, is gainingpopuarity asaneasyto usepoint and
click interfacefor searchingportionsof theInterret.

ALF:

IN_IN(x1,x28) & particularJJ(x29)& programNN(x1)
& call.vB(elxZ,x3) & MosaicNN(x2) & de-
velopVB(e2,x2x31) & bylIN(e2,8) & Na-
tionaLNN(x3) & CenterNN(x4) & for NN(x5) &
Superconputing NN(x6) & applicationNN(x7) &
NN_NNC(x8,8,x4x5,x6,x7) & NCSANN(x9) &
atIN(e2x15) & University NN(x10) & of NN(x11)
& Illinois_NN(x12) & atNN(x13) & UrbanaNN(x14)
& nnNNC(x15x10x11,x12,x13,x14) & Cham-
paignNN(x16) & gainVB(e3,x1x17) & popu
larity NN(x17) & aslIN(e3x32) & easyJJ(x33
& useVB(e4x3#,x26 & pointNN(x18) &
andCC(x26x18,21) & click NN(x19) & in-
terfaceNN(x20) & NNNNC(x21,x19x20) &
for_IN(x26,e5) & searchvB(e5X26x2) & por
tion_NN(x22) & of IN(x22,x23) & Intemet NN(x23)



AnswerAxiom:
existsele2e3e4e5x1x10x11x12x13x14x15x16x17
x18x19x2 x20x21x22 x23 x26 x27 x28 x3 x32x33 x4
X5 x6 x7 x8x9 (in_in(e2,X28) & particuar jj(x28) & pro-
gramnn(xl) & call.vb(e1x27x1) & mosaicnni?2) &
develop_vb(e2x8,X2) & by.in(e2x8) & nationalnn(x3)
& centernn(x4) & for_nn(x5) & superomputirg Nn(x6)
& applicationnn(x7) & nn.nNnci8,x3x4,5X5,X6xX7)
& ncsann(k9) & atin(x8,x15 & university nn(x10)
& of nn(x11) & illinois Nnnx12) & atnn(x13) & ur-
banann(x14) & nnnnck15,X10,x11,x12,x13x14)
& champ@ignnn(xl6) & gainvb(e3x2,x17)
& populaity_nnk17) & asin(e3x32) &
easyjj(x33) & usevb(e4x9,X2) & point nn(x18)
& andcc(x26x18x21) & click nn(x19) & inter
facenn()20) & nnnnc(X21,x19,x20) & for in(x26,e5)
& searchvb(e5,x2x22) & portionnnk22) &
of_in(x22,x23 & interné _nn(x23)).

Namedentityaxioms:

(1) all x3 x4 x5 x6 x7 x8 (natioralnn(x3) &
centernn4) & for nni5) & superomputirg Nn(x6)
& applicationnn(x?) & nnnnc(8,x3x4,X5,X6x7) —
_organizationat(x8).

(2) all x10 x11 x12 x13 x14 x15 (universitynn(x10)
& of.nn(x11) & illinois.Nnn12) & atnn(x13) & ur-
banann(x14) & nnnndx15x10,x11,x12,x13,x14 —
_university at(x15)).

(3) all x16 (chanmpaignnn(x16) — town at(x16)).

WordnetGlossaxioms:

The questioncontainedhe verb createwhile the answer
contairs the verb develop In orderto prove that this
answeris in fact correct,we needto detectand usea
lexical chain betweendevelop and create WordNet
suppliesuswith thatchainsuchthat

develmp < male andmale + create

Using WordNet glosses,this chainis transforned into
two axioms:

(4) existsx2 x3 x4 all e2x1 x7 (develop vb(e2x7,X1) +

male_vb(e2,x7x1) & somethignnxl) & new jj(x1)

& suchjj(x1) & productnn(X?) & orcc(,x1x3) &

mentaljj(x3) & artistic jj(x3) & creationnn(x3)).

(5) all el x1 x2 (malewvb(elxl,X2) <« cre-
atevb(el,x1x2) & manubcturevb(elxl, ) &

man-nadejj(x2) & prodictnn(x?).

Furthemore, the questionasks abou the Internet
browser Mosiag while the candicite answerrefersto
Mosaic To provide the knowledge that the Internet
browserMosaic refersto the samething asMosaig the
headof the comgex nomiral, InternetbrowserMosaig
impliesits remainingcommnents.
(6) all x1 (mosaichn(xd) —
browsernn(xd)).

interret nn(xl) &

(7) all x1 x2 x3 x4 (mosaicnn(xl) & internetnnx1) &
browsernn(x1) — nn.nnc(xL,x1,x1,x1)).

Thenext stepis to build the Setof Suppat Axiom(s) for
the Question.Thequestioris negaedto invoke the prod
by contiadiction

-(exists el x2 x3 x5 x6 (_organizationat(x2) & com-
pary_nn(X2) & createvb(el,x2,X6) & internetnn3) &
browse x4) & mosaicnn(>X5) & nn.nnc(>6,x3x4,x5))).
Next, link the answertype term, its modifiets, and ary
prepaitional attachmets to the answertype asa substi-
tutefor morerefinednanedentity recogtition.

all x1 (_organizationat(x1)}~company nn(xJ)).

It remairs to createaxiomsfor the ALF of the candichte
answerandto startthe proof.

TheProof

34] -develop.vb(x22,X7,x1)make vb(x22,x7,x1).
44[] -male_vb(x23,x1,x2)|createvb(x23,x1,x2).
74]] -_organizationat(x1)compary nn1).
121[] -mosaicnn(xl)|interretnn(xt).

122[] -mosaicnn(xl)|bronvsernn(xl).

123 [] -mosaicnn(x) | -internénn(xl) | -
browsernn(xl) | nn.nnc(X,x1,x1,x1).

294 [] -_organizationat(x2) | -conpary nn(x2 | -
createvb(x34,x2x6) | -interret nn(x3) | -browsernn4)
| -mosaicnnx5) | -nn_Nnc(>6,x3x4,55).

299[] mosaicnn($d11).

300[] develop_vb($c126$c96$c11).

302[] nationalnnc103.

303[] centernn($100)

304]] for_nn(%99).

305]] supercorputingnn($98).

306]] applicationnn(%97).

307[] nn.nnc(¥96,£103,£100$c99$c98,£97).
332 [] -nationalnnx3) | -centetnn() | -for Nnk5)
| -supercenputig_nn(x6) | -appicationnn(x?) | -
nn_nncf8,x3x4,X5,x6xX7) | organization at(x8.
335[hyper,29,122] brovsernn($c11).
336[hyper,29,121] internetnn(@c11).

337 [hyper,336,123,299335
nn.nnc@clll$elll, $cll, $clil).

347[hyper,300,34 make vb($c126$c96Sc11l).
356[hyper,347,44 createvb($c126$c96$c11).

372 [hyper,332,3®,303304305,36,37]
_organizationat($c%).

373[hyper,372,74 commary nn($c96)
374[hyper,373,2%,372356336335,89,3F] $F

The numberson theleft handsideof the proof summay
indicate the step nunber in the search,not the step
numter in the prod. Through step 332 we seethat
COGEX hasselectedall the axions it need to prove
that the candidateansweris correct for the questim
posedto the QA system. Steps335 throwgh 374 shav
hyperresolutios that result in all the terms of the



guestiorbeingderived in their positive form sothe prod
by contradction succeedswhich is indicatedby the $F
in thefinal stepandthe hyperesolutionof all thederived
termswith the negatedquestionfrom stepl of the proof.
The succes®f this prod bocststhe candichte answerto
thefirst position.

Whenthe prod fails, we deviseda way to incremen
tally relaxsomeof the conditionsthathinder thecompe-
tion of the prod. This relaxationprocessputs weights
on the prod suchthat proofs wealer thana precefined
threshdd arenotaccepted

8 Results

COGEXwasimplenentedandintegratedinto a state-of-
the-artQuestionAnswering systemthat participatedin

TREC 2002. All questios areattemptedby the prover,

but if the proof fails the QA systemresortsto otheran-
swerextradion methalsthatwerepartof the systembe-
fore the prover. Thus, somequestios are answeredy

the QA systemwithout the prover, someonly by the
prover andsomeby boththe non-prover systemandthe

prover. Thecompletesystemanswered15questionout
of 500 TREC 2002 questios. Of these,206 were an-
sweredby COGEX but someof theseanswersverealso
providedby QA systemwithout COGEX.A carefulanal-
ysisindicateghatthe QA systemwithoutlogic proveran-
swered317 questiols andthe prover canansweronly 98

additioral questios for which the systemwithout prover

failed. Table 1 summaizestheseresults.

Questiols answeredy the comgetesystem | 415
Questiols answeredy COGEX 206
Questiols answereanly by COGEX 98
Questiols answeredvithout COGEX 317

Tablel: Performanceover 500 TREC 2002questiors

Theaddedralueof automatedeasoningo the QA sys-
temis 309% (98/317). This represents significantim-
provementin the perfamanceof thelogic prover for QA
over the onerepatedin (Moldovan2009. Thefailures
of the prover aredue primarily to the lack of linguistic
axioms.

9 Discussion

A logic prover brings several advantayesto questionan-
swering,but at a high cost. Someadwartagesare:the ca-
pability of pinpoirting exactanswerghat otherwisewill
be missed,answerjustification,anda quantifialbe mea-
sureof how closea systemis to providing an answer
However, theimplemantationof a QA logic proveris ex-
pensve asit requres logic represetation of text, world
knowledgeaxions anda large numker of linguistic ax-
ioms, thatall take time to develop.
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