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Preface

This digital edition of Pereiraand Shiebers Prolog and Natural-
Language Analysisis distributed at no chaige by Microtome Pub-
lishing undera licensedescribedn the front matterandat the web
site. A hardbouncedition (ISBN 0-9719997-0-4)printedon acid-
freepaperwith library bindingandincludingall appendiceandtwo
indices (and without theseinline interruptions),is available from
www.mtome.corandotherbooksellers.

Overthelastfew yearswe have led aseriesof tutorialsandclassesntroducingthe
programminganguagePrologby way of exampleprogramshatapplyit to the prob-
lem of natural-languaganalysisandprocessingThis volumebeganasthenotesfor a
tutorial taughtby oneof the authors Pereiraat the Twenty-Third Annual Meeting of
theAssociatiorfor ComputationaLinguisticsin Chicagoduring July of 1985.During
thefall of 1986,we organizeda courseat StanfordUniversity on the samesubjectfor
which the original noteswere extended. The impetusfor organizingand expanding
thesevariouslecturenotesinto a morecoherentext camefrom our colleaguesat the
Centerfor the Studyof LanguageandInformation(CSLI), andthe projectwasmade
possibleby a gift from the SystemDevelopment~oundation.

Along the way, we were aidedby a numberof our colleagues.Ray Perraultwas
kind enoughto allow usto pursuework on this projectevenwhenour otherrespon-
sibilities at SRI Internationalwere now andthen overlooked. David Israelwasin-
strumentalin procuringthe occasionalgrantunderwhich the book was written and
withoutwhich it would not have beenwe mustalsothankothermembersf the CSLI
administration—inparticular Jon Barwise, JohnPerry and Brian Smith—for their
supportandfacilitation of this project.

Thetext wasimprovedconsiderablyby thee ortsof severalcolleaguesvho vol-
unteeredo readdraftsof the book. JohnBear Mary Dalrymple,RobertKeller, Peter
Ludlow, RichardO'K eefe,Ray Perrault,and lvan Sagall provided invaluablecom-
ments,correctionsandimprovements.We attemptedo useasmuch of their advice
astime permitted.We only wish thatwe hadenoughtime to accomodatenoreof the
changeshatwe now realizeareneeded.

Editorial assistancdrom Dikran Karagueuziarof CSLI and Valerie Maslak of
SRIwasalsoinvaluable. Their e orts areespeciallyappreciatedjiventhe sti  time
constraintaunderwhich they wereforcedto work. The projectwasfurther expedited
by thee ortsof EmmaPeasel.ynn RugglesandNang/ Etchemendywho aidedusin
theformattingof the book,especiallythe gures andindex.
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Many draftsof the manuscripandthe nal camera-readgopy weretypesetwith
the helpof Leslie Lamport's IATEX documenpreparatiorsystemandDonaldKnuth's
TeX typesettingsystemon which it is based.We thankthemfor creatingandmaking
freely availablethose ne tools.

Finally, we want to thank Ana PereiraandLinda Sarno who borethe brunt of
ouridiosyncraticbehaior duringthe genesiof thesenotes.Thisbookis dedicatedo
them.

Prefaceto Millennial Reissue

This reissueof Prolog and Natural-Language Analysisvariesonly slightly from the
original edition. The gures have beenreworked. Thanksto PeterArvidson for the
settingof thenew gures. A numberof primarily typographicakrratafrom the rst
edition have been x edin this reissue. Thanksto Cecile Balkanski,Mark Johnson,
KarenLochbaumJohnO'Neil, TedNessonandWheeleRumlfor pointingouterrors
in thepreviousedition. Errorsor misfeature®f amoresubstantiasortwerenottreated
in the presentevision. Any remainingproblemsin thetext arethe authors'.
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| ntroduction

This digital edition of Pereiraand Shiebers Prolog and Natural-
Languaye Analysisis distributed at no chaige by Microtome Pub-
lishing undera licensedescribedn the front matterandat the web
site. A hardbouncedition (ISBN 0-9719997-0-4)printedon acid-
freepaperwith library bindingandincludingall appendiceandtwo
indices (and without theseinline interruptions),is available from
www.mtome.corandotherbooksellers.

1.1 Purpose

This book is an introductionto elementarycomputationalinguistics from the point
of view of logic programming.The connectiorbetweercomputationalinguisticsand
logic programmindhasbothformalandutilitarianaspectsOntheformalside,we shall
exploretherestrictedogical languageof de nite clausesasa meanf expressindin-
guistic analysesand representationsOn the utilitarian side, we shall introducethe
logic-programminganguageProlog, whosebackboneis the de nite-clauseformal-
ism, asatool for implementingthe basiccomponent®f natural-language-processing
systems.

The main goal of the book is to enablethe readerto acquire,asquickly aspos-
sible, a working understandingf basiccomputationalinguistic andlogic program-
ming concepts.To achieve this goal, the bookis organizedaroundspeci ¢ concepts
andprogrammingechniqueswith examplessupportedy working programs Most of
the problemsinvolve programmingandalsosupplementhe materialin the maintext.
Althoughwe have emphasize@xperimentakatherthananalyticor comparatie ques-
tions, all conceptsandtechniquesoveredaregivenrigorous,if informal, theoretical
justi cation.

1.2 Logic Programming and Language

Oneof the main goalsof the developmentof symboliclogic hasbeento capturethe
notionof logical consequenceith formal, mechanicalmeanslf the conditionsfor a

1
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certainclassof problemscanbeformalizedwithin a suitablelogic asa setof premises,
andif a problemto be solved canbe statedasa sentenceén thelogic, thena solution

might be found by constructinga formal proof of the problem statementrom the

premises.

For instancejn the linguistic casethe premisesmight provide constraintson the
grammaticalityof classesof utterancesand the problemsto solve would have the
generaform “thereis somea suchthata is ananalysigor interpretationpf thegram-
maticalutteranceu.” A constructiveproof of this statementvould not only shav that
ananalysisa existsbut also nd actualvaluesfor a.

A constructve proof procedurghatnot only creategproofsbut alsobuilds values
for theunknownsin the problemstatementanthusbe seerasa computationatievice
for determiningthoseunknonns. Fromthis perspeciie, the premisesanbe seenas
a program,the problemstatementisan invocationof the programwith certaininput
valuesandoutputunknavns,anda proof asa computatiorfrom the program.This is
thebasicintuition behindlogic programming.

However, it is notenoughto have somesoundandcompletesetof rulesof inference
andsomeprocedurdo applythemsystematicallyo have alogic programmingsystem.
To be satishctoryasa computationdevice, a proof procedureshouldnot leave proof
possibilitiesunchecled (seach completenegsthatis the procedureshouldterminate
withoutaproofonly if noproofexists. We do notwantour programso terminatewith
no answerif thereis one (exceptpossiblyfor runningout of computationatesources
suchascomputermemory). Furthermorea setof premiseshasmary consequences
thatarede nitely irrelevantto the proof of a givenconsequencel he proof procedure
shouldbegoal directedin thatderivationsof irrelevantconsequencesreavoided. We
do not wantthe computation®f a programto include subcomputationthatdo not at
leastpotentiallycontributein someway to the programs output.

In fact, searchcompletenesandgoal directednesarevery di cult to achievein
general,but becomemore feasiblein wealer logical languages.The problemthen
becomesone of nding a good compromisebetweenexpressvenessof the logical
languageandthe constraintof soundande cientcomputation.The developmentof
logic programmingstemmedrom the discovery of areasonableompromisegde nite
clausesandits partialimplementationn Prolog,the rst practicallogic programming
language.

Almost from its origin, the developmentof logic programminghasbeenclosely
tied to the searchfor computationaformalismsfor expressingsyntacticand seman-
tic analyseof natural-languagsentencesOne of the main purposesn developing
Prologwasto createa languagen which phrase-structurandsemantic-interpretation
rulesfor anatural-languagguestion-answeringystemcouldbe easilyexpressed.

Phrase-structuraulesfor alanguagestatehow phrasef giventypescombineto
form largerphrasesn the language For example,a (simplistic) phrase-structureule
for declaratve sentence Englishmight statethata declaratve sentenceonsistsof
anounphrasgthe subjectof the sentencejollowedby a verbphrasgthe predicateof
thesentence)Suchruleshave avery simpleexpressiorin rst-order logic:

(8u; v; WINP(u) » VP(V) * condu;v;w) ) Sw)

whereNP representtheclassof nounphrasesyP theclassof verbphrasesStheclass
of sentencesandconcholdsof ary stringsu, v andw suchthatw is u followedby v,
thatis, the concatenatiorof u andv. This expressionin rst-order logic thus states
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thatarny nounphraseu andverb phrasev canbe concatenatetb form a declaratve
sentencev = uv. Thetermlogic grammarhascometo referto suchusesof logic to
formalizegrammaticatules.

The above formula is an exampleof a de nite clause. We shall seethat mary
importantclasseof linguistic rules and constraintscanbe put in this generalform,
which stateghatarny objectssatisfyingcertainconstraint§propertiesor relationships)
also satisfy someotherconstraint(propertyor relationship). The fact that linguistic
rules canbe put in this format is the basisfor the usefulnesof de nite clausesn
languageanalysis.This facthasnot only theoreticabut alsopracticalimportancejn
thatlinguisticrulesencodedisde nite clausesanberundirectlyby Prolog,providing
ane cientanddirectcomputationatealizationof grammarsandinterpretatiorrules.

1.3 Programming In Prolog

Logic programmindanguage# generalandPrologin particulay di erfrom corven-
tional programminganguagegsuchasPascalor Fortran)in severalimportantways.
First of all, Prologcanbethoughtof asa largely declamtive languagethatis, a Pro-
log programcanbe viewed as statingwhat is computed,independenbf a particular
methodfor computation.Pascal,on the otherhand,is procedual, in thatwhata Pas-
cal programcomputess de nable only in termsof how it performsthe computationt
Of course,Prolog also hasa proceduralinterpretation;it usesa particularmethod
for computingthe relationswhich a programcanbe viewed as declaratvely stating.
Furthermoregcertain“‘impure” portionsof the Prolog languagedefeatits declaratve
interpretationBut Prolog,asa rst steptowardalogic programmindanguagecanto
agreatextentbe seenasa declaratve language.

Second Prologprogramsare structuredin termsof relationswhereadraditional
languagesor themostpartarestructuredn termsof functions The notionsof calling
a function, returninga value,andso forth areforeignto Prolog. Instead,Prologex-
presseselationsamongentities. Functioncalls correspondo queriesasto whethera
particularrelationholdsor notandunderwhatconditions.Thisdi erencehastremen-
dousrami cations. For instancejt meansthatvariablesplay a completelydi erent
rolein Prologthanthey doin corventionallanguages.

Fromthis relationalstructure,it follows that Prologprogramsarenondeterminis-
tic, sinceseveralelementsanbein a particularrelationto a givenelement.Because
cornventionalanguagearegearedowardfunctions thatis, relationsin which oneele-
mentis uniquelyde nedin termsof theothers computatiorproceedsleterministically
in suchlanguages.

Thesethreepropertiesof Prologmale it quite di erentfrom otherprogramming
languages.Consequentlya di erentway of thinking aboutprogramsand program-
ming is necessaryn usingProlog. Learninga new programminganguagecanoften
be aidedby analogywith previously learnedlanguages.But Prolog might be most
easilylearnedby ignoringpreviousexperiencewith otherprogrammindanguagesnd
trying to absorbthe Prologgestaltfrom rst principles.

Unfortunatelylearningalanguagen this way requiresmary illustrative examples

1This is not to saythat Pascalcan have no denotationakemanticsut only an operationalsemantics.
Ratherary denotationatemanticsnustmale explicit referenceo the stateof thecomputatiorasencoded,
for instancejn anervironment.
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of thelanguagendmuchdetailedexplanationrabouthow they work andhow they were
derived. Sincethe goal of this bookis to concentraten natural-languagerocessing
applicationsywe mustoftenforego suchdetailedanalysis.Therefore aspartof a rst
courseon Prolog, it is probablybestto supplementhe materialherewith oneof the
texts discussedh the bibliographicnotesbelow.

All the particularsof the interactionwith a Prolog systemthat are usedin the
presentwork are thoseof the Edinburgh family of Prolog systems,and when used
without quali cation, theterm“Prolog” meansary systemof thatfamily.

1.4 Overview

TheProloglanguages presentedh thisbookthroughagradedseriesof sublanguages.
Chapter2 presentsiatabaseProlog, a limited subsetf Prologthat canexpressrela-
tionshipsbetweemamedndividualsandconstraintdbetweerthoserelationshipsWe
thendescribehow phrase-structureulescanbe representedh this subset.Database
Prologis extendedn Chapter3 to pure Prolog, thelargestsubsebf Prologthatcanbe
viewedasa logic programminganguage This extensionallows usto representnore
comple kinds of linguistic rulesand,in particular the de nite-clausegrammarfor-
malism. Techniquedor linguistic analysisin de nite-clausegrammarsaredeveloped
furtherin Chapter4, whereissuesof syntacticcoverageand semanticinterpretation
are discussed.Extralogical extensionsto the pure subsetof Prolog leadto the full
Prologlanguagewhichis presentedn Chapter5. Thesefacilitiesareusedto develop
a simple natural-languagguestionansweringsystemwhich demonstratethe appli-
cationof mary of thetechniqueslevelopedin earlierchapters.Finally, in Chapteré
we explorethe metalerel programmingcapabilitiesof Prolog,shaving how to imple-
mentlogic-programmindanguagendlogic-grammainterpreterexhibiting di erent
controlstratgiesfrom thatprovideddirectly by Prolog.

Throughoutthe book we have included exercisesand problems. Exercisesare
interspersedhroughoutthe text and are intendedto help readersverify their under
standingof the conceptsovered.Problemscollectedinto separat@roblemsections,
extendthe materialin the book andareappropriatfor assignments a coursebased
on this text. It shouldbe notedthat problemsvary widely in di culty; instructors
shouldtake this variationinto account.

Giventhe orientationof the book, we limited the discussiorof issuesof a more
generahature,suchascomparisonsvith othercomputationalinguistic techniqueor
formal mathematicatesults. Threeareasstandout amongthe omissions. First, we
do not comparethe logic programmingapproachwith other approacheso natural-
languageprocessingin particularthe closelyrelateduni cation-basedgrammarfor-
malisms.Secondwe do not presenor comparethe plethoraof grammarformalisms
basedon logic programming. Finally, we do not addresdormal-language-theoretic
issuef generatie power andcomputationatomplexity for theformalismsandanal-
ysismechanismsve present.

Oneof themajorinsu cienciegemainingin thetext is alack of linguistic sophis-
ticationandcoverageevincedby theanalysesve use.Thereadershouldnot think that
suchnaietéinheredn Prologasatool for natural-languaganalysisthebibliographic
notesat the endof the chapteroftencite work with morecorvincing analyses.
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1.5 Bibliographic Notes

In thesebibliographic noteswe give both the original sourcesfor our materialand
otherworks that elaborateor supplementopicsdiscussedn this book. As is often
the casethe original sourcefor atopic mayno longerbethe bestplaceto learnabout
it. Unlessotherwisespeci ed, the mostrecentreferencewe give for a topic, andin
particulara recenttextbook,is to be preferredto othersourcesn a rst approacho a
topic.

Prerequisites

Thisbookpresupposesomeacquaintancwith elementanynotionsfromlogic, formal-
languageheory,computerscienceandlinguistics.

The textbook MathematicalMethodsfor Linguisticsby Partee,ter Meulen and
Wall (1987) covers much of the backgroundmaterialwe requirein logic, formal-
languagetheory and semanticgconceptssuchas rst-order logic, quanti er scope,
extensionandintension).

For a morecomputation-orientethtroductionto logic anddeduction,Robinsons
book Logic: Form and Function(1979) coversin detail all the conceptsfrom logic
andautomatedheoremproving usedin this book. Gallier's Logic for ComputerSci-
ence(1986)containsa mathematicallynoredemandingoverageof thesamematerial.
Kowalski's Logic for ProblemSolving(1980)givesaninformalintroductionto theuse
of logic in alogic programmingsettingfor representingomputationaproblems.The
exampleproblemsare mostly takenfrom arti cial intelligenceapplicationsancluding
simple examplesof syntacticanalysisby deduction. Finally, AutomatedReasoning:
Introductionand Applicationsby Wos,Overbeek] uskandBoyle (1984)givesacom-
prehensie andreadablediscussiorof mary automated-deductiomethodsandtheir
applicationgo knowledge-representatidasks.

Most of the conceptswe usefrom formal-languageheory and theoreticalcom-
puterscience(automatagcontext-free grammarsgtc.) canbe foundin Hopcroftand
Uliman's Introductionto AutomataTheory Languayjesand Computation(1979)or in
Harrisons Introductionto Formal Languaye Theory(1978). Aho andUliman's engy-
clopedicTheoryof Parsing Translationand Compiling(1972)coversspeci ¢ parsing
algorithmsnotincludedin thetwo precedingeferences.

Many of thebasicconceptsandterminologyof modern[generatve] syntacticthe-
ory areusedinformally in this book. For anintroductionto them,the rst two chapters
of Baker's Introductionto Geneative-TansformationaByntax1978)shouldbesu -
cient. For readersnterestedn furtherbackgroundn thegeneratre grammatradition,
the terminologyof which hasnow becomestandardn modernsyntaxandhasocca-
sionally creptinto this text, the remainderof Baker's book andthe clearandelegant
argumentf thevolumeby SoamesandPerimutterSyntacticArgumentatiorand the
Structue of English(1979)aregoodsources.

Winograds Language as a Cognitive Process. Volumel: Syntax(1983)givesa
computationallyorientedintroductionto someof the basic conceptsfrom natural-
languagesyntax(e.g.,parsetree labeledbracleting,nounphraserelative clauseused
in this book,in additionto muchotherrelatedmaterial. Chapter3 is particularlyrele-
vant.

Althoughthis book is intendedto be self-containedn its coverageof Prologand
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basiclogic-programmingconceptsit could be usefully supplementedvith a Prolog
textbook. SterlingandShapiros TheArt of Prolog (1986)is particularlysuitablesince
it ampli es mary of the conceptsusedherewith further discussionexamples,and
exercisesExceptfor divergencesn someminortypographicatorventionsthedialect
of Prologusedin thatbookis compatiblewith theoneusedhere.

Historical Material

Thebasicideasof logic programmingemegedin thelate 1960sandearly 1970sfrom
work on automatedieduction.Proofprocedurebasecbn Robinsonsresolutionprin-
ciple (1965)operateby building valuesfor unknovnsthatmake a problemstatement
a consequencef the given premises. Green(1968) obsened that resolutionproof
proceduresould thusin principle be usedfor computation. Resolutionon its own
is notasu cientbasisfor logic programming becauseesolutionproof procedures
maynotbesu ciently goal-directed Thus,Greens obsenationslinking computation
to deduction(1968)hadno e ective realizationuntil the developmentof moregoal-
orientedlinear resolutionproof proceduresin particularKowalski andKuehners SL
resolution(1971). This developmentallowed Kowalski (1974a)to suggest general
approacho goal-directeddeductve computatiorbasedon appropriatecontrol mech-
anismsfor resolutiontheoremproversandthe further specializatiorof SL resolution
to Horn clausesandthe correspondingrocedurainterpretatiorof Horn clausesyas
rst describedn principle by Kowalski(1974a;1974b).

Eventhe SL resolutionprocedureandrelatedtheorem-preing methodswverenot
e cient enoughfor practical computation,mainly becausethey had to cope with
the full generalityof rst-order logic, in particulardisjunctive conclusions. Further
progresgequiredthe radicalstepof deliberatelywealeningthe languageo onethat
could be implementedwith e cieng/ comparableto that of procedurallanguages.
This stepwasmainly dueto Colmeraueandhis colleaguesat Marseillein the early
1970s.Their work proceededn parallelwith (andin interactionwith) the theoretical
developmentgrom theautomatedheorem-preing community Inspiredby hisearlier
Q-systemsa tree-matchingphrase-structurgrammarformalism(Colmerauer1970),
Colmerauestarteddevelopinga languagehatcould at the sametime be usedfor lan-
guageanalysisand for implementingdeductie question-answeringnechanisms.lt
eventually becameclearthat a particularkind of linear resolutionrestrictedto de -
nite clauseshadjust the right goal-directnesande ciengy, andalsoenoughexpres-
sive power for linguistic rulesandsomeimportantaspect®f the question-answering
problem.Theirapproactwas rst describedasatool for natural-languagprocessing
applicationgColmeraueetal., 1973). Theresultingdeductve system supplemented
with afew othercomputationatlevices,wasthe rst Prologsystemknown as“Mar-
seilleProlog”. The rst detaileddescriptiorof Prologwasthelanguagenanualffor the
MarseilleProloginterpretefRoussel1975).

As notedabove, Prologwasoriginally developedfor natural-languagprocessing.
Besidegheoriginal application(Colmeraueetal., 1973),otherearlyin uential work
includessystemsy Colmerauef1982;1978),Pasero(1973)andDahl (1981). Many
other natural-language-processisgstemsand techniqgueshasedon logic program-
ming have sincebeendeveloped,which we will referto whenthe relevanttopicsare
discussed.

The collection Readingsin Natural Language Processing(Groszet al., 1986)
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reprintspaperscovering a wide variety of topicsin natural-languagerocessingin-
cluding someof the papersreferredto in this book. In the bibliography we usethe
original publicationdata,but we alsoindicatewhenthe paperhasbeenreprintedin
thatcollection.

Besidesnatural-languag@rocessinglogic programmingand Prolog have been
usedin mary otherapplicationareasparticularlyin arti cial intelligence.For anidea
of the currentareasof application,the readeris directedto the collection editedby
van CangghemandWarren(1986)andthe extensive logic-programmingibliography
preparecby BalbinandLecot(1985).

Sincetheoriginalimplementationn Marseille,Prologimplementatiortechniques,
including compilationandvariousspace-sang devices,have progressedo the point
that Prolog is today at leastcomparablewith other symbolic-processinganguages,
suchasuisp, for avariety of problemsareasjn particularnatural-languagprocessing
(Warrenetal., 1977;Warren,1979;Warren,1983).
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Chapter 2

Database Prolog: A Prolog
Subset

This digital edition of Pereiraand Shiebers Prolog and Natural-
Language Analysisis distributed at no chaige by Microtome Pub-
lishing undera licensedescribedn the front matterandat the web
site. A hardbouncedition (ISBN 0-9719997-0-4)printedon acid-
freepaperwith library bindingandincludingall appendiceandtwo
indices (and without theseinline interruptions),is available from
www.mtome.corandotherbooksellers.

2.1 Databasesand Queries

We will startby seeinghow simpletablesof informationcanbe expressedn Prolog.
This mayseemanoddway to startdiscussinga programmingdanguagetexts on, say
Pascal startby discussingqiumbersaandexpressions)but it is revealingof thenatureof
Prologasalanguagdor declamativeinformation,whetherthatinformationbe simple
relationshipdetweerindividualsor complex constraintdetweertypesof individuals.

211 A SimpleDatabase

Recallthat Prolog programsare written in a subsetof rst-order logic (FOL). Like
FOL, the languagencludesconstantsymbolsnamingentitiesand predicatesymbols
namingrelationsamongthe entities.Our rst exampleswill usejustthis muchProlog
notation,which is actually only usefulto encodethe type of informationone might
nd in arelationaldatabasefor this reasonyve call this subsetlatabaseProlog.

In Prolog,both predicateandconstansymbolsarewritten astokensstartingwith
a lower-casealphabeticcharacter Predicationis notatedin the normalway for log-
ical languagesising parenthesesurroundingthe argumentsfollowing the predicate,
therebyforming an atomic formula. With this much notationwe can alreadystate
somesimpleinformationin Prolog. For instancea simpledatabasef professorand
thebooksandcomputemprogramshey have written mightbe expressedby thefollow-
ing Prologprogram:
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Program 2.1
wrote(terry,  shrdlu).
wrote(bill, lunar).

wrote(roger, sam).

wrote(gottlob, begriffsschrift).
wrote(bertrand,  principia).
wrote(alfred, principia).

book(begriffssc  hri ft ).
book(principia)

program(lunar).
program(sam).
program(shrdlu)

Eachline in this programis a clauseformed from a single atomic formula and
endingwith aperiod.As theclausesn this programhave only asingleatomicformula,
they arereferredto asunit clauses Later, we will seethatclauseswith severalatomic
formulasarealsoallowed. In Program?.1,anatomicformulawrote(X,Y) isintended
to meanthat personX wrote entity Y, book(X) is intendedto meanthat Xis a book,
andprogram(X) is intendedto meanthat Xis a program.Thusthe rst clausein the
programstatesthe factthat Terry wrote suroLu, andthe last clause that surpLu is a
program.

2.1.2 Queryingthe Database

Now thatwe have givensomefactsto the Prologsystemasa setof axiomsexpressed
asclausegwhichis really all thata Prologprogramis) we cananswerquestionsabout
theinformationby having Prologtry to provetheoremdgrom theaxioms.We dothis by
pre xing a goal G with the Prologsymbolfor implication,the“:- ” symbol,thereby
forming the query:- G. In this way we are askingProlog “Does arything in the
axiomsimply ananswerto our question?”

For example,hereis how thequeries'Did Terry write suroLu?” and“Is Principia
aprogram?”arewritten !

- wrote(terry,  shrdlu).
yes
- program(principia ).
no

It shouldbe obsened that the reply to the secondquery doesnot indicatethat
“Principia is nota program”is true, but ratherthat Prologcould not prove “ Principia
is a program”from the axiomsin Program2.1. This subtledistinctionis the basisof
muchlogic programmingesearcton whatassumptionsibouta databasevarrantthe
conclusiorthat” P is falsein thedatabasefrom “ P is not provablefrom the database”
andwe will have moreto sayaboultit in Section5.1.3.

1Throughoutthis text, users input is typesetin a typewriter font, the Prologsystems answeris
typesein aslanted typewriter font.
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2.2 Extending the Query Language

Suchlimited potentialfor queryinga Prolog programwould of itself hardly consti-
tute a usefulprogramminganguage Prologextendsthis potentialthroughthe useof
variables complex queries andrules

Variables

We canaskopen-endeduestionf Prologby usingvariablesin placeof constantsn
aquery To distinguishvariablesfrom constantsPrologusestokensthat begin with
uppetrcaselettersfor variables. We canask whetheranyonewrote suroLu with the
following query:

- wrote(Who,shrdlu)
yes

Sincethere exists an assignmento the variablesin the query that makesit a con-
sequencef the programaxioms(namely the assignmenin which Who = terry,?
Prologreplies” yes”. Suchassignmentt variablesarealsocalledbindings

Of coursewe areusuallyinterestechot only in whethersuchanassignmengxists
but alsoin whatit lookslike. To requestPrologto indicatewhat assignmented to
the proof of the goal, we simply use“?-" insteadof “:- ” to introducethe goal. For
instance,

?- wrote(Who,shrdlu)
Who = terry

yes

Theassignmenis printed,alongwith the* yes” thatmeanghata solutionwasfound.

If thereareseveraldi erentwaysto assignvaluesto variablesthat make the goal
statement consequencef the program,the Prolog executionmechanisnmwill gen-
eratealternative bindingsto the goal variables. Prolog prints one suchsolutionat a
time andthenwaits for a one-charactecommand:a semicolon(“; ") to producethe
next solution,or anewline to stopgeneratingsolutionsfor thequery For example the

query“Who wrote Principia?” hastwo satisfyingassignments:

?- wrote(Who, principia).
Who = bertrand ;

Who = alfred ;

no

Noticethatthe nal Prologreply is “no” meaningthat after this secondassignment,
no moresolutionscouldbefound.

°Theslanted typewriter font will beusedfor assignmentaswell asPrologoutputto emphasize
thefactthatthey arecomputergeneratedtructures.
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Complex Queries

More complex queriescanbeconstructedrom goalsconsistingof multiple conditions,
interpretectonjunctively, by separatinghe conditionsby commag®, ”). Forexample,
supposeve de ne anauthorasa persorwho haswritten a book. Then,if we wantto
discover who the authorsareaccordingto the databasewe might askthe conjunctive
query “What personPerson is suchthat thereis a book Book and Person wrote
Book?”, which canbe phrasedhsa Prologqueryas

?- book(Book), wrote(Person, Book).
Person = gottlob, Book = begriffsschrift ;
Person = bertrand, Book = principia ,
Person = alfred, Book = principia ;

no

Rules

The queryabove demonstratethat the propertyof beingan authoris implicit in the
given database.The utility of the databasecan be increasedoy making this prop-
erty explicit throughthe additionof a unarypredicateauthor correspondingdo this
property But this predicateis bestde ned notin termsof an exhaustve list of unit
clauses—agprevious predicatehave been—Iut ratherasa generarule for determin-
ing whetherthe propertyof beinganauthorholds.In fact,the conjunctive queryabove
givesjust sucha rule. A personPerson is an authorjust in the casethat the goal
book(Book), wrote(Person, Book) holds. The Prologimplication symbol“:- "
(read"if ") allowsthe encodingof this generakule.

author(Person) -
book(Book),
wrote(Person, Book).

This clausecanbereadPerson is anauthorif thereis abookBookandPerson wrote
Book™ or, moresimply, “an authoris awriter of abook” Becauselausesuchasthis
onearecomposedf severalatomicformulas,they arereferredto asnonunitclauses
The left-handside of the clauseis often calledthe headof the clause the right-hand
sidethebody. Somepeopletake theanatomicabnalogya stepfurther, referringto the
.- operatoiitself asthened of theclause.

The author clausede nesa simpleproperty However, multiplacerelationscan
be de ned in this way aswell. Considerthe relationof a personPerson beingthe
authorof abookBook Thisauthor_of relationcanbeaxiomatizedsimilarly.

author_of(Perso n, Book) :-
book(Book),
wrote(Person, Book).

Exercise 2.1 Write a Prolog clausethat de nesa programmerasa personwhowrote
a program.
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Exercise 2.2 Considerthefollowing augmentatiorof the sampledatabase:

professor(terry ).
professor(roger ).
professor(bertr  and).
professor(gottl  ob).

concerns(shrdlu , blocks).
concerns(lunar,  rocks).
concerns(sam, stories).

concerns(princi  pia, logic).
concerns(princi  pia, mathematics).
concerns(begrif fss chri ft, logic).

Write a Prolog clausethat de nesa logician as a professorwho wrote a book con-
cerninglogic.

2.3 The Logic of Prolog

We have alludedto the relationshipbetweendatabaséProlog and rst-order logical
languagesin this sectionwe describethis relationshipn moredetail,althoughstill at
aninformallevel.

First-orderlogic (FOL) is a logical languagethatincludespredicateandfunction
symbolsandconstantsfrom which areformedatomicformulasrepresentingrimitive

areterms.Following standardpractice we will uselettersp, g, r, etc.anduppercase
lettersfor predicatesymbolsandlettersf, g, h, etc. for functionsymbols.Variableswill
be denotedby (possiblysubscripted, y, z, etc. A termwithout variablesis calleda
groundterm Forthenoncewewill ignoretherole of functionsymbolsandcompound
termsin FOL, returningto themwhenwe discusgthe relationbetweenFOL andfull
Prologin the next chapter

Thewell-formedformulasof FOL arede ned inductively, startingwith theatomic
formulasand combiningsimpler formulasinto larger formulaswith operatorsfrom
somesu ciently rich set,e.g.,conjunction("), disjunction(_), negation(: ), impli-
cation() ), anduniversal(8) andexistential(9) quanti cation. If and arewell-
formedformulasand x is avariable, ~ ( and ), _ ( or ),: (not ),

) ( implies ) (8x) (for every x, ) and(9x) (thereis anx suchthat ),

with extra parenthesizatioto avoid ambiguityif necessaryarewell-formedformulas.
Bothin (8x) and(9x) ,theformula isthescopeof thequanti er, andxis thevari-
ableboundby the quanti er. Closedwell-formedformulasarethosein which every
variableoccurrencas within the scopeof a quanti er bindingthatvariable.

Many importantautomatedieductiormethodsandin particularthosefrom which
Prologis derived, do not operateon generalFOL formulas,but only on formulasin
clausalform (clause$. A formulais in clausalform if it is a disjunctionof literals,
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wherealiteral is anatomicformulaor thenegationof anatomicformula. All variables
in the disjunctionare universally quanti ed by quanti ers whosescopeincludesthe
wholedisjunction.Thus,aclausecanbewrittenin theform

Po_Pl_ IN()_ZN]__

The P; arepositive literals; the : N; are negative literals. Note thatwe have left o
thequanti ers, underthe corventionthatall variablesarequanti ed universallyat the
outermostevel unlessspeci ed otherwise.The usefulnes®f clausalform stemsfrom
thefactthatary closedformula canbemechanicallytransformednto aconjunction
of clausesP suchthat is inconsistenif andonly if P is. Noticethatin general
andP arenotequivalent,because¢hetransformationnto clausaform mayrequirethe
introductionof auxiliary functionsto remove existentialquanti ers (so-calledSlolem
functiony.® However, aswe will seebelow, the intendeduseof clausalform is in
proofsby contradictionsopreserationof inconsisteng is all we need.
UsingdeMoman'slaw

:P_: Qif andonlyif : (P™ Q)
andthede nition of implicationin termsof negationanddisjunction,i.e.,
P) Qifandonlyif: P_Q ,
we canreexpressclausessa singleimplication
(No™ N ™)) (Po_Pi_ )

The left-handside of the implicationis its antecedentthe right-handsideits conse-
guent Henceforthwe will referto the N; andP; astheliteralscomposinghe clause,
although strictly speakingthenegativeliteralsin theclauseareof theform: N;, rather
thanN;.

By expressinga clauseasanimplication asexplainedabove, we seethata clause
stateghatatleastoneof theatomicformulasin theconsequenttoldswheneerall the
atomicformulasin theantecedentold. In particular if a clausecontainsno negative
literals, it will have an emptyantecedentvhenwritten asan implication. Therefore
anemptyantecedenshouldbeinterpretedasstandingfor truth: The clausestateghat
underall conditionsat leastoneof the atomicformulasin the consequenholds. Con-
verselyif aclausehasno positive literals, it assertshatat leastoneof the formulasin
its antecederis false thatis, the conjunctionof the atomicformulasin theantecedent
is false. Whenwritten asanimplication, sucha clausehasan emptyconsequentAn
implicationis equialentto the negationof its antecedenprovidedthatits consequent
is false. Thusanempty consequentorrespondso falsity. Finally, the emptyclause
with emptyantecedenandconsequentgorrespondso the implicationtrue ) falsg
whichis equivalentto false

Theorem-praingin rst-order logic—andhenceclausalform FOL—is a compu-
tationallydi culttaskandanareaof active researchAs we indicatedin Sectionl.2,
for computationafeasibility Prologis not basedon full clausalform, but on a strictly
lessexpressve subsetHorn clauseswhich areclauseswith at mostonepositivelit-
eral. Thusthereareonly threetypesof Horn clauses:

3Thusevenaformulawithoutfunctionsymbolsmaybetransformednto aclausewith functionsymbols,
outsidethedatabassubsetve have beenconsidering But sincethesubsets justastopping-dt pointto full
Prolog,andthe agumentsaremeantto beindicative only, we will ignorethis subtlety
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Unit clauses:with one positive literal, no negative literals, i.e., of the form Pg
(or, equivalently; ) Py).

Nonunitclauses:with onepositive literal, oneor morenegative literals, i.e., of
theformPy_ : Ng_ : N;_  (or,equialently No™ N1~ ) Py).

Negativeclauses:with no positive literals,oneor morenegative literals, i.e., of
theform: Ng_: Ny (or,equialently No™ Ny~ ) ).

The rst two typesof Horn clausesare collectively referredto as de nite clauses
becausethey have exactly one positive literal—a single de nite conclusionto the
implication—unlike generaklauseswith their potentiallydisjunctive, inde nite, con-
sequent.

Eachtypeof Hornclauseplaysadi erentrole in anaxiomatizatiorof a particular
problem.Unit clausespf theform Py, asserthetruth of their consequentsie might
call suchclausedacts

A nonunitclausestatesthatits consequenis trueif its antecedenis true. Such
clauseghussene asgeneratulesby whichtheconsequentanbedeterminedo hold.

Finally, a negative clause

No™ N. A )

hasthe equivalentform
“(No™ N1 ™ )

Thatis, a negative clausedeniesthe truth of its antecedentNegative clausesanbe
seenasqueriesasto underwhat conditionstheir antecedernis true, by the following
reasoningSupposeave have a setof factsandrulesP (aprogram) anda conjunction

No~ Ny A . (2.1)

We wantto determinevaluesfor the variablesin (2.1) thatmake it a consequencef
P. In otherwords,we wanta constructve proof, from P, of

(9% X)(No A Ng ™) (2.2)

Oneway of attemptingto prove (2.2)is by contradiction thatis, by shaving that
the conjunctionof the clausesn P andthe negationof (2.2)is inconsistentFromthe
inconsisteng of the conjunction,we caninfer that (2.2) follows from P because®
itself, beinga setof de nite clausesgcannotbeinconsistenbnits own.

Now, thenegationof (2.2) canbe putin theform

(8% 115 %): (No N N2 ™) (2.3)
whichis justanothemotationfor the negative clause
No™ N1~ ) . (2.4)

A constructve proof of theinconsisteng of (2.3)with P will provide acountergam-

PA:(No™ Ne A ) (2.5)
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with eachv; substitutedor x; is false.

The proof of falsity comesaboutbecauseve are proving inconsisteng of (2.3)
with P. The actualvaluesfor the variablesfollows from the fact that the proof is
constructve. It is easyto seefrom the proof of the falsity of (2.5) that (2.1) under
thatsamesubstitutionof valuesfor variableds aconsequencef P. AssumeP is true.
Then: (No™ N1~ ) mustbefalse,andthereforg2.1)true,underthegivenvaluesfor
variables.This concludeghe constructve proof of the original existentialquery(2.2)
fromtheprogramP. Thus(2.4) canbeseerasaqueryaboutthetruth of its antecedent
(2.1)relative to the program.

This methodof proving an existential statements calledrefutation becausehe
proof proceedby refutingthe negationof the statement.

As we have seen Prologprogramdollow this paradigmexactly. Factsandrules,
presentedvith the Prologimplicationandconjunctionoperators :- " and“, " respec-
tively, are queriedusinga negative clause.Theonly di erences thatthe Prolog:-
operatorputsits antecedenand consequentbackwards”, thatis, :- correspondso
( ,sothatP) QiswrittenasQ :- PandP) iswrittenas:- P. A Prologproof
of a goalincludesan assignmenof valuesto variablesin the goalwhich makesit a
consequencef theprogram.It becomespparentthen,why thenotation“:- G” was
choserfor queries.We aremerelypresentinghe goal statemento Prologdirectlyin
its negatedform.

Exercise 2.3 (For the logically inclined.) Recallthat the discussiorabove assumed
thatanysetof de nite clausess consistentWhyis this so?

2.4 The Operation of DatabaseProlog

Intuitively, ourde nition of, for instanceauthor_of in termsof subsidiarypredicates
seemgorrectfrom thelogical standpoinfjust outlined. But how doesthe Prologsys-

tem male useof this predicate?Supposeve askPrologfor the writings of Bertrand

Russellwith thefollowing query:

?- author_of(bertran d, What).
What = principia
yes

How doesPrologdeterminehata correctassignmento satisfythegoal(i.e., disprove

its negation)is What = principia? Whatis the procedusl interpretationof Horn

clauseghat Prologusesin actuallyexecutinga goal? In this sectionwe describethe
executionof a Prologgoalinformally, returningto amoreprecisediscussiorof the ex-

ecutionmechanismandits relationto thelogical basisfor Prologthroughatechnique
calledresolution in Section3.5.

To executea goal, Prologsearcheforward from the beginning of the programfor
the rst clausewhoseheadmatcheshe goal. We will have moreto say aboutthis
matchingprocess,called uni cation, whenwe further discussthe theory of Prolog
in Section3.5. For the time being, think of two literals matchingif thereexists an
assignmento the variablesin themunderwhich they becomedentical. For instance,
the literal author_of(bertran  d, What) matcheshe literal author_of(Person
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Book) underthe assignmenPerson = bertrand, Book = What, becausdf the
literals aremodi ed by replacingthe variablesin the assignmentvith their assigned
value,bothliteralsbecomeauthor_of(bertran d, What).

If amatchis found,the selectectlauseis activated The matchingassignments
appliedto boththegoalanda copy of theclauseby replacingvariableswith their bind-
ing value,e.g.,replacingPerson with bertrand andBookwith What Theliteralsin
thebodyof theinstantiatectlause(if any) arethenexecutedn turn, from left to right.
If atary timethesystentailsto nd amatchfor agoal,it badtracks thatis, it rejects
the mostrecentlyactivatedclause,undoingary substitutionsmadeby applying the
assignmenéngendereby the matchto the headof the clause Next it reconsidershe
original goalthatactivatedthe rejectedclause andtriesto nd anotherclausewhose
headalsomatcheghe goal. When nding alternatie clausesPrologalwaysworks
from thetop of the programto the bottom, trying earlierclausesrst.

We will tracethroughthe operationof the systemfor the “writings of Russell”
example. We beagin by executingthe goal author_of(bertra  nd, What). Prolog
nds a clausein its databasevhoseheadmatchesthe goal. In this case,the only
matchingclauseis

author_of(Perso n, Book) :-
book(Book),
wrote(Person, Book).

The headof this clausematcheghe goal underthe bindingsPerson = bertrand,
Book = What asdescribedabove. Underthesebindings,the body of the rule be-
comesbook(What), wrote(bertrand, = What). Prologactivatesthe clausetaking
this conjunctionon asits new goal,executingthe conjunctsoneby one,working from
theleft to theright.

Executing book(What) requires nding a clause whose head matches
it.  But in this case there are two such clauses, namely the unit clauses
book(begriffssch rif t) andbook(principia) . Whenfacedwith severalclauses
to choosdrom, Prologchoosegshetextually earliestonethathasnot beenconsidered
in satisfyingthis goal; in this case nhonehave beenconsideredsothe rst matching
clausebook(begriffssc  hri ft ) ischosenwhichmatcheghegoalbook(What) un-
derthebindingWhat = begriffsschrift. Underthisbinding,thesecondtonjunct
iswrote(bertrand,  begriffsschrift ), andthis becomeghe next goal.

However, no clauseheadmatcheghis goal, sothe goalfails. Prologbacktrackgo
its lastchoiceamongalternatve clausesIn this case the choicewasbetweerthe two
unit clausegnatchingbook(What). Thistime, in satisfyingthe goal,the next match-
ing clauseis chosennamelybook(principia) ; the secondconjunctthenbecomes
wrote(bertrand,  principia) . This goal matchesheidenticalunit clausein the
database.

Thuswe have satis ed all of the conjunctsin the antecedenbf the author_of
clause,therebysatisfyingthe original goal itself. Perusingthe bindingsthat were
necessaryo satisfythe goal, we notethatthe variableWhatin the original goalwas
boundto principia ;thebindingWhat = principiaisthereforereported.



18 Chapter 2. Database Prolog

A hardbound edition of Prolog and Natural-Language Analysis is available
from www.mtome.com and other booksellers.

author_of (bertrand, princ ipia)

book(principia) wrote(be rtrand, principia)

Figure2.1: A prooftree

241 Proof Treesand Traces

Often it is usefulto have a methodfor summarizingthe executionof a goal. We
describetwo suchmethodshere. The rst one,the proof treg describeghe literals
that were proved in the courseof the proof of the main goal and the dependencies
betweerthem.For the“writings of Russell’example themaingoalproved,underthe
satisfyingassignmentvasauthor_of(bertran  d, principia) . It dependednthe
proofsof two subsidianfiterals,namely book(principia)  andwrote(bertrand,
principia) . Thesditeralswereprovedprimitively with no dependeniliterals. Thus
theprooftreefor this exampleis asgivenin Figure2.1.

This proof tree makes explicit the stepsin the executionof Prologthatled to a
successfuproof of the goal undera given assignment.However, it abstractsaway
from the partsof the executionthat led down blind alleys, not becomingpart of the

nal proof. A secondmethodof summarizingPrologexecutionsthetrace is useful
whenthis higherlevel of detailis desired.

The particulartracingmethodwe shall useis calledthe box model(Byrd, 1980),
sinceit modelsa predicateasa box with certainportsthroughwhich the computation
passes.The box modelunderliesthe tracingand detuggingfacilities of mostEdin-
burgh Prologsystems.

In abox-modelrace eachstepthesystemakes—whetheit betherecursve prov-
ing of aliteral, theactivatingof a clauseto proveit, or thesubsequerguccessr failure
of thesubproof—issequentialllisted usingthefollowing generaformat:

(i) d p G

Eachgoal G is givena goal numberi which uniquelyidenti es it throughouthe ex-

ecution. As the goal progressethroughthe execution,tracelineswith the givengoal

numbershaw the stateof instantiationof the goalat di erentpoints. The recursion

depthis givenasd. ThemaingoalhasrecursiondepthO, its subgoalsrecursiondepth
1, their subgoals?2, andsoforth.* Tracelines correspondo di erentkinds of steps
in the executionof a Prologquery The port namep speci esthe type of stepin the
executionthatthetraceline records.The executionof aliteral is startedata Call port

correspondingo the activationof the rst matchingclause Whenthe proof usingthis

clauseis successfula traceline with the port nameExit is listed. If the rst clause
activateddoesnot yield a successfuproof, a Redoport line is addedfor eachlater
clausethatis invoked. Finally, if all clausedail to provide a proof for the givengoal,

aFail porttraceline is used.

4Wewill alsosometimesiseindentatiorto re ect thedepthof recursiorof the executionin orderto aid
readability
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Thefollowing traceof the“writings of Russell’examplemayelucidatethe Prolog
tracefacility. Note especiallythe changinginstantiationof the variablesduring the
trace.ThePrologtracingfacility is invokedwith theliteral “trace ”.

?- trace.
Debug mode switched on.
yes

?- author_of(bertran d, What).
(1) 0 Call : author_of (bertrand,What)

(2) 1 Call : book(What)

(2) 1 Exit :  book(begriffsschrift)

(3) 1 Call : wrote (bertrand, begriffsschrift)
(3) 1 Fail : wrote (bertrand, begriffsschrift)
(2) 1 Redo :  book(begriffsschrift)

(2) 1 Exit :  book(principia)

(4) 1 Call : wrote(bertrand,principia)

(4) 1 Exit : wrote(bertrand,principia)

(1) 0 Exit : author_of (bertrand,principia)

What = principia
yes

Note that the exit lines leadingto the nal proof containthe sameinformationasa
prooftreefor thegoal.

Not only doesthetracemake explicit the orderingin which the proof treewastra-
versedby Prolog,it alsoshaws all the blind alleys that Prologtried before nding an
actualproof. Thesetwo phenomenarerelated.For example,if the secondbranchof
the proof tree (correspondingo the seconditeral in the clausede ning author_of )
had beentried rst, the only satisfyingassignmenfor it would have beenBook =
principia. Underthis assignmentthe rst clausebecomesbhook(principia)
which is immediatelyproved from the databaseThusno blind alleys aretried. This
behaior would beengenderetly thefollowing alternatve de nition of author_of :

author_of(Perso n, Book) :-
wrote(Person, Book),
book(Book).

This exampleshows thatalthoughthe orderingof literalswithin a clausedoesnot
a ectthe logical meaningof the clauseasa de nition of a relation,it canhave far-
reachinge ectsin termsof thecontrol o w of the program.Thatis, althoughProlog
can be viewed as a subsetof a logical languagewe cannotforget thatit is still a
programmindanguageandissuesof controlarestill important.

2.5 Recursie PredicateDe nitions

The relationsdiscussedabore—author , logician , and so forth—are de ned di-
rectly in termsof otherrelationswhich ultimatelyarede ned in termsof the original
databaseHowever, it is not possibleto give suchde nitions for relationsthatinvolve
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chainsof relationshipsf arbitrarylengths. To de ne suchrelations,we needto use
recursivede nitions in which a predicatels de ned (possiblyindirectly) in termsof

itself.
As asimpleillustrationof theneedfor recursvede nitions, considerthefollowing
databaseyhich encodes portionof the family treeof BertrandRussell.

parent(katherin e, bertrand). parent(amberley, bertrand).

parent(katherin e, frank). parent(amberley, frank).
parent(katherin e, rachel). parent(amberley, rachel).
parent(dora, Kkate). parent(bertrand,  kate).
parent(dora, john). parent(bertrand,  john).
parent(peter,  conrad). parent(bertrand,  conrad).
female(katherin e). male(amberley).

female(rachel). male(frank).

female(dora). male(bertrand).

female(peter). male(conrad).

female(kate). male(john).

Herealiteral parent(X,Y) isintendedo meanthatXis a parentof Y. Theinfor-
mationin this databasés corvenientlyfactorecamongtheparent , male, andfemale
predicatesothatthereis noduplicationastherewould beif thesamenformationwere
expressedn termsof, for instancefather , mother, male andfemale.

Exercise 2.4 Write Prolog clausesde ning father , grandmother, uncle , cousin,
etc.,in termsof the primitivesparent , male, andfemale .

Supposeve wantedto de ne a notion of ancestar Intuitively, a personOld is an
ancestoif a personYoungif thereis somechainof parentrelationshipsof arbitrary
lengthconnectingOld to Young We couldstartby writing clausedikee:

ancestor(Old, Young) :-
parent(Old, Young).

ancestor(Old, Young) :-
parent(Old, Middle),
parent(Middle, Young).

ancestor(Old, Young) :-
parent(Old, Middle),
parent(Middle, Middle2),
parent(Middle2, Young).

Clearly, no nite axiomatizatiorin this styleis possible.Insteadwe de ne ancestor
recursvely. At the base,one's closestancestorsare parents.All otherancestorsare
parentf closerancestorsStatingthisin Prolog,we have

Program 2.2
ancestor(Old,Yo ung) :-

parent(Old,Youn g).
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ancestor(Old,Yo ung) :-
parent(Old,Midd le) ,
ancestor(Middle ,Young).

The executionof the queryancestor(katherin e, kate) , underthis de nition of
ancestor , proceedasfollows:

?- ancestor(katherin e, kate).
(1) 0 Call: ancestor(katherine, kate)

(2) 1 Call: parent (katherine, kate)
(2) 1 Fail: parent (katherine, kate)
(3) 1 Call: parent (katherine, Middle_3)
(3) 1 Exit:  parent(katherine, bertrand)
(4) 1 Call: ancestor (bertrand, kate)
(5) 2 Call: parent (bertrand, kate)
(5) 2 Exit: parent (bertrand, kate)
(4) 1 Exit: ancestor (bertrand, kate)
(1) 0 Exit: ancestor(katherine, kate)
yes

Thereadershouldcon rm thatthis de nition of ancestoworksappropriatelyby fol-
lowing thetraceandexecutingsimilar queries.

Exercise 2.5 Whatis the prooftreecorrespondingo this execution?

The readerwith someknowledgeof modeltheoryfor rst-order logic might be
wonderingaboutour useof recursie predicatede nitions like theoneabove. In gen-
eral,thetransitve closureof a binaryrelationis not r st-order de nable (Boolosand
Je rey, 1980).Thatis, givenabinarypredicatep thereis no rst-order formulaT(x;y)
with free variablesx andy suchthatfor all interpretationf predicatesymbols,con-
stantsandfreevariables T (x; y) holdsin theinterpretatiorif andonly if thevaluesfor
x andy in theinterpretatiorarein thetransitive closureof therelationinterpretingthe
predicatep. Thus,theabove de nition, andotherslikeit usedin therestof thisbook,
seemnot to really de ne whatthey aresupposedo de ne. The solution of this co-
nundrumis thatde nite-clauseprogramsmustbe interpretedwith a speci ¢ modelin
mind, theleastHerbrandmodel(vanEmdenandKowalski, 1976;Lloyd, 1984)for the
program ratherthanin termsof arbitrary rst-order models.In theintendedmodel,a
programlik e the above indeedde nesthetransitive closureof the baserelation.

25.1 Variable Renaming

In previous exampleswe have ignoredthe issueof the scopeof variablenames.We
have beenimplicitly assumingthat several occurrence®f variableswith the same
spellingall occurringin oneclauseareto beconsiderednstance®f thesamevariable.
Thus,in the rst clauseof Program?.2,thetwo occurrencesf Youngareintendedo
notatethesamevariable.Whenoneis boundin anassignmenthey bothare.However,
thesetwo occurrencesndthetwo in the secondclausearenot intendedto notatethe
samevariable. For instance,in the traceabove, eachof theserulesis usedoncein
the proof, the rst undertheassignmentld = bertrand, Young = kate andthe
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secondundertheassignmenbld = katherine, Middle = bertrand, Young =
kate. Thesetwo assignmentareincompatibleassigningdi erentvaluesto Old. Yet
their usein the executionof the queryis not inconsistentoecausehey arosefrom
di erentinvocationsof clauses.Thuswe needsomeway of distinguishingvariables
in di erentclauses—odi erentinvocationsof the sameclause—thahappento be
spelledthe same.

Oneway of doingsowould beto requirethatthe programmealwaysusedi erent
variablesn eachclause But notonly wouldthisbecumbersomet wouldnotsolvethe
problemfor di erentinvocationdor thesameclausewhichrecursivede nitions make
possible.Therefore gachinvocationof agivenclausein aproofconceptuallyrequires
the renamingof the variablesin the clauseto new variables. In this book, we will
representhevariablesin a clauseinvocationresultingfrom renamingby x_i wherex
is the textual nameof the original variableandi is the numberof theinvocation. For
instancejn the executiontraceabove, the third clauseinvocationhasa variablethat
is aninstanceof the variableMiddle from the secondclauseof Program2.2. It is
thereforelisted asMiddle_3 in the trace. Thusvariablesfrom di erentinvocations
areguaranteedo beunique.

In practice Prologsystemsiselessobvious(but moree cient)variable-renaming
mechanismsTypically, new variablesareinternallyrepresentedsanindex into Pro-
log's working storage and are displayedwith the notation”_i” wherei encodeghe
index.

25.2 Termination

In ancestor we nd our rst exampleof a predicatevhosede nition hasto becare-
fully designedo avoid nonterminationTheideaof thede nition of ancestor given
aboveis thatin therecursve secondclausethe proof procedurewill have to follow a
speci ¢ parent link in thefamily treeor graphbeforerecurringto follow otherlinks.
Asthefamily graphis nite andagyclic, atsomepointwewill runoutof parent links
to exploreandthe procedurawill terminate.

In contrastthefollowing de nition is possiblymorenaturalbut causesiontermi-
nationproblemsfor the Prologinterpreter

Program 2.3
ancestor(Old,Yo ung) :-

ancestor(Old,Mid dle),

ancestor(Middle, Young).
ancestor(Old,Yo ung) :-

parent(Old,Young ).

The de nition can be read“an ancestoris a parentor an ancestorof an ancestor”
and includesdirectly an instanceof the transitivity axiom schemawhich would be
expressedn FOL as

RxY)" RY;2) R(x2

However, whenPrologtriesto proveancestor( x, Z) for arny termsx andz, it fallsinto
anin nite loop, becausehe rst subgoalit attemptsto prove is ancestor( x,Y_1),
whichin turn leadsto anattemptto prove ancestor( x,Y_2) andsoon.

If thetwo clausesreinterchangedye have
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ancestor(Old,Yo ung) :-
parent(Old,Young ).

ancestor(Old,Yo ung) :-
ancestor(Old,Mid dle),
ancestor(Middle, Young).

In this case Prologwill rst try to useparent factsandthereforeproducea solu-
tionin nite timeif oneexists. However, if we askfor moresolutionsby backtracking,
therewill comea pointwhenall the parent factswill have beenusedin all possible
ways,andPrologwill gointo aloop usingtherecursve clausealone.

The sourceof thedi culty in thesecasess that one of the clausess left recur
sive thatis, the leftmostantecedeniliteral in a clausede ning a predicateis itself a
referenceo that samepredicate.In generaleft recursve predicatesauseproblems
for theleft-to-right, depth- rst controlregimethat Prologuses.In fact,the left recur
sionneednot evenbedirect. If by following a chainof leftmostliteralswe cancycle
backto a predicatepreviously used the Prologproof proceduranayfollow this chain
depth- rst, fruitlessly searchingor a way out. It shouldbe notedthattherearemore
sophisticatedHorn-clauseproof procedureshatwill not loop with transitive relation
de nitions. Unfortunatelythoseproceduresrein generakoexpensvethatit is infea-
sible to usethemfor generalprogrammingasks. However, someof themareuseful
for certainparsingproblemsaswe will seein Chapter6.

Thus, in the avoidanceof terminationby clauseand literal ordering,just asin
the previous discussiorof usingsuchorderingto reducesearchwe seethat control
issuesmustbe carefully consideredn writing Prologprogramsyery muchaswhen
programmingn otherlanguagesIn Prologwe canignore somelow-level detailsof
datarepresentatiomnd executioncontrol, but that doesnot meanthatwe canignore
all issuesof datarepresentatioandcontrol. Eachprogramminganguageplacesthis
kind of abstractiorbarrierin adi erentplace.Oneof themaindi cultiesin learning
Prologafterlearningotherprogrammindanguagess Prolog's particularplacemenbf
thebarrier

2.6 Problem Section: SemanticNetworks

Semanticnetworksare graph structuresoften usedfor knowledgerepresentatiorin

arti cial intelligence.The simplestform of semantimetwork consistof nodesrepre-
sentingindividualsanddirectedarcsrepresentindpinaryrelationshipsetweemodes.
For example,the network in Figure2.2 containssereraltypesof arcsrepresentinge-
lationshipshetweemodes For instancetheisa arcsrepresenmmembershipelations,
e.g.,Ole Blackis a Mustang(thatis, is amembetrof the classof Mustangs) Similarly,

ako, which standdor a kind of, representsheinclusionrelationbetweerclassesFor

instanceMustangsareakind of automobile.

Problem 2.6 Find a way of representingthis simplesemanticnetworkin Prolog us-
ing unit clauses. It shouldbe possiblewith your representationto answerqueries
paraphrasableas “What classis Ole Black a memberof?” (the answershouldbe
mustang) or “What companiesare ther?” (the answes shouldbe gmand ford ).
Demonstatethat your representatiorcan handlethesequeries.
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Ole Black

Figure2.2: A semantimetwork

We can ask Prolog what individuals satisfy a given relation. However, we can-
not askdirectly whatrelationshold betweengivenindividuals. In semanticnetwork
representationsye oftenwantto askthe latter kind of questionfor instance,'What
relationshipshold betweenFord andthe classof companies?”

Problem 2.7 Modify your representatiorof semanticnetworksto allow boththis new
kind of questionandthekind in the previousproblem.(HINT: Treatsemanticnetwork
relationsas Prolog individuals. Thisis an importantProlog programmingtechnique
sometimesalledrei cation in philosophicalcircles.)

Semanticnetworks are often usedto representaxonomieswith propertyinheri-
tance A taxonomy like the onein the exampleabove, placesindividualsin classes,
andspeci eswhichclassesresubclassesf otherclasseslf all thememberof aclass
necessariljhave a certainproperty we say (alusinglanguageslightly) thatthe class
hasthe property Further we saythatall individualsin the class,andall subclassesf
the class,inherit the property The following threecorventionsare usuallyfollowed
for economyof representation:

Classcontainmenstatementsare given only betweena classandthe smallest
classesn thetaxonomythatcontainit. (For instancewe do nothave anexplicit
representatioof thefactthatMustangsarephysicalobjects.)

Classmembershigstatementsare given betweenan individual and the small-
estclassesn the taxonomythat containit. (For instancewe do not explicitly
representhatFordis alegal person.)
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Propertiesare associatedvith the largestclassin the taxonomythat hasthem.
(For instancewe explicitly associatehe propertyof beingself-propelledwith
automobilesut notwith Mustangs).

Thetransitvity of classcontainments thenusedto deducerom the explicit data
whetherspeci c individualsor classedhave certainpropertiesor arein certainclasses,
for example thatMustangsarephysicalobjects.

Problem 2.8 Useyour Prolog encodingof semantimetworksfor a geneal encoding
of taxonomief the kind described.De ne the following Prolog predicatesin terms
of your representation:

is_instance(Ind ivi dual, Class) holdswhenlindividual is anelement
of Class.

has_property(In div id ual,P roperty ) holdswhenindividual hasProp-
erty.

subclass(Classl , Class2) holdswhenClassl is a [possibly improper]
subclasof Class2.

Testyour program by demonstatingthat GM is a legal person,that Ole Blac is self-
propelled,andthat Mustangsare physicalobjects.

In Prolog, we can have predicatesof ary numberof aguments. We may,
for example, representthe fact that Ford built Ole Black in 1965 by the clause
built(ford,ole_b lac k, 1965). However, in the simpleform of semanticmetwork
discussedofar, we canonly representlirectly binaryrelations.

Problem 2.9 Find a way of representingn-ary predicatesusing nodesand labeled
arcsin a semantimetwork.Howwouldyourepresent'‘Ole Bladk wasbuilt by Ford in
1965” with this encoding?How would you ask Prolog to determinewhich company
built Mustangdn 1967?

2.7 Context-FreeGrammars

We begin the discussionof natural-languaganalysisand the role Prolog can play
thereinwith a discussionof context-free grammarsand their axiomatizationin the
databassubsebf Prolog.

Contat-freegrammas (CFG) constitutea systentor de ning theexpression®f a
languagen termsof rules whicharerecursve equationsover expressiortypes,called
nonterminalsandprimitive expressionsgalledterminals The standarchotationfor a
contet-freeruleis

No! ViV,

whereNg is somenonterminalandthe V; arenonterminalsor terminals. Sucharule

respectiely, thenthesingleexpressiorw;  w, (theconcatenationf thew;) is itself
of expressiortype Ny.” By anexpressionw; matchinga V; we meanthateitherV; is a
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terminal(a primitive expressionjandidenticalto w;, or V; is anonterminalanexpres-
siontype)andw; is of thattype (presumablyby virtue of somerulein thegrammar).

Considey for example,the following contect-free grammarfor a fragmentof En-
glish:

S! NPVP
NP! DetN OptRel
NP! PN

OptRel!

OptRel! thatVP
VP! TVNP
VP! IV

PN! terry
PN! shdlu
Det! a
N! program
IV! halts
TV! writes

We have notatednonterminalsvith uppercasenamesandterminalswith lower-case.
The nonterminalnameswe have usedhereare,for the mostpart, standardn current
linguistics. For referencewe includebelow atableof thetermsthey abbreviate.

symbol abbreviates

S Sentence

NP NounPhrase

VP VerbPhrase

v Intransitive Verb

TV Transitive Verb

PN ProperNoun

Det DETermineP

N Noun

OptRel | OPTional RELatie clause

The grammarabove classi esstringsasbeingof zeroor moreof thesetypes. For
instance,by virtue of the ninth rule, the expression®suroLu” is classi ed asa PN.
An alternateterminologyis often usedin which the nonterminalPN is saidto cover
the string “suroLu”.  Similarly, the string “halts” is coveredby the nonterminallV.
Furthermorehy the twelfth rule, “halts” is alsoclassi edasa VVP. The rst andthird
rulesallow the conclusionthatthe entirephrasesuroLu halts”is anS.

This classi cationof anexpressiorandits subexpressionsaccordingto a context-
freegrammarcanbe summarizedn a phrase-structue treeor parsetree Thetreefor
thesentencésurpLu halts” is givenin Figure2.3. Eachlocal setof nodesconsisting
of a parentnodeand its immediatechildren, correspondgo a rule application. For
instancethetop setof nodescorrespondso anapplicationof theruleS!' NPVP. The
leavesof thetree,thatis, the symbolsatthe bottomwith no children,correspondo the
primitive expressionstheterminalsandtheinteriornodescorrespondo nonterminals.

5Determinerglike theanda) arealsosometimesalledarticles.
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S
NP VP
| |
PN v
|
SHRDLU halts

Figure?2.3: Parsetreefor a simplesentence

S
NP VP
DET N OptRel v
a program halts

Figure2.4: Parsetreeincludingemptyconstituent

The expressiorcoveredby a givennodeis just the fringe of the subtreewhoserootis
thatnode. Sucha phrase-structuréreefor a string providesa sort of proof thatthe
stringis classi ed asthenonterminakttheroot.

Thesymbol* ", which occursin the rst rule for optionalrelative clausesis used
to marka rule with zeroelementson the right-handside,hence coveringthe “empty
string”. For example the string“a programhalts”is classi edasan$S asillustratedby
the parsetreeof Figure2.4. Note that sincethe OptRel rule hasno elementsn the
right-handside,it requiresno dependents the parsetreeandcoversno portionof the
string.

Any procedurdor determiningthe parsetreecorrespondingo anexpressiormust
performthe rule applicationsin a given order Suchan orderingof the applications
summarizedn thetreeis calleda derivationof the string. In the particularexample
“surpLu halts”, we might derive the string performinglower applicationsin the tree
beforethosehigherup, aswe did in the informal descriptionabove. Alternatively,
we might startby applyingthe rst rule to the root symbol S, then expandingthe
NP andVP andso forth, working down from the top of the tree. Derivationsof the
former sort are referredto asbottom-upderivations,thoseof the latter type astop-
downderivations. On an orthogonaldimension,we can have depth- rst or breadth-
r st derivations,dependingon whetheran entire subtreeis or is not derived before
the derivation of its siblings begins. Many other possiblederivation orderingsare
possible combiningfacetsof top-davn versusbottom-up,depth-versusbreadth- rst,
left-to-right versusright-to-left orderings andsoforth. The parsetreeabstractaway
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from all theseorderingissuesmanifestedn particularderivations,justasaprooftree
abstractgaway from orderingissuegmanifestedn particulartraces.

As a sidenote, it is traditionalto separatea grammarof this sortinto two parts,
onewhich containsthe grammarrulesproperandonewhich containsthe ruleswith a
singleterminalontheright handside. Thelatterpartis calledthedictionaryor lexicon
for thegrammar Dictionaryrulescorrespondo thelinesin the parsetreeconnecting
a preterminatl—a nonterminalimmediatelycovering a terminal—andthe terminalit
covers.

Exercise 2.10 Whatexpressiontypesare the following expressionsclassi ed under
accoding to the context-freegrammarjust given?

. halts

. writesa program

. aprogramthatTerry writes

. Terrywritesa programthathalts

. aprogramthathaltswritesa programthathalts
. Terry haltsaprogram

. aprogramthatTerry writeshalts

~N o oA WN P

Exercise2.11 For ead classi cation of each expressionin the precedingexercise
givetheparsetreefor the derivationof that expressionunderthat classi cation.

2.7.1 Axiomatizing Context-Free Grammars

In parsetreeslike the one givenin Figure 2.4, nonterminalscan be interpretednot
only asa classi cation of expressiongviz., the expressionghat are the fringes of
treeslabeledwith the given nonterminal)but alsoasbinary relationson positionsin
the expressionwherea positiondividesan expressioninto two subepressionsvhich
concatenatetbgetherform the original expression.For example,string positionsfor
thethesampleparsereeof Figure2.4areshovnin Figure2.5. Position2, for example,
dividesthe expressiornnto thetwo subexpressionsa program”and“halts”.

The nonterminalscannow be seenasbinary relationson the positions. The pair
of positionstD; 2i is in the NP relationbecause¢he nonterminalNP coversthe subex-
pressionbetweenpositionsO and2. Usinglogical notationfor the relation, this fact
canbe notatedasNP(0,2). Similarly, S0,3) holdsbecause¢he nonterminalS covers
the expressiorbetweernpositions0 and 3. The emptyoptionalrelative clausecovers
thestringbetweerposition2 anditself, i.e., OptRe(2,2).

In fact,thegeneraktatemenmadeby the context-freerule

S! NPVP

canbesummarizedisingrelationson positionswith thefollowing logical statement:

NP(po; p1) * VP(p1; p) ) S(po; p)
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DET N OptRel v

Figure2.5: Parsetreewith stringpositions

thatis, if thereis an NP betweernpositionspy and p; anda VP betweenpositionsp;
andp, thenthereis an S betweerpositionspy and p. Indeed,any contet-freerule of
theform

No! ViV,

canbeaxiomatizedhs

Vi(po; P1) ™ Va(Pn 1:0))  No(po; )

2.7.2 Context-Free Grammarsin Prolog

To expressa context-free grammarin Prolog,then, we merely note that this general
form for axiomatizingrulesis itself in de nite clauseform. Thus,it canbe directly
statedn Prolog.For instancethe sentencdormationrule is expressed

s(PO, P) :- np(PO, P1), vp(P1, P).
A full axiomatizatiorof the Englishfragmentwould be asfollows:

Program 2.4
s(PO, P) :- np(PO, P1), vp(P1, P).

np(PO, P) :- det(PO, P1), n(P1, P2), optrel(P2, P).
np(PO, P) :- pn(PO, P).

vp(PO, P) :- tv(PO, P1), np(Pl, P).

vp(PO, P) :- iv(PO, P).

optrel(P, P).

optrel(PO, P) :- connects(that, PO, P1), vp(P1, P).

pn(PO, P) :- connects(terry, PO, P).
pn(PO, P) :- connects(shrdlu, PO, P).
iv(PO, P) :- connects(halts, PO, P).
det(PO, P) :- connects(a, PO, P).

n(PO, P) :- connects(program, PO, P).
tv(PO, P) :- connects(writes, PO, P).
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We have usedtheliteral connects(Termin al, Positionl, Position2) tomean
that the terminal symbol Terminal lies betweenconsecutie positionsPositionl
andPosition2 .

This axiomatizationof a CFG in Prolog can be seenasthe outputof a general
mappingor algorithmictranslationfrom CFGsinto Prolog. The mappingtakesary
CFrule andformsa correspondindPrologclauseasfollows:

For eachnonterminal,constructa literal applying a binary predicatefor that
nonterminalto two positionarguments(e.g.,the nonterminalNP becomesghe
literal np(P1, P2)).

For eachterminal, constructa literal applying the predicateconnects to
three aguments, viz., the terminal symbol expressedas a Prolog constant
and two position arguments (e.g., the terminal halts becomesthe literal
connects(halts, P1, P2)).

Furthermoreasexempli ed above, the positionargumentsfor eachconstituentform

andsubconstituent in the right-handside of the rule relatesp; 1 to p;. The ability
to describethis mappingalgorithmicallyis the basisfor interpreterdor this andother
grammarformalisms.We will investigatesuchformalismsandinterpretersn Chapter
6.

2.7.3 Prolog as Parser

Given our usageof the connects predicate,an expressioncan be axiomatizedby
statingwhich terminalsymbolsin the stringconnecthestring positions.For instance,
thestring“a programhalts”is representetly the following unit clauses:

connects(a, 0, 1).
connects(progra m, 1, 2).
connects(halts, 2, 3).

This axiomatizationof expressionsaaind context-free grammarsn de nite clauses
allows ary Horn-clauseproof procedureto sene asa parser (o, strictly speakinga
recaynize)) for expressions. The Prolog proof procedure,n particular givesus a
top-down,depth- rst, left-to-right parsingmechanisnbecausehe derivationsProlog
assigngo a string by its executioncorrespondo top-davn, depth- rst, left-to-right
traversalof the parsetree. A queryof theforms(0, 3) will holdif thestringbetween
positions0 and3 is a sentenceccordingio thegrammar

?- (0, 3).
yes
?- (0, 2).
no

8A recognizeris a programthat determinesvhetheror not an expressionis grammaticalaccordingto
thegrammar A parsetis a recognizeithat furthermoredetermineghe structureunderwhich grammatical
stringsareadmittedby thegrammar
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Tracingthe executionby Prologexplicitly exhibits the derivationorderimplicit in
usingPrologasa parserof grammarsencodedn this way. The executiontraceof the
grammargiven above with the input sentencéa programhalts” representedby unit
clause<learly shons Prolog's top-down, depth- rst, left-to-right behavior.

?- 5(0,3).
(1) 0 Call : s(0,3)
(2) 1 Call : np(0,P1_2)
(3) 2 Call : det (0,P1_3)
(4) 3 Call : connects(a,0,P1_3)
(4) 3 Exit : connects(a,0,1)
(3) 2 Exit : det (0,1)
(5) 2 Call : n(1,P2 5)
(6) 3 Call : connects (program,1,P2 5)
(6) 3 Exit : connects (program,1,2)
(5) 2 Exit : n(1,2)
(7) 2 Call : optrel(2,P1_2)
(7) 2 Exit : optrel(2,2)
(2) 1 Exit : 1p(0,2)
(8) 1 Call : vp(2,3)
(9) 2 Call : tv(2,P1_9)
(10) 3 Call : connects(writes,2,P1_9)
(10) 3 Fail : connects (writes,2,P1_9)
(9) 2 Fail : tv(2,P1_9)
(11) 2 Call : iv(2,3)
(12) 3 Call : connects (halts,2,3)
(12) 3 Exit : connects (halts,2,3)
(11) 2 Exit : iv(2,3)
(8) 1 Exit : vp(2,3)
(1) 0 Exit : s(0,3)
yes

ThetraceshownsthatPrologparsedy searchindor aderivationof theexpressiorstart-
ing atthetop nodein the parsetreeandworking its way down, choosingonerule ata
time andbacktrackingvhendeadendsin the searctarereachedFor purecontet-free
grammarsiary otherbetterparsingmechanismareknown, sothis parsingtechnique
is not very interestingfor CFGs. It becomeamore interestingfor the more general
grammarsliscussedh Section3.7. Furthermorealternatie axiomatization®f CFGs
canengendedi erentparsingmechanismsandProloginterpreterdor grammarsan
male useof alternatie algorithmsfor parsing.Thesepossibilitiesareexploredfurther
in Chapter6.

The axiomatizationof grammargust presentednakes more precisethe sensen
which a parsetreeprovidesa kind of proof of the grammaticalityof anexpressionas
the parsetreefor a sentenceorrespondslirectly to the proof treethat Prolog devel-
opsin recognizingthe expression.This canbe readily seenfor the samplesentence
whoseproof treeis givenin Figure2.6 (cf. Figure2.5). In fact, this isomorphismis
exploitedfurtherin Section3.7.1,in developinga grammarthat builds the parsetree
correspondingo a givenderivation.
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s(0,3)
np (0, 2) vp (2, 3)
det (0,1) n(l,2) optrel (2, 2) iv(2,3)

connects(a,0,1) connects(program,1,2) connnects(halt s,2,3)

Figure2.6: Prooftreefor parseof sentence

2.8 Problem Section: Grammars

In this problemsection,we will develop alternatve ways of encodinglanguagesn

Prolog. First, we will considethow to encodethe syntaxof databasérologitself us-
ing theencodingtechniquedescribedn Section2.7.2but with amuchfreerencoding
of the primitive expressions.Thenwe will look at variousothermechanismsgor en-
codinglanguage$asedon addingoperationdik e intersectionor usingdi erentdata
structuredik e graphs.

2.8.1 A Syntactic Analyzer for Database Prolog

We will considetherethe questionof how to build a syntacticanalyzeifor a program-
ming languagejn this casethe databasesubsetof Prologwe have seensofar. This
subsehasavery simplesyntax:

A clauseis aclausetermfollowedby a period.

A clauseterm is an atomic formula (a unit clause)or an atomic formula fol-
lowed by animplicationfollowed by a sequencef atomicformulasseparated
by commagqanonunitclause).

An atomicformulais a predicatesymbol(a constantjoptionally followed by a
parenthesizetist of comma-separateatguments

An argumentis a constanbr avariable.

Prolog syntacticanalyzers ik e thosefor other programminglanguagesdo not
usuallyanalyzecharactestringsdirectly but ratherstringsof lexical tokensproduced
by alexical analyzer(Aho andUliman, 1977).We will assumen this problemthatthe
resultsof lexical analysisof a stringareexpressedotby connects clausesut rather
by Prologunit clauseof thefollowing forms:

constant(Consta nt, FromTo), meaningthat thereis a constanttoken be-
tweenpointsFromandToin the stringwith spellingConstant .

variable(Variab le, FromTo), meaningthat thereis a variable token be-
tweenpointsFromandToin the stringwith spellingVariable .
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punctuation(Pun ct, FromTo) , meaninghatthereis apunctuatiormarkbe-
tweenpointsFromandTo in the stringwith “spelling” Punct.

For example for the Prologclause
ancestor(Old,Yo ung) :- parent(Old,Young ).
we canassumehatthefollowing assertionsvill bein the Prologdatabase:

constant(ancest or, 1,2).

punctuation('("  , 2,3).
variable('Old', 3,4).
punctuation(',' 4, 5).

variable('Young '5 ,6).
punctuation()'  ,6, 7).
punctuation((:- ),7 ,8).

punctuation('.' ,14,15).

Notethatpunctuatiorandcapitalizecconstantgdenotingthespellingof variables)
mustbe in quotesso they arereadas constantsy Prolog, and not as operatorsor
variables respectiely. Also notethe extra parenthesem the seventhclause. These
arerequiredby Edinburgh Prolog syntaxbecausef the precedencesf operatorsn
orderto preventtheinterpretatiorof :- asapre x operator

Problem 2.12 Write a context-freegrammarfor dbProlog. Translateit to Prolog, and
testit with someof its own clausesas data. (We recommenahoosingshort clauses
for the data as the encodingis tedious. Chapter3 discussedetter string position
encodings.)

2.8.2 Extending CFGswith Intersection

Contet-free grammarsanbe generalizedy usingthe intersectionoperator'&”. A
rule of theform

X! & (2.6)

is interpretedassayingthata stringis an X if it is simultaneoushan anda . This
extendednotationthus representsntersectionsof context-free languageswhich in
generalrenot contect-free (HopcroftandUllman, 1979,pagesl 34-135).

Problem 2.13 Extendthestandad mappingof contet-freerulesto Prolog (discussed
in Section2.7.2)to allow for rules with the intersectionoperator. Demonstate the
mappingby writing and testinga Prolog program de ning a grammarfor the non-
contet-freelanguage madeof all stringsoftheformab"c" forn 0.
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Figure2.7: A graph

2.8.3 Transtion Networks

Transitionnetworks are an alternatve to formal grammarsfor de ning formal lan-
guageq(i.e., setsof strings). Whereasa formal grammarde nes a languageén terms
of combinationsof typesof strings,a transitionnetwork for a languages a kind of
abstractmachinefor recognizingwhetherstringsarein the language. The machine
canbein oneof a setof statesandthe transitionsfrom stateto statecorrespondo
processingsuccessie symbolsin the string to be recognized.Certainspecialstates
correspondo acceptancer recognitionof thestring. If the machine nishes process-
ing whenin sucha state thestringis accepteasbeingin thelanguageecognizedy
themachine If themachinedoesnotendupin suchastate the stringis notaccepted.
The problemsin this sectioncover the writing of interpretersfor transitionnetworks
of bothnonrecursie andrecursve varieties.

Graph Languages

Thestatesandstatetransitionsof amachindik e thekind just describedorm akind of
graphor network with the statesasthe nodesandthe transitionsasthe arcs. For this
reasonwe will startby looking ata simpleway to recognizdanguagesisinggraphs,
andmove onto the morecomplex networksin laterproblems.

A nite directedlabeledgraphis a nite setG of triples (n;I; m), wheren andm
areelement®f asetof nodesandl is anelementbf asetof labels A paththroughthe
graphis astringof labelsl; |l suchthatthereexist graphnodesng; :: :; nk for which

thelanguagevhosestringsareall pathsin g.

For example thegraphf(1; a; 2); (2; b; 3); (3; ¢; 2)gcanbedepictedasin Figure2.7.
This graphdescribesa languagecontaining,amongotherstrings, , a, ab, bc, cbcbg
andsoforth.

Problem 2.14 Write a Prolog programthat canbe combinedwith a Prolog represen-
tation of an arbitrary nite directedlabeledgraph and a Prolog representatiorof a
string to recaynizethat string asbelongingto the pathlanguage of thegraph.

Nonrecursive Transition Networks

Transitionnetworks canbe seenasa kind of graphwherethe nodesare calledstates
andthe arcsstatetransitions More formally, a nonrecursie transitionnetwork is a
labeleddirectedgraphN (asin the previous problem)togetherwith a distinguished



2.8. Problem Section: Grammars 35

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

' halts E ‘

Figure2.8: A nonrecursie transitionnetwork

initial statei andasetof nal statesF. A strings = I, :::lx is acceptedy thenetwork
(or is in the language of the network) if andonly if thereis a pathin N givenby the

For example,Figure 2.8 depictsa transitionnetwork with initial statel (signi ed
by thearrow “>") and nal state5 (signi ed by the concentriccircles). This network
will acceptstringssuchas“every professors professors programhalts”, but not “pro-
gramhalts” (becausé doesnotstartatthe startstate)or “every professors professor”
(becausét doesnotendin a nal state).

Problem 2.15 Write a Prolog programthatwill recagnizethe stringsin thelanguage
of anarbitrary transitionnetworkdescribedby an appropriatesetof unit clausesTest
the program at leaston the examplein Figure 2.8. (Your solution of Problem2.14
mightbeusefulhere.)

Recursive Transition Networ ks

A recussive transitionnetwork (RTN) is a transitionnetwork with a setof labeled
initial stateseachlabeledby a di erentlabel, insteadof a singleinitial state. Initial
statelabelsplay the samerole asnonterminalsn CFGs. Of all theinitial statelabels,
we distinguisha start label (or startsymbol).

A stringsis recanizedasan X by RTN N if andonly if

1. Xisthelabelof aninitial statex, and

2. thereis apath(stringof labels)l; Ik thatis acceptedy N seenasa honrecur
sive transitionnetwork with initial statex, and

4. for eachs, eithers = | or 5 is recognizedrecursvely) asanl; by N. (We will
extendthis partof thede nition shortly)

A stringsisrecognizedy anRTN N with startlabelS if andonlyif sisrecognized
asanS by N. Thelanguage of anRTN is the setof stringsit recognizes.

Considerthe sampleRTN in Figure2.9. A labeledinitial staten with labell is
representedn the exampleby | : n. By corventionin suchdrawings of transition



36 Chapter 2. Database Prolog

A hardbound edition of Prolog and Natural-Language Analysis is available
from www.mtome.com and other booksellers.

's

D LiiNe NG NG
ED——->OO——@
that @ VP

Figure2.9: A recursve transitionnetwork

networks, terminalsymbolsarewritten in lower caseand nonterminalsymbols(sub-
network labels)arewritten in uppercase.Of the nonterminakymbolsin theexample,
only S NP, VP andREL have correspondingubnetvarks. Ratherthangive subnet-
worksfor the othernonterminalsvhich correspondo preterminakateyories(DET, N
andTV), we treatthemspecially A preterminalP will matchaword w in thestringif
w is listedasa p in adictionaryexternalto the network. Thatis, we areextendingPart
4 of thede nition givenabove of whatit meangfor a stringelementto matcha label
to allow a casewheres is listedin a dictionaryunderthe preterminalkcategory ;.
Thenetwork of Figure2.9would thereforerecognizesentencetk e

every professors studentwrote aprogram

assuminghat every' and'a' arelistedasDETs; "professor', program',andstudent'
areNs; and wrote' isa TV in thedictionary

Problem 2.16 Extendyoursolutionof the previousproblemto recaynizethestringsin
thelanguage of an arbitrary recuisivetransitionnetworkplusdictionary, represented
by appropriate unit clausedfor boththe networkandthe dictionary. Testit at leaston
theexampleRTNof Figure 2.9.

2.9 Bibliographic Notes

The databasesubsetof Prolog (Section2.1) is discussedn more detail by Sterling
andShapiro(1986). The relationshipbetweenrst-order logic andPrologis covered
to someextentin thatbook, andis alsoaddressedh the booksby Kowalski (1980),
Gallier (1986)andClocksinandMellish (1981). Thedualinterpretatiorof logic pro-
grams,declaratve and proceduralwas rst discussedy Kowalski (1974a;1974b),
andrelatedto denotationakemanticgor programminganguagesy van Emdenand
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Kowalski (1976). Lloyd's book (1984) gives a detailedmathematicahccountof the
semantic®f de nite-clauseprograms.

Thefamily treeof BertrandRussell(Section2.5)wasderivedfrom KatherineTait's
biographyof herfather(1975).

The moregeneralquestionof the relationshipbetweenclausalform andfull rst-
orderlogic (Section2.3) is discussedn detailin every book on automatedheorem-
proving, a few of which were mentionedin Section1.5. The conceptsunderlying
clausalform and Skolem functions were usedin logical investigationsfor several
decadesascanbe seenin the papersby Skolem (1920)and Herbrand(1930)in the
van Heijenoortcollection(1967). Building uponHerbrands work, Robinson(1965)
developedtheresolutioninferenceprocedurdor clausalform.

The tracing and dehugging of Prolog programs(Section2.4.1) hasuniquedi -
cultiesthat canbe attributed to the nondeterminag of clauseselection. Proof trees
arecommonlyusedin logic to representhe relationshipbetweenpremisesand con-
clusionsin a proof. The spaceof alternatvesin the searchfor a proof canalsobe
representebly atree,andthecombinatiorof thetwo treesformsanand-ortree. These
conceptarediscussedby Kowalski(1980).

Treerepresentationarecornvenientin prooftheoryandfor heuristicpurposesbut
are unwieldy when tracing large Prolog executions. Byrd's box model (1980), the
rst practicalframework for delugging Prolog programs,hasbeenimplementedn
mary PrologsystemsMore advancedmodelshave sincebeenproposedin particular
the family of algorithmic delugging methodsthat startedwith Shapiros dissertation
(1983).

Semanticnetworks (Section2.6) were originally proposedby Quillian (1967).
They have beenthe objectof muchwork in arti cial intelligence,including that of
Hendrix (1979), from which we derived our example. The connectionsbetween
semanticnetworks and logic are discussedfor instance,by Woods (1975) and by
DeliyanniandKowalski (1979).

Contet-freegrammargSection2.7) originatedin the formalizationof the notions
of immediateconstituentand phrasestructurein structurallinguistics, in particular
with the work of Chomsly (1956). A detailedhistory of the developmentof these
ideasis givenby Greibach(1981),who alsosuppliesacomprehensie bibliographyof
formal-languageheory. A linguistically orientedovervien of contect-free grammars
canbefoundin the book by Parteeetal. (1987). A full mathematicatreatmentof
contt-freegrammarstheir propertiesandparsingalgorithmsis given, for instance,
by Harrison(1978). The representationf contet-free grammarsn rst-order logic
hasbeenin thefolklore for alongtime, but the rst referencdo theideain print that
we know of is by Kowalski (1974a).

The problemin Section2.8.1requiresthetext of Prologprogramsto be givenin
a “predigested tokenizedform. The techniquesf lexical analysisrequiredto pro-
ducethatform arediscussedh any compilerdesignreferencee.g.,(Aho andUIliman,
1977).

The problemin Section2.8.2introducesintersectionf contet-free languages,
whichin generalrenot context free. Classe®f languagesirepartly characterizety
how languagesn the classbehae undersetoperationssuchasintersection. Proofs
thata certainlanguages notin a certainclass(e.g. contet free) often dependon the
closurepropertieof languageclassesindersetoperationgGinshurg, 1966;Harrison,
1978).Suchresultscanbe usefulin linguistic argumentatior{Shieber,1985b).
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Transitionnetworks(Section2.8.3)areacommonrepresentatioof abstracstring-
recognitiondevices. In the nonrecursie case they arejust anothemotationfor non-
deterministic nite-state acceptorswhich arediscussedn ary introductorybook on
compilersor formal-languageheory (HopcroftandUliman, 1979; Aho andUliman,
1972;Harrison,1978). Recursie transitionnetworks are closelyrelatedto the non-
deterministicpushdevn acceptorswhich are the abstractmachinecounterpartsof
contet-free grammars(Hopcroft and Uliman, 1979; Aho and Ullman, 1972; Har-
rison, 1978). However, the actualnotion of recursve transitionnetwork usedhere
comesrom Woodsswork ontransitionnetworksfor natural-languaganalysig1970).
Woodsextendsrecursve transitionnetworks with dataregistersthatcanbe setby ac-
tionsandtestedby conditionson arcs. Theresultingformalism,augmentedransition
networks (ATNSs), is very powerful; in fact,an ATN canbe written to recognizeary
recursvely enumerabldanguage.Bates(1978) givesa very good tutorial on ATNs
andtheir applicationin natural-languagerocessingPereiraandWarren(1980)have
comparedATNs with logic grammarsn detail.
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Chapter 3

Pure Prolog:
Theory and Application

This digital edition of Pereiraand Shiebers Prolog and Natural-
Languaye Analysisis distributed at no chaige by Microtome Pub-
lishing undera licensedescribedn the front matterandat the web
site. A hardbouncedition (ISBN 0-9719997-0-4)printedon acid-
freepaperwith library bindingandincludingall appendiceandtwo
indices (and without theseinline interruptions),is available from
www.mtome.corandotherbooksellers.

In the databasesubsebf Prologwe have seensofar, the amgumentgo predicates
have beenconstantsr variables.Like FOL, however, Prologallows arbitraryterms
to sene asamgumentsof predicatespf which constant@andvariablesarebut two sub-
classesTermsalsoincluderecursve structureformedby applyingfunctionsymbols
to otherterms,usingthe parenthesizedyntaxfamiliar from logic.

Theextensionof databas®rologto includetermsof arbitrarycompleity is called
pure Prolog becauset is a pure subsetof FOL, containingno extralogical features
(exceptfor thosein Section3.4.1).Full Prolog,discussedh Chaptel6, doeshave such
featuresconsequentlyits declaratve semanticandprocedurabperatiordiverge. But
purePrologis a purelogic programminganguage.lt hasa procedurainterpretation
thatis potentiallysound(thoughnot complete)with respecto its declaratve interpre-
tation?

3.1 PrologNotation Revisited

At thispoint, let usreview thenotationfor Prologthatwe have beenusingandaugment
it to includecompoundermsformedwith functionsymbols,asmentionedn Section
2.3. We give asimpli ed CFG for the Prologsyntaxintroducedso far, augmentedo
includefunctionsandtermsformedfrom them.

IHowever, becauseof the lack of the 2occurscheck®in Prologsystemg(Section3.5.2), this potential
soundnesgs notrealizedin mostimplementations.

39
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Program! Clause
Program! ClauseProgram
Clause! AtForm:- Condition.
Clause! AtForm.
Condition! AtForm
Condition! AtForm, Condition
AtForm! Predsym
AtForm! Predsym TermSeq
TermSed Term
TermSed Term, TermSeq
Term! Constant
Term! Number
Term! \Variable
Term! Funcsym( TermSeq

The primitive typesof expressionsthen, are constantsfunction symbols(Func-
syn), predicatesymbolqPredsyn), andvariables Constantareeithernumbes (such
as0, 99.99, -129) or atoms Atoms aretokensbeginningwith a lower-casealpha-
betic or composedf a sequencef specialcharacter®r composedf ary characters
surroundedy singlequotes.For instancethe following areatoms:a, bertrand , =,
:=,'Bertrand Russell' ,[].

Functionsymbolsandpredicatesymbols(oftencollectively referredto asfunctors)
arealsonotatedwith atoms.

Compoundexpressionga functor appliedto a sequencef term arguments)are
by defaultrepresenteih parenthesizegre x notationasin Funcsym TermSeq or
Predsym( TermSeq above.

3.2 Termsand Uni cation

To illustrate the notation, hereis an example programthat axiomatizesadditionin
successonotation:

Program 3.1
add(O, Y, Y).
add(succ(X), Y, succ(2)) :- add(X, Y, 2).

In this program the simpletermO is intendedto representhe number0, theterm
succ(0) thenumberl, succ(succ(0)) thenumber2, andsoforth. (The function
symbol succ is so-calledbecausét corresponddo the integer successofunction.)
Thus,the rst clausestatesthat 0 addedto any numberis that number The second
clausestateghatthe successoof ary numberx addedo y is the successoof thesum
zof x andy.

Unlike in imperative languagesthe succ functionsymbolwhenappliedto aterm
will not“returnavalue”;thetermsucc(0) doesnotequal(reduceto, return,evaluate
to, etc.)theterm1 or ary otherstructure.Theonly relationshipbetweerthetermsand
thenumberss themeaningelationshipwe, asprogrammersandusersattributeto the
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terms.Theprogramrespectshis attribution becausdt holdsof threetermsjustin case
thenumbershey representirerelatedby the additionrelation. We canseethis in the
following queries:

?- add(0, succ(0), Result).
Result = succ(0)
yes

?- add(succ(succ(0)) , succ(succ(0)), Result).
Result = succ(succ(succ(succ(0))))
yes

Thesequeriescorrespondo computingthatO + 1is 1 and2 + 2 is 4.

Prologaugmenteavith termsworksin exactly the sameway asthe databasesub-
setdiscussedn the previous chapter The only di erenceis thatthe matchingof a
goal literal with the headof a rule, the processof uni cation informally de ned in
Section2.4 andmorefully discussedn Section3.5.2,mustin generalapplyto arbi-
trary compounderms. Recallthe informal de nition of uni cation given previously.
Two atomicformulasunify if thereexists anassignmento the variablesin themun-
derwhich thetwo formulasbecomedentical. Applying this de nition to anexample,
considerttheuni cation of thetwo atomicformulas

add(succ(succ(0 )), succ(succ(0)), Result)
and

add(succ(X), Y, succ(2))
This uni cation succeedbecaus¢heassignment

X = succ(0), Y = succ(succ(0)), Result = succ(Z)
transformsbothformulasinto

add(succ(succ(0 )), succ(succ(0)), succ(2))

The executionof agoalto add2 and2 (encodedn successonotation)would then
proceedasfollows: Theinitial goalis

add(succ(succ(0 )), succ(succ(0)), Result)

Thisfails to unify with the rst clausefor add, but uni es with the headof the second
clausewith the unifying assignmenéasabove. Underthis assignmentthe body of the
clausebecomes

add(succ(0), succ(succ(0)), 2)

Now this clausealsomatcheghe headof the seconctlause(which we will write with
variablesrenamedo X_1, Y_landZ_1to avoid confusionasper Section2.5.1). This
time the unifying assignmenis



42 Chapter 3. Pure Prolog

A hardbound edition of Prolog and Natural-Language Analysis is available
from www.mtome.com and other booksellers.

X_1 =0, Y_1 = succ(succ(0)), Z = succ(Z_1)
Thebody of this secondactivationof the clausebecomes
add(0, succ(succ(0)), Z_ 1)
Thisgoalmatchegheunit clauseadd(0,Y,Y) undertheassignment
Y_2 = succ(succ(0)), Z_1 =Y_2 ,

and the execution is complete. In looking at the assignmentsthat were in-
volved in the proof, we note that Result was bound to succ(Z), Z to
succ(Z_1), Z 1to Y_2 andY_2to succ(succ(0)) . Thus, aggreating assign-
ments,we have Result = succ(Z) = succ(succ(Z_1)) = succ(succ(Y_2))
= succ (succ (succ (succ(0)))). Thequerythuscomputeghat2 + 2 = 4.

3.3 Functionsin Prologand Other Languages

In logics that include equality betweentermsas a primitive notion, the reducibility
of oneterm to anotherenablesa powerful techniquefor reasoningaboutfunctions.
Corventionalprogramminglanguages—aneven more so, so-calledfunctional pro-
gramminglanguages—makuseof this by basingtheir constructon equalities(usu-
ally in the guiseof functionde nitions). Theseequalitiesaretypically interpretedas
rewriting rulesthatcanbeusedto reducetermsto simplerones,andeventuallytoirre-
ducibletermsthatareidenti ed with “values”.In imperative programmindanguages,
this notionis implicit in the notion of a function call thatreturnsa value. All of this,
of coursedepend®on thelanguagan somesenseembodyingaxiomsof equality For
instance reductioncorrespondso the substitutvity of equality In fact, proof proce-
duresfor equalitycould be usedasthe basisfor functionalcomputatiorvery muchas
Horn-clausgproof proceduresirethe basisfor relationalcomputation.

Generalproof proceduregor logicswith equalityareverydi cult to control,and
thereforehave to datebeentoo ine cientto usein logic programming. It wasob-
sened, however, thatmuchof the work of equationsandfunction symbolscould be
doneinsteadby relations.For example,insteadof representin@dditionasa function
+ with axioms

sucgx) +y sucgx +y)
0O+x = x

we canusetheternarypredicateadd with the Prologde nition givenin Program3.1.
The simple obsenationthat subject-domairiunctionscanbe representedsrela-
tions wasa crucial stepin makinglogic programmingpractical. However, this step
is not without losses.For example,the uniqguenessf functionvalues,a consequence
of the equality axiom schematan FOL with equality is not availablefor reasoning
whentherelationalencodingof functionsis used.It maybethatthe Prologde nition
of afunctiongivesonly oneoutputfor eachinput (asis the casewith add above), but
thisis acontingentpropertyof a particularpredicatede nition ratherthananecessary
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propertyasit is with functionalnotation. Anotherdisadwantagds thatrelationalsyn-
tax requirestheintroductionof intermediatevariablesfor functioncompositionpften
impairingthereadabilityof programs.

Of the standardequalityaxiomsandtheir consequencetheonly onethatis left in
Prolog,becausét is de nable in thelanguagejs the re exivity axiom x = x, which
canbeimplementedn Prologwith theunit clause

Program 3.2
X=X

In fact,thein x = operatoris built in to mostPrologsystems.

Thelack of morepowerful equalityaxiomsin Prologmeanghatin Prologit is not
possibleto reasonaboutwhetherntwo distincttermsdenotethe sameobject. In other
words,thevalueof applyinga functionto someargumentsanonly berepresentetly
thetermexpressinghatapplicationandnot by someother(presumablysimpler)term
representinghe“value”of thefunctiononthosearguments Thus,in Prologwe look at
functionsasconstructos, one-to-ondunctionswith disjointranges Eachgroundterm
is seerasdenotingadistinctelemenin thedomain,andfunctionsymbolsaremeanof
constructingnew elementgrom old, analogougo constructofunctionssuchascons
in Lisp or recordconstructorsn Ada. Compoundermsin Prologhave thesamerole as
recordstructuresn otherlanguagespamely representingtructurednformation. For
instancejn theadditionexampleabove,the succ functionsymbolappliedto anargu-
ment doesnot“return” thesuccessoof theargument.lt merelyconstructghelarger
termsucc( ). We may chooseto interpretthe terms0, succ(0) , succ(succ(0))
.11 asrepresentinghe nonngative integers(which they areisomorphicto). We can
thencomputewith thesetermsin waysconsistentvith theirinterpretatiorasintegers,
aswedid in theadditionexample.

To extendour analogybetweerPrologtermsanddatastructuresnotethatuni ca-
tion betweentermsplaysboth a structureselectionrole, picking up the algumentsof
functions,andastructureconstructiorrole, instantiatingvariableso compounderms.
For example recallthequery

add(succ(succ(0 )), succ(succ(0)), Result)
This literal matchedhe headof the secondtlausefor add undertheassignment
X = succ(0), Y = succ(succ(0)), Result = succ(Z)

Notehow uni cation betweerthe rst aggumentf thegoalandheadhasdecomposed
theargument performinga selectiorrole. The body of the clausethe new goal,was

add(succ(0),suc c(s ucc(0)) ,Z2) ,
which succeedewith the unifying assignment

Z = succ(succ(succ((0)))
Thustheoriginal goal succeedsvith

Result = succ(Z) = succ(succ(succ(succ(0))))
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The unication between the third arguments of goal and head are this
time playing a construction role, building the representationof the result
succ(succ(succ(s ucc(0)) )) from succ(succ(succ(0 )) ), theintermediatere-
sult. This simpleexampleof additiondemonstratethatcomputationghatmight have
beenformulatedin functional-equationaermsin anothelanguagecanbe formulated
asarelationalcomputatiorover termsin Prolog.

Compoundtermsin Prolog thus play the samerole as complex datastructures
suchaslists, trees,or recordsin otherprogramminganguagesBut whereasn Lisp,
for example, every list (S-expression)is fully speci ed onceit is built, termswith
variablesin Prologstandfor partially speci eddatastructurespossiblyto be further
speci ed by variableinstantiationin the courseof a proof. This role of variablesas
“stand-ins"for asyetunspeci edstructuress verydi erentfrom therolesof variables
asformal parameter®r updatabldocationsin functionalandimperative languages
like ise andPascal.To distinguishPrologvariablesrom variablesn otherlanguages,
the Prologtype of variablehasoftenbeencalleda logical variable.

3.3.1 Alternate Notations for Functors

We digressherebrie y to discussa usefulextensionto Prolognotation. In addition
to the default parenthesizegre x notationfor compounderms,Prologallows unary
functorsto be usedwith apre x or post x notation,andbinaryfunctorsin in x nota-
tion, givenappropriatepemrtor declaations For example the expressions

succ succ O 3+4 f *x

arecorvenientnotationsfor
succ(succ(0)) +(3,4) *(*(f))

Pre x, post x, andin x operatoranustbe declaredo Prolog. For Prologsof the
Edinburghfamily, thesystenmcanbeinformedaboutthe operatorsisedin this example
by executingthefollowing queries:

- op(500, yfx, +).
- op(300, fy, succ).
- op(300, yf, *).

The nal argumentof the op predicatas simply the operatobeingdeclared.The rst
argumentis the relative precedencef the operator,with larger numbersindicating
lower precedencethatis, wealer binding andwider scope.Thus* will have alower
precedencaumberthan+. The secondargumentprovidesits position(pre X, in X,
post x). In addition,it determineghe iterability or associatiity of the operator We
call aunaryoperatoriterableif it canapplyto anexpressionwvhosemainfunctorhas
the sameprecedenceNoniterablecanonly applyto expressionsvhosemain functor
haslower precedenceThus,succ aboveis aniterableoperatoywhereaghe standard
pre X operator?- is noniterable Nonassociatie operatorsarede ned analogously
Thea xing behaior of operatorss determinedaccordingo thefollowing table:
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symbol | position| associativity
fx pre X noniterable

fy pre X iterable

xf post x | noniterable

yf pre x iterable

xfx in X nonassociatie
yfx in x left associatie
xfy in x right associatie

The intuition behindthesesymbolsis thatin the caseof an expressionwith two
operatorof equalprecedencegnewill be choserasmainfunctor suchthatthe other
occursto the sameside of the main functorasthey occursto the sideof thef. For
example, since the + operatoris declaredyfx in Prolog, X+Y+Zwill be parsedas
(X+Y)+Z The subordinatet comeson the left side of the main +. If the symbol
associatedvith an operatorhasno y in it, expressionsvhereit occurswith scope
immediatelyover anoperatornf equalprecedencwill notbeallowedatall.

Clearly, operatordeclarationqueriesare being executedfor their sidee ects. As
such,op is extralogical,andhencenot partof pureProlog. Thesedeclarationshould
thereforebethoughtof asimperatve commands$o thesystemnotaspartof thelogical
structureof a program. For further informationaboutsuchdeclarationsreferto the
manualfor your Prologsystem.

3.4 Lists

Returningto themaintopic of theuseof compoundermsin Prologprogrammingwe
considera particularkind of datastructure Jists, thatwill be especiallyusefulin later
programs.

Theabstrachotionof a nite sequencés abasicnotionin mathematicatiescrip-
tionsof mary conceptsFor example thesentencesf alanguageanberepresenteds
sequencesf words. Formally, asequenceanbeseerasafunctionfrom aninitial seg-
mentof the naturalnumberdo someset,the elementof the sequenceAnotherview
of sequencesyhichwill bemoreusefulhere,is aninductive onefollowing closelythe
inductive de nition of the naturalnumbers.Givensomeset of sequencelements,
theset of nite sequencesf elementof canbeinformally characterizedsthe
smallestsetsatisfyingthe following conditions:

Theemptysequencdi is asequence.

If sisasequencandeanelementof ,thepair(g; s) is asequencavith heade
andtail s.

Thus (1; (2; (3; hi))) is a sequenceof threeelements:1, 2, and 3. Notationally of
coursethemorecommonexpressiorof this sequencés hlL; 2; 3i. In theanglebraclet
notation,bey; :::; eni expresseshelist whoseheadis e; andwhosetail is expressedy
hes; i eni.

Sequencearerepresenteth Prologby lists. In Edinburgh Prolog,the emptyse-
guencss representetty theemptylist constan{ ], andthe sequencée; s) with head
e andtail s is representedby the expression[ € s|]. More generally the sequence
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(er;( (en;s) ))isrepresentetdy theterm[ey, :::, e 5. This canbeabbreviated
whensis theemptysequencéo[ ey, ::;, &] .
For example,

[Head|Tail] [a,b|X] [a,b]

arerespectiely the Prologrepresentationsf asequencith headHeadandtail Tail ,
asequencavith heada andtail the sequencavith headb andtail X, andthe sequence
he; bi. Theinductive conditionsde ning lists givenabove canthenbe representetly
thePrologprogram

list([]).
list([Head|Tail 1) :- element(Head), list(Tail).

wherethe predicateelement testswhetherits argumentbelongsin the elementdo-
main. More generallylists with ary Prologterms(includinglists!) aselementsanbe
characterizethy thefollowing program.

list([]).
list((_Head|Tai ) :- list(Tail).

In this programwe usedthe commonProlog notationalcorvention of giving a
namebeginning with an underbarto variableswhoserole is not to passa value but
merelyto bea placeholder,asthevariable_Headis in the precedingprogram.Prolog
further allows so-calledanonymousvariables notatedby a single underbar Each
occurrenceof “_” asa variablenamein a clauserepresentsa distinct place-holder
variable. For example,the two anorymousvariablesin f(_, ) aredistinct, sothe
uni cation of thattermwith f(a,X) doesnotbind Xto a. Anonymousvariablesare
usedfor place-holdewariablesfor thoserare occasionsn which namingthe variable
would detractfrom programreadability

Although we have introducedlists as a specialnotationfor sequencedjsts are
Prologtermslike any other Our inductive conditionsfor sequencegvolve two in-
gredients:the emptysequencandthe pairing function that putstogetheran element
anda sequencéo make a longersequenceAs we have seenthe emptysequencés
representedy the emptylist constanf{ ], which s justa Prologconstant.The pair-
ing functionis representetby the specialnotation| €| |, butin factcorresponds$o a
binary function symbolwhich in mostPrologsystemds named*. ”. Thus,the lists
shawvn earlierareshorthanchotationfor the Prologterms

.(Head,Tail) .(a,.(b,X)) (a,.(b,f] D)

Exercise 3.1 Whatterms(expressedisingthe binary operator “. ") do thefollowing
Prolog expressionsbbreviate?

. [a,b,c]

- [al[b,c]]
. [[a,b],c]
- [[a,b]|c]
- [[AIB]IC]

g A W N
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conc(la,b]l, [c,d], [a,b,c,d])

conc ([b], [c,d], [b,c,d])

conc([], [c,d]l, [c,d])

Figure3.1: Prooftreefor concatenatiouery

34.1 List Processing

Listsandthelist notationsabove play animportantrole in theremaindeiof thesenotes.
As examplesof the de nition of predicatesover lists, we will give Prologprograms
to concatenateshu e, andsortlists. Along the way, we will introducesomeuseful
Prologconcepts—modesf useof Prologpredicates@ndPrologarithmetictests.

The basicform of list processingorogramshasbeendemonstratedby the list
predicatdtself, namely the separatingf two casespnefor theemptylist, andonefor
nonemptylists of theform .(Head,Tail)  or, equivalently, [Head|Tail]

List concatenation

The de nition of the concatenatiomf two lists to form a third dividessimilarly into

two cases.The basecaseoccurswhenconcatenatinghe emptylist to ary list, which

yields the latter unchanged For nonemptylists, the concatenatioris the headof the
rst list addedto the recursive concatenatiomf the tail of the rst list andthe entire
secondlist. The concatenatiomelationis implementedin Prolog by the predicate
conc, which holdsof threelists|, r, andc if ¢ is the concatenatioof | andr. Using

juxtapositionto representoncatenatiorthe constraintcanbe statedc = Ir.

Program 3.3
conc([], List, List).
conc([Element|R est], List, [Element]LongRest ]) :-
conc(Rest, List, LongRest).

As anexampleof the operationof conc, considerthefollowing goal:

?- conc([a,b],[c,d], Resul t) .
Result = [a,b,c,d]
yes

Its proof treeis givenin Figure 3.1. Note that althoughlist concatenatioris func-
tional, in the sensehatthe third agumentis uniquelyde ned by (hencefunctionally
dependenbn) the othertwo, it is implementedelationallyin Prolog. We will seean
adwantageof this relationalview of concatenatioim the next example.
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Shuffling lists

Theshu eof two lists consistof takingafew elementgromthe rst list, thenext few
from the second somemorefrom the rst, andsoforth until the lists are exhausted.
More formally, the shu e relation holds betweenthreelists |, r ands (i.e., sis a

suchthatl = 1; Iy, r=r; rcands=1I3r; Ikrg. Thatis, s containsinterspersed
all theelementof | andr, but maintaingthe original orderof elementf | andr.

We canbreakthis de nition down recursvely by consideringhe concatenatiomf
I; andr; separatdrom the concatenationfor the restof | andr. In particular we
de ne stobetheshu eof | andr if s= l1r1Seg, Wherel = ll;eq andr = rqrre¢ and
Seg iISashu eof leq andrreq. To guaranteehatthis de nition is well-founded,i.e.,
thattherecursve shu eis asmallerproblemthanthe original, we requirethatoneof
[1 andry be nonempty In fact, without lossof generality we canassumehatit is ry
thatis nonempty Further we canassumehatr; containsexactly oneelementicall it
e

Exercise 3.2 Whyare theseassumptionsalid?

We still mustsettleon the basecasefor the recursion. Becausesachrecursve
shu e decreaseshe length of the secondlist by exactly one element,we can stop
whenthislist is empty In thiscasetheshu eof | with theemptylist is simplyl. This
de nition canbetranslatedlirectly into Prologasfollows:

Program 3.4
shuffle(L, [], L).
shuffle(L, [E|Rrest], S) :-
conc(L1l, Lrest, L),
shuffle(Lrest, Rrest, Srest),
conc(Ll, [E|Srest], S).

In this program the lastargumentis the shu e of the rst two. It is corventionalin
Prologprogrammingo placetheargumentghattendto bethoughtof asinputsbefore
thosethatareoutputs.

Nondeter minism and modes

Theshuffle programexhibits severalimportantfacetsof Prologprogramming First,
thenotionof ashu e of two lists, unlike the notion of concatenationis intrinsically
nondeterministicBut this causesio problemfor the Prologde nition. Our de nition
will merelycomputeall thevariousshu esby backtrackinge.g.,

?- shuffle([a,b], [1,2], Shuffle).
Shuffle = [1,2,a,b] ,

Shuffle = [1,a,2,b] ;

Shuffle = [1,a,b,2] ;

Shuffle = [a,1,2,b] ;

Shuffle = [a,1,b,2] ,

Shuffle [a,b,1,2] ;

no
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Secondshuffle demonstratethereversibility of Prologprogramsin particular
thepredicateconc is usedin shuffle notonly to concatenatéwo lists togetheri.e.,
combiningLl and[R1|Srest] ), but alsoto take a list apartinto two sublists(i.e.,
splitting L into L1 andLrest ). BecausePrologprogramslike conc canbe usedto
computeary of theiragumentdrom ary others they aresaidto bereversible.

To capturetheideaof which agumentsarebeingcomputedon the basisof which
others thenotionof amodefor a Prologpredicatecanbede ned. A modetellswhich
argumentsare usedasinputsandwhich asoutputs. Thatis, it speci eswhich argu-
mentson executionof the predicateare norvariablesandwhich arevariables.Modes
aretypically notatedby markingthe input agumentswith the symbol+ andthe out-
putswith - . Thus,thenormalmodefor conc in its useasa programfor concatenating
lists is conc(+,+,-) . But the modeof the rst useof conc in the shuffle pro-
gramis conc(-,-,+) . By reversibility of Prologprogramswe merelymeanthatthe
sameprogramcan be usedin di erentmodes,whereasn otherlanguagesdi erent
programsmustbe designedor eachmode.

Althoughthethird algumento conc is functionallydependendntheothertwo, in-
verseof functionsarenotin generathemselesfunctional. Thususingconc in mode
conc(-,-,+) isnondeterministicindeedhisis thesourceof the nondeterminisnof
theshuffle predicatdtself.

Therearesevererestrictionson the reversibility of Prologprograms.PureProlog
programshatterminatewhenusedin onemodemay no longerterminatewhenused
in anothermode. Full Prologprogramswith their metalogicalfacilities can exhibit
completelydi erentbehaior whenexecutedn di erentmodes.Nonethelessheuse
of Prologprogramswith di erentmodess oftena usefultechniqueandit isimportant
to notethat pure Prologprogramswill never allow contradictorysolutionsjust on the
basisof beingusedin di erentmodes.The worstthatcanhapperis thatexecutionin
certainmodeswill notterminate.

Arithmetic tests and operations

While on the subjectof modelimitations, we will mentionsomeusefulbuilt-in pred-
icatesthat are restrictedto operateonly in certainmodes. Theserestrictionsarise
for reasonof e cieng/ or implementatioreasebut arein no way part of the logic.
Onemaythink of therestrictedoredicatessapproximationgo ideal,logically correct
predicateswhich the Prologsystemhasnotimplementedn their full generality

The situationthat ariseswhena restrictedpredicateis calledin the wrong mode,
thatis, with improperlyinstantiatedargumentsjs called an instantiationfault. Dif-
ferent Prolog systemshandleinstantiationfaults di erently but mostwill at least
producesomekind of error messageand stop the execution of the faulting goal.
Therefore,when using restrictedpredicates,it is importantto keep track of call-
ing patternsfor predicatedo make surethat the restrictedonesare called with the
correctmodes. This is shavn clearly by the memesortexamplein the next sec-
tion.

Amongthe constantghat Prologallows arenumbers.Numberscanbe compared
usinga setof built-in Prolog predicates.For instance the binaryin x operator‘<’
holds of two numbersif the rst is lessthanthe second.The“<” operatoroperates
only in themode+ < +, thatis, neitheragumentmaybe a variable.Otherarithmetic
testsinclude“>" (greatetthan),”=<" (lessthanor equalto), and“>=" (greaterthanor
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equalto) andhave thesamemoderestrictions Withoutthesemoderestrictions Prolog
would eitherhave to be ableto backtrackthroughall pairs of numberssatisfyingan
arithmeticcomparisonleadingto combinatoriakxplosion,or to delaytheexecutionof
thecomparisonsintil bothargumentsareinstantiatedThelatterapproacthasactually
beenimplementedn afew experimentaPrologsystems.

In fact,in Edinburgh Prologthe arithmeticpredicatesresensitve not only to the
modesof theirargumentshut alsoto their types,sinceonly arithmeticexpressionsare
allowed asthe argumentsof comparisons.An arithmeticexpressionis a term built
from numericconstantsandvariableswith variousarithmeticoperatorssuchas+, *,
- ,and/, whichis to be evaluatedaccordingto the usualarithmeticevaluationrulesto
producea number When an arithmetic-predicatgoal is executed,all the variables
in its expressiorargumentsnustbe boundto numberssothatthe expressiormay be
evaluatedo anumber

Thebestway to understandrithmeticexpressionss to think of themasshorthand
for sequencesf callsto arithmeticrelationsde ning the basicarithmeticoperations.
Thus,thegoal

X*X + Y*Y > 72*Z
couldbereadasanabbreviation of

times(X, X, V1),
times(Y, Y, V2),
plus(V1l, V2, V),
times(Z, Z, W),
V>WwW

wheretimes andplus arehypotheticapredicateshatcomputetheobviousfunctions
of their rst two arguments.

For arithmeticcalculations Edinburgh Prolog providesthe binaryin x predicate
is with mode? is + (where? in a modeis intendedto meanthat the input/output
distinctionis not beingdeterminedor this argument). The secondargumentof is is
somearithmeticexpressionandthe rst argumenttypically avariable)is uni ed with
theresultof evaluatingthe secondargument.

It shouldbe notedthat type restrictionson the argumentsof a predicateare of a
di erentnaturefrom moderestrictions.Moderestrictionsandicatethattheimplemen-
tationof a predicatds notableto copewith uninstantiate@rgumentsysuallybecause
theimplementatiomeedso know moreaboutthe argumentgo do anything sensible.
The appropriateactionfor Prologto take is thereforean instantiation-ault report. In
contrastfailureto proveis theconceptuallycorrectactionin thefaceof agumentsof
incorrecttype (e.g.,non-numbergjivento anarithmeticcomparisorpredicate) since
theseargumentsare merely outsidethe extensionof the predicate. However, mary
Prologsystemssignalanerrorontyperestrictionviolationsasanaid to detugging.

Sorting numbers

The nal exampleis a programto sortlists of numbers.The algorithmwe will useis
calledmegesortbecausdhe basicoperationis the merging of two previously sorted
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lists. The memge of two sortedlistsis ashu e of thelists in which the outputlist is
sorted.

Program 3.5

merge(A, [], A).

merge([], B, B).

merge(J[A|RestAs ], [B|RestBs], [A|Merged]) :-
A< B,
merge(RestAs, [B|RestBs], Merged).

merge([A|RestAs ], [B|RestBs], [B|Merged]) :-
B =< A,
merge([A|RestAs ], RestBs, Merged).

Notethatthis memge operationis redundantjn the sensehattherearetwo proofs
for thegoalmerge([ ], [], Merged). As aresult,we getthefollowing behaior.

?- merge([], [, Merged).

Merged = [] ;
Merged = [] ;
no

We will carefully avoid invoking the merge predicatein this way, so thatthe redun-
dang will nota ectthebehaior of otherprograms.

Sortingusing the merge operationconsistsof splitting the unsortedist into two
smallerlists, recursvely sorting the sublists,and memging the resultsinto the nal
answer The recursionbottomsout whenthelist to be sortedis too smallto be split
into smallerlists, thatis, it haslessthantwo elementsin which casethe sortedlist is
identicalto theunsorted.

Program 3.6

mergesort([], [].

mergesort([A], [A]).

mergesort([A,B| Red] , Sorted) :-
split([A,B|Rest ], L1, L2),
mergesort(L1, SortedL1),
mergesort(L2, SortedL?2),
merge(SortedL1, SortedlL2, Sorted).

A simple(thoughnonoptimal)methodfor splitting alist into two lists of roughlyequal
sizeis to addalternateelementdn thelist to the sublists. Again, the basecaseof the
recursionoccurswhenthelist is too short.

Program 3.7
split([], 0. .
split(Al, — [AL [
split([A,B|Rest ], [A|RestA], [B|RestB]) :-
split(Rest, RestA, RestB).

We candemonstratehe meigesortprogramand its variousancillary predicates
with thefollowing queries.
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?- mergesort([3,1,4, 2], [1,2,3,4]).
yes

?- mergesort([3,1,4, 2], Sorted).
Sorted = [1,2,3,4]
yes

Note that mergesort cannotbe usedto “unsort” a sortedlist (i.e., to generate
permutationof a sortedlist); it cannotbe usedin modesort(-,+) . If it wereso
used,the executionof mergeinsidewould be with modemerge(?,?,-) . Thenthe
third clauseof mergewould execute< with mode? < -. But < mustbe executedin
mode+ < +. Consequentlymergesort will not executecorrectlyin an“unsorting”
mode.Theimpurity of < infectsall programghatarebuilt usingit. Thus,thememging
andsortingprogramsarenotin the puresubsebf Prolog.

Exercise 3.3 Rawrite mergesothatit doesnotgenemateredundansolutions.

Exercise 3.4 Write a de nition for the binary predicatememberwhich determines
whetherits r st argumentis an elementin the list that is its secondargument. For
instancethefollowing queriesshouldwork:

?- member(a, [a,b,c]).

yes

?- member(d, [a,b,c]).

?- member(f(X), [g(a),f(b),h(c)] ).
X =0>

yes

Exercise 3.5 Write a de nition for the binary predicatereverse , which holdsof two
argumentdf oneis a list that is the reverse of the other For instance the following
gueriesshouldwork:

?- reverse([a,b,c], [c,b,a)).

yes

?- reverse([a,b,c], [c,b,b,a]).
no

?- reverse([a,X,c], [Y,b,a]).

X=b, Y=c

yes

Exercise 3.6 Write analternativede nition of split  which worksby placingthe r st
half of the elementson onelist and the reston another (HINT: Thedi cult part is
determiningwhenyou havereathedthe middleof thelist. Usea copyof thelist asa
counterto helpyoudeterminevhenyouhavemovedhalf theelements.)
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3.4.2 Representing String Positionswith Lists

An applicationof lists whichwe will useextensvely is theirusein representingtring
positions. This representatiocan sene asthe basisof an alternatve methodfor ax-
iomatizing phrase-structurgrammars.Insteadof a speci ¢ setof connects clauses
representin@ninput stringasin Section2.7.3,we have a singlegeneraklause:

Program 3.8
connects(Word, [Word|Rest], Rest).

E ectively, this clauseinducesa representationf eachstring positionby the sub-
string following the position In particular the position after the last word is repre-
sentecby theemptylist [ ]. For example,to usethe grammarof Program2.4to parse
thesentence

Terry writesa programthathalts.

we neednot put in unit clausedor theindividual words. Instead we usethelist en-
codingof the stringitself astheinitial positionandthe emptylist asthe nal position:

- s([terry,writes,a ,programthat, halts],[ ]) .
yes

The singleconnects clausethendescribeghe relationbetweenthe wordsandtheir
surroundingpositions.

3.5 The Logic and Operation of Prolog Revisited

The operationof purePrologshouldby now berelatively familiar. It seemsappropri-
ate,then,to returnto thelogical foundationsof Prolog,the presentatiomf whichwas
begunin Section2.3,andextendit to the operationof Prologpresentednformally in
Section2.4and3.2.

For alogical languageo be usedfor logic programmingwe musthave ane ec-
tive proof procedue to testwhetheragoalstatemenis aconsequencef theprogram?
This proof proceduranustbee cientenoughto make aproof stepanalogousn com-
putationalcostto, say afunction call in a traditionalprogrammindanguagepnly in
thisway is the programexecution(proofgenerationyu ciently predictablan perfor
manceto qualify the proof procedureasa programexecutionmechanism.

Becauseof the strict requirementsn the computationabehaior of programsin
thelanguagePrologprogramsarerestrictedo de nite clausesandqueriesto negative
clauseslIn this sectionwe discusghe proof procedurehatthis restrictionmakespos-
sible,aninstanceof a classof Horn-clauseroof procedureknown asSLDresolution
First, however, we clarify sometermsthathave beenusedin the informal discussions
of Prologexecution,namelysubstitutionranduni cation.

2Actually, if the logical languagds powerful enoughto expressall the kinds of relationshipsiormally
expressecdy programs(i.e., all recursve relations),thenthe proof procedurewill be only a semidecision
procedue: If the goal statements a theorem,the procedurewill terminatewith successbut it may loop
for nontheorengoal statementsbcorresponding the fact that the languagecanexpresspartial recursve
functionsthatarenottotal.
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3.5.1 Substitutions

expressiore, notated €] , is theexpressiorwith all instance®f the x; replacedy the
corresponding;. For example,

[f(xa)Ifx=ay = h(a 2g= f(a;g(h(a; 2)))

If, for some ,[e;] = &, thene; is saidto beaninstanceof e; ande; is saidto sub-
sume=,. Thusf(x; g(y)) subsumed (a; g(h(a; 2)). If e; subsumes, butnotviceversa,
thene; is more generl thane,. Thus f(x; g(y)) is moregeneralthan f(a; g(h(a; 2))),
but is notmoregenerakhan f (z g(w)).

3.5.2 Unifi cation

Given two expressionse; ande,, somesubstitutions may have the propertythat

[e1] = [&] ; thesubstitution senesto transformthe expressionsnto identical

instances. Sucha substitutionis called a unifying substitutionor uni er for e; and
&. Not all pairsof expressionsiave uni ers. For example,thereis no uni er for the

expressiond (a; X) and f (b; y). However, whentwo expressionslo haveauni er, they

have onethatcanbe considerednostgeneral. A mostgeneal uni er is auni er that,

intuitively speakingmakesno commitmentghatarenot calledfor by theexpressions;
noextravariablesareinstantiatednorarevariablesnstantiatedo morecomplecterms
thanis necessaryMore formally, is amostgeneraluni er for e; ande; if andonly

if for everyunier Cof e; andey, [e;] subsumesis no lessgeneralthan)[e;] °

Whentwo expressiondave a mostgeneraluni er, thenthatuni er appliedto either
of thetwo expressiongs a uni cation of thetwo expressions.

The e ectof mostgeneraluni ers is uniqueup to renamingof variables in the
sensahatif and aremostgeneraluni ers of e; ande,, then[e;] and[e;] either
areidenticalor di eronly in the namesof variables. Sincethe namingof variables
in an expressionis really an incidentalproperty—unlile the sharingstructureof the
occurrencesf thevariables—weanthink of uniquenessip to renamingasbeing,for
all intentsandpurposesactualuniqueness.

An algorithmthat computeghe mostgeneraluni er of two expressionss called
auni cation algorithm, andmary suchhave beendesigned.We will not discussthe
detailsof uni cation algorithmshere,but mentiononeaspecof their design.A uni -
cationalgorithmconstructsa unifying substitutionby nding “mismatches™etween
the two expressionsand addingappropriatebindingsto alleviate them. But consider
the caseof two expressionsf (x) and f(g(x)). Althoughthereis no unifying substitu-
tion for thesegerms,anaive uni cation algorithmmight notethemismatchoetweerthe
variablex andthetermg(x) andconstructhesubstitutiorfx = g(x)g But applyingthis
substitutionto the two terms,we have f(g(x)) and f(g(g(x))) respectrely, which are
notidentical. Thus,the substitutionis nota uni er for the expressionsThis example
demonstratethatan algorithmto computemostgeneraluni ers mustbe carefulnot
to constructsubstitutionsn which a variableis assignedhtermin which thatvariable
occurs.For a uni cation algorithmto be correct,it mustcheckthatsuchoccurrences
do notexist; this testis typically referredto asthe occuis ched.



3.5. The Logic and Operation of Prolog Revisited 55

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

3.5.3 Resolution

Giventhetoolsof substitutionsanduni cation, we canreturnto theissueof proofpro-
ceduredor Prolog. The useof refutationto constructproofs,asdiscussedn Section
2.3, is characteristiof Robinsons resolutionprinciple. We will not discussresolu-
tion in generalhere,but merely presentts specializatiorto Horn clauseswhich for
historicalreasonss calledSLDresolution

SL D Resolution: Fromaquery(a negative Horn clause)
NO N N Ni N N Nm)

andade nite clause
Co™ "Ck) Po

where is amostgeneraluni er of Py andN;, producethenew query

[No™  ~AN 17 C” "G Nur™ "~ Ny )

The new queryis calledthe resolventof the original query and clause,obtainedby
resolvingPy andN;. If theresohentcontradictshe programfrom which the de nite
clausewastaken, thenthe original querydoesalso.

As we have seenin Section2.3,to nd aninstanceof a goalG of atomicformu-
las that follows from a program,we try to shav thatthe queryG ) contradictsthe
program.We shav sucha contradictionwith SLD resolutionby constructingan SLD

clauseand eachelementof the sequenceés obtainedfrom the precedingone by an
SLD resolutionstep. Sincethe empty clauseindicatescontradiction we have shavn
thattheoriginalqueryG ) contradictghegivende nite-clauseprogram.

Eachstepin thederivation,from R ; to R, hasanassociatedubstitution ;. The
goalinstancdG) ] : n is acountergampleto thequery whichaswe have seen
meansthat[G] 1 n is a consequencef the program. Becausédhe substitutions
aremostgenerablni ers, thisconsequencis themostgenerainstanceof thegoalthat
follows by usingthis particularsequencef programclausesThederivationsequence
canbeseenrasatraversalof aprooftreefor thegoal.

3.5.4 Prolog'sproof procedure

Prolog's proof procedurethen,amountsto a particularinstanceof SLD resolution.
As describedabore, resolutionis nondeterministidn that thereare mary resohents
thatfollow from a given query, correspondindo the choiceof literal in the queryto
resole, andthe choiceof rule to resole the queryliteral against. The Prolog proof
proceduremakesthesechoicesasfollows: literalsin a queryareresohedfrom left to
right, andrulesaretriedin orderfrom top to bottomin a depth- rst, badtrack search.

The proof procedurds depth- rst becauseall ways of refuting a given resohent
aretried beforebacktrackingo try adi erentresolhent(by choosingadi erentrule
to resole against). As shouldbe apparentthe discussion®f Prolog executionin
Sections2.4 and 3.2 were merelyinformal descriptionsof the Prologvariantof SLD
resolution.
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3.55 Semanticsof Prolog

Becausef theirrelationshigo Horn-clausédogic, Prologprogramshave bothadeclar
ative anda procedurakemantics The declaratve semanticof a programplus query
is derivative on the semanticof the Horn-clausesubsef FOL. A goalfollows from
aprogramjustin casethe conjunctionof its negationandthe programis unsatis able.

Notethatthedeclaratve semanticsnakesnoreferenceo thesequencingf literals
within the body of a clause nor to the sequencingf clauseswithin a program.This
sequencingnformationis, however, very relevant for the proceduralsemanticghat
Prologgivesto Horn clauses.

The procedurakemanticse ects SLD resolution.A goalfollows from a program
just in casethe negatedgoal and programgeneratehe empty clauseby the Prolog
proof procedure that is, left-to-right, top-to-bottom,depth- rst, backtrackingSLD
resolution.

The Prolog proof proceduregives Horn-clauseprogramsan interpretationin
termsof more usual programmingconstructs. The setof clauseswith a particular
predicatein the consequents the procedue that de nesthe predicate. Eachclause
in a procedurds like a casein a caseor conditional statement.Eachliteral in the
antecedentf a clauseis a procedue call.

This analogywith programmingconceptdor Algol-lik e languagess the basisof
verye cientimplementatioriechniquegor Prolog.However, thise cieng isbought
at somecost. Thetwo semanticdor Prologdiverge at certainpoints. The procedural
semanticgdackscompletenesandsoundnessgelative to the declaratve semantics.

Thelack of completenesm the Prologproof proceduraesultsfrom the factthat
Prolog's depth- rst searchfor a proof may not terminatein somecaseswvherein fact
thereis a proof. We saw this problemin Program?.3.

The lack of soundnessomesfrom a propertyof the Prologproof procedurehat
we have heretoforeignored,namely the lack of an occurscheck(Section3.5.2)in
Prolog's uni cation algorithm. The occurscheckis too expensve for generalusein
a basicoperationof a computationmechanismas uni cation is in Prolog; thusthe
uni cation algorithmusedby Prologis not sound.However, this unsoundnesis nota
problemfor the greatmajority of practicalprograms®

Furtherdivergenceof thetwo semanticsesultsfrom extralogicalmechanismshat
have beenintroducednto Prolog. Someof thesearediscussedn Chapters.

3.6 Problem Section: Terms and Lists

Tree Manipulation

Supposeve encodereeslik e the parsetreesof Section2.7 usingPrologtermsin the
following way. Internaltree nodeswill be encodedwith the binary function symbol
nodewhoserst arguments thenodelabel,andwhoseseconds alist of the children
of thenode. Leavesof thetreewill be encodedwith the unaryfunctionsymbolleaf
whosesingle argumentis the label at the leaf. Thusthe tree of Figure 2.4 would be
encodedasthe Prologterm

SThereis alsoa way to reinterpretthe Prolog proof procedurein a domainof [conceptually]in®nite
termssuchthatit is soundwith respecto thatclassof interpretation§Colmerauer1986;JatarandStucley,
1986.)
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node(s, [node(np, [node(det, [leaf(a)]),
node(n, [leaf(program)]) ,
node(optrel, [,
node(vp, [node(iv, [leaf(halts)])])] )

Althoughthis methodfor encodingreesis morecomple thantheonewe will use
for parsetreesin Section3.7.1,this methodis preferableor generatree-manipulation
programsbecausét limits the numberof functorsintroducingtreenodeso two.

Thefringe of atreeis justthe leavesof thetreein order Thus,the fringe of the
exampletreeisthelist[a, program, halts] . Informal-languag¢heory thefringe
of aparsereeis calledtheyield of thetree.

Problem 3.7 Write a program implementingthe relation fringe(Tree,  List) ,
which holdsjustin caseTree, atreeencodedisabove hasfringe List .

Simplifying Arithmetic Expressions

TermscanrepresenarithmeticexpressionsUsing functionsymbols+ and* andrep-
resentingvariablesby the term x(V) and constantsby ¢(C), we canrepresenthe
expression

X1+ X% (0+1)

by theterm
+H(x(1), *(x(2), +(c(0), c(1)))

or, usingthefactthat+ and* arein x operatorsn mostPrologs,
X(1) +x(2) * (c(0) + c(1))

However, this arithmeticexpressiorcanbesimpli ed usingcertainidentities.Because
zerois theadditiveidentity, 0+ 1 canbesimpli ed to 1. Becaus®neis the multiplica-
tiveidentity, x, 1 canbesimpli ed to x,. Thusthewholeexpressiorcanbesimpli ed
to X1 + Xo.

Problem 3.8  Writea programthatimplementshebinaryrelationsimplifies_to
sud thatthefollowing behavioris engendeed:

?- simplifies_to(x(1 ) + x(2) * (c(0) + c(1)), 9).
S =x(1) + x(2)
yes

You canusesimpli cations sud asthe multiplicativeand additiveidentities,dis-
tributivity of multiplicationover addition,multiplicationby zeo, andsoforth. (HINT:
In generl it is preferableto simplify an expressionafter simplifyingits arguments.)
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T~ A
/N, /N
a 1 b 2 c 3
Figure3.2: A treerewrite

Tree Grammars?

In the sameway asphrase-structurgrammarsde ne setsof stringsin termsof rules
thatrewrite nonterminalsymbols,onemay de ne certainclassef treesin termsof
rulesthatrewrite certainnonterminatreenodesnto othertrees.Thisis bestexplained
in termsof therepresentatioof treesaslogic terms.

Let beasetof functionsymbolsandX asetof variables Thenthesetof -terms
over X Tg(X) is theleastsetof termssatisfyingthe following inductive conditions:

If x2 Xthenx 2 Tg(X).

Thatis, Ty(X) is the setof termsbuilt from the variablesin X with the functionsym-
bolsin . In thisde nition andin whatfollows, constantareidenti ed with nullary
functionsymbols.

Let = N[ T whereN (thenonterminal}andT (theterminalg aretwo disjoint
setsof functionsymbols.Nonterminalsstandfor treenodesthatmay berewritten into
subtreesterminalsfor nodesof the nal trees.A treeall of whosenodesareterminal
is calledaterminaltree.

Treerewriting is doneby productionsthat arethe tree analogof phrase-structure

A and subtermsts;:::;t, may be rewritten into the new term[t] , where is the
substitutionfx; = t1;:::; X, = tag Noticethatby de nition every variablethatoccurs
in t is oneof the x;.

For example,considerN = fS3g T = Ay; By; Cy; ap; bp; co and the production
S(xg; %2; X3) ' S(A(a; x1); B(b; X2); C(C; X3)). Figure3.2 shavs the applicationof this
rule to anodeof atreeto derive anew tree.

In general,productionscanapply to ary nodeof a treeand not only to theroot
node. To de ne this formally, considera setof productions , a groundtermt, and
oneof its subtermss. Clearly, thereis a uniquenongroundermc 2 Tx(fxg suchthat
t = [c]fx = sy Assumethatthereisarules’! uin suchthats®ands unify with
mostgeneraluni er . Thenwe saythatt rewritesinto t® = [c]fx = [u] g in symbols
t) t% Informally, we have appliedthe productionto the subtrees of t andreplaceds

4This sectionandtheincludedproblemsareintendedprimarily for theformally inclinedreader
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in t by theresult[u] of the production.As usual,we will usethenotationt ) t°for
there exive-transitie closureof therewriting relation.

Formally, a context-freetreegrammaris atriple ( ;S; ) of a nite functionsym-
bol (treenode)alphabetividedin terminalsandnonterminalsasabove,a nite set
of productionsover anda nite setS of starttrees which aregroundtermsover
A terminaltree(term)t is thetreelanguage generatedby thegrammaiif thereis astart

trees 2 S suchthats) t. Finally, the string language yieldedby a treegrammairis
thesetof theyieldsof thetreesgeneratedby thegrammar

Contet-freetreegrammarsareso calledbecausgroductionsapply freely to tree
nodeswithout regardfor the form of the tree above or below the node. One should
carefullydistinguishthis notionof context-freenes$rom theonefor stringgrammars.
Thestringlanguageyieldedby context-freetreegrammarsarein generain theclass
of indexedlanguages whichis alargerclassthanthatof context-freelanguage$Aho,
1968;Rounds,1969).

Problem 3.9 Writea context-freetreegrammarnwhoseyieldis thesetof stringsa™b"c"
forn> 0.

In the problemsthat follow, you may wantto take advantageof the encodingfor
treesusedin the previoussection.

Problem 3.10 De ne an encodingof contet-free tree grammas in Prolog. You
shouldgive encodinggor terminals,nonterminalsstarttrees,and productions.

Problem 3.11 It canbeshown(Maibaum,1974)that whenconstructinga derivation
of a terminaltreefroma start treeof a contet-freetreegrammarit is only necessary
to considerproductionapplicationsto outermostnonterminalnodes,that is, nodes
whoseancestos are all terminals. This strategy is called outside-in(O-1) rewriting.
Usingtheencodingromthelast problem,write a programthat performsO-I rewriting
to nondeterministicallygeneite terminal treesin the tree language of an arbitrary
contet-freetreegrammar In this problem,you mustusethe seach order of Prolog
to avoidloopingwithout producingany answes. Usethe grammarof Problem3.9to
testyour program.

3.7 De nite ClauseGrammars

In Section2.7 we sawv how to translateCFGsinto Horn clausesjn factinto de nite
clauses.This translationmethodcanbe usedasthe basisfor an extensionof CFGs
basedon de nite clausesgde nite-clausegrammas (DCGS).

Thegeneraform of thede nite clauseassociatedvith acontext-freegrammairrule

No! Vi Vi
is (in Prolognotation)

no(PO, P) :- vi(PO, P1), .., vn(Pn-1, P).
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We cangeneralizesuchan axiom by allowing, in additionto the two predicateargu-
mentsfor the string positions,additionalargumentsthat further specify the expres-
siontype. For instance supposeave wantto distinguishthe numberof nounandverb
phrases—whethahey are singularor plural—soasto guarantedghat sentencesre
composedf NPsandVPswith the samenumber We might extendthe axiomatiza-
tion of the grammaranddictionarywith anadditionalargumentin certainpredicates
(e.g.,np, vp, pn) encodingnumber A fragmentof sucha grammarwould look like
this:

Program 3.9

s(PO, P) :-
np(Number, PO, P1),
vp(Number, P1, P).

np(Number, PO, P) :-
pn(Number, PO, P).

vp(Number, PO, P) :-
tv(Number, PO, P1),
np(_, P1, P).

vp(Number, PO, P) :-
iv(Number, PO, P).

pn(singular, PO, P) :- connects(shrdlu, PO, P).

pn(plural, PO, P) :- connects(they, PO, P).
iv(singular, PO, P) :- connects(halts, PO, P).
iv(plural, PO, P) :- connects(halt, PO, P).
tv(singular, PO, P) :- connects(writes, PO, P).

As anexample the rst rulein thisgrammarencodingstateghatans (sentencejnay
be an np (noun phrase)with numbervalue Numberfollowed by a vp (verb phrase)
with the samenumber Note the useof an anorymousvariable(Section3.4) for the
objectNP in the transitve verbrule asa way of ignoring the numberof the object.
This grammaradmitsthe sentencésurpLu halts” but not“* suroLu halt”® eventhough
bothverbsareintransitive.

- s([shrdlu,halts], .
yes

- s([shrdlu,halt], 1)}
- s([they,halt], M.
yes

Justasthe two-aigument-predicatelausescan be seenas encodingcontext-free
grammarsthesemultiple-agument-predice clausesanbe seenasencodinga gen-
eralizationof context-free grammarscalledde nite-clausegrammas (DCG). DCGs
di erfrom CFGsjustin thewaythisextendedencodingof rulesin Hornclausesli ers

5We arehereusingthe corventionfrom the linguisticsliteraturethatin discussion®f grammaticality
ungrammaticastringsare pre®xed with asteriskgo highlight the factthatthey arenot expressionof En-
glish. Of coursethis is just anexpositorydevice; the asteriskthemseles have no placein grammarshat
peoplewrite.
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from the simple two-agumentencoding: A DCG nonterminalmay have arguments
justlike theargumentsof a predicateandaterminalsymbolmaybeanarbitraryterm.
For instancethe extendedPrologencodingabove axiomatizeshe following de nite-
clausegrammar (We hereusethe FOL corventionsfor variablesand constantgis-
cussedn Section2.3.)

S NP Xuum) VP Xuum)
NP Xwum) ! PN(Xaum)
VPXum) ! TV (Xnum) NP (Yhum)
VP Xnum) ! 1V (Xnum)

PN(s)! shdlu

PN(p)! they
IV(s)! halts
IV(p)! halt

TV(s)! writes

The meaningof a DCG rule is given by translatingthe rule into a de nite clause
usingthe samemappingasfor contet-freerulesexceptthatnow ann-argumentnon-
terminalis translatednto ann + 2-agumentliteral in which the nal two arguments
represenstring positions.

De nite-clausegrammarsaresousefulthatPrologsystemsftenincludeaspecial
notationfor encodinghemdirectly, ratherthanhaving to gothroughtheclumsytrans-
lation describedabore. In particular the notationusedwithin Prologto notatea DCG
ruleis thefollowing:

Predicateand function symbols,variables,and constantobey normal Prolog
syntax.

Adjacentsymbolsin theright-handsideof a DCG rule areseparatetby the*”, ”
operatorjustlikeliteralsin aclause.

Thearrov inaDCGruleis“--> ",
TerminalsymbolsarewritteninsideProloglist braclets*[ " and“] ".

Theemptystringis representetly theemptylist constant| ] .

For example,the DCG grammarpainstakinglyencodedn Program3.9 could be
directly statedn Prolog usingthe PrologDCG notationas:

s --> np(Number), vp(Number).
np(Number) --> pn(Number).
vp(Number) --> tv(Number), np().
vp(Number) --> iv(Number).

pn(singular)  --> [shrdlu].
pn(plural)  --> [they].
iv(singular) --> [halts].
iv(plural) --> [halt].
tv(singular) -->  [writes].
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The Prolog DCG notationallows contet-free grammargo be stateddirectly in
Prologaswell, sinceCFGsarea specialcaseof DCGs. In sodoing, the Prologstate-
mentsof the grammarsare considerablymore succinct. For instance,the English
fragmentof Program?2.4 couldbedirectly statedn Prologas:

Program 3.10
s --> np, vp.
np --> det, n, optrel.

np --> pn.
vp --> tv, np.
vp --> v

optrel --> [].
optrel --> [that], wvp.

pn --> [terry].
pn --> [shrdlu].
iv --> [halts].
det --> [a].

n --> [program].
tv --> [writes].

In fact, Prologsystemgypically performthe appropriateranslationfrom DCG rules
like theseto Prolog clausesmmediatelyuponreadingthe program,andthe clauses
arestoredinternallyin thefully expandedorm. Consequentlyquerieswill recevethe
samerepliesasthe expandedversion.e.g.,

- s([terry,writes,a ,programthat, halts],[ ]) .
yes

The connectiorbetweende nite-clausegrammarsandPrologis a closeone. But
it is importantto keepin mind that DCGsarea formal languagendependenbf their
Prolog encodingjust as Horn clausesare of their instantiationin Prolog programs.
For instancejustasPrologis anincompleteimplementatiorof Horn-clauseheorem-
proving, the DCG notationasinterpretedby Prologis incompletefor DCGsin the
abstractWe have tried to emphasizéhedi erenceby usingadi erentnotation(akin
to thatof CFGs)for DCGsin the abstractbeforepresentinghe Prolognotation. The
distinctionbetweenDCGsin the abstractandtheir statemenin Prologusingthe spe-
cial notationis importantto keepstraightasit has,in the past,beenthe sourceof
considerableonfusion.

3.7.1 Treesfor Simple Sentences

The DCG ability to add algumentsto the nonterminalsn a grammaris usefulin a
varietyof ways. Theadditionof moredetailedsyntactidnformationsuchasagreement
featureswhich we saw in the previous sectionandwhich will be exploredin more
detailin later problems;s just oneof these.Indeed,muchof the remainderf these
notesis merelyelaboratioron this basiccapability

As asimpleexampleof theutility of agument-passingn DCGswe will developa
grammarwhich notonly recognizeghe stringsin thefragmentof Englishof Program
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S
np/vp\
Det Nom Verb NP

Figure3.3: A partially speci edtree

3.10, but alsobuilds a representationf the parsetreefor the sentenceencodedasa
Prologterm.

Termscanbe seenaspartially speci ed treesin which variablescorrespondo as
yetunspeci edsubtreesFor example theterm

s(np(Det,Nom),v p(Verb, NP)

correspondso the (partial) treeof Figure3.3in which the variablesmay be replaced
by ary trees.

It is thereforeonly naturalto usetermsto represenparsetreesin de nite clause
grammarsTo dothis, every nonterminalpredicatewill have anargumentrepresenting
the parsetree for that portion of the string coveredby the nonterminal. For each
nonterminattherewill be a homorymousfunction symbolto represena nodeof that
type. Finally, we will useaconstantgpsilon , to represenanemptysubtree.

Thefollowing DCG coversthe samefragmentof Englishasthe CFG axiomatized
in Program3.10, but it addsan argumentto eachnonterminalpredicateto carry the
parsetree. Oncethe DCG is translatednto a Prolog program,the executionof the
resultingprogramis very similar to that of the earlierone, exceptthatuni cation in-
crementallybuilds thetreefor the sentencdeinganalyzed.

Program 3.11
s(s(NP,VP)) --> np(NP), vp(VP).
np(np(Det,N,Rel )) --> det(Det), n(N), optrel(Rel).
np(np(PN)) --> pn(PN).
vp(vp(TV,NP)) --> tv(TV), np(NP).
vp(vp(lV))  --> iv(IV).
optrel(rel(epsi lon)) --> .
optrel(rel(that ,VP)) --> [that], vp(VP).

pn(pn(terry))  --> [terry].
pn(pn(shrdiu))  --> [shrdlu].
iv(iv(halts)) --> [halts].
det(det(a)) --> [a].
n(n(program)) --> [program].
tv(tv(writes)) -->  [writes].

For example,the analysisof “Terry writes a programthat halts” would be asfol-
lows:
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?- s(Tree, [terry,writes,a, programth at,halt s],[] ).
Tree = s(np(pn(terry)),
vp(tv(writes),
np(det(a),
n(program),
rel (that,
vp(iv(halts))))))

yes

Noticethatthe parsetreefor a nounphrasewithout a relative clausestill includes
arelative clausenodecoveringthe symbolepsilon representinghe emptystring.

?- np(Tree, [a, program], []).

Tree = np(det(a),
n(program),
rel(epsilon))

yes

3.7.2 Embedding Prolog Callsin DCGs

The abstractDCG formalismaugmentsCFGsby allowing nonterminalgo take extra
argumentswhich, throughthe sharingof logical variables allow passingof informa-
tion amongsubphrasestHowever, no otherform of computationotherthanthis shar
ing of informationis allowed. The Prolognotationfor DCGsgoesbeyondthis limited
form of computatiorin DCGsby providing amechanisnfor specifyingarbitrarycom-
putationsover the logical variablesthroughdirect executionof Prologgoals. Prolog
goalscanbe interspersedvith the terminalsand nonterminalson the right-handside
of aDCGrule. They aredistinguishedrom the grammaticaklementsiotationallyby
beingembeddedinderthe bracletingoperator{ }".

Removing extraneoustree nodes

As a simpleexample,we will modify the parse-tree-tilding grammarin sucha way
thatnoun-phras@arsetreesdo notincludenodesfor emptyrelative clausesThereare
seseralmethoddor achieving this behavior. We take the simpleexpedientof building
the parsetreefor the NP usinga separatd’rologprogramfor this purpose.Thus,the
only changeto thegrammaiinvolvesa modi cation of the NP formationrule.

np(NP) --> det(Det), n(N), optrel(Rel),
{build_np(Det,N,R el ,NP)}.

Thebuild_np predicateoperatesn modebuild_np(+,+,+, -), building the parse
treefor an NP from the treesfor the subconstituentsln the casewherethe relative-
clausetreeis empty no nodeis includedin the outputparsetree.

build_np(Det, N, rel(epsilon),
np(Det,N)).
build_np(Det, N, rel(that,VP),
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np(Det,N,rel(that  ,VP))).

Usingthismodi ed grammaythebehaior of thegrammaron simplenounphrases
becomes:

?- np(Tree, [a, program], []).

Tree = np(det(a),
n(program))

yes

Simplifying the lexicon

Oneof themostcommonusesfor addingProloggoalsto a DCG is the simpli cation
of the encodingof the lexicon. Imaginea DCG with a large lexicon. Ratherthan
encodinghelexiconwith separat®CG rulesfor eachlexical item, e.g.,

n --> [problem].
n --> [professor].
n --> [program].

it is muchsimplerandlessredundanto have asingleDCG rule:
n --> [Word], {n(Word)}.

thatsaysthatthenonterminah cancoverary terminalsymbolthatis ann. Along with
this singlerule, we needa dictionarylik e this:

n(problem).
n(professor).
n(program)

Theuutility of thistechniquds magni ed in the context of lexical itemsassociated
with extraarguments.If anargumentis directly computabldrom the word itself, the
lexical entry can performthe computationand the dictionary entry neednot give a
valuefor the agument. Suchis the casefor the parsetreesassociatedvith terminal
symbols.Thus,for theparse-tree-bilding grammaythelexical entriesmightlook like

n(n(Word)) --> [Word], {n(Word)}.

And for agumentshat areidiosyncraticallyrelatedto the word, for example,gram-
maticalnumber thedictionaryentrywill containthisinformationin takular form.

n(Number) --> [Word], {n(Word, Number)}.

n(professors,  plural).
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n(program, singular).
n(programs, plural).

In fact, a more succinctencodingof grammaticaparadigmausesunit clausego list
the entriesin the paradigmasa table and usesthe lexicon rulesto decodethe table.
For instancefor nounswe mighthave

n(singular) --> [Word], {n(Word, )}
n(plural ) --> [Word], {n(_, Word)}.

n(professor, professors).
n(project, projects).
n(program, programs).

For verbs, the table might include entriesfor eachform of the verb, asis donein
AppendixA.

Using this techniquein the Englishfragmentwe have beendeveloping, we have
the following grammay with dictionaryaugmentedo include somelexical itemswe
will nd usefulin laterexamples.

Program 3.12
s --> np, vp.

np --> det, n, optrel.
np --> pn.

vp --> tv, np.
vp --> V.

optrel --> [].
optrel --> [that], wvp.

det --> [Det], {det(Det)}.
det(a). det(every).
det(some). det(the).

n--> [N], {n(N)}.
n(author). n(book).
n(professor). n(program).
n(programmer). n(student).

pn --> [PN], {pn(PN)}.
pn(begriffsschr ift ). pn(bertrand).
pn(bill). pn(gottlob).
pn(lunar). pn(principia).
pn(shrdlu). pn(terry).
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tv --> [TV], {tv(TV)}.
tv(concerns). tv(met).
tv(ran). tv(wrote).

iv --> [IV], {iv(IV)}.
iv(halted).

3.8 Problem Section: DCGs

3.8.1 The Syntax of First-Order Logic
Fir st-order formulasarebuilt from the following vocatulary:
A countablesetof variablesV,

CountablesetsF,, of n-ary functionsymboldor eachn 0 (the elementof Fq
arealsocalledconstanty,

CountablesetsP,, of n-ary predicatesymbolgor eachn 0,
Theconnectives8,9, ,”",:,and

Thepunctuatiormarks(, ), and;.
Thesetof rst-order termsis the smallestsetsatisfyingthefollowing conditions:

Eachvariableis aterm.

without parenthesesin sucha case,f is referredto asa nullary functionor,
moresimply, a constant

Thesetof well-formedformulas(w s)is the smallesisetsatisfyingthe following con-
ditions:

If pisaw andxisavariable,(8x)pand(9x)p arew s.
If ppandp, arew s,(p1_ p2) and(p1 ™ p2) arew s.
If pisaw ,: pisaw .

For example
(8x)(= (x,0) _ (9y) = (s(y); X))

isaw assuminghatx andyarein V, Qisin Fg, sisin F; and=isin P5.



68 Chapter 3. Pure Prolog

A hardbound edition of Prolog and Natural-Language Analysis is available
from www.mtome.com and other booksellers.

Problem 3.12 De ne an encodingof the vocahulary of r st-order logic as Prolog

terms.Your encodingshouldrepresentad vocahulary itemasa distinctProlog term
in sucd a waythat the representatiorof eac typeof item (variable, functionsymbol,
predicatesymbol,etc.) is distinguishablefrom all the others. Usingthis representa-
tion, write a DCG de ning the setof w s. (HINTS: Make sure you can distinguish
functionand predicatesymbolsof di erent arities; if for your solutionyou needan

encodingof numbes, you can either usethe successonotationfor numbes or the
built-in arithmeticfacilities of Prolog discussedn Section3.4.1).

Atermorw occusinaw i thetermwasusedn constructinghew according
to theinductive de nition of w sgivenabove. A string of oneof theforms™(8x)' or
'(9%)' is abinderfor x. Inaw of theform B p whereB is abinderandpisaw |,
p is the scopeof B. An occurrenceof avariablex is boundin aw if andonly if the
variableoccurrenceoccurswithin the scopeof a binderfor x. A w is closedif and
only if every oneof its variableoccurrencess bound.For example,

(8X)p(X; X)
is closedbut

(8x)p(x;y)
is not.

Problem 3.13 Modifyyourw analyzerto acceptonly closedw s.

A binderfor xin aw is vacuousdf thereis no occurrencef x in the scopeof the
binder For example thebinder(9x) is vacuousn

(9x)p(a)

Problem 3.14 Modify yourw analyzerto acceptonly closedw s withoutvacuous
binders.

3.8.2 Extending Syntactic Coverage

The following problemsdealwith extendingthe sophisticatiorof the syntactictreat-
mentsin thegrammarsve aredeveloping.

Possessives

Thegrammarof Program3.12doesnot accepisentencessingthe Englishpossessie
constructionsuchas“Every students professors book concernssomeprogrammers
program”. In general,a noun phrasefollowed by the possessie su x 's playsthe
samesyntacticrole asa determiner Thus,an appropriateparsetree for the sentence
above would beFigure3.4.

Problem 3.15 Extendthe DCG aboveto acceptthe Englishpossessiveonstruction
accoding to theanalysisexempli edin this analysistree Assumehatthe possessive
su xisrepresentedbytheconstans in theinputstring. TestingtheDCGwill probably
beunsuccessfudstheanalysiswill undoubtedibeleft-recursive
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The analysisof possessisillustratedin the tree of Figure 3.4 is left-recuisive
thatis, aphrasetype X hasapossibleanalysisasX . (In this particularcasethennoun
phrasesnaybe analyzedasa nounphrasefollowedby an'sandanoun.)

As the discussionn the previous problemand Section2.5.2 shaw, left-recursve
analysesauseroblemswith theuseof Prologasa DCG parser A possiblegechnique
to avoid this problemis to transform(by hand,or, in somecasesautomatically)a
left-recursve grammaiinto onewithout left-recursiornthatis weaklyequivalento the
original one,thatis, thatacceptsxactly the samestringseventhoughit assignghem
di erentstructures.

Problem 3.16 Developa non-left-lecutsivegrammarfor the Englishsentencesov-
ered by the grammarin the last problem. To what extentare systematianethodgor
corverting left-recuisive CFGsto weaklyequivalentnon-left-iecuisiveones(sud as
are discussedy Hopcoft and Ullman (1979, pages 94—-99))applicableto de nite-
clausegrammas?

Problem 3.17 (Easy)Modifyyoursolutionof thepreviousproblemto producea parse
treg aswasdonein the previoussection.

Problem 3.18 (Moredi cult) Modify your solutionof Problem3.16to produceleft-
recursiveparsetreeslike theonegivenabove How geneal is your method?

Problem 3.19 Modify your solutionso that so-calledheary NPs e.g., nounphrases
with relative clausesare disallowedin possessiveskor instance the following NP
shouldbe ungrammaticalaccoding to the grammar: “* a program that halts's pro-
grammer”.

Prepositional Phrases

PrepositionabhraseqPP) areusedin Englishin a variety of ways. They canplay
therole of anadwerbialphrasemodifying the entireactiondescribedyy a verbandits
complementsasin

Terry wrote a programwith acomputer
Every professomroteabookfor adollar.

And lik e relative clausesthey canmodify a classof objectsgivenby anoun,e.g.,

Every programin Bill' sbookhalts.
Alfred meta studentwith a problem.

In Problem4.6,we will seeyetanotherrolefor PPs.

Typical analysef the structureof EnglishsentencesontainingPPsplacethem
assiblingsto the constituentthey modify. Thus, adwerbial PPsare siblings of VPs
(or, under certain conditions, Ss), and noun-modifyingPPsare siblings of N (like
relative clauses). Thereare two ways that sucha con guration could comeabout.
Considerthe VP-modifyingadwerbial PPs. The PPcould occurunderthe S node just
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asthe VP does. Alternatively, a newv nodeunderthe S could cover both the VP and
the PP Usually, this nodeis consideredo be a VP itself, thus allowing for a left-
recursve VP structure Linguistically, this analysiamaybe preferredbecausét allows
for severaladwerbialsto follow a VP. Theleft recursionhowever, presentsa problem
for Prolog;therefore we will assumehe former analysis.Indeed,the positioningof
relative clausedirectly underNP asa sibling of the nounwas chosenfor the same
reasonfo avoid theleft recursionimplicit in themoretraditionalanalysis.

Notethatthe rst andlastexamplesentencescludethe samecatayoriesof lexical
items,i.e.,

PNTV DetN P DetN

Yetintuitively the rst PPmodi es the verb phrase—itis the writing of the program
thatis performedwith a computer—while the seconddoesnot modify the VP—it is
notthe meetingof the studenthatis performedwith a problem.Thesetwo sentences
arethussyntacticallyambiguousthoughsemanticallyonly one of the two readings
seemlausible.This phenomenomf ambiguityin the structuralplacemenbf PPsis
oftencalledthe PP attachmentproblem

Problem 3.20 Write DCGrulesto allow adverbialandNP-modi er PPssud asthose
above Youwill needrules not only for the prepositionalphrasesthemselvebut also
for their usein modifyingVPsand NPs. Is your grammarambiguousthat is, does
it displaythe PP attachmentambiguitiesdiscussedibove? How might you augment
the grammar (presumablywith semanticinformation) so that spuriousreadingsare
Iter edout?

Subj ect-Verb Agreement

In Section3.7 we alludedto the phenomenorf subject-erbagreementn English.
This problemexploresthe phenomenoin greaterdetail.

In English,subjectsagreewith theverbthey arethesubjectof bothin person( rst,
seconcbr third) andin number(singularor plural). For instancethe string“*l writes
programs’is notagrammaticakEnglishsentencéecaus¢heword“l” isa rst-person,
singularnounphrasewhereagheverb“writes” is third-personsingular Ontheother
hand,’l write programs’is grammaticabecauséwrite” isa rst-personsingularverh
Of courseijt is alsosecond-persosingularasin “you write programs’andany-person
pluralasin “they write programs”,"we write programs” etc.

Theproblemis compoundedh thatin complex nounphrasessuchas“a program-
mer” or “all programmers”poththe determinerandthe nouncarry agreemeninfor-
mation. So we have “all programmerswvrite programs”but not “* all programmers
writes programs”or “* a programmerswvrite programs”or “* a programmersvrites
programs”.A nal complicationis thefactthatcertaindeterminerspouns,andverbs
are unmarled for personor numberor both. For instance,aswe have seenabove,
the word “write” viewed as a plural verb is unmarled for person. The determiner
“the” is unmarledfor number asseenin “the programmer’and“the programmers”.
Rarerarenounsthatareunmarledfor number Examplesncludeso-calledsummation
plurals(e.g.,scissos, binoculars, jeang, certainforeignwords(e.g.,corps chamois
althoughthereis adi erencein pronounciatiordespiteidentical spellingin the sin-
gularandplural), certainotherwords endingin -s (e.g.,crossoads speciesseriesy,
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somenationality terms(e.g., Chinese Eskimg and someotheridiosyncraticnouns
(e.g.,0 spring, aircraft), andcertainzoologicalterms(e.g., sh, sheepsalmon etc.

Thus,we have “a sh swims” and“all sh swim”. We could handlethis phe-
nomenonby having separatdexical entriesfor the singularnoun sh andthe plural
noun sh justaswe would have separatentriesfor thenoun sh andtheverb sh, but
anicersolutionis to allow entriesto beunmarledfor persorandor number Nonethe-
less,the lesselegantsolutionis still neededor the rst/second-persosingularverb
write, sinceleaving it unmarledfor personwould allow the string“* hewrite a pro-
gram”asasentence.

Problem 3.21 Extendthegrammarsothatit requiresthatsubjectsagreewith verbsin
sentenceandthatdetermines andnounsagreeaswell. You shoulddo this by adding
a singleextra argumentto appropriate nonterminalsto hold agreementnformation.
Discusghefollowing facetsof the solution:

1. Howthevariousstringsare or are notadmitted(parsed)by the grammar

2. How certain lexical entriescan be undeispeci edfor certain agreemeninfor-
mation. Demonstate at leastthe full paradigm of agreemenbf the verb halt
andtheverbbe,thatis, male sure youhavesu cientlexical entriesfor all the
formsof theverh

3. Whatyoudo for propernounsandpronouns.

4. Whyit is preferableto useonly oneargumentpositionfor agreement.

(For the purposeof theseproblemsyou canthink of pronounslike I, we, he, etc.
asmeeely a typeof propernoun.)

Relative Clause Agreement

Agreemenin Englishdoesnot stopat the subjectandthe verb of thewhole sentence.
Evensubclausesk e relative clauseglisplaythis phenomenonThusthe string

A programthatconcernsBertrandhalted.
is agrammaticakentencevhereas
*A programthatconcernBertrandhalted.

is not, eventhoughin bothcaseghesubject‘a program... agreeswith theverbhalted
The problem,of course,is thatthe implicit subjectof the verb phrasein the relative
clause“concernBertrand”is that samephrase‘a program”(often calledthe headof
the relative clause),but the verb concernis either plural or rst- or second-person
singular whereaga program”shaws third-persorsingularagreement.

Problem 3.22 Extendyourgrammarsothatit capturesthe phenomenonf agreement
betweerheadsof relative clausesand the verbsin therelativeclause Againdemon-
strate that your solutioninteractsappropriately with normal subject-vertagreement,
undeispeci edlexical entries,etc.
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Subcategorization

We have seernin previousgrammarghatdi erentverbsrequiredi erentcomplements
thatis, phrasedollowing themin the verb phrase. So, for instance the verb wrote
requiresasinglenounphrasdollowing it asin the VP “met Bertrand”. Thusthe string
“*met Bertranda book” is not a grammaticaNMP (or arnything elsefor that matter),
nor is “*met”. On the other hand,the verb gaverequires(or, in the linguisticsjar-
gon, subcatgorizesfor) two NPs,not one,asin the VP “gave Bertranda book”, but
not “*gave Bertrand”. This phenomenorof subcatgorizationhasbeenprimitively
encodedn previous grammardn the distinction betweenTVs (transitve verbs)and
IVs (intransitive verbs).In this problemwe will investigatesubcatgorizationin more
detail.

Onepossiblesolutionto the subcatgorizationproblemis to associateanotherar-
gumentto eachverb, its subcatgorizationtype. Thenfor eachtype, we would have
arule thatadmittedonly verbsof the appropriatetype. Hereis a pieceof a grammar
usingthis methodof subcatgorization(but ignoringagreementyerbform, etc.):

Program 3.13
vp --> v(intransitive)
vp --> v(transitive), np.
vp --> v(ditransitive) , np, np.

vp --> v(dative), np, pp.

v(intransitive) --> [halted].
v(transitive) --> [met].
v(ditransitive) --> [gave].

v(dative) --> [gave].

(By dative herewe meanthat the verb requiresa noun phraseand a prepositional
phrasewith the prepositionto asin “gave the bookto Bertrand”. Thustheverbgave
hastwo subcatgorizationframes:ditransitve anddative.)

The phenomenorhasbeencalled subcatgorizationbecausehe extra argument
putsverbsinto subclasseyr subcatgories,of the main catgyory verh. Estimatesy
linguistsasto the numberof di erentsubcatgorizationframesi.e., typesof subcat-
egorization,vary, but atleast30 suchrulesarepostulatedor Englishby Gazdaretal.
(1985)andprobablymary morewould berequired.Estimatesun ashigh asthetens
of thousand{Gross,1975). For this reason(andthe factthatwe have alreadygiven
this solution),we will notusethis sortof attackontheproblem.

Insteadwe will useadi erenttechniquefor handlingsubcatgorization. We will
have a single rule allowing a verb phraseto be formed from a verb followed by a
sequencef zeroor morecomplementsvherea complements eithera nounphrase
or aprepositionaphrase.Theverbwill have alist of complementypesin its lexical
entry For instancetheverbgavemight have thelist [np,np] , the verbhaltedmight
have theemptylist [ ] . While building up the sequencef complementsghegrammar
will keeptrack of thetypesof the complementandmalke surethey matchthelist in
thelexical entryfor the verb Thesequencef complement$Bertrandabook” would
have theassociatedist of types[np,np] . Sincethis matcheghelexical entryfor the
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verbgave thegrammamould allow “gave Bertrandabook” but sinceit doesnt match
theemptylist, thegrammamvould disallov “*halted Bertranda book”.

Problem 3.23 Extendyour grammar so that it handlessubcatgorization require-

mentsof verbsin thewayjust described Demonstatethatit allows appropriateverb
phrasesand sentenceand corverselyfor non-sentenceslhenextendthe solutionto

capturethefactthattheverbgave requiresa prepositionalphrasewith the preposition
to wherasboughtrequiresa PP with the prepositionfrom, e.g., “bought a bookfrom

Bertrand”.

Notice thatin eitherof the subcatgorizationmethodsmentionecherea PP com-
plementis (asubconstituentf) asibling of theverb,ratherthanasibling of the VP as
adwerbial PPsare. This canbe a further sourceof the kind of grammaticabmbiguity
discussedh Problem3.20.

3.9 Bibliographic Notes

Edinburgh Prolog syntaxis so simplethat a detailedaccountof the syntaxis rarely
requiredwhenprogramming.The manualfor eachparticularPrologimplementation
usually containsa full descriptionof the syntaxfor referencepurposes.Appendix|
of the DEC-10Prologmanualcontainssucha descriptionfor the Edinburgh family of
Prologs(Bowen,1982).

Functionalprogramming(Section3.3) hasbheendevelopedfor mary of the same
reasonsas logic programminghasbeen(Backus,1978). E orts to introducefunc-
tional andequationahotionsinto logic programmingdanguage$ave beennumerous.
A good cross-sectiortan be found in the book by DeGrootand Lindstrom (1986).
Equality (i.e., equationalogic) asa su cientbasisfor logic programmingis devel-
opedby O'Donnell (1985).

The term “logical variable” (Section3.3) was introducedby D. H. D. Warren
(1977)to distinguishthe speci ¢ proceduralpropertiesgivento the variablesin def-
inite clausesby Prolog, or more generallyby SLD proof proceduresfrom both the
variablesof imperatve languagegnamesfor assignabldocations)andthe variables
of functionallanguagegnamedor values).Thedistinguishingcharacteristicsf logi-
cal variablesincludetheir role in standingfor asyetun lled partsof atermandtheir
ability to becomecoreferentiathroughvariable-to-ariablebindings.

Listsasadatastructurg(Section3.4) areheavily usedin languagestherthanPro-
log. In particular the programminglanguagea.se (which standsfor wist processing)
malesheary useof lists. Many introductoryLisp booksare available, but few intro-
ducethe subjectassimply andclearly asthe original Lise 1.5 ProgrammersManual
(McCarthy,etal., 1965). The modernuisp dialectscueme is thoroughlydiscussedn
anexcellenttextbookby AbelsonandSussmar§1985).

Thenotionof modegSection3.4.1)for predicatesn logic programsappearedrst
in the DEC-10Prolog. Mode declarationsallowed the DEC-10 Prolog compilerto
generatebettercodefor predicateknown to be usedonly in certainmodes(Warren,
1977;Warren,1979). The concepthassincethenbeenexploredasan additionalcon-
trol mechanisnfor logic programs(Clark and McCabe,1981; Naish, 1986) andin
global program-optimizationechniqueg¢Mellish, 1985).
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Mode assignmentslependon the particularorder of calls in a program. Thus
correctmodeassignmentareprogrampropertiegied to the programs proceduralin-
terpretation.Otherpropertiessuchaswhattypesof argumentspredicatesacceptde-
pendonly on the declaratve interpretatiorof programgMycroft andO'K eefe,1984;
Mishra, 1984). Type assignments$o predicatesan be useful both for programver-
i cation andfor compilation. Methodsto computeboth declaratve and procedural
propertiesof Prolog programs,amongthem modeand type assignmentsoften rely
on the techniquesf abstract interpretation a meansof analyzingthe propertiesof
programsby interpretingthemover simpli ed datadomainsn which thepropertiesof
interestarecomputablgMellish, 1986;JonesandSgndegaard 1987).

Aswe notedbefore theresolutionmethod(Section3.5)is dueto Robinson(1965).
Resolution substitutionsanduni cation arecoveredin ary of the automatedieduc-
tion booksmentionedn Sectionl.5; Robinsonstreatment1979)is particularlyclear
Thespecialcaseof SLD resolutionis discussedby Lloyd (1984),who givesa detailed
mathematicahccountbof the semantic®f Prolog.

De nite-clauseprogramsde ne relationsover the Herbrand universg the setof
all groundtermsbuilt from the constantsandfunction symbolsin the program. It is
possibleto representhetapeof a Turing machineasaterm,andit is thennotdi cult
to shaw thatthe relationbetweeernnitial and nal con gurationsfor arny Turing ma-
chinecanberepresentedly ade nite-clauseprogram(Tarnlund,1977).Furthermore,
it is possibleto shav that ary computablefunction on terms, for a suitablede ni-
tion of computationon terms,can be representedvithout encodingof the databy a
de nite-clauseprogram(AndrekaandNemeti,1976). The overall computatiormodel
given by SLD resolutionis rathersimilar to the alternatingTuring machinemodel
(Shapiro,1982). Backgroundmaterialon notionsof computabilityand decidability
from computeiscienceandlogical perspectiescanbefoundin thebooksby Hopcroft
andUliman (1979)andBoolosandJe rey (1980)respectiely.

The conceptof de nite-clausegrammar(Section3.7) wasintroducedby Pereira
andWarren(1980). DCGsarea simpli cation of Colmerauers metamorphosigram-
mars (1978),which werethe rst grammarformalismbasedon Horn clauses.Meta-
morphosisgrammarsand de nite-clausegrammarsare two instanceof logic gram-
mars, grammarformalismswhosemeaningis givenin termson an underlyinglogic.
Evenfrom a x edlogic suchasde nite clausespnecanconstructdistinctformalisms
dependingon what grammaticainotionsone chooseso make part of the formalism
insteadof representingxplicitly by grammarrules. Examplesof suchformalisms
includeextrapositiongrammargPereira, 1981),de nite-clausetranslationgrammars
(Abramson,1984) and gappinggrammars(Dahl and Abramson,1984). The basic
notion of logic grammarhasalso beeninstantiatedwithin otherlogics, in particular
Roundss logics for linguistic descriptionswhich formalize certainaspectof DCGs
to give logical de nitions for naturalrecognition-complgity classesof formal lan-
guagegRounds1987).

Theconstructiorof e cientsortingalgorithms(Section3.4.1)is of coursea very
importantproblemin computerscience. The mostthoroughdesignand analysesof
sortingalgorithms(Knuth, 1973)have usuallybeendonefor random-accessiemory
machinemodels. It is possibleto rewrite mary of thosealgorithms(eg. bubblesort,
quicksort)for Prolog's declaratve model,but in generathe computationatostof the
algorithmwill change pecauséhe sequenceto be sortedareencodedaslists rather
thanasarrayswith directaccesgo all elements.Algorithms speci cally designedo
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sortlists, suchasmemgesortaremoresuitablefor implementatiorin Prolog,whichis
thereasorfor our choiceof example.

TreegrammargSection3.6) wereintroducedasthe grammaticakounterpartof
generalizechutomatahat operateon trees(Rounds,1969). Theyields of regulartree
grammarq nite-state-treeautomata)re exactly the context-free languagesandthe
yieldsof contet-freetreegrammarsreexactlytheindexedlanguagegRounds,1970).
Indexedlanguage$iave anothercharacterizatiortheindexedgrammas introducedoy
Aho (1968; Hopcroftand Ullman, 1979),which aremuchcloserin form to de nite-
clausegrammars.

Arithmetic expressiorsimpli cation is a particularcaseof the generalproblemof
rewriting an expressionaccordingto a setof equationggyiving the algebraiclaws of
the operatorsn the expressionse.g., associatiity or commutatvity. The rewriting
methodwe suggestin Section3.6 is rathersimple-minded. More sophisticatedap-
proachesnvolve methodsto determinean orientationfor equationssothattheresult
of applyinganequationis in someappropriatesensesimplerthanthe startingexpres-
sion,andmethodgor completinga setof equationsothatthe orderof applicationof
orientedequalitiesdoesnot matter Thesetechniquesresuneyedby HuetandOppen
(1980)andBuchbeger(1985).

Subcatgorizationhasbeena primary phenomenomf interestin modernlinguis-
tics,andthereareasmary analyse®f thephenomenostherearelinguistictheories,
if not more. We startby using a subcatgorizationmethod(Program3.12) loosely
basedon the terminologyof Montaguegrammar. The rst augmentatior(Program
3.13)is inspiredby Gazdaretal. (1985). Section3.8.2workstowardananalysiscom-
monin thelogic programmingeld; it was rst publishecby Dahl(1981)andextended
by several authorssuchas McCord (1982). Similar analysesemploying lists, but in
slightly di erentways, canbe foundin HPSG(Sagand Pollard, 1986)and PATR-I
(Shieber,1985a).

The PP attachmeniproblem (Section3.8.2) hasreceived much attentionin the
computationalinguisticsliterature.A particularlydetaileddiscussioris thatof Church
(1980; Churchand Patil, 1982). Pereira(1982) discusseshe problemfrom a logic
grammarperspectie.
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Chapter 4
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site. A hardbouncedition (ISBN 0-9719997-0-4)printedon acid-
freepaperwith library bindingandincludingall appendiceandtwo
indices (and without theseinline interruptions),is available from
www.mtome.corandotherbooksellers.

In this chapter we will be concernedvith extendingthe capabilitiesand cover-
ageof grammarsn two ways. First, we will explore grammarghatexpressnot only
syntacticbut alsosemantiaelationshipsamongconstituents.Thesegrammarsncor-
porateconstraintson how the meaningof a phraseis relatedto the meaningsof its
subphrasesSecondwe will extendthe rangeof syntacticconstructionsoveredby
previous grammars.Both of thesekinds of extensionswill prove usefulin the next
chapterin the developmenbf a simplenatural-languagquestion-answeringystem.

4.1 Semanticlnter pretation

First, we turn to the incorporationof semanticnformationinto a DCG. A common
way to model the semanticof a naturallanguageis to associatewvith eachphrase
alogical form, thatis, an expressionfrom somelogical languagethat hasthe same
truth conditionsasthe phrase. A simple recursve methodfor maintainingsuchan
associationis possibleif the logical form associatedvith a phrasecanbe composed
out of the logical forms associatedvith its subparts.This compositionaimethodfor
modelingthe semanticof a naturallanguagés the hallmarkof the highly in uential
work by the logician RichardMontagueandhis studentsandfollowers.
Montagueuseda higherorderlogic basedon the typed lambdacalculus,inten-
sionallogic, asthe languagéefor logical forms. We will describea vastly simpli ed
form of compositionakemanticsnspiredby Montagoian techniquesut using rst-
orderlogic extendedwith an untypedlambdacalculusasthe logical form language.

77
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Thenwe will shav how sucha semanticscan be encodedn a DCG which builds
logical forms in the courseof parsing A techniqueof generalutility, partial execu-
tion, will beintroducedasa methodwith which we cansimplify the DCG. We will
thenproceedto discussseveral topicsin the encodingof semanticsnamely quanti-
ers, quanti er scopeand(afterthe appropriatesyntacticbackgroundn Section4.2)
ller -gapdependencies.

411 ThelLambda Calculus

In the semanticave will develop, logical forms for sentencesvill be expressionsn

rst-order logic that encodepropositions.For instance the sentenceSsuroru halts”

and“Every studentwrote a program”will be associatedavith the rst-order logic ex-

pressiondalts(shrdiu) and(8s)student(s) ) (9p)(program(p)&wrote(s; p)), respec-
tively.

We againemphasizehe di erencesdetweenthe FOL notationwe usehere(see
Section2.3) andthe notationfor Prolog. Thedi erenceselpto carefullydistinguish
the abstractotion of logical forms from the particularencodingof themin Prolog.
FOL formulaswill later be encodedn Prolognot as Prolog formulas,but asterms,
becaus®ur programsaretreatingthe formulasasdata

Mostintermediatdi.e., nonsententiallogical formsin thegrammardo notencode
whole propositions put rather propositionswith certainpartsmissing. For instance,
averbphrasdogical form will typically bea propositionparameterizetdy oneof the
entitiesin the situationdescribedy the proposition.Thatis, the VP logical form can
be seenasa functionfrom entitiesto propositionswhatis often calleda property of
entities.In rst-order logic, functionscanonly bespeci edwith functionsymbols.We
musthave onesuchsymbolfor eachfunctionthatwill everbeused.Becauserbitrary
numbersof functionsmight be neededasintermediatdogical forms for phraseswe
will relaxthe“one symbolperfunction” constrainty extendingthe languageof FOL
with a specialfunction-formingoperator

Thelambdacalculusallows usto specifyfunctionsby describingthemin termsof
combinationf otherfunctions. For instance considerthe functionfrom aninteger,
callit x, totheintegerx + 1. We would lik e to specifythis functionwithout having to
giveit aname(like succaswe have donepreviously). Theexpressionx + 1 seemgo
have all theinformationneededo pick outwhich functionwe want,exceptthatit does
not specifywhatin the expressiormarksthe argumentof the function. This problem
may not seemespeciallycommandingn the caseof the functionx + 1, but whenwe
considerthe functionspeci ed by the expressiornx + y, it becomeslearthatwe must
be ableto distinguishthe functionthattakesaninteger x ontothe sumof thatinteger
andy from thefunctionthattakesanintegery ontothe sumof it andx.

Therefore,to pick out which variableis marking the agumentof the function,
we introducea new symbol“ " into the logical language(hencethe name*“lambda
calculus”).To specifyafunction,we will usethenotation

X: .
wherex is the variablemarkingthe argumentof the functionand is the expression

de ning thevalueof thefunctionatthatargument.Thuswe canspecifythe successor
functionas x:x+1andthetwoincrementingunctionscanbedistinguisheds x:x+y
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and y:x+y. We will allow theselambdaexpressionsanywherea functor would be
allowed. For instancethefollowing is awell-formedlambdacalculusterm:

( xx+1)3)

Intuitively, sucha functionapplicationexpressiorshouldbe semanticallyidenticalto
theexpressior83 + 1. Theformal operationcalled(for historicalreasons) -reduction
codi es thisintuition. Theruleof -reductionsaysthatary expressiorof the form

(x)a
canbereducedo the (semanticallyequivalent)expression
[ lfx=ag

thatis, theexpression with all occurrencesf x replacedwith a. We ignorehereand
in the sequelthe problemof renamingof variables,so-called -corversion to avoid
captureof free variables. In the examplesto follow, we will alwaysmake surethat
variablesin the variouslambda-calculugxpressionseing appliedaredistinct. The
scopingrulesof Prolog(Section2.5.1),beinggearedtoward logical languages$n the
rst place,guaranteeghe appropriatescopingof variablesin the caseof the encoded
logicallanguageswell. In fact,thisis oneof theadvantage®f usingPrologvariables
to encodevariablesn thelogical form languageaswe will doin Sectiond.1.3below.

We will seein the next sectionhow the lambdacalculusand -reductioncanbe
usedto provide a simplecompositionabemanticgor afragmentof English.

4.1.2 A Simple Compositional Semantics

We will now considerhow to specifya semanticor the fragmentof Englishgiven
asthecontet-freegrammaiin Section2.7 andaxiomatizedn Programs.4and3.10.
We will associatavith eachcontext-freerule a correspondingule for composinghe
logical forms of the subconstituentmto the logical form for the parentconstituent.
For instanceassociatedavith therule

S! NPVP
we will havetherulet

Semantic Rule 1: If thelogical form of the NP is NP° andthe logical form for
the VP is VPP thenthelogical form for the Sis VPYNF®).

andwith therule
VP! TVNP
we will associate

Semantic Rule 2: If thelogical form of the TV is TV? andthe logical form of
the NP is NP° thenthelogical form for the VP is TVI(NFP).

1By corvention,we will notatevariablesrepresentinghelogical form associateavith a nonterminaby
addinga prime sufix.
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S
wrote(ertrand, principia)

NP vp
bertrand Ay.wrote(y, principia)
bertrand Vv NP

AX.Ay.wrote(yx) principi
wrote principia

Figure4.1: Parsetreewith logical forms

For instancethesentencésuroLu halts” canbe decomposethto anNP anda VP.
Supposéhelogical form for the NP “surpLu” is shrdlu andthatfor the VP “halts” is
halts. Thenby SemantidRule 1 above, thelogical form for thewholesentencavill be
halts(shrdlu), anexpressiorwhich, underthe naturalinterpretatiorandidealizations,
hasthe sametruth conditionsas the sentence surpLu halts”. So far, no useof the
lambdacalculusextensionto rst-order logic hasbeenneeded.

Now considerthe sentence'Bertrand wrote Principia’. Again, we will have
the logical forms for the propernouns“Bertrand” and “Principia” be bertrand and
principia respectiely. The logical form for the transitve verb “wrote” will be
the lambdaexpression x: y:wrote(y; X). By the secondrule above, the VP “wrote
Principia” will be associatedwith the expression( x: y:wrote(y; X))(principia),
which by -reductionis equialentto y.wrote(y; principia). Now by the rst
rule above, the sentencé'Bertrand wrote Principia” is associatedvith the logical
form (' y:wrote(y; principia))(bertrand), which, -reducingagain, is equivalentto
wrote(bertrand, principia). The derivation can be summarizedn the parsetree of
Figure4.1,which hasbeenannotatedvith appropriatdogical forms. Similar semantic
rulescouldbegivento theothercontext-freerulesin thegrammaito allow the building
of logical formsfor alargerclassof phrases.

Exercise4.1  Whatdothefollowing lambda-calculugxpressionseduceto?

1. ( xhalts(x))(shrdlu)
2. (( y: xhalts(x))(shrdlu))(lunar)

3. (y: p: xwant(x; p(y)))(shrdlu)( zhalts(2))(terry)
4. Cyy( y:yy)

4.1.3 Encoding the Semantic System in Prolog

We now turn to the issueof encodingsucha grammarwith compositionakemantics
in Prolog. Severalproblemdaceus. First, we mustbeableto encoddogical formsin
Prolog.Secondwe mustbeableto associatavith eachconstituenanencodedambda
expressionFinally, we mustbe ableto encodetheprocesof -reduction.
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As mentionedbefore,we will encodeall FOL expressions—botliormulasand
terms—adrologterms,sincewe will bemanipulatinghemasdatawithin the DCGs.
As it turnsout, we will encoddg-OL variablesin PrologasPrologvariablesandFOL
functionsymbolsasPrologfunctionsymbols but thisis wheretheisomorphisnstops,
for FOL quanti ers, predicatesymbols,and connectveswill alsoreceve encodings
as Prolog function symbols. In particular we will encodethe universalquanti ca-
tion (8x) with the Prologtermall(X, 9, where Cis the Prologencodingof
Similarly, (9x) is encodedas exists(X, 9.2 The implication and conjunction
connectvesare encodedvith the binaryin x functor symbols“=>" and“&’ respec-
tively. All FOL predicateand function symbolsare encodedby their homorymous
Prologfunctionsymbols.

Lambdaexpressiongonsistof avariableanda logical expressionwhich usesthat
variable. We will encodethe pairing of the variablewith the expressionwith a new
in X binaryPrologoperatorthecaret‘*”. Thusthelambdaexpression x:x+ 1 would
beencodedn PrologasX"(X+1). Similarly, thelambdaexpression x: y:.wrote(y; X)
would be encodedasthe Prologterm X~Y~wrote(Y,X) , assumingight associatiity
of “A».3

We solwve the secondproblem—associatingn encodedambdaexpressionwith
eachconstituent—usingheby now familiartechniqueof addinganargumentposition
to eachnonterminalto hold the logical form encoding. So a skeletal DCG rule for
combininganNP andVP to form anS (ignoringfor themomenthe constrainton the
logical formsexpressedn SemantidRule 1) will be#

s(S) --> np(NP), vp(VP).

which canbereadas*“a sentencevith logical form S canbe formedby concatenating
anounphrasewith logical form NPandaverbphrasewith logical form VP.

Finally, we model the applicationof a lambdaexpressionand subsequent -
reduction with the predicatereduce. The intended interpretationof a literal
reduce(Function, Arg, Result) isthatResult isthe -reducedorm of theap-
plicationof thelambdaexpressiorFunction to theargumentArg. We implementthe
predicatewith thefollowing singleunit clause.

Program 4.1
reduce(Arg"Expr , Arg, Expr).

Theearlierexamplesof -reductioncannow be handledby this Prologencoding.
Forinstancecorrespondingo thereductionof theapplication( x:halts(x))(shrdlu) to
thelogical form halts(shrdlu) we have the following Prologdialogue:

2Froma strict logical point of view, the useof Prologvariablesto encodeFOL variablesis incorrect,
beinga caseof confusionbetweerobjectvariables(thosein the logical form) andmetalanguageariables
(thosein Prolog, the metalanguagesedhereto describethe relationbetweenstringsandlogical forms).
It would be possibleto avoid this confusionbetweenobjectand metalanguageariableswith a somevhat
morecomplicateddescription.However, this particularabuseof notation,if properlyunderstoodis unlikely
to causgproblemsandbringssubstantiabene®tsn programsimplicity.

SThereis precedentor the useof the caretto form lambdaexpressions.The notationthat Montague
himselfusedfor thelambdaexpression x: was(ignoringdetailsof intensionalityoperatorsk , whichwe
have merelylinearized.

4For easeof expressiorwithin the Prologsyntax,we drop the priming corventionwhenwriting Prolog
clauses.
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?- reduce(X"halts(X) , shrdlu, LF).
LF = halts(shrdlu)

The otherexamplesarehandledsimilarly.

Thereduce predicateperformsa singleoutermostreduction.lt doesnot reducea
lambdaexpressioruntil nofurtherreductionsanbeperformed.Thatis, it doesnotre-
duceto canonicalform. For instanceconsideranexpressiorthathasa variablebound
by a usedasafunctionin thebody of the lambdaexpressionge.g., p:p(a). When
this lambdaexpressionis itself appliedto, say y:f(y), theresultcanbe reducedto
f(a). ThePrologencodingof theformerexpressionP"P(a), is notevenwell-formed.
Evenif it were,thereduce predicatedoesnot performinternalreductionsput only the
reductionassociatedvith the outermostexpression.Whenexpressionswith internal
applicationdik e this areneededye will beforcedto implementtheinternalapplica-
tions with explicit reduce literals. For instancethe troublesomdambdaexpression

p:p(a) couldbeimplementecasP Qwherereduce(P,a,Q) holds.

Using the reduce predicatewe cannow directly encodethe compositionalse-
manticrulesdescribedabore. For the rst semanticqule applyingthe VP logical form
to thatof the NP, we addto the DCG anappropriatesxtra condition.

s(S) --> np(NP), vp(VP), {reduce(VP,NP,S) }.
Similarly, for theverb-phraseules,we have,

vp(VP) --> tv(TV), np(NP), {reduce(TV, NP, VP)}.
vp(VP) --> iv(VP).

Lexical entriesmustnow includesemantidnformation.

tv(X~rY~wrote(Y, X)) --> [wrote].
iv(X~halts(X)) --> [halts].
np(shrdlu) --> [shrdlu].
np(terry) --> [terry].

Giventhis augmentedyrammarandlexicon, which is merelythe directencoding
of thetype of compositionakemanticqulespresentect the beginning of this section,
we canparsesimplesentencesvhile building encodingf their logical formsin the
process.

?- s(LF, [shrdlu, halts], []).
LF = halts(shrdlu)
yes

?- s(LF, [terry, wrote, shrdlu], []).
LF = wrote(terry, shrdlu)
yes

andsoforth.
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4.1.4 Partial Execution

In this sectionwe will introduceatechniquecalledpartial executionwhichis adevice
of generalutility for the manipulationof Prolog(andotherlogic andfunctional)pro-
grams. Partial executionof a programinvolvesthe replacingof certaincomputations
thatwould normally be performedat executiontime by changego the programitself.

PurePrologprogramsareparticularlywell suitedfor partialexecutionbecausehis
techniques justadi erentway of applyingthe basicHorn-clausecomputatiorrule,
resolution thatis usedfor normalexecution.

For instanceconsiderthe DCG rule

s(S) --> np(NP), vp(VP), {reduce(VP,NP,S) }.

Thecomputatiorof thereduce conditionis deterministiandinvolvesonly themutual
binding of severalvariables.If we changethe clauseby performingthesebindingsin
theclauseitself, we canactuallyremove thereduce literal, sinceits purposenasbeen
ful lled. In thecaseathand,reduce merelyrequiresthatVPbe of theform NPAS If
we guaranteg¢hisin theclausej.e.,

s(S) --> np(NP), vp(NPAS).

we canleave o theapplication,asit is alreadyimplicit in the clause.The clauseis
saidto have beenpartially executedwith respecto thereduce predicate
Similarly, we canpartially executethetransitive VP clauseto get

vp(VP) --> tv(NPAVP), np(NP).

Partial executionbecomeanore comple in the face of nondeterminism.If the
literal we areremaoving from a clauseby partial executionhasseveral solutions,we
mustreplacetheoriginal clauseby all of the possiblepartialexecutionsof theoriginal.
Clearly, partial executionof a clausewith respectto a literal is usefulonly if there
area nite numberof solutionsto the literal in the context of the clause.If thereare
potentiallyanin nite numberthenwe mustin generalwait until run time to execute
theliteral, in the hopethatthe previous computationwill provide enoughrestrictions
onthegoalliteral to limit thesearctspace.

Fromnow on,we will ofteneschev explicit reduce literalsby implicitly partially
executingthe clausesoasto remove them.We will discusartialexecutionin more
detailin Section6.4.

4.1.5 Quantifi ed Noun Phrases

In attemptingto extendthe techniqueof compositionalsemanticgo the restof the
contet-free grammarin Program3.12, we immediatelyrun into problemswith the
rule for quanti ed nounphrases.Considera sentencesuchas“every programhalts”.
Thenatural rst-order logical form for this sentencés

(8X)program(x) ) halts(x)

Usingthe encodingof FOL asPrologterms,this would be
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all(X, program(X) => halts(X))

Notice thatthe main functor of the expressionis the universalquanti er, whereas
theapplicationof thelogical form for “halts” will alwaysresultin the mainfunctorof
theoutputbeingthepredicatéhalts. This problemin termmanipulations actuallythe
formal re ex of amuchdeepeiproblemnoticedby Montague which led to a drastic
reomanizationof his compositionalsemantics.Unlike the simple two-rule grammar
above,in which verb-phraséogical forms apply to nounphrasesMontaguerequired
nounphrasegwhich are,of course the sourceof the quanti er functors)to applyto
verbphrasearguments For instancefor the sentencéevery programhalts”, theverb
“halts” will retainits logical form x:halts(x), but the nounphrasewill have the LF

g:(8p)program(p) ) q(p).- Applying the nounphraseLF to thatof theverbphrase,

we have
( a:(8p)program(p)) q(p))( x:halts(x)) =
(8p)program(p) ) ( xhalts(x))(p) =
(8p)program(p) ) halts(p)

The DCG rule encodingthis revisedapplicationdirectionis
s(S) --> np(VP"S), vp(VP).

The verb phraselogical formswill be encodedasbefore. Noun phrasespn the
otherhandwill now beof theform

Qnall(M, (program(M) => R)) ,

whereRis the applicationof Qto M thatis, reduce(Q,M,R) holds. (Recallthatsuch
internalapplicationswvould not be performedautomaticallyby thereduce predicate,
sowe mustlist themexplicitly.) In fact,we canremove this extra conditionby partial
executionwith respecto thereduce predicateyielding therathermorecumbersome

(MAR)Mall(M,  (program(M) => R))

The LF associatedvith the noun“program” we will take to bethe simplepropertyof
beinga programthatis, x:program(x) encodedn PrologasX”program(X) . Deter
minerswill befunctorsfrom nounlogicalforms(simpleproperties}o thecomplex NP
logicalformslik e thatabove. Thus,thedeterminet‘'every” will have thelogical form

p: g:(8x)p(¥)) a(¥)
encodedn Prolog(with applicationgemovedby partialexecution)as
(X*P)rxrQ)nall (X, (P =>Q))
Thelexical entryfor “every” is therefore
det( (X*"P)A(X"Q)rall(X ,(P =>Q)) ) --> [every].

As implied above,determinersvill befunctionsontheirnounargumentssothe DCG
rule for NP formation(ignoringrelative clausedor the moment)is:



4.1. Semantic Interpretation 85

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

np(NP) --> det(N*NP), n(N).

Exercise 4.2 Chek thattheserulesandlexical entriesallow for thefollowing parse
andgiveits prooftree

?- s(LF, [every, program, halts], []).
LF = all(X, (program(X) => halts(X)))
yes

Giventhe reorientationof application,we have developedan appropriatelF for
determinechounphraseshut we mustrework the encodingof propernounmeanings
we wereusingbefore. Clearly, their LFs mustbe modi ed to respecthe new appli-
cationdirection. In particulara propernounlike “surprLu” must, like all NPs, be a
functionfrom VP-typeLFsto full sentencé Fs;thatis, it mustbe of theform

VPAS

wherereduce(VP, shrdlu, S) holds. By partialexecution,we have therelatively
unintuitive logical form

(shrdlunrsS)*s
In ary casethelexical entry

np( (shrdlurS)AS ) --> [shrdlu].
allowstheparse

?- s(LF, [shrdlu, halts], []).
LF = halts(shrdlu)
yes

asbefore.

Thelogical form for “sarpLU” seemsaunintuitive becauset is not the encodingof
ary lambdaexpressionThepositionthatshouldbe occupiedby avariableis occupied
by aconstanshrdlu . Actually, we have seema similar phenomenobeforein LFs for
determiner@ndnounphrasesin whichthesamepositionis occupiedby afull lambda
expression. Partial executionof applicationscanyield bizarre expressionsgxactly
becausehe executionis partial. Only part of the work of -reductionis done,the
remaindebeingperformedatruntime whentheappropriatevariablesareinstantiated.
Thus,we shouldnot worry too muchthatthe encodingof the lambdaexpressionsve
areusinghascertainpropertieghatthe calculusin the abstractioesnot have.

Finally, modifying the transitive verb phraserule, againchangingthe direction
of application,considerthe verb phrase“wrote a program”, which shouldhave the
LF z(9p)program(p)&wrote(z; p). Recallthatthe LFs for “wrote” andfor “a pro-
gram” are,respectiely, x: y:wrote(y; x) and q:(9p)program(p)&q(p). To simplify
the derivation, we vary the treatmentof transitive verbsslightly, taking the LF for
“wrote” tobe x: y:wrote(x;y). Thuswe wantthe VP'sLF to be zZNP{TV{2).
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Exercise 4.3 Ched that this lambdaexpressionis the appropriate one for NP° and
TV asin theexampleabove

In Prolog,we have:

vp(Z"S) -->
tv(TV), np(NP),
{reduce(TV,Z,IV ),
reduce(NP,IV,S)} .

whichthroughpartial executionis equivalentto
vp(Z"rsS) --> tv(ZMV),  np(IVhS).

Thefull fragmentof Program3.12,augmentedo asto producelogical forms, is
givenbelow.

Program 4.2
.- op(500,xfy,&).
- op(510,xfy,=>).

s(S) --> np(VPAS), vp(VP).

np(NP) -->
det(N2”°NP), n(N1), optrel(N1"N2).
np((E"S)S) --> pn(E).

VP(X"S) --> tv(XAIV),  np(IV7S).
vp(lV) --> iv(IV).

optrel(X"S1)M X™(S1 & S2))) --> [that], vp(X"S2).
optrel(N*N) --> ]

det(LF) --> [D], {det(D, LF)}.
det( every, (XASI)MX~S2)nall (X, (S1=>S2) ).
det( a, (XASNXNS2)Mexi st s( X,S18S2) ).

n(LF) --> [N], {n(N, LF)}.
n( program, X~program(X) ).
n( student, X~student(X) ).

pn(E) --> [PN], {pn(PN, E)}.
pn( terry, terry ).
pn( shrdlu, shrdlu ).

tv(LF) --> [TV], {tv(TV, LF)}.
tv( wrote, X~Y~wrote(X,Y) ).

iv(LF) --> [IV], {iv(lv, LPF)}.
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iv( halts, X~"halts(X) ).

Exercise 4.4 Chek thatthegrammarasaugmenteshowallowsthefollowing parses,
andgivetheir prooftrees:

?- s(LF, [terry, wrote, shrdlu], []).
LF = wrote(terry, shrdlu)
yes

?- s(LF, [every, program, halts], []).
LF = all(P,program(P)=>halts(P))
yes

?- s(LF, [every, student, wrote, a, program], []).
LF = all(S,student(S)=>
exists(P,program(P)&
wrote(S,P)))
yes

Exercise 4.5 How doesthis grammarhandlethe semantic®of relativeclauses?

Therole of uni cation andthelogical variablein incrementallybuilding complex
representationss clearly evidentin DCGsthat describeherelationbetweematural-
languagesentenceandtheirlogical meaningrepresentations.

We canillustratethe orderin which alogical form is built during parsingby the
analysigraceof thesentencéEvery programhalts”. Thetracehasbeensimpli ed by
replacingvariablesreferringto string positionswith ? andby omitting uninteresting
subgoals String positionswerechangedrom lists to integersfor readability

?- s(LF, 0, 3).
(1) 0 Call: s(S_1,0,3)
(2) 1 Call: np(VP_2°S_1,0,7)
(3) 2 Call: det(N2_3°VP_2"S_1,0,7)
(5) 3 Call: det (every,N2_3"VP_2"S_1)
(5) 3 Exit: det (every, (X_5°51_5)"
(X_5°52_5)"
all(X_5,81_5=>S2_5))
(3) 2 Exit: det ((X_5751.5)"
(X_5°52_5)"
all(X_5,81_5=>S2_5),0,1)
(6) 2 Call: n(N1_6,1,7)
(8) 3 Call: n(program,N1_6)
(8) 3 Exit: n(program,X_8 program(X_8))
(6) 2 Exit: n(X_8 program(X_8),1,2)
(9) 2 Call: optrel ((X_8 program(X_8))"

X_5°581.5,2,7)
(9) 2 Exit: optrel ((X_5"program(X_5))"
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X_5"program(X_5),2,2)

(2) 1 Exit: np((X_5752_5)"
all(X_5,program(X_5)=>S2_5),0,2)

(11) 1 Call: wvp(X_5"52_5,2,3)

(12) 2 Call: tv(X_5"IV_12,2,7)

(14) 3 Call: tv(halts,X_5"IV_12)

(14) 3 Fail: tv(halts,X_5"IV_12)

(12) 2 Fail: tv(X_5°IV_12,2,7)

(15) 2 Call: iv(X_5"582_5,2,3)

(17) 3 Call: iv(halts,X_5"S2_5)

(17) 3 Exit: iv(halts,X_5"halts(X_5))

(15) 2 Exit: iv(X_5"halts(X_5),2,3)

(11) 1 Exit: vp(X_5"halts(X_5),2,3)

(1) 0 Exit: s(all(X_5,program(X_5)=>

halts(X_5)),0,3)

LF = all(X_5,program(X_5)=>halts(X_5))
yes

During the DCG executionby Prolog,the np in the s rule is executedrst, even
thoughpart of its agumentVVPwill be fully determinedonly whenthe vp literal is
executed.This patternof operationpenadesthe grammayandshavs how thelogical
variablehelpsput togethera complex expressiorwithout having to know beforehand
thefull speci cationof its parts.

4.1.6 Quantifi er Scope

The DCG of Programd.2 andthoseof Problemst.6 and4.7 have a seriousde ciency
in their handlingof quanti er scope For asentencdike

Every professomroteabook.
thegrammarassignghe singleinterpretation

all(P, professor(P) =>
exists(B, book(B) & wrote(P, B))) ;

thatis, for every professotthereis a bookthathe or shewrote. Now, this wide scope
interpretationof “every” might agreewith our commonsenseput it is not the only
combinatoriallypossibleone.In theother, lessintuitive interpretationthereis asingle
bookthatevery professomrote:

exists(B, book(B) &
all(P, professor(P) => wrote(P,B)))

This narrow scopeinterpretationfor “every” is in factthe moreintuitive onein
sentencebke

Every studentrana programthatthe professomwrotefor his dissertation.
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It is clearthatdecisionson thelikelihoodof di erentlyscopedogical formsfor a
sentencelependon mary sourcef information,suchasempiricalknowledgeabout
the kind of situationbeing describedandthe actualorder of wordsin the sentence.
In ary case,scopedecisionsaretoo subtleto be determinedpurely by the syntactic
structureof sentencesasthey arein thegrammarof Prograny.2.

Theoverallissueof scopedeterminationis thereforeaverydi cult openresearch
guestion(Woods,1977;Vanlehn1978;F. C. N. Pereira,1982).Here,we will address
thesimplerquestionof scopegenemtion: how to generatdogical formsfor asentence
with all combinatoriallypossiblequanti er scopings. Sucha generatorcould then
be usedto proposealternatve scopingsto scopecritics thatwould usesyntacticand
empiricalinformationto choosdik ely scopings.

A scopegeneratohasto satisfytwo majorconstraints:

SoundnessEveryformulageneratednustbeaclosedwell-formedformula(that
is, without free variables)correspondindo a correctscopingof the sentence.

CompletenessEvery combinatoriallypossiblescopingwill begenerated.

A basicobsenationwe needis that the meaningof a determineiis a function of
anounmeaningandanintransitive verb phrasemeaning therange andscoperespec-
tively. Alternative quanti er scopingsin the logical form correspondo alternatve
choicesof rangeand scopefor the quanti ers in the sentenceaneaning. The job of
the scopegeneratoiis thusto considerthe determinersn a sentencandgeneratell
possiblechoicesof rangeandscopefor the correspondingjuanti ers.

The methodwe will useherefor scopegeneratiorrelieson building aninterme-
diaterepresentatiora quanti er treg whosenonleafnodescorrespondo determiner
meaninggquanti er nodes)or logical connectves(connectivenodes)andwhoseleaf
or predicationnodescorrespondo thetranslationsof nouns,verbsandothercontent
wordsin the input sentence The daughtersf a quanti er nodeincludea determiner
meaningandtwo subtreegrom which the determinemeaningat thenodewill getits
rangeandscope.Thequanti er nodeghusrepresentielayeddecisionsasto therange
andscopeof their quanti ers. For example the quanti er treefor

Every professothatwroteabookranaprogram.

is shawvnin Figure4.2.

In practice wewill represenaiquanti er nodeby atermof theformq(D, R, S),
whereD is the expressionrepresentinghe determinemeaningandR and S arethe
subtreesrom which Ds rangeandscopewill be obtained.A connectve nodeis rep-
resentedy the connectve itself appliedto its agumentsanda predicationnodewith
contentsP will berepresentethy ~ P. The backquotg“ ~ ") is usedasapre x op-
eratorto syntacticallydistinguishpredicationghat have not beenscopedboth from
predicationghathave beenscopedandfrom the quanti er andconnectve nodes.The
useof the operatorallows a simplecheckof the mainfunctorto distinguishamongthe
variouscases.

Thefollowing grammaiis a simplemodi cation of thatof Programé4.2 thatbuilds
aquanti er treeratherthanalogical form directly.

Program 4.3
.- op(500,xfy,&).
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q
PAQAaI(X m
professor (X) q - T™Wexists (Z, T& U

RrSrexists ™ (Y, R& S) progr an( Z)

book (y) ran(X, 2)

wrote (X, Y)

Figure4.2: Quanti er tree

- op(510,xfy,=>).
- op(100,fx,Y).

s(T) --> np(VP"S), vp(VP), {pull(S, T)}.

np(NP) -->
det(N2”°NP), n(N1), optrel(N1"N2).
np((E"S)?S) --> pn(E).

VP(XAS) --> tv(XMV),  np(IVAS).
vp(lV) --> iv(IV).

optrel((X"S1)* X~(S1 & S2))) --> [that], vp(X"S2).
optrel(N*N) --> ].

det(LF) --> [D], {det(D, LF)}.
det( every, (X"S1)MX S2)0
g(P Q" all(X,P=>Q) ,S1,S2) ).
det( a, (XAs1)MXNS2)N
g(P"Q"exists(X,P& Q),S1,52) ).

n(LF) --> [N], {n(N, LF)}.

n( book, X™(book(X)) ).
n( professor, X~('professor(X )) ).
n( program,  X"°('program(X)) ).
n( student, X™(“student(X)) ).

pn(E) --> [PN], {pn(PN, E)}.
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pn( terry, terry ).
pn( shrdlu, shrdlu ).

tv(LF) --> [TV], {tv(TV, LF)}.
tv( ran, XA~ (Cran(X,Y)) ).
tv( wrote, XAY~(Cwrote(X,Y) ) ).

iv(LF) --> [IV], {iv(lv, LF)}.
iv( halts, X~(Chalts(X)) ).

This grammargenerateshefollowing quanti er treefor the samplesentenceabove.

g(PrQMall(X,P=> Q),
‘professor(X)&q (R"S”exist s(Y,R&S,

“book(Y),
‘wrote(X,Y)),
q(TrU"exists(Z, T&\Y),
“program(Z),
‘ran(X,2)))

Thisis justthetermencodingof the treeof Figure4.2.

In the rst sentenceule,theextraconditionpull(S, T) invokesthepull predi-
catethatde nesthetranslatiorrelationbetweerguanti er treesand rst-order formu-
las. Thusthe quanti er treeis translatednto FOL to provide a logical form for the
whole sentence.

The binary predicatepull is itself de ned in termsof a ternarypredicate also
calledpull , whichde nestherelationbetweera quanti er tree,a matrix, anda store
of quanti ers. The matrix is a formula with free variables,andthe storeis a list of
guanti erswhoserangeshave beendeterminedbut nottheir scopesThename"pull”
suggestsheideaof “pulling” quanti ersout of storageandapplyingthemto a matrix
to produceaclosedformula. Thequanti ersin storagearerepresentetly -expression
encodingsFor example the storedelementor the nounphrase‘every student’is the
termP7all(S, student(S) => P). Applyingaquanti erto amatrixis thussimple
functionapplicationwith reduction.

The orderof quanti ersin a storelist indicatestheir relative scopesn the nal
result. Thequanti ersthatappeasearlierin thelist, i.e., farthertowardsthefront, have
beenchoserto have wide scopeoverthoseat the backof thelist.

The nondeterminisnin the de nition which producesalternatve scopingscomes
from the usesof the predicateshuffle andconc to operateon storagdists. These
predicatesverede ned previously as Programs3.3 and 3.4 in Section3.4.1,where
we notedthatshuffle wasnondeterministicaswasconc whenusedin its “reverse”
mode.

The ternary pull predicateturns a simple predicationnodeinto a matrix with
emptystore.

pull("Predicati on, Predication, []).

A nodewith the conjunctionconnectve & is treatedasfollows. Eachconjunctis
separatelhpulled, therebyobtaininga matrix andstorefor both the left andthe right
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conjunct. Now, we wantto apply someof the remainingquanti ers in eachof the
stores passingsomeon for applicationat a higherlevel. The conc predicates used
“backwards”to breakeachstorelist into a front and a back, the backto be applied
to the correspondingonjunctmatrix andthefront to be passedaspartof the storeof
the whole conjunction. Note that sincewe apply the backpart only, we maintainthe
conditionthatthingsearlierin the storehave wider scope.After applyingquanti ers
to eachof theconjunctswe shu etheremainingquanti ers (thefrontsof thelistsfor
bothconjuncts}o form the storelist for thewhole conjunction.

pull(QuantTreel & QuantTree2,

Formulal & Formula2, Store) :-
pull(QuantTreel, Matrixl, Storel),
pull(QuantTree2, Matrix2, Store2),
conc(Passl, Applyl, Storel),
conc(Pass2, Apply2, Store2),
apply_quants(App lyl, Matrixl, Formulal),
apply_quants(App ly2, Matrix2, Formula2),
shuffle(Passl, Pass2, Store).

Finally, aquanti er nodewith quanti er Q is similarin its handlingto aconnectve
nodeexceptthatinsteadf two conjunctswe havetherangeandscopeof thequanti er
to scoperecursvely. Recursie callsto pull deliver a matrix anda storefor boththe
rangeandthe scopetreesof the quanti er. Therangestorelist is split by conc into
a front anda back, the front quanti ers outscopingQ andthe back quanti ersto be
appliedto the rangematrix to form the rangeof Q. Then,the front quanti ers are
concatenatedith thesingletonlist [ Q] , becaus¢hey have beenchoserto have wider
scopethanQ. Finally, theresultis shu edwith the scopestoreto make the storefor
thewholenode.Notethatit is notnecessario split thestoreassociateevith thescope
subtreebecaus¢heshu edetermineshepositionof Q in the overall store.

pull(g(Quantifi ~ er, RangeTree, ScopeTree),
Matrix, Store) :-
pull(RangeTree, RangeMatrix, RangeStore),
pull(ScopeTree, Matrix, ScopeStore),
conc(RangePass, RangeApply, RangeStore),
apply_quants(Ran geApply, RangeMatrix, Range),
reduce(Quantifie r, Range, StoreElement),
conc(RangePass, [StoreElement], Pass),
shuffle(Pass, ScopeStore, Store).

The predicateapply_quants takesa storelist and appliesall its quanti ersin
orderto a matrix to producea nev matrix.

apply_quants([] , Formula, Formula).
apply_quants([S tor eHe men| Ele ment s],
Matrix, Formula) :-
apply_quants(Ele merns, Matrix, SubFormula),
reduce(StoreElem ent, SubFormula, Formula).
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Thebinarypull predicatdtself merelyscopests quanti er-treeargumentyield-
ing a matrix and a store,andthenusesapply_quants to apply all the outstanding
guanti ersto thematrix, resultingin a closedformula.

pull(QuantTree, Formula) :-
pull(QuantTree, Matrix, Store),
apply_quants(Sto re, Matrix, Formula).

As anexampleof the operationof pull , we will considetthe possiblescopingsof
thequanti er treefor the samplesentence

Every professothatwroteabookrana program.

Thebinarypredicatgull rst generateamatrixandastorefrom thetreeby applying
somequanti ersin thetreeandstoringtherest. The outermosguanti er correspond-
ing to “every professor::” is dealtwith by recursvely pulling its rangeandscope We
considereachof theserecursve callsin order

Therange

“professor(X)&q (R"S”exist s(Y,R&S,
“book(Y),
‘wrote(X,Y))

might be decomposeéhto matrix andstoreby placingthe singlequanti er into stor
age,yielding thematrix

professor(X) & wrote(X,Y)
with store
[Shexists(Y, book(Y) & S)] ,

therebyleadingto the wide-scopeeadingfor the existential. Alternatively, the quan-
ti er mightbeapplieddirectly, ratherthanstored leadingto the matrix

professor(X) & exists(Y, book(Y) & wrote(X,Y))

with emptystore. We will pursuethe former possibility hereto demonstratéow the
wide-scopeaeadingis achieved.

Oncetherangeis pulled,the scopemustbe aswell. Again, let ussupposehatthe
guanti er in the scopés placedin storage sothatthe matrix

ran(X,2)
is associateavith the store
[Unexists(Z, program(Z) & U)]

Now, to form the matrix for the whole tree (recall thatthe main quanti er we are
trying to scopeis the universalfor “every professor”),we take the storeof the range
and decidewhich quanti ers shouldbe appliedto the rangematrix (therebytaking
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narron scoperelative to the universal)andwhich shouldtake wide scope.Again, let
ussuppos¢hesingleelemenin therangestoreis to take wide scope. Thentheformula
thatsenesastherangeof themainquanti er is

professor(X) & wrote(X,Y)

and,applyingthe quantiferto the range,the appropriatestoreelementcorresponding
tothequanti er is

Qnall(X, (professor(X) & wrote(X,Y)) =>Q)

We now placethis elementin the storeafter the rangequanti er we are passingon,
yielding the Pass store

[Shexists(Y, book(Y) & S),
Qnrall(X, (professor(X) & wrote(X,Y)) => Q)]

Thisis shu edwith the storefrom the scope.The oneelementin the scopestorecan
be placedin ary of threeplacesin the combinedstorecorrespondingdo its possible
scopingsrelative to the othertwo quanti ers in the sentence.We will choosethe
placemenbf the scopestoreat the front of the list giving it widestscope. The full
storeis then

[Unexists(Z, program(Z) & U),
Srexists(Y, book(Y) & S),
Qnrall(X, (professor(X) & wrote(X,Y)) => Q)]

andthe matrix, recall,is
ran(X, Z)

Thisdecompositiomf thequanti er treeinto rangeandscopds only oneof sevennon-
deterministicpossibilities. The binary pull predicatesuccessiely appliesthe three
guanti ers remainingin storeto the matrix, the last getting narrovestscopeasit is
applied rst. This rst applicationyieldstheformula

all(X, (professor(X) & wrote(X,Y)) =>
ran(X,2))

Thenext derives

exists(Y, book(Y) &
all(X, (professor(X) & wrote(X,Y)) =>
ran(X,2)))

Finally, thelastquanti er is applied,giving thefully scopedorm

exists(Z, program(Z) &
exists(Y, book(Y) &
all(X, (professor(X) &
wrote(X,Y)) =>



4.1. Semantic Interpretation 95

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

ran(X,2))))

In all, sevenfully scopedormscanbegeneratedor this sentence—corresponding
tothesevendecompositionsf thequanti er treeinto matrixandstore—asanbeseen
by backtrackinghroughthe solutions.

?- s(LF, [every,professo r,t hat,w rote, a, book,
ran,a,program], []).

LF = exists(Z,program(Z)&
all(X,professor(X)&
exists(Y,book(Y)&
wrote(X,Y))=>
ran(X,Z))) ;

LF = all(X,professor(X)&
exists(Y,book(Y)&
wrote(X,Y))=>
exists(Z,program(Z)&
ran(X,2))) ;

LF = exists(Z,program(Z)&
all(X,exists(Y,book(Y)&
professor (X)&
wrote(X,Y))=>
ran(X,2))) ;

LF = all(X,exists(Y,book(Y)&
professor (X)&
wrote(X,Y))=>

exists(Z,program(Z)&
ran(X,2))) ;

LF = exists(Z,program(Z)&
exists(Y,book(Y)&
all(X,professor(X)&
wrote(X,Y)=>
ran(X,2)))) ;

LF = exists(Y,book(Y)&
exists(Z,program(Z)&
all(X,professor(X)&
wrote(X,Y)=>
ran(X,2)))) ;

LF = exists(Y,book(Y)&
all(X,professor(X)&
wrote (X,Y)=>
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exists(Z,program(Z)&
ran(X,2)))) ;

no

Thesolutionillustratedaboveis the fth of thesevenaslistedin thisquery

The quanti er scopingmethodoutlined hereis soundwith respectto the quan-
ti er treesthatarethe outputof the presentedyrammar However, certainquanti er
treesnvolving nestedjuanti ersarenotcorrectlyhandledby thealgorithm;ill-formed
scopingsaregeneratedn which quanti ers do not outscopeall variableoccurrences
they wereintendedo bind. Suchquanti er treesdo notarisewith the particulargram-
mar given here,althoughmorecompletegrammarsncluding bothrelative clauseand
PP modi ers for nounswould exhibit the problem. Thus, the presentedilgorithmis
only anapproximatiorto afully generalkoundscopingmechanismFor afull discus-
sion of this issueanda particularsolution (including a Prologimplementation) see
(HobbsandShieber1987).

4.2 Extendingthe Syntactic Coverage

In this section,we discussseveral changego the grammarwe have beendeveloping
that expandits coverageto include auxiliary verbs,full relative clausesandvarious
typesof questions.

4.2.1 Auxiliary Verbs

None of the grammarsdealtwith so far allow for auxiliary verbslike could, have
andbeenin the sentencéBill could have beenwriting a program”. In this problem
we extendthe grammarto allow for this subclassof verbs. The simple analysisof
Englishauxiliarieswhich we will useis thefollowing: averbphrasecanalwayshave
anauxiliary pre x edto it if acertainconditionholds,namely thattheform of theverb
phrasehatfollowsthe auxiliary is theform thatthe auxiliary requires

This analysisdepend®n thefactthatverbscomein di erentforms: nite, non -
nite  in niti val, andsoforth. Every mainverb (i.e., nonauxiliary)is of oneof these
forms,asis every auxiliary verb Furthermoregachauxiliary verbspeci esaform for
theverbphraset is attachedo. Below arelisted someexamplesof theforms of verb
phrases.

form examples
nite halts,halted,writesa program,
is halting,hasbeenhalting
presenparticiple | halting,writing a program

pastparticiple halted,written a program beenhalting
non nite halt, write a program be halting
in niti val to halt, to write aprogram,

to have beenhalting

5The classof verbswe call 2non®niteds not the classof all verbsexceptfor the ®nite ones. Ratherit
consistof the baseor stemforms of verbsonly.
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Now the auxiliary verb be requiresthat the verb phrasefollowing it be of present
participleform. Thus“be halting” is a grammaticalerb phrasebut “*be halts” and
“*pe halt” arenot. Theauxiliary verbhaverequiresthatthe verb phrasefollowing it
be of pastparticipleform, asin “have beenhalting” or “have halted” but not “*have
halting”.

We can even treatthe word “to” (when usedto introducea verb phrase)as an
auxiliary verb,ratherthanapreposition.As anauxiliary verb,“to” requiresanon nite
verbphraseandis itself in niti val.

Wewill encodeverbform informationasanargumento thenonterminain aDCG
grammar For mainverbs thisargumentwill containoneof theconstantsionfinite
infinitival , etc. For auxiliary verbs,the agumentwill containa termof theform
Form/Requires , whereFormis the form of the auxiliary andRequires is the form
thatthe auxiliary requiresthe following verb phraseto be® We canthink of the aux-
iliary ascorvertinga Requires type of verb phraseinto a Formtype. Thuswe will
have mainverbentrieslike

iv(Form) --> [IV], {iv(lV, Form)}.

iv( halts, finite ).
iv( halt, nonfinite ).
iv( halting, present_particip le ).
iv( halted, past_participle ).

andauxiliary verbentriessuchas

aux(Form) --> JAux], {aux(Aux, Form)}.

aux( could, finite [ nonfinite ).
aux( have, nonfinite / past_participle ).
aux( has, finite / past_participle ).
aux( been, past_participle / present_particip le ).
aux( be, nonfinite / present_participl e).

The form of a simpleverb phrasecomposedf a main verb andits variouscom-
plementds theform of themainverbitself. We canmodify the VP rulesto re ect this
asfollows:

vp(Form) --> iv(Form).
vp(Form) --> tv(Form), np.

To combineanauxiliary verbwith averbphraseijt is only necessaryhattheverb
phrasebe of the requiredform. The combinedphrasewill be of the form that the
auxiliaryis.

vp(Form) --> aux(Form/Require ), vp(Require).

6Theuseof 2/°in this context is inspiredby cateyorial grammar(Sectiord.3.4).
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This augmentedyrammarwill allow “could have beenhalting” asa VP because
“halting” is a presenparticipleintransitive verb, hencea presenparticiple VP which
satis es the requirementof the verb “been”. Thus“beenhalting” is a well-formed
VP whoseform is theform of “been”, namelypastparticiple. “Have” requiresa past
participle VP forming the non nite VP “have beenhalting”, which combineswith
“could” to form the nite VP “could have beenhalting”.

Therule for forming sentences

s --> np, vp.

mustbe modi ed to accountfor the fact that VPs now have verb form information.
In decidingon the form of the VP in sentenceswe notethat the following NP-VP
combinationsarenotgrammaticaEnglish:

* Bertrandwrite a book.
* The programbeenhalting.
* Bill writing every program.

The pertinentrestrictionis that full- edged sentenceslwaysincorporatea nite
VP. Thusthe sentencdéormationrule shouldbe

s --> np, vp(finite).

4.2.2 Yes-No Questions

Yes-noquestionsareformedin Englishexactly like declaratve sentencesxceptfor
twodi erences.

Yes-noguestionalwayshave at leastoneauxiliary verh
Theleftmostauxiliary verboccursbefore ratherthanafter, the subjectNP.

This switching of the placemenbf the leftmostauxiliary verb andthe subjectis
calledsubject-awinversion We will allow suchinvertedsentencewith thefollowing
rule for the new nonterminakinv :

sinv --> aux(finite/Requ ire d), np, vp(Required).
Thisrule allows nite subject-aux-imertedsentencetke

CouldBertrandwrite abook?
Hasthe programbeenhalting?
Is Bill writing every program?

all of which aretypical examplesof Englishyes-noquestions.We canstatethisin a
rule for forming questiongrom invertedsentences:

g --> sinv.

But, aswe will seein Section4.2.5,invertedsentencegplay arole in theformationof
WH-questionsaswell asyes-noguestions.
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4.2.3 Filler-Gap Dependencies

Thegrammarghathave beenpresentedheretoforehave includeda very simpleanaly-
sisof relative clausesasverb phrasegprecededy theword that This analysisvastly
oversimpli es thevarietyof relative clausegossiblein English. For instancerelative
clausesuchas“that Bertrandwrote” (asin the NP “every bookthatBertrandwrote™)
arenot the concatenationf “that” anda VP; insteadof a VP, a sentencemnissingits
objectis substituted.Intuitively, the headof the nounphrasej.e., “every book” lls
the role of the missingobject,the thing(s)that Bertrandwrote. For this reasonthe
phenomenomasbeencalleda ller -gapdependency

In general,a ller -gap dependeng occursin a natural-languagsentencevhen
a subpartof somephrase(the gap or trace) is missingfrom its normallocationand
anothemphrasgsometimesalledthe ller ), outsideof theincompleteone,standsfor
the missingphrase. The occurrenceof a gapis saidto be licensedby the previous
occurrenceof the ller, and we have a dependeng betweenthe gap andthe ller
becausehe gapcanonly occur(i.e., the correspondingphrasebe missing)whenthe
appropriateller occurs.

The canonicalinstance®f ller -gapdependeng constructionsn Englisharerel-
ative clausesandWH-questionsFor example,in thesentence

Terry readevery bookthatBertrandwrote.

we have seerthatthereis a ller -gapdependengbetweertherelative pronoun‘that”
(the ller) 7 andthe missingdirect object (the gap). The parsetreefor the sentence,
givenin Figure4.3, indicatesthe traceby the pseudo-terminat;. The subscripti on
thetraceand ller is intendedo indicatethedependengbetweerthetwo.

Filler-gapdependencieare a subclasof long-distanceor unboundediependen-
cies so-calledbecausdghe amountof materialbetweenthe dependenphrases—the
gapandthe ller in thiscase—catearbitrarily large,andthe pathin theanalysigree
from the ller tothegapcanin principle crossan arbitrarynumberof phrasebound-
aries(but only for somekinds of phrases).The long-distancebehaior of ller -gap
dependencieis exempli ed in suchsentenceas

Terryreadevery bookthatBertrandtold a studento write.
Terry readevery book that Bertrandtold a studentto aska professorto
write.

andsoforth.

The obviousway of representindong-distancelependencies a DCGis to usea
nonterminalargumentto indicatethe presencer absencef a gapwithin the phrase
coveredby the nonterminal. If thereis a gap, we mustalso indicatethe syntactic
catgyory (nonterminal)of the gap. Although the grammarwe develop belowv does
not requirethis information(asonly nounphrasegapsare allowed), the ability to ex-
tendthe coverageby including, for instanceprepositionaphrasegaps,motivatesthis
requirementWe will usethe constaninogap asthe valuefor the gapinformationar-
gumentto indicatetheabsencef agap,andthetermgap(T) to indicatethe presence

7Analyseddiffer asto whetherthe ®ller is therelative pronounor the headof the NP as®rst mentioned.
Althoughthelattermay be moreintuitive, otherfactorsleadusto the former, nottheleastof whichis ease
of semantidnterpretation.
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Figure4.3: Parsetreeincluding ller -gapdependeng

of agapwith categgory T. For instancethe sentencéBertrandwrote a book” would
be coveredby thenonterminak(nogap) , whereagheincompletesentencéBertrand
wrote” (asin “the book that Bertrandwrote”) would be coveredby the nonterminal
s(gap(np)) .

To allow nounphrasegapsin thegrammaywe adda specialrule whichintroduces
anNP coveringno string.

np(gap(np)) --> [l

This rule stateshata nounphrasecontaininga nounphrasegapcancover the empty
string;thatis, anounphrasegapcanberealizedby omitting anounphrase.

Now theinformationaboutthe presencef agapmustbeappropriatelydistributed
throughouthe grammarsothat“Bertrandwrote”, but not “Bertrandwroteabook”, is
associateavith gap(np) . For instancethetransitve VP rule mustbemodi ed sothat
theVP is associateavith the samegapinformationasits object. (We ignoreverbform
informationin this sectionandthe next. The grammarin AppendixA containsboth
verbform and ller -gapinformationin the nonterminals.)

vp(Gapinfo) --> tv, np(Gaplinfo).
Similarly, the S rule mustforcethe S andVP to sharegapinformation.
s(Gapinfo) --> np(nogap), vp(Gapinfo).

In addition, the rule disallovs subjectNPsthat containgapsboundoutsideof them,
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therebyembodyinga so-calledisland constiaint that linguists have proposedas ac-
countingfor theungrammaticalityof nounphrasesike

* thebookthatthe authorof wrote Principia
ascomparedvith
thebookthattheauthorof Principia wrote

Island constraintsare so-calledbecausehey constraincertainconstituentse.g.,sub-
ject nounphrasesto actasif surroundediy a boundarywhich allows no ller -gap
dependenciet cross.

Thereis considerablelebatan thelinguisticsliteratureof the statusof islandcon-
straintssuchasthese. Certainly somephraseswvith gapswithin subjectsseemquite
grammaticale.qg.,

the professorwho a picture of hasappearedn every newspaperin the
country

Furthermoregertainconstructionganlicensethe existenceof a gapwithin anisland.
For instancetheparasiticgapconstructiorallows sentencewith multiple gapsbound
by thesameller , evenwhenoneof thegapsis within anisland.

the bookthatthe authorof wrote a letter about

We have merely representecdhere one traditional analysisof the phenomenon.
Otheranalysesjncluding onesin which ller -gap dependenciewhich crossa sub-
jectNP boundarywereallowed, couldeasilybe designed.

424 ReativeClauses

Relative clausescanbe formedby concatenating relative pronoun ller with a sen-
tencethatcontainsthe correspondingap.

rel --> relpron, s(gap(np)).

This rule then embodiesthe actual ller -gap dependeng and allows relative
clausessuchas“the bookthat Bertrandwrote”. Unfortunately becausef theisland
constraintdisalloving gapsin subjectsof sentenceshis rule will admitonly comple-
mentrelativesi.e.,relative clausesn whichacomplemenbf averbis gapped Subject
relatives in which the entire subjectis gappedasin “the professomwho wrote Prin-
cipia” arenot allowed by this rule. To remedythis problem,we introducea special
rule for subjectrelatives,akinto therelative clauserule of Program3.12.

rel --> relpron, vp(nogap).

In summary hereis the grammarof Program3.12 augmentedo handleboth
subject-andcomplementrelative clauses.

Program 4.4
s --> s(nogap).
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s(Gap) --> np(nogap), vp(Gap).

np(nogap) --> det, n, optrel.
np(nogap) --> pn.
np(gap(np)) --> [I.

vp(Gap) --> tv, np(Gap).
vp(nogap) --> iv.

optrel --> [].
optrel --> relpron, vp(nogap).
optrel --> relpron, s(gap(np)).

det --> [Det], {det(Det)}.
det(a). det(every).
det(some). det(the).

n--> [N], {n(N)}.
n(author). n(book).
n(professor). n(program).
n(programmer).  n(student).

pn --> [PN], {pn(PN)}.
pn(begriffsschr ift ). pn(bertrand).

pn(bill). pn(gottlob).
pn(lunar). pn(principia).
pn(shrdlu). pn(terry).

tv --> [TV], {tv(TV)}.

tv(concerns). tv(met).

tv(ran). tv(wrote).

iv --> [IV], {iv(IV)}.
iv(halted).

relpron --> [RelPron], {relpron(Relpron )}.
relpron(that). relpron(who).
relpron(whom).

425 WH-Questions

WH-questionsthatis, questionsntroducedby a word startingwith “wh”, asin

Who wrote Principia?
Whatdid Bertrandwrite?
Who did Alfred tell Bertrandto write abookabout?
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andsoforth, alsoexhibit a ller -gapdependeng The ller thistimeis the WH word;
the gap, as usual, can be arbitrarily deepin the adjacentsentence.We will usea
techniquesimilar to thatfor relative clausegso handleWH-questions.Justassubject
relatvesandcomplementelativesmustbe distinguishedwe will distinguishsubject
andcomplementuestions.

Subjectguestionssuchas

Who lovesMary?
areconstructedrom aWH pronounanda nite VP.
g --> whpron, vp(nogap).
Complementjuestionsfor instance,
Who doesMary love?

areformedfrom a WH pronounactingasa ller for a gapin a subject-aux-imerted
sentence.

g --> whpron, sinv(gap(np)).
Of coursethesinv rule mustbemodi ed to allow gaps.

sinv(Gaplnfo) --> aux, np(nogap), vp(Gaplnfo).

4.2.6 Semantics of Filler-Gap Dependencies

A treatmentof semanticf relative clausess possibleby combiningthe syntactic
analysisof Program4.4 with the semanticanalysisof Programd.2. The basicideais

thata gapis analyzedvery muchlike a propernoun,exceptthatinsteadof supplying
aconstantermto thelogical form it suppliesavariablewhichis carriedasthesecond
argumentof the gapinformationtermgap(T, V).

np((X"S)"S, gap(np, X)) --> [

A relative clausemeanings lik e anintransitve verbmeaninghamely a property
However, relative clausemeaningswill be conjoinedwith a nounmeaningto make a
comple propertysuchas

M~(professor(M) & wrote(M, principia))

for “professorwho wrote Principia”. In the caseof a subjectrelative the meaning
comeddirectly, becausehe clausess itself averbphrase.

optrel(X"S1)M XN(S1&))) -->
relpron, vp(X"S2, nogap).

For complementelative clausesthemeaningrepresentatiois of theform X*S where
X is the variableassociatedo the agumentposition lled by the gap,andS is the
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encodingof the meaningof the sentencen the relative clause,in which X is a free
variable.

optrel(XAS)N  XNSKkR))) -->
relpron, s(S2, gap(np, X)).

Thus, for the relatve clause “that Bertrand wrote” we will have S =
wrote(bertrand,B ), X = B, andthegapargumentwill have the form gap(np,B) .

We interpretaquestionasapropertywhichis to betrueof theanswergo theques-
tion. For subjectWH-questionsthe propertyis thatgivenby the VP. For complement
guestionsit is the propertythatthe S predicate®f thegap.

q(vP) --> whpron, vp(VP, nogap).
g(X"S) --> whpron, sinv(S, gap(np, X)).

For yes-noquestionsthe propertywe want of the answergo the questionis that
theanswelbe“yes” if theconditiongivenby theinvertedsentencéolds.

g(yes™S) --> sinv(S, nogap).

For the time being,we ignorethe contribution of the auxiliary to the meaningof the
invertedsentencé. Thustherule for sinv , includingsemanticsis

sinv(S, Gaplnfo) -->
aux, np(VP"S, nogap), vp(VP, Gaplnfo).

A slightly di erentapproacho thesemantic®f questionwill beusedin thetalk
programdevelopedin Chapter5, in which the meaningof a questionis animplication
of theform: If someconditionholdsof x thenx is ananswer

Summarizingthe grammarfor relative clausesand questionsve have developed
in this chapteiis thefollowing:

Program 4.5
q(VP) --> whpron, vp(VP, nogap).
g(X"S) --> whpron, sinv(S, gap(np, X)).
g(yes™S) --> sinv(S, nogap).

s(S) --> s(S, nogap).
s(S, Gap) --> np(VP"S, nogap), vp(VP, Gap).

sinv(S, Gaplnfo) -->
aux, np(VP"S, nogap), vp(VP, Gapinfo).

np(NP, nogap) --> det(N2"NP), n(N1), optrel(N1"N2).
np((E"S)S, nogap) --> pn(E).
np((X*S)*S, gap(np, X)) --> [I.

8The talk programdescribedn Chaptet5 canhandlethe semanticof simpleauxiliaries,althoughthe
logicalformsprovided|exically for auxiliariesdo not happerto modify their VP arguments.
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Vp(X"S, Gap) --> tv(X*VP), np(VPAS, Gap).
vp(VP, nogap) --> iv(VP).

optrel(N*N) --> ]

optrel(XAS)N  XNSKkR))) -->
relpron, vp(X"S2, nogap).

optrel(XAS)N  XNSKkR))) -->
relpron, s(S2, gap(np, X)).

det(LF) --> [D], {det(D, LF)}.
det( every, (X"SL)MX~S2)nall (X, (S1=>S2) ).
det( a, (XASNXNS2)exi st s( X,S18S2) ).

n(LF) --> [N], {n(N, LP)}.
n( program, X~program(X) ).
n( student, X~student(X) ).

pn(E) --> [PN], {pn(PN, E)}.
pn( terry, terry ).
pn( shrdlu, shrdiu ).

tv(LF) --> [TV], {tv(TV, LF)}.
tv( wrote, X~Y~wrote(X,Y) ).

iv(LF) --> [IV], {iv(lv, LP)}.
iv( halts, X~*halts(X) ).

relpron --> [RelPron], {relpron(Relpron )}.
relpron(that). relpron(who).
relpron(whom).

4.2.7 Gap Threading

Thetechniqueusedfor passinggapinformationamongthe nonterminalsn grammar
rulesoutlinedin the previoussectionhastwo problems:

1. Severalversionsof eachrule,di eringonly in which constituent(sjhe gapin-
formationis passedo, may be needed.For instancearule for building dative
verbphrases

vp --> datv, np, pp.
would needtwo versions
vp(Gaplnfo) -->
datv, np(Gaplinfo), pp(nogap).

vp(Gaplnfo) -->
datv, np(nogap), pp(Gaplinfo).
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soasto allow agapto occurin eitherthe NP or PR asin thesentences

Whatdid Alfred give to Bertrand?
Who did Alfred give abookto?

2. Becauseof the multiple versionsof rules, sentencesvith no gapswill receve
multiple parsesFor instancethe sentence

Alfred gave abookto Bertrand.

would receive oneparseusingthe rst dative VP rule (with Gaplnfo boundto
nogap) andanothemwith thesecondlative VP rule.

An alternatve methodfor passinggapinformation,sometimeseferredto asgap
threading hasbeenusedextensiely in the logic programminditerature. It is based
ondatastructuresalleddi erencelists.

DifferenceLists

The encodingof sequencesf termsaslists usingthe. operatorand|[ ] is sonatural
that it seemsunlikely that alternatveswould be useful. However, in certaincases,
sequencemay be betterencodedwith a datastructureknown asa di erencelist. A
di erencdist is constructedrom a pair of list structureoneof whichisasu xof the
other Everylistisasu x of itself. Also, if thelist is of theform [Head|Tail] then
everysu x of Tail isasu x of thewholelist. Thustherelationbetweenlists and
theirsu xesisthere exivetransitve closureof therelationbetweerist andtheirtails.
We will usethe binaryin x operator‘-” to constructa di erenceist from the two
componentists. A di erencdist List-Suffix ~ encodeshe sequencef elementsn
List uptobutnotincludingthosein Suffix . Thustheelementsn List-Suffix  are
thelist di erenceof the elementsn List andthe elementsn Suffix . For instance,
the sequencef elementdil; 2; 3i might be encodedasthelist [1,2,3] or asary of
thedi erencdists[1,2,3,4]-[4] 1,231 1.[2,2,3|X]-X

We will beespeciallyconcernedvith the mostgeneal di erence-lisencodingof
a sequencethat is, the encodingin which the su x is a variable. The nal exam-
ple of adi erence-listencodingof the sequencdil; 2; 3i is of this form. Any other
di erence-lisencodingof the sequencés aninstanceof [1,2,3|X]-X . Henceforth,
theterm“di erencdist” will meanamostgeneraldi erencdist. We will alsousethe
termsfront andbad for the two component®f adi erencdist. Notethatthe empty
di erencdistis X-X.

Thedi erence-lisencodingof sequencebasonekey advantageoverthestandard
list encoding.Concatenatiomf di erencdists is far simpler requiringonly a single
unit clause.

Program 4.6
conc_dI(Front-B ackl, Backl-Back2, Front-Back2).

Thepredicateconc_dl performsconcatenationf di erencdists by simply unifying
the backof the rst list with the front of the second. This engendershe following
behaior:
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?- conc_dI([1,2,3|X] -X, [4,5]Y]-Y, Result).
Result = [1,2,3,4,5|Y]-Y
yes

Actually, we have seendi erencdists before. The useof pairsof string positions
encodedas lists to encodethe list betweenthe positionsis an instanceof a di er-
encelist encoding.We canseethis moreclearly by taking the encodingof grammar
rulesusingexplicit concatenatiorasbrie y mentionedn Chapterl, andsubstituting
di erence-listoncatenationUsingexplicit concatenatiortherule

S! NPVP
would beaxiomatizedasin Chapterl) as
(8u; v; WINP(u) » VP(V) » condu;v;w) ) Sw)
orin Prolog,
s(W) - np(U), vp(V), conc(U, V, W).
Substitutingdi erence-listoncatenationye have
s(W) - np(U), vp(V), conc_di(U, V, W).

and partially executingthis clausewith respecto the conc_dl predicatein orderto
remove the nal literal, we getthe following clause(with variablenameschosenfor
obviousreasons):

s(PO-P) :- np(P0-P1), vp(P1-P).

Thus,we have beenusingadi erencdist encodingfor sequencesf wordsimplicitly
throughoutur discussiorof DCGs.

Difference Listsfor Filler-Gap Processing

We now turn to theuseof di erencdistsin ller -gapprocessing First, think of the

gapinformationassociatedvith eachnodeas providing the list of gapscoveredby

the nodewhosecorrespondingllers arenot coveredby it. Alternatively, this cn be

viewedasthelist of gapswhose ller -gapdependengpasseshroughthe givennode.
We will call thislist the ller list of the node. For the mostpartthe ller list of each
constituentis the concatenatiorf the ller lists of its subconstituentsFor instance,
for thedative VP rule, we have

vp(FL) --> datv, np(FL1), pp(FL2),
{conc_dI(FL1, FL2, FL)}.

We includeonly thoseconstituentsvhich might potentiallyincludea gapin the con-
catenationAgain,weremovetheexplicit concatenationby partialexecutionyielding

vp(FO-F) --> datv, np(FO-F1), pp(F1-F).
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Similarly, otherruleswill displaythis samepattern.

S(FO-F) --> np(FO-F1), vp(F1-F).
vp(FO-F) --> tv, np(FO-F).
vp(FO-FO) --> iv.

We turn now to constituentsn whichanew ller or anew gapis introduced.For
instancethe complementelative clauserule requiresthata gapbe containedn the S
whichis a sibling of the ller . It thereforestateshatthe ller list of the S containsa
singleNP.

optrel(F-F)  --> relpron,  s([gap(np)|F]-F)

Therule introducingNP gapsincludesa singleNP ller markeronthe S, thereby
declaringthatthe S coversasingleNP gap.

np([gap(np)IF]- F) > .

Island constraintscan be addedto a grammarusing this encodingof ller -gap
dependenciem two ways. First, we canleave out ller informationfor certaincon-
stituents,as we did for verbsandrelative pronouns. More generally however, we
canmandatehata constituentnot containany gapsboundoutsidethe constituenby
makingits ller list the emptylist (i.e., F-F). For instance the sentencdormation
rule above canbe modi ed to make the subjectof the sentencen island merely by
unifying thetwo partsof its ller list.

S(FO-F) --> np(FO-FO), vp(FO-F).

Thegap-threadingechniquefor encoding ller -gapdependenciesolvesmary of
the problemsof the moreredundangap-passingnethoddescribecearlier Eachun-
threadedule generatesnly onerule with appropriategapinformation. The ller -list
informationis addedn a quiteregularpattern.Fillers, islandsandgapsareall givena
simpletreatmentAll of thesepropertiesnake the gap-threadingechniqueconducve
to automatianterpretatioraswe will doin Section6.3.3.

However, several problemswith the gap-threadingechniqueare known, most
shaving up only in ratheresotericconstructionsuchas parasiticgap constructions,
multiple gapscrossingller -gapdependenciesndsoforth. Many of theseproblems
canbe handledby usingmorecomplex combinationof ller lists ratherthansimple
concatenation.For instance crossingdependenciesan be handledby shu ing the
ller lists of subconstituentto yield the ller list of the full constituent.Of course,
this defeatghe simpleelegantpatternof variablesharingthatdi erence-listoncate-
nationengenders.

4.3 Problem Section: Grammar Extensions

Theseproblemsconcernthe extensionof Programé4.2 to accepta few otherEnglish
constructionsnamelysomesimplecasef nouncomplementandpostmodi essand
the correspondingyappedconstructions.Sincetheseexamplesrequireprepositional
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phrasesn the grammay you may wantto referto Problem3.20for background.In
addition, we will discussa systemof grammarwriting usedby Montaguehimself
for his semantiovork. This system,categorial grammar is quitedi erentfrom the
phrase-structure-basetethodsve have beenusingpreviously.

4.3.1 Noun Complements

A nounphrasecomplemenplaysa similar role to that of anargumentof a predicate.
For example,in the nounphrase‘an authorof every book” the nounauthorhasasits
complementheprepositionaphrase‘of everybook”. For the purpose®f thissection,
we will assumehatnounsthattake acomplemenareinterpretedasbinarypredicates.
For example the sentence

An authorof every bookwrote a program.
might have thelogical form

all(B, book(B) =>
exists(A, author_of(A,B) &
exists(P, program(P) &
wrote(A,P))))

Notice that author is heretranslatedby the binary predicateauthor_of . Note also
thatthe quanti er all thattranslateghe determinereveryin the complemenbof au-
thor is givena wider scopethanthe quanti er exists thattranslateghe determiner
an of the phrasé'an author:::". Thisis nottheonly possiblereadingfor the English
sentencebut for the time beingwe will assumehatthe quanti ers from nouncom-
plementsalways outscopethe quanti er for the determinemprecedingthe nounthat
hasthe complement.To achieve this e ectin a DCG, the translationof “an author”
must somavhow be given as an argumentto the translationof the complement‘of
every book”, in a way similar to the passingof an intransitve verb phrasemeaning
into anounphrasemeaningo make a sentenceneaningn the rst rulein theDCG of
Programd.2.

Problem 4.6 Add oneor more DCG rules to the grammarin Program 4.2 to ana-
lyzeandtranslatenouncomplements\e will assumehat there is a sepaatelexical

catggory n2 for nounsthat take a prepositionalphraseasa complementTo simplify
the problem,wewill alsoassumehatall complementare prepositionalphrases(see
Problem3.20)introducedby the prepositionof. Your DCG shouldbe ableto analyze
thesamplesentencaboveandassignto it thegivenlogical form. You neednothandle
nounphraseswith botha relativeclauseand a complemenprepositionalphrase

4.3.2 Noun Postmodifi ers

A prepositionaphrasecanalsoappeaasanounpostmodi er, whereit doesnotsupply
anargumentto the nounbut insteadit further restrictsthe rangeof objectsdescribed
by thenoun.In this case suchapostmodi eroperatedik e arestrictve relative clause.
For example the prepositionaphrase‘about Gottlob” in the sentence
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Bertrandwrote a book aboutGottloh

is apostmodi erof bookthatfurtherrestrictsthe bookin questiorto beaboutGottloh
We may in this caseinterpretthe prepositionaboutvery muchlik e a transitve verb,
andgivethesentence¢hetranslation

exists(B, (book(B) & about(B,gottlob )) &
wrote(bertrand, B))

We will assumehatthe quanti ersin thetranslationof the postmodi er have smaller
scopethanthat of the quanti er for the determinemprecedingthe modi ed noun. As
mentionedin the previous problem,suchassumptionsre overly restrictve, andwe
will discusshow to do betterin Section4.1.6.

Problem 4.7 By adding appropriate lexical itemsand rules (or modifying existing
ones)changethe DCG of Program4.2to handleprepositionalphrasesasnounpost-
modi ers. Thenew rulesfor postmodi eis maybe modeledcloselyon thosefor op-
tional relative clausesandthe resultinggrammarshouldbe testedon sentence$ike
theoneabove Make sure that quanti ersfromthe postmodi erare properly scoped.

4.3.3 MoreFiller-Gap Constructions

Many other ller -gapconstruction®ccurin English.In thenext two problemswe will
discussgapsin the constructionsntroducedin the previous two problems. Later, in
Problem6.15,we will seetwo moreEnglish ller -gapconstructions.

Problem 4.8 Extendyour solutionto Problems4.6 and 4.7 sothat gapsare allowed
in prepositionalphrasesusedas NP modi ers and complementand as adverbials.
Thesolutionshouldallow sentencebke

Whatdid Bertrandwrite a bookabout?

Whodid Terry meeta studeniof?

Whatdid Terry write a programwith?

Theprofessorthat Terry meta studentof wrote a program.

Problem 4.9 Extendthesolutionto Problem4.8sothatit canhandlequestionsvhere
the ller is a prepositionalphraseand the PP gapis playing an adverbialrole, e.g.,
guestiondike

With whatdid Terry write a program?

Note that the grammaticalitystatusof PP gapsusedas NP modi ers or comple-
mentsin Englishis unclear Sentencesontainingsuchconstructionften seemun-
grammatical.

*? Aboutwhatdid Terry write a program?
*? Of whomdid Terry meeta student?

However, the dataare unclear and the correctanalysisis certainly not a foregone
conclusion.
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4.3.4 Categorial Grammars

A catgyorial grammar(CG) speci esalanguagey describingthe combinatoriabos-
sibilities of its lexical itemsdirectly, without the mediationof phrase-structureules
(like CFGor DCG rules). Consequentlytwo grammarsn the samecategorial gram-
marsystemdi eronly in thelexicon.

The ways in which a phrasecan combinewith other phrasesare encodedn a
catggory associatedvith the phrase. The setof cateyoriesis de ned inductively as
follows:

A primitive cateyory is a category. For the purpose®f this problem,the primi-
tive categoriesareSandNP.

If A andB are categgoriesthen A=B and AnB are categyories. Theseare called
compouncbr functor categories.

Nothingelseis a catagory.
Combinatiornof phrasess sanctionedy their categoriesaccordingto two rules:

Forward application (FA): A phraseps of cateyory A=B canbecombinedwith
aphrasep, of catgyory B to form aphrasep; p, of cateyory A.

Backward application (BA): A phraseps of catggory AnB canbe combined
with a phrasep, of catayory B to form aphrasep, p; of cateyory A.

Noticethatthedirectionof theslash(“/” or “n") determinesvhich sideof the functor
phrasdts agumentwill befoundon (right or left, respectiely).

As an exampleof a cateyorial grammay we might associatdexical items with
catgyoriesasfollows:

typeof word examples| category
propernouns Terry NP
Bertrand
Principia
intransitve verbs | halts SANP
transitveverbs | wrote (SANPYNP
met

Thencombining“wrote” and“Principia” by FA, we concludethat“wrote Principia”
is of catggory SnNP. Combiningthis with “Bertrand”, we have that“Bertrandwrote
Principia” is anS. As usual,we cansummarizethe derivationin a parsetreeasin
Figure4.4

Problem 4.10 Write a Prolog program (includingDCG rules)to implement catego-
rial grammarsystemLexical entriescanbe encodedasunit clausesof theform

lex( bertrand, NP ).
lex( halts, S\NP ).
lex( wrote, (S\NP)/NP ).
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S
NP S\NP
Bertrand (S\NP)/NP NP
wrote Principia

Figure4.4: Parsetreefor cateyorial grammarderivation

Givena lexiconencodedis above, the program shouldbe ableto parsesentences
containingthoselexical items.

Catayorial grammarshave beenwidely usedin linguistic researcltoncerningse-
manticsof naturallanguage The closerelationbetweenCG andsemantidnterpreta-
tion follows from the obsenationthatforward or backward syntacticapplicationof a
functor cataggory to its agumentcorrespondso the semanticapplicationsof the cor
respondindogical forms. Thus,the applicationrulescanbe usedto controlsemantic
applicationaswell assyntacticcombinatoricsWe merelymalke surethatlexical items
areassociateavith semantidunctionswhich correspondo the syntacticfunctionsim-
plicit in their categories. For instance a phraseof cateyory SSNP mustsemantically
be a function from NP-typeitemsto Stypeitems. In termsof logical forms, it must
be associatedvith a lambdaexpressionof theform x: for aformula. (This re-
lationshipcanbe mademorerigorousby de ning a notion of typeandusinga typed
lambda-calculuor thelogical forms,asMontaguein factdid.)

The logical forms of Section4.1.2 are appropriatefor the catggory assignments
above. Giventheselogical forms, we candeterminethe logical form for the entire
sentencdiy performingthe applicationsaccordingto the syntacticstructureof the
sentenceFor instance since“wrote” is associateavith a functor cateyory applying
(by FA) to “Principia”’, we applyits logicalform x: y:wrote(y; X) to thatof its argu-
ment principia yielding y:wrote(y; principia). Similarly, by BA, we will associate
the whole sentenceawith the logical form wrote(bertrand, principia). The beautyof
this systemis that the semanticconstraintsare universal,as opposedo the typesof
grammarsseenpreviously in which semanticconstraintsare statedon a rule-by-rule
basis. Merely augmentinghe lexicon with primitive LFs determined_Fs for all the
possiblesentenceadmittedby thegrammar

Problem 4.11 Augmentyour solutionto the previous problemso that logical forms
are built during parsing

Problem 4.12 Usingthe solutionto Problem4.11write a categorial grammarwhich
handlesquanti ed NPsasin Sectiord.1.5and builds logical forms. You shouldneed
to change only thelexicon. Take 1V, N, and S to bethe primitive categories.

As asidenoteto thediscussiorof catgyorial grammaynotethatsincethematching
of theargumentcateyory to the requirementf thefunctorcategory proceedsy uni -
cation,we canusefull termsinsteadof atomsasthe primitive cateyoriesandthereby
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passinformation amongthe categoriesin ways reminiscentof DCGs. In fact, this
extensionto catgyorial grammarwhich we get“for free” is the correlateof the DCG
extensionto CFGs. Systemghatuseuni cation for matchingin cateyorial grammars
have cometo be known ascategorial uni cation grammas andarethe subjectof ac-
tiveresearch.

4.4 Bibliographic Notes

Ourdiscussiorof semantidnterpretationSectiord.1)is looselybasedn someof the
ideasof Montaguegrammaralthoughour goalsareradicallymoremodesthanMon-
tagues. Basically we take from Montaguetheideaof usingsomeform of the lambda
calculusto representhe meaningsof phrasesandfunction applicationasthe means
of combiningthe meaningsf subphraseto the meaningof a phrase.The simpli-
cations in our presentatiorare madeclearby observingthatthe fully reducedform
for the meaningof a sentences givenby a rst-order sentenceln contrastsentence
meaningsn Montaguehave to berepresentetly sentencef the muchrichersystem
of intensionallogic (IL), becausdahe Englishfragmentunderconsiderationncludes
semantipohenomenaguchasintensionakontets (asin “Johnseeksa unicorn”).

Montagueintroducedhis approacho the relation betweensyntaxand semantics
of naturallanguagen the articles“English asa FormalLanguagé, “UniversalGram-
mar” and“The ProperTreatmenibof Quanti cationin Ordinary English” which have
beenreprintedin the volume of his selectedvorks editedby Thomason(1974). The
textbookby Dowty, Wall, andPeterg1981)givesafull accounibf Montaguestheory
andof all therequiredbackgroundnaterial whichis omittedin Montagues extremely
concisepapers.For furtherdetailson the lambdacalculus(Section4.1.1),andin par
ticular its logical and computationalproperties,we refer the readerto the book by
Hindley andSeldin(1986)for theuntypedambdacalculus andthebookby Andrews
(1986)for thetypedlambdacalculus(Churchs simpletheoryof types).

Our Prologencodingof semantidnterpretatiorrules,andin particularthe encod-
ing of -reductionasuni cation, wasimplicit in the early work on logic grammars
(Colmerauer1982;Dahl, 1981; PereiraandWarren,1980). Our presentationries to
male clearthe connectiorbetweerthe logic grammartechniquesandthe techniques
of compositionalsemantics. Someof our semanticrules are clearly too simplistic,
andwereshovn mainlyto illustratethe power of thelogical variablefor incrementally
building complex descriptionsMore sophisticate@xamplescanbe foundin the Pro-
log natural-languaganalysisliterature(McCord, 1982;F. C. N. Pereira,1982; Dahl
andMcCord, 1983). Compositionakemanticdasedon Montaguegrammarhasalso
beenusedin natural-languag@rocessingsystemsnot basedon logic programming
(RosenscheiandShieber,1982; WarrenandFriedman,1982; SchuberandPelletier,
1982). Moore (1981) suneys someof themaindi cultiesinvolvedin constructing
logical representationfor themeaningof awider classof natural-languageonstruc-
tions. Lastbut not least,it shouldbe notedthatthe abore work on computinglogical
formsfor natural-languagderivesmary of its analysesandtechniquesrom Woodss
earlyandin uential researci{1977).

As we noted,the encodingof -reductionin uni cation hasto be usedvery care-
fully becausef thelack of afull reductionmechanisnfor -termswithin Prolog.This
guestionhasbeendiscussedn detailby D. S. Warren(1983),anda generalsolution
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in theframeawork of a Prologextensionbasedn Churchs simpletheoryof typeswas
givenby Miller andNadathu1986).

Partial executionhaslong beenin thefolklore of logic programming.The notion
is implicit in Kowalski's connection-graphesolutionproof procedurg1975;Eisinger,
1986).A relatednotionin functionalprogrammings BurstallandDarlington'sunfold-
ing rule for programtransformation(1977). Their techniquesvere extendedto logic
programsby ClarkandSickel (1977)and TamakiandSato(1984),amongothers.Fur-
ther techniquesnvolving deductve derivationsof programsare discussedy Clark
andTarnlund(1977)andHogger(1981).

Thediscussiorof quanti er scopein Sectiond.1.6presenta simpli ed versionof
someof the conceptglevelopedindependentlypy Woodsin a computationaframe-
work (1977)andby Cooperin acompositionakemanticsetting(1983).1n particular
the explicit notion of quanti er storageis dueto Cooper Hobbsand Shieber(1987)
giveapreciseaccounbf analgorithmfor generatingcopealternatvesandprove some
importantpropertiesrelative to its soundnesand completenessReliablecriteriafor
choosingamongscopingalternatvesarenotoriouslyhardto comeby. Vanlehn(1978)
givesacomprehensieaccounpfthedi culties.Variouspartialengineeringolutions
for theproblemhave nevertheles®eenproposedWoods,1977;F. C.N. Pereira,1982;
Groszetal., 1987).

Ourtreatmentof the Englishauxiliary systemin Section4.2.1is basedon thatby
Gazdaretal. (1982).

The treatmentof long-distancedependencieand,in particular ller -gap depen-
denciesgivenin Section4.2.3is ratheridealized,its goal beingjust to outline a few
basictechniquesFor alinguistically sophisticatedreatmenbf the problemcoveringa
muchbroadersubsebf English,seefor examplethebookby Gazdaretal. (1985).The
analysisof subjectrelatvesasbeingcomposedrom VPsandnot Ssfollows Gazdar
(1981).Islandconstraintsvereoriginally proposedy Ross(1974).

As far aswe know, the idea of gapthreadingappearedrst, in form somavhat
di erentfrom the one usedin Section4.2.7, as part of the extrapositiongrammar
formalism(Pereira, 1981).1t hasbeenreinventednumerougimes.

Catgyorial grammarsasformal systemsoriginatedwith the work of the Polishlo-
giciansLeSnievski and Adjukiewicz in the 1930s,but it wasBarHillel (1964)who
consideredheir applicationto natural-languagsyntax. With Gaifmanand Shamir,
Bar-Hillel provedthatthe basiccatgyorial grammarshave the sameweakgeneratie
capacityascontext-freegrammarsLambek(1961)providedimportantearly research
in the area. Sincethis work, mary di erentcateyorial accountsof the syntaxandse-
manticsof naturallanguagesave beendeveloped,including thoseby Lewis (1972)
andby Cresswel(1973)from a philosophicaperspectie andthatof AdesandSteed-
man (1982)from a linguistic one. Van Benthem(1986) providesa recentsurwey of
logical andsemantidssuesin catagyorial grammar For discussiorof cateyorial uni -
cationgrammarsseethe papershy Karttunen(1986)andUszloreit (1986)andworks
citedtherein.
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The subsebf Prologusedup to this point hasbeenpurein the sensehata Prolog
systemcanbeviewedasa sound(thoughincomplete)nferenceenginefor a particular
logic. However, theProloglanguagencludesseveralextralogicalfacilitieswhichhave
beenfoundto beof considerablatility in writing largeprograms Someof thesefacil-
ities arereferredto as“metalogical” becauseheir semanticdomainis the domainof
logical expressiongndproofs. This sectionintroducessomeof themostimportantex-
tralogicalmechanism# Prologby meansof anexampleof asimplenatural-language
dialogueprogramtalk .

5.1 Metalogical Facilities

5.1.1 Thecall predicate

The rst metalogicalpredicateexempli es the level-crossinginvolved in interpret-
ing Prolog termsas encodingProlog clausesand goals. The call predicatetakes
a single term argument which encodesa Prolog goal. The agumentof call

is executedby reinterpretingit as the goal which the term encodes. Thus, ex-
ecution of call(conc([a,b] ,[c ,d],A)) is equialentto execution of the goal
conc([a,b],[c,d] JA) directly. The utility of call comesaboutbecausehe goal
to be executedcanbe a variablein the program,as long asit is instantiatedto an
appropriate term by executiontime. Sincecall dependon the instantiationof its
argumentsandreinterpretdermsasliterals, it is clearlya metalogicalpredicate Note
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thattheargumentto call canrepresenhot only singleliteral goalsbut arny clausebody,
including conjunctionsdisjunctionsandsoforth.

Thecall predicatecanbeusedto implementa simpleProloginterpretera unary
predicatewhich holdsof its argumentif Prologwould prove the algumentwheninter-
pretedasagoal. Thede nition is trivial.

Program 5.1
prove(G) :- call(G).

We will seeothermoreinterestingexamplesof predicateshatactlike interpretersn
Chapter6.

5.1.2 Thecut command

The behaior of a Prolog programis basedon the depth- rst, backtrackingcontrol
regime thatthe Prologsystemfollows. The Prologinterpreterwill explore the entire
spaceof backtrackingalternatvesin searchof a solutionto a goal. This behaior, al-
thoughsimpleand(in the limit) complete sometimesasundesirableeonsequences.
In this sectionwe presenta metalogicalfacility that changeshe control regime of a
Prolog programand that can be usedfor several purposesncluding increasinge -
ciengy, eliminatingredundang, andencodingconditionals.

The cut command,notatedby an exclamationmark “!”, is usedto eliminate
branchesf the searchspace.We referto cut asa command ratherthana predicate
or operatorto emphasizehatit doesnot t smoothlyinto thelogical view of Prolog,
andcannotbe felicitously thoughtof asa predicatewhich holdsor doesnot hold of
arguments.

Theclausedor a predicateagive alternatve waysof proving instance®f thatpred-
icate. In proving a goal, Prolog choosesachalternatve in turn until oneleadsto a
proofof thegoal. Thecutcommandalwayssucceeddyut asasidee ectit makessome
of thecurrentclausechoicespermanentor thedurationof the proof. Speci cally, if a
clause

p - 0.::50,, i 0On

is beingusedto prove aninstanceof p andthe cutis reachedthenthe choiceof this
clauseto provethatinstanceof p, aswell asall choicesof clausesn proving g; through
gi, aremadepermanenfor the durationof the overall proof of which the proof of p is
apart.

Anotherway of looking at the action of the cut commandis asthe corverseof
the previous statementghatis, by examiningwhich proofsthe cut eliminates.When
Prologbacktrackdo nd analternatve proof of an occurrenceof cut, not only is no
otherproof foundfor the cut instancebut alsothe whole goalthatinvokedthe clause
with this cutinstances takento have no proof (evenif otherclausealternatvesmight
leadto suchproofin theabsencef thecut).

The cut commandcan be usedin several ways. If we have a seriesof clauses
for a particularpredicatewhich we happento know are all mutually exclusive, then
onceone of the clauseshassucceededthereis no usein attemptingto nd other
solutions;all otherbranchesn thesearchspacewill ultimatelyfail. We caneliminate
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theine cieng engenderedby searchingheseblind alleys by usingcut to force the
clausechoice.

For instanceconsiderthe de nition of a max_valued predicatewhich holds of
a nonemptylist of termsandthe termin the list with highestvaluationaccording
to a binary comparisonpredicatehigher_valued . (We assumethat all objectsin
thelist have distinct valuations;theremustbe no “ties”.) Sucha predicatemight be
used,for instance,in implementinga priority systemon terms. In the casewhere
higher_valued is simplearithmeticcomparisorof numbersmax_valuedcomputes
the maximumnumberin alist.

The maximum-waluedterm of a nonemptylist is the highervaluedof the head
of the list andthe maximumvaluedterm of thetail of thelist. We will useaternary
max_valued predicateto capturethis latter relationshipbetweena list, a term, and
the maximum-aluedelementin theentirebunch.

max_valued([Head|Tail] , Max) :-
max_valued(Tail , Head, Max).

Theternarypredicatds easilyimplementedIf thelist is empty thenthelonetermis
the highestvalued. Otherwise we pick the highestvaluedof the headof thelist, the
lone term, andthe tail of thelist, by usingthe ternarymax_valued predicaterecur
sively.

max_valued([], Term, Term).

max_valued([Head|Tail] , Term, Max) :-
higher_valued(H ead, Term),
max_valued(Tail , Head, Max).

max_valued([Head|Tail] , Term, Max) :-
higher_valued(T erm, Head),
max_valued(Tail , Term, Max).

The clausedn the de nition of ternarymax_valued are mutually exclusive. In par
ticular, the last two requiredi erentrelatve magnitudesof Headand Term How-
ever, if the secondclauseis usedand later failure causesbacktracking,the third
clausewill thenbe tried. The completerecomputatiorof higher_valued(Te rm,
Head) will be performedwhich, by virtue of the asymmetryof the notion “higher
valued”,will fail. However, arbitrary computationrmay have to be performedbefore
this mutualexcluswity of the two clausess manifestedbecausehe computationof
higher_valued(Te rm, Head)maybearbitrarily complex.

We canincreasehee cieng of max_valued by makingthis exclusiity explicit
sothatif the secondclauseis chosenthethird clausewill never be backtracledinto.
Thefollowing rede nition su ces:

max_valued([Head|Tail] , Max) :-
max_valued(Tail , Head, Max).

max_valued([], Term, Term).
max_valued([Head|Tail] , Term, Max) :-
higher_valued(H ead, Term),
I
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max_valued(Tail , Head, Max).
max_valued([Head|Tail] , Term, Max) :-

higher_valued(T erm, Head),

max_valued(Tail , Term, Max).

In this versionof the program assoonaswe have ascertainethatHeadis higherthan
Termin value,we will eliminatethe possibility of usingthe third clause,sincewe
know thatits rst literal is doomedo failureanyway.

This cut maintainsthe semanticof the programonly for certainmodesof exe-
cution of the program. In particular if the modeis max_valued(-,?) , thenthe cut
versionmay returnfewer solutionsthanthe uncut. However, useof max_valuedin
this way will in arny casegeneratanstantiationerrorsif the arithmeticoperatorsare
usedwithin higher_valued .

In summaryusingcutsin this way without changingthe meaningof the program
canin somecasesmprove performanceigni cantly. Nonethelesghistrick (andtrick
it is) shouldonly be usedwhennecessarynotwhenpossible

A seconduseof cutsis for eliminatingredundang in a program. Considerthe
alternateshuffle predicatede ned by thefollowing clauses:

shuffle(A, [, A).

shuffle([], B, B).

shuffle(JA|Rest  A], B, [A|Shuffled]) -
shuffle(RestA, B, Shuffled).

shuffle(A, [B|RestB], [B|Shuffled]) -
shuffle(A, RestB, Shuffled).

Thisshuffle programcorrectlyimplementshe shu erelation. However, the predi-
cateallows redundansolutionswe canseethis by backtrackinghroughthe solutions
it allows.

?- shuffle([a,b],[1] ,Shuffl ed).
Shuffled = [a,b,1] ;
Shuffled = [a,b,1] ;
Shuffled = [a,b,1] ;
Shuffled = [a,1,b] ;
Shuffled = [a,1,b] ;
Shuffled = [a,1,b] ;
Shuffled = [1,a,b] ;
Shuffled = [1,a,b] ;
Shuffled = [1,a,b] ;
Shuffled = [1,a,b] ;
no

The problemis thatif oneof thelists is empty the programhasthe choiceeither of
usingoneof the rst two clausedo immediatelydetermingheansweyor of traversing
the nonemptylist using one of the last two clauses. In either case,the solutionis
the same.Oneway to x the predicates to guaranteghatthe clausesare mutually
exclusive.
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shuffle([], 0 .
shuffle(A|Rest  A], B, [AlShuffled])  :-

shuffle(RestA, B, Shuffled).
shuffle(A, [B|RestB], [B|Shuffled]) -
shuffle(A, RestB, Shuffled).

However, thissolutionmightbeseerasine cient,sincein thecasethatoneof thelists
is empty the otherlist is still entirely traversed. An alternatve is to placecutsafter
the rst two clausessothatif oneof thelists is empty the useof oneof the rst two
clausewill cutawaythepossibilityof usingthelaterclausego traversethe nonempty
list.

shuffle(A, [, A) :- L

shuffle(], B, B) :- L

shuffle([A|Rest  A], B, [A|Shuffled]) -
shuffle(RestA, B, Shuffled).

shuffle(A, [B|RestB], [B|Shuffled]) -
shuffle(A, RestB, Shuffled).

As a matterof style, we preferthe nonredundansolutionwith no cutsto this nal
one.Theexamplewasintroducedmerelyasanillustrationof the generatechniqueof
removing redundany.

The third useof cut we will discusshereis a techniquefor implementingcondi-
tionals. Unlike the previous two uses,in which the declaratve interpretationof the
programswvasthe samewhetheror not the cutswereinserted this useof cut actually
changedoththe procedurabndthe declaratve interpretations.Suchusesof cut are
oftenreferredto as“red” cuts,to distinguishthemfrom the lessdangerousgreen”
cutswe rst discussed.

A conditionalde nition of a predicatep of the form “if conditionthentruecase
elsefalsecask canberepresenteth Prologusingcutsasfollows:

p :- condition !, truecase
p ;- falsecase

If theconditionholds,thecutwill preventbacktrackingnto thefalsecaseOnthe
otherhand,if the conditionfails, the truecasewill, of coursenotbe executed.Thus
thecasesreexecutedustaccordingo the normalnotion of the conditional.

As anapplicationof sucha conditional,considerthe memgefunctionintroducedn
Section3.4.1.

merge(A, [], A).
merge([], B, B).
merge([A|RestAs ], [B|RestBs], [A|Merged]) :-
A < B,
merge(RestAs, [B|RestBs], Merged).
merge([A|RestAs |, [B|RestBs], [B|Merged]) :-
B =< A,
merge([A|RestAs ], RestBs, Merged).
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Thelasttwo clausesanbethoughtof assaying:“if A < Bthenpick A elsepick B
The predicatecanbereimplementedisingcut to re ect this conditional:

merge(A, [], A).
merge([], B, B).
merge(J[A|RestAs ], [B|RestBs], [A|Merged]) :-
A < B,
I
merge(RestAs, [B|RestBs], Merged).
merge(J[A|RestAs ], [B|RestBs], [B|Merged]) :-
merge([A|RestAs ], RestBs, Merged).

Certainversionsof Prologinclude a notationfor conditionalswhich generalizes
thosebuilt with cutsin thisway. Thegoal

condition -> truecase; falsecase

is usedfor this purpose.Useof the explicit conditionalis preferredto implicit condi-
tionalsbuilt with cut. With this notation,the mergeexamplecanberewrittenas

merge(A, [], A).
merge([], B, B).
merge(J[A|RestAs ], [B|RestBs], [C|Merged]) :-

A<B
-> (merge(RestAs, [B|RestBs], Merged),
C=A)
; (merge([A|RestAs] , RestBs, Merged),
C = B).

Notethe useof the= operatorde nedin Program3.2.

5.1.3 The Negation-as-Failure Operator

In pure Horn clausesit is possibleto prove only positive conclusions;Prolog can
prove thatsomethings the case but never thatsomethings not However, somesit-
uationsintuitively have the samecharacteasreachinga negative conclusion namely
thosein which Prologfails to prove a goal. We might assumehatif Prologcannot
prove somethingrue,thenit mustbefalse.Implicit in thisassumptiornis theideathat
the Prolog programfrom which Prolog could not prove the given goal hascomplete
informationaboutits intendeddomainof interpretation.This “completeinformation”
interpretation(or closedworld assumptiorasit is called)is sonaturalthatwe useit all
the time without noticing. For example,if a string cannotbe analyzedasa sentence
for somegrammaywe may concludethatthe stringis not grammaticalIf two people
arenotrelatedby theancestor relationin ourfamily databaseye mayconcludethat
neitheris an ancestoof the other Concludingthe negationof a statemenfrom fail-
ureto proveit hasbecomeknown in logic programmingasnegationasfailure (Clark,
1978).

Negationasfailureis areasonablénterpretatiorof proof failure underthe closed
world assumptiorbecausérologprovidesa completeproof procedurethatis, Prolog
will not concludethereis no proof of a goalwhenthereis one. However, thingsare
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moresubtlethanthe foregoingdiscussiorimplies. Sinceary Turing machinecanbe

representetly apurePrologprogram(Tarnlund,1977),therecursve unsohability of

the Turing-machinehalting problemimplies that the determinatiorof whethera goal

is provableis in generalanundecidablejuestion.If agoalis unprovable,Prologmay

terminatewith afailureansweyor it mayloopforever (ignoringresourcdimitations!).

Becausef its leftmost-literalselectionrule, Prologmightin factloop evenfor goals
for whichaproofproceduravith adi erentselectiorrulewouldterminatewith failure.

In generalagoalis nitely failed (with respecto a program)if the proof procedure
terminateswith failurefor thegoal.

All versionsof Prologprovide someform of negation-as-dilureoperator We will
hereassumehe Edinburgh \+ operator A goal\+ G succeed# andonly if Prolog
(nitely) fails to prove G. It turnsoutthat\+ behaesexactly asif de ned by the
program

\+ Goal :- call(Goal) -> fail ; true.

This programhasno reasonableleclaratve interpretation.Procedurally\+ tries
to executeits agumentGoal in the rst clause.lf Goal succeedshefail causeshe
wholecall to \+ to fail. Otherwise\+ Goal succeedsrivially in the secondbranch
of theconditional.

An importantlimitation of the above operatoris that it doesnot achieve its in-
tendednterpretatiorif its algumentcontainsunboundvariables.Thisis shovn by the
di erentbehaiors of thequeries

?- \+ p(X), X=a.
and

?- X=a, \+ pX).
with the program

p(b).

Tracingthe executionof \+ in both querieswe seethatthe rst queryfails while the
secondnesucceedsventhoughthetwo querieshavethesamdogicalinterpretation.

The problemhereis that the implementatiorof \+ G behaesasif any unbound
variablesn G wereexistentiallyquanti ed insidethe operatoywhereasto be consis-
tentwith the variablescopingcornventionsProloguses(asdiscussedn Section2.3),
the variablesshouldbe treatedas quanti ed at the outermostievel in the enclosing
queryor clause.In otherwords,agoalsuchas

- W+ p(X).

is executed as if it meant:- \+( (9X¥p(X)) , while in fact it should mean
(8X):- \+p(X) . As aconsequenca; canbeinterpreteddeclaratvely asnegation-
as-filureonly if its amgumenthasno unboundvariables.Someversionsof Prolog,for
instanceMU-Prolog (Naish,1986),have a soundnegation-as-&ilure operatoy which
basicallydelaysthe executionof the negatedgoal until all of its variableshave been



122 Chapter 5. Full Prolog

A hardbound edition of Prolog and Natural-Language Analysis is available
from www.mtome.com and other booksellers.

su ciently instantiated.(What“su ciently” meanshereis beyond the scopeof this
book.)

5.1.4 Thesetof predicate

The control regime of Prologgenerateglternatve solutionsfor a goal only through
backtracking. Unlesssomeliteral fails, an alternatesolutionto an earlier goal will
never be generatedOn occasionhowever, we maybeinterestechotin somesolution
to agoal, but in all solutions. The setof predicateallows executionof a goal—like
call —but in suchaway thatalist of all solutionsis generated.

A literal of theformsetof( T, G, S),whereT issometerm(usuallyavariable)
and G is a goal (usually containingthe variable),will hold justin caseS is a list
representingheinstantiation®of T underall assignmentgenerate@ssolutionsto the
goalG. This goalcanberead“the setof Ts suchthatG holdsof eachoneis S”. For
instancethequery

?- setof(T, shuffle([a,b],[1] T, S).
s =1[[1,a,b],[a,1,b],[a,b,1]],
T=_;

no

computeghesetof shu esof [a,b] and[1] , encodedasalist.

An importantissueconcernsvariablesin the goal G otherthanthosein T. For
instanceconsiderthe goal setof(T, conc(T, U, [1,2,3]), S). We mustdis-
tinguish betweenvariablesthat are interpretedas boundby an existential quanti er
within the scopeof a setof literal andvariablesthat are boundoutsidethe scopeof
thesetof , or, in otherwords,to distinguishbetweerfthe setof Ts suchthatthereis
aU::" and“for someU, thesetof Tssuchthat ::". As seenin thefollowing query
variablesoccurringin G thatarenotin T arein generakreatedasbeingoutsideof the
scopeof thesetof .

?- setof(T, conc(T, U, [1,2,3]), S).

T=_,
=1,

s =1[[1,2,3]];
T=_,
U=1[1,2,3],
s = [[]];
T=_,

U= [2,3],
s = [[1]];
T=_,

U= [3],

s = [[1,2]];



5.1. Metalogical Facilities 123

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

no

To obtainbehaior re ecting thenarrav scopefor bindingof suchvariablesthesetof
predicateallows “existentially quanti ed” variablesto be pre x edto the goal G with
thein x operator””.t

?- setof(T, U”conc(T, U, [1,2,3]), S).
T=_,

U =

S
no

[01,011,[1,2],[1,2,3]] ;

Notethatasetof literal fails (ratherthansucceedingvith S the emptylist) if the
goalG hasno solutions.

A relatedpredicatepagof, di ersfromsetof onlyin thatredundansolutionsare
notremoved.

?- setof(T, member(T, [1,1,2]), S).
T =

S
yes

I1,2]

?- bagof(T, member(T, [1,1,2]), S).
T=_,

S
yes

[1,1,2]

5.1.5 Theassert command

Interactionwith Prolog as discussedso far consistsof presentingqueriesto be ex-
ecutedagainsta staticdatabasef Horn clauses.Theassert commandandrelated
commandsikeretract ) allow aprogranto altertheclausedatabasedynamically;the
programcan“rewrite itself” asexecutionprogressesTheideaof aprogramchanging
itself while executingis both powerful anddangerousThe useof facilitiesto perform
suchactionsis thereforetendentious.Overuseof thesefacilities is one of the most
commonerrorsof beginningPrologprogramming.

A clausecanbe addedto the databaséy calling assert with the clauseasargu-
ment. For example theclause

remembered([shr dlu, halts],
s(np(shrdlu),vp(i  v(halts )) )).

canbeaddedo the databaséy executionof thefollowing goal:

assert(remember ed([s hrdlu, halts],
s(np(shrdlu),vp( iv (halt s)))) )

IThisuseof " is unrelatedo andshouldnotbe confusedith its usein lambda-&pressiorencodings.




124 Chapter 5. Full Prolog

A hardbound edition of Prolog and Natural-Language Analysis is available
from www.mtome.com and other booksellers.

HereagainPrologreliesonthetrick of representingbject-lesel variableshy met-
alevel variables.

The following program,for instance will computethe parsetree for a sentence
(assuminga DCG like thatin Program3.11). Furthermoreoncethe parsetree has
beencomputedit is “remembered’by assertinga unit clauseinto the databaself the
parsetreefor the sentencés ever againrequestedthe computatiorusingthegrammar
will not be done; instead,the appropriateunit clausewill be used. The cutin the
programguaranteeshat even on backtrackingno recomputatiorof the parsetreeis
performed.

remember(Sentence, Parse) :-
remembered(Sentnce, Parse), !

remember(Sentence, Parse) :-
s(Parse, Sentence, []),
assert(remember ed(Sente nce, Parse)).

This programcan be understoodnly procedurally It makes senseonly under
certainexecutionmodesand calling corventions. In particular if the grammarwas
ambiguoudor a particularsentencethis ambiguitywill never be manifestedsinceon
backtrackingafterthe rst call the cut eliminatesfurther possibilities. We will seea
morecoherentusefulapplicationfor assert asatool for rememberindemmasg(that
is, previously provenresults)in Section6.6.3.

5.1.6 Other Extralogical Predicates

We concludeour discussiorof extralogicalfeaturesof Prologwith agrabbagof built-
in Prologpredicateghatwe will nd usefulin laterexamples.Of coursesincethese
predicategall outsidethe puresubsebf Prologthey shouldbeusedsparinglyandwith
appropriaterepidation.

Perhapghe canonicalmetalogicalpredicateis var, which holdsif its singlear
gumentis a variableat the time the literal is executed. Similarly, atomic holdsof a
termif it is aconstan{i.e.,anumberor atom)at executiontime. Notethatprocedural
issuedike literal orderingarecrucialin determiningthe behavior of thesepredicates.
For instancecomparethetwo queries

?- var(X), X =a.
X = a
yes

?- atomic(X), X = a.
no

to the querieswith literalsreversed.

?- X =a, var(X).

no

?- X = a, atomic(X).



5.2. A Simple Dialogue Program 125

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

yes

A usefuldevice for composinganddecomposingermsis thebinaryin x operator
=.. , which holdsof two agumentsTermandList if Termis atermwith functor of
arity k andList is alist of lengthk + 1 whose rst elementis the functor nameof
Termandwhoselastk elementsarethek agumentsof Term For example we have

?2-T=.[f, a X, gX)
T = f(a,X,g(X))

yes
?- fa,X,g(X)) =.. L.
L=[f, a, X, g(X)]
yes

This predicatelik e the arithmeticpredicate®f Section3.4.1,is not somuchextralog-
ical asincompletelyimplemented,n that executionof the predicatewith improper
instantiationof its algumentsresultsin aninstantiationerror ratherthana failure of
thecall. In particular it mustbe calledwith eitheroneor the otherof its amguments
instantiated Furthermoreif the rst aguments uninstantiatedthe secondnustbe a
list whose rst elementis a constant. Theserestrictionsfollow from the requirement

thatappropriatesolutionsfor variablesmustbe determinablet the executiontime of
the predicaté?

5.2 A Simple Dialogue Program

We now turn to the designof thetalk program,a simplenatural-languagguestion-
answeringystemwhichdemonstratesomeof themetalogicafacilitiesjustdescribed.
Hereis atypical dialoguethatcouldbehandledby talk .

?- main_loop.
>> principia is a book
Asserted "book(principia)."
>> bertrand wrote every book
Asserted "wrote(bertrand,B) :- book(B)."
>> which of the books did bertrand write
Error: too difficult.
>> what did bertrand write
principia.
>> every professor that wrote a program met bertrand
Asserted "met (P,bertrand) :-
professor (P), program(R), wrote(P,R)."

20ften the use of =.. can be replaced by the more efficient built-in predicates
functor(Term, Name, Arity), which holds when Term has main functor with name Name and
arity Arity, andarg(Number, Term, Arg),whichholdswhentheagumentof Term in positionNumber
is Arg. In thecasesve will considerthe=. . operatoris morereadable.
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Noticethattalk cangive only extensionalanswergo questionsfor example,to
thequestiorfWhat did Bertrandwrite?” it canansweronly with speci ¢ entitiesthatit
canprove Bertrandwrote,andnot with generalanswersuchas“everybook? In fact,
thebestway of understandingalk inputis ascorvenientnotationfor Prologclauses
to beaddedo theknowledgebaseandfor Prologgoalsto be proved.

talk is alsolimited in thatit works with a prede nedvocahlulary, speci edin
the grammar It would not bedi cult to adda simple mechanisnto allow the user
to de ne new words, but sucha mechanismwould be usableonly becauseof the
small grammaticaland semanticcapabilitiesof talk . The moregeneralproblemof
vocahulary acquisitionfor large natural-languagerocessingsystemsis a separate
researchopic (Groszetal., 1987).

Thetalk programworksby

1. Parsinga sentencesimultaneoushpuilding arepresentatioof its logical form.
2. Corvertingthelogical form to aHorn clause(if possible).

3. Eitheraddingtheclauseto the Prologdatabaséif the sentencevasdeclaratve)
or interpretingthe clauseasa queryandretrieving the answerdo thequery

To performthesetasks,the programmakes use of the metalogicalfacilities just
describedThe cutcommands usedto encodeconditionals.Theassert commands
usedto modify the Prologdatabaséncrementallywhile the programis running. The
setof predicatds usedto nd all answerdo aquery

5.21 Overall Operation

The main predicateis talk which whenexecutedperformsthe threephasesf com-
putationjust described.

talk(Sentence, Reply) :-
parse(Sentence, LF, Type),
clausify(LF,  Clause, FreeVars), !,
reply(Type, FreeVars, Clause, Reply).
talk(Sentence, error('too  difficult)).

Note the useof cut. If the sentencecannotbe parsedor if its logical form cannot
be corvertedto a Horn clause,the reply will be error(too  difficult’) . The
cut encodeghe conditional“if the sentencecanbe parsedandclausi ed thenreply
appropriatelyelsethesentencés toodi cult”.

5.2.2 Parsing

The sentencdas parsedby the parse predicateinstantiatingLF to the logical form
for the sentencdasin Section4.1), andinstantiatingType to query or assertion
dependingpn whetherthe sentencevasinterrogatve or declaratve.

parse(Sentence, LF, assertion) -
s(finite, LF, nogap, Sentence, []).
parse(Sentence, LF, query) :-
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g(LF, Sentence, []).

The grammarusedin the talk programis basedon that developedin previ-
ouschaptersjn particularProgram4.5, but modi ed to allow questionsand declar
ative sentencesvith the copularverb “be”. The analysisof the copulawhich we
usehereis sorelyinadequate It senesmerelyasan expedientto allow certainsen-
tencemneededor nontrivial dialoguesMore sophisticatecnalyse®f auxiliariesthat
meshmorenicely with the copulacould be inserted. Semanticallythe verb“be” re-
guiresa complementoun phrasewhich is existentially quanti ed, i.e., of the form
(X"Q)"exists(X,P &Q) The logical form of a sentencecontaining“be” is con-
structedby applyingthesubjectLF to the propertyP, ignoring Qaltogether

As in Program4.3, the termsthat give the meaningsof contentwords suchas
bookarenow marked with the pre x operator™”, asin “book(X) . This makesthe
translationfrom logical form to Prologeasier becauset clearly distinguishedogical
connectvesfrom subjectdomainoperators.

Thelogical formsfor questionsareimplicationsC => answer(a) , meaningthat
a is an answerfor the questionif condition C representinghe text of the question
holds. For yes-noquestionsthe answeris yes if thetext of the questionholds. For
WH-questionsthe answersarethe instantiationof a that satisfythe goal. Note that
thisdi ersfrom the semanticgivenby Progrand.5.

5.2.3 LF Conversion

Logical forms are corvertedto Horn clausesby the predicateclausify . A literal
clausify(Formula , Clause, Vars) holdsif Clause is the clausalform of the
FOL formulaFormula andVars is alist of thevariablesfreein the antecedentf the
clause (Theneedfor Vars will be explainedlater)

Themainpointto noteaboutclausify isthatit is a partialfunction. Althoughall
logical formsgeneratedby the grammarareclosed rst-order formulas,someof them
arenot Horn clauses.For example,the question“Who wrote every book?” hasthe
logicalform

all(B,book(B) => wrote(X,B)) => answer(X). ,

which is nota Horn clause.We leave asan exercisefor the readerto determinewhat
sentencdypesmay or may not be representedhy Horn clauses. As we have seen,
Horn clausesnustobey severalrestrictions.Outermostjuanti ersmustbeuniversally
guanti ed. Thus,to clausify a universallyquanti ed expressionwe merelystrip o
thequanti er andclausifytherest.

clausify(all(X, FO),F,[ X|V]) :- clausify(FO,F,V ).

If a clausehasanimplication symbol,the consequenimustbe a single literal, and
the antecedeninusthave variablesexistentially quanti ed with no otherimplication
symbols.

clausify(A0=>CO0 ,(C:- A),V) :-
clausify_literal (C0,C),
clausify_anteced ent(A0,A,V).
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Otherwise|if the clausehasno implication symbolit mustbe a unit clause,a single
literal.

clausify(CO,C,[ ] -
clausify_literal (C0,QC).

As mentionedabove, antecedentmusthave variablesquanti ed existentially; but
may consistof severalliterals,not justthe oneallowedin the consequent.

clausify_antece dent( LO,L, [] ) :-
clausify_literal (Lo,L).

clausify_antece dent( EG&FQ( E,F), V) :-
clausify_anteced ent(EO,E,V0),
clausify_anteced ent(FO,F,V1),
conc(VO,V1,V).

clausify_antece dent( exist s(X,F0),F,[X |[V]) :-
clausify_anteced ent(FO,F,V).

Finally, literalsareclausi ed merelyby removing the backquotemarlker.
clausify_litera IC L,L).

Notethateachclausefor clausify andclausify_antece dent includesathird
argumentthatkeepstrack of thevariablesfreein the antecedentf the clause.

In thetranslationfrom logical form to Prologwe canalsoseehow Prologclauses
arerepresentedsPrologtermswith the binaryfunctors*:- " and“, ” usedfor impli-
cationandconjunction respectiely. Onthesecondclauseof clausify we have the
term (C:-A) 2 usedto constructa clauserepresentationandin the secondclauseof
clausify_anteced ent wehavetheterm(E,F) beingusedto build aconjunctionin
theantecedentf aclause.

Herealsowe seeanotheiinstanceof the previously discussedconfusion”between
objectlevel andmetalevel. In theclausedor clausify andclausify_anteced ent,
variablesare usedto standfor fragmentsof logical forms and Prolog clauses. At
the sametime, quanti ed variablesin thelogical form arealsorepresentethy Prolog
variablesandendup asthevariablesof theresultingPrologclause.

5.24 Constructing A Reply

Finally, oncethe sentencénasbeenparsedandits logical form corvertedto a clause,
areplyis constructed!f the sentencés declaratve, the clauseis merelyassertednto
thePrologdatabaseothatfuture querieswill useit.

reply(assertion , _FreeVars, Assertion,
asserted(Assert ion)) :-
assert(Assertio n), L

Clausesassociatedwith queries are always of the form answer(Answer) :-
Condition , by virtue of the semanticsgiven to questionsin the grammar The

3Theparenthesearerequiredasusualfor reasonf operatoprecedence.
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Answels associatedvith all solutionsof Condition aregeneratedisingsetof and
this setformsthereply. If no answersaregeneratedthe simplereply “no” is used.

reply(query, FreeVars,
(answer(Answer) :-C ondit io n), Reply) :-
(setof(Answer, FreeVars™"Conditio n, Answers)
-> Reply = Answers
;  Reply =[no]), L

For example,the question"Who wrote a book?” would be translatednto the Prolog
clause

answer(X) :- book(B), wrote(X,B).
Thisis thenevaluatedby thegoal
setof(X,[B]bo ok(B),wrot e(X,B)) ,S) ;

thatis, Sis the setof Xs suchthatthereis a book B that X wrote. Note the use of
the setof free clausevariablesthat we took painsto recover in the LF corversion
predicatesBy existentiallyquantifyingtheminsidethesetof predicateyeguarantee
thatall solutionsfor any assignmento thefreevariablesarerecovered notjustfor one
assignmento them.

Finally, any othertypeof sentencgenerateanerrormessageThecutsin previous
clausegreventbacktrackingnto this clauseonceanotherclausehasmatched.

reply(_Type, _FreeVars, _Clause,
error('unknown type").

5.3 UserInteraction

Themodeof interactionof thetalk programasit standsequiresputtingto theProlog
interpretergoals encodingthe sentenceas a list. For instance,we might have the
following dialog.

?- talk([principia, is, a, book], Reply).
Reply = asserted(book(principia))
yes

?- talk([bertrand, wrote, every, book], Reply).
Reply = asserted((wrote(bertrand,B) :-book(B)))
yes

?- talk(jwhat, did, bertrand, write], Reply).
Reply = answer([principial)
yes
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A more naturalmode of interactionwould enablethe userto type sentencesli-
rectly, andreceve repliesfrom the systemnot asvariableassignmentshut asan ap-
propriaterespons¢o theinput. To enablesuchinterfaceso bewritten, Prologsystems
includebuilt-in commandgor performinginputto andoutputfrom aterminalor other
device.

Input/outputspeci cationis typically the mostidiosyncraticand variablepart of
ary programmindanguageandPrologis no exception.We will thereforepresenjust
afew very primitive commands—su cientto write a userinterfacefor talk —which
tendto be supportedy mostPrologsystemsReadersvill undoubtedlywantto refer
to themanualdor their own systemsgo determingherangeof inputoutputcommands
thatareavailable.

Note that all of thesecommandswork throughsidee ectssuchaschangingthe
stateof the terminal screenor input bu er. Sincesidee ectshave no placein the
declaratve semantic®f Prolog,theseareall memberof the strictly extralogicalpart
of Prolog.Retryingsuchcommand®r backtrackinghroughthemdoesnot causeheir
sidee ectsto beundoneandthey work only in certainmodes.

5.3.1 Simplelnput/Output Commands

The unarywrite commandprintsits term argumentto the standardoutput (usually
theterminal). Its inverseread, readsa termdelimitedby a periodandnewline from
thestandardnput (usuallytheterminalaswell) anduni es its agumentwith theterm
thatis read. Typically, it is calledin moderead(-) , sothatits argumentis a variable
thatis boundto thetermread.

Inputoutputbehavior atthe characteratherthantermlevel is possiblewith com-
mandgget andput. Theget commandeadsasingleprintingcharactefrom theinput
stream,unifying its agumentwith theintegerthatis the ascu codefor the character
read. Nonprinting characterglik e spacestabs,newlines and control charactersare
skipped.lts companiorcommandyet0 worksthe same gxceptthatnonprintingchar
actersarenot skipped. To print a characteto the standarcbutput,the put command
is calledwith theinteger correspondingo the characteto be printedasits agument.
Thezero-arypredicatenl putsanewline characteto thestandardutput.

5.3.2 A SimpleUser Interface

Using thesecommandswe can develop a simple userinterfacefor the talk pro-
gram. First, we needa programto readsentencesrom the terminal. The predicate
read_sent will returnalist of wordswhichweretypedseparatethy spacesndended
by anewline character

read_sent(Words) :-
getO(Char),
read_sent(Char, Words).

It getsthe next charactefrom the input streamasa lookaheacand,dependingn the
lookaheactharactereithercontinuesreadingor stops. If the lookaheads a newline,
inputis ended.

read_sent(C, []) :- newline(C), .
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If thelookaheads aspaceit is ignored,asspacesarenot partof the next word.

read_sent(C, Words) :- space(C), !,
getO(Char),
read_sent(Char, Words).

Any othercharacters assumedo startaword. The auxiliary predicataead_word is
calledto retrieve the charactershatconstitutethe next word from theinput. Thenthe
built-in predicatenamepacksthis list of charactergnto anatom. Finally, morewords
arereadfrom theinput.

read_sent(Char, [Word|Words]) :-
read_word(Char, Chars, Next),
name(Word, Chars),
read_sent(Next, Words).

Readinga word from the input stream proceedssimilarly. The predicate
read_word takesthelookaheadcharacteandbuilds a list of characterstartingwith
thelookaheadhatcomprisetheword. Thenew lookaheadthedelimiterfollowing the
word, is matchedwith thethird agumentto read_word. Newlinesandspaceslelimit
thewords.

read_word(C, [], C) :- space(C), !
read_word(C, [], C) :- newling(C), !

All othercharactersreaddedo thelist of characterso beformedinto aword.

read_word(Char, [Char|Chars], New) :-
getO(Next),
read_word(Next, Chars, New).

Usingread_sent, we canwrite a top-level loop thatreadssentences;omputes
theappropriateaeply with talk , andprintsthatreply.

main_loop :-
write(>> "),
read_sent(Words ),
talk(Words, Reply),
print_reply(Rep ly) ,
main_loop.

The nal recursve call of main_loop startstheread-compute-prirffbop overagain.
Finally, aprogramto print therepliesin amoresatishctoryfashionwasassumeth
thede nition of main_loop. This predicateprint_reply , islistedin the Appendix
A code.As it presentsiointerestingoroblemsijts de nition is notrepeatedere.
Interactingwith the talk programthroughthis interface,althoughnot ideal, is
considerablymorenaturalasevidencedby the dialoguepresentedt the beginning of
Section5.2. Thefull commentedisting for thetalk programis givenin AppendixA.
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5.4 Bibliographic Notes

Most of the extralogicalfacilities of Prologdiscussedn this chaptergo backto the
original Marseille Prolog (Roussel 1975). In thatsystem,! , assert and=.. were
calledrespectiely / (the slash suggestinghe cutting of alternatve brancheof the
searctspace) AJOUTandUNIV.

The generalquestionof extralogicalfacilities hasled to muchdiscussionin the
logic programmingcommunity At their best,thosefacilities canbe seenasoperators
onaxiomsetsandderivations for which areasonableemanticsnightbeforthcoming
(BowenandKowalski, 1981;BowenandWeinbeg, 1985). At their worst, extralogi-
cal facilitesarejust meansof simulatingimperatve languagdeatureswithin Prolog.
Often,thesesimulationsnot only detractfrom thelogical semantic®f Prologbut also
incurconsiderabl@erformanceenaltiessincethemoste cientaspect®f Prologare
generallythosewith a cleansemantic§Warren,1977).

Of all extralogicaloperationsn Prolog,thecutseemgo bethemostoftenusedand
thesourceof mostcontroversy Theprimitive storageananagemertechnique®f early
Prolog systemsameantthat nondeterminateomputationsusedvery large amountsof
space Sincethe cut operatomakesa subcomputationleterminate;green” cutswere
usedin early Prolog programsas the main methodof storageconseration. More
recently improved storagemanagemertiechniquesandbetterdeterminag detection
in Prologcompilers(Warren,1977; Tick and Warren,1984; Pittomvils et al., 1985;
Bowenet al., 1986) have madethat useof cut lessimportant,at leastfor thosewith
accesgo state-of-the-arPrologsystems.

The useof cut to implementa limited form of negation as nonprovability also
goesbackto Marseille,althoughit is di cult to give a precisereferenceto the rst
appearancef the technique. The overall questionof the meaningof negation-as-
nonprovability hasbeenextensiely researchedLloyd's book (1984) presentssome
of the main theoreticalconceptsand resultson the subject,originally discoreredby
Clark (1978),Apt andvanEmden(1982)andJa ar, LassezandLloyd (1983).These
resultsincludedenotationatharacterizationsf the meaningof di erentpossibleno-
tionsof negation,andproofsof thesoundnesandcompletenessf negation-as-ilure
with respecto the completionof de nite-clauseprograms.A morerecentsurney of
resultsandopenproblemswasgivenby Ja ar, LassezandMaher(1986). Thesetheo-
reticaldevelopmentgproceededhn parallelwith the discovery of computationamech-
anismsallowing soundimplementation®f negation-as-éilure,embodiedn Colmer
auers Prolog-1l (1986) and Naish's MU-Prolog (1986). Thesemechanismsnvolve
delayingnegations(or, asa specialcase,inequalities)until variablesbecome'su -
ciently” bound.

Thesetconstructioroperatorsetof we usehereis dueto D. H. D. Warren(1982)
andwas rst implementedn DEC-10Prolog(Bowen, 1982). From a practicalpoint
of view, the requirementthat all narrav-scopeexistentially quanti ed variablesbe
explicitly marked with the” operatoris sometimedurdensome Otherproposedset
operatorgMorris etal., 1986)adoptthe oppositecornvention.

Ourtalk programis arathersimplisticexampleof a natural-languagmterfaceto
a knowledgebase. A comparableexampleprogramwas given asan exampleof ap-
plication of Colmeraues metamorphosigrammarg1978). The programs structure
and operationare closely modeledon thoseof more comprehensie Prolog natural-
languagedatabasénterfacessuchasthoseby Dahl (1981),F. C. N. Pereira(1982),
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PereiraandWarren(1982),andMcCord(1982),eventhoughthosesystemslealtonly
with questionsaandnot with assertionsThelimitation of allowableassertion$o those
whosemeaningcan be expressedy de nite clausescircumwentsthe di  cult ques-
tion of whatto dowith assertionshatcontradictexisting systenmknowledge(Haasand
Hendrix,1981). More generally natural-languagaterfacesystemsshouldbe ableto
dealwith unmetpresuppositions question@ndcommandsswell aswith assertions
thatcontradictexisting information(Winograd,1972).

As we pointedout, our exampleprogramcannotacquirenew wordsnotin its ini-
tial vocahulary. In generalthisis adi cult question. Besidesthe determinationof
syntacticcategory andfeaturesword acquisitionshouldbe ableto determineuseand
meaningconstraintgor theword, eitherfrom otherinformationsuppliedn naturallan-
guaggHaasandHendrix,1981)or from specializedacquisition-dialoguenechanisms
(Groszetal., 1987;BallardandStumbeger,1986).
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Chapter 6

Interpreters

This digital edition of Pereiraand Shiebers Prolog and Natural-
Languaye Analysisis distributed at no chaige by Microtome Pub-
lishing undera licensedescribedn the front matterandat the web
site. A hardbouncedition (ISBN 0-9719997-0-4)printedon acid-
freepaperwith library bindingandincludingall appendiceandtwo
indices (and without theseinline interruptions),is available from
www.mtome.corandotherbooksellers.

In previous chapterswe have seenthat a very powerful grammarformalism,
de nite-clausegrammarscan be usedto describea variety of NL-relatedphenom-
enaandcanbe directly embeddedn Prolog. In sodoing, the grammarengenders
top-down, recursve-descentbacktrackparserfor the languageof the grammar For
applicationswheresucha parseris su cient, this techniquecanbe quite useful. We
have, however, alreadyseenevidenceof frailties of PrologandDCGs. For instance,

SinceProlog programswith left-recursionhave terminationproblems,so will
directPrologexecutionof DCGswith left-recursverules.

Argumentsin DCG rules having a regular, predictablestructure—e.g.those
which enforce ller -gap dependencieshuild parsetrees,or constructlogical
forms—tendo proliferateandcomplicategrammars.

Theseandsimilar problemshave beenaddressedh logic-programmingesearch.
Someof thetoolsfor solvingthem—byextendingor modifying Prologor thegrammar
formalism—eistwithin Prologitself, but rely onusingthelanguagen di erentways.
Ratherthan embeddingorogramsor grammarsdirectly in Prolog, we cande ne an
interpreterfor theextendedanguagen Prologitself. An interpretelis ameta-pogram
in thatit usesotherprogramsasdatal By writing specializednterpretersit is possible

notonly to cover new languageconstructsbut alsoto try outnew evaluationstrateyies
for alanguage.

LFor this reasonwhat we call interpretersare sometimeseferredto somevhat confusinglyas meta-
interpretess, eventhoughthey do notin generainterpretinterpreters.

135
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6.1 Prologin Prolog

We will begin our discussiorof interpreterawith the basisfor extensionsto Prolog,
namely aninterpreterfor pureProlog,writtenin purePrologitself. Suchinterpreters
written in their own objectlanguageare often called meta-cicular interpretes. In
fact,we have seeronemeta-circulaiProloginterpreteralreadythe predicatgprove in
Programb.1. In this lesstrivial example,we assumeéhatthe object-lesel Prologpro-
gramto beinterpreteds encodedvith the unarypredicateclause . For instancethe
conc predicatede ned asProgram3.3,would be encodedas datafor theinterpreter
by theclause$

clause(( conc(], L, L) :- true ))-
clause(( conc([E|IR], L, [E|RL]) :-
conc(R, L, RL) ))-

Noticethatthe clausesareencodedy Prologtermsandthe object-lesel variables
by meta-level variables. We have seenthis kind of “level-shifting” betweenobject-
andmeta-level before,for instancejn the useof Prolog(meta-level) variablesto en-
codelambda-calculugobject-lesel) variables(seeSection4.1.3). In the writing of
interpreterssuchlevel-crossings ubiquitous.

Theinterpreteiis implementedy thepredicategprove , whichtakesanobjectlevel
goal(encodedsaterm)andfollowsthePrologproofproceduraisingtheprogramax-
iomatizedoy clause clausesTheintentionis thatthegoalprove(Goal) beprovable
by Prologif thegoalGoal is aswell. Clearly, thetrivial goaltrue is alwaysprovable.

prove(true).

Any othergoalis provableonly if thereis someclausewhich matchest andwhose
bodyis provable.

prove(Goal) :-
clause((Goal :- Body)),
prove(Body).

Finally, if the body consistsof the conjunctionof two subgoalsthey mustbe proved
independently
prove((Bodyl, Body2)) :-
prove(Body1l),
prove(Body?2).

ThesethreeclausessummarizedsProgram6.1, constitutea full interpreterfor pure
Prologwrittenin Prolog.

Program 6.1
prove(true).

prove(Goal) :-

°The extra parenthesearoundeachclauseare requiredby Edinkburgh Prolog syntaxto inhibit Prolog
from interpretingthe : - with its normalprecedencewhich would causeit to be taken asbinding wealer
thanthe clause predicatdtself. The parenthesefrceit to beinterpretedn the naturalway astakingjust
thematerialinsidethe parentheseasarguments.The sametrick wasusedin Section2.8.1.
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clause((Goal :- Body)),
prove(Body).
prove((Bodyl, Body2)) :-
prove(Body1),
prove(Body?2).

By tracingtheexecutionof theprogramproving agoalandcomparingt to thetrace
of Prologexecutingthe samegoaldirectly, asin Figure6.1,we canseethe parallelism
betweerthe interpreters axiomatizationof the object-level Prologinterpreterandthe
object-level interpreteritself.

6.1.1 Absorption

The di erencebetweenthe three-clausenterpreterand the trivial one-clausanter-

preterusingcall (Programb.1) residesin the amountof work of the interpreterthat
is doneby the Prologexecutionmechanisntheinterpreteris beingexecutedy. In the
caseof thetrivial interpreterall of theinterpretatiorprocesss absorbedy the Prolog
thatis executingtheinterpreter In thethree-claus@nterpretermuch,but notall, of the
work is beingabsorbedFor example,the uni cation of goalliteralsandclauseheads
is absorbednto the uni cation of termsin the executingProlog. The orderof clause
choiceis alsoabsorbed.In fact, the only partthatis not absorbeds the selectionof

literalsin a conjunctive goal.

Interpretersare written so that portionsof the interpretationprocesscanbe ma-
nipulated,changedandotherwiseinvestigated The part of theinterpretatiorprocess
absorbedy the programexecutingtheinterpreteiis not subjectto suchmanipulation.
Thus, if we areinterestedn experimentingwith alternateliteral selectionrules, the
one-clausénterpretemwill beinsu cientfor our purposegsinceit absorbditeral se-
lection), whereagsthe three-clausénterpreterdoesallow changesn that area(since
it makesliteral selectionexplicit). However, if we wish to experimentwith alternate
uni cation methodgasis commonlydone),neitherof theseinterpretersu ces;they
both absorbuni cation into the underlyingexecution. Note thatthe interpretersre-
sentedsofar all absorbthe variousfacetsof the control structureof Prologby imple-
mentingthemwith the samefacetsin the underlyingexecution.This circularity is not
necessanbut is oftenthe simplestmethodof absorption.

6.1.2 Keeping Proof Trees

As anexampleof onesortof extensionto thelanguagehatinterpretersnake possible,
we considera versionof Prologthatautomaticallygenerateproof treesfor goalsthat
it proves.An extraargumentin theinterpretetkkeepsrackof the prooftreeof thegoal
beingproved. The prooftreeencodingis asfollows: If aliteral L is provedby virtue
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?- conc([a,b],[c,d],A).

(1) 0 Call :

(2) 1 Call :

(3) 2 Call

(3) 2 Exit :
(2) 1 Exit
(1) 0 Exit :
A = [a,b,c,d]

yes

conc([a,b], [c,d],L_1)

conc([b], [c,d],RL_2)

: conc([],[c,d],RL_3)

conc([], [c,d], [c,d])

: conc([b]l, [c,d], [b,c,d])

conc([a,b], [c,d], [a,b,c,d])

?- prove( conc([a,b],[c,d],A) ).

(1)
(2)
(2

(3
(4)
(4)

(5)
(6)
(6)
(7)
(7)
(5)
(3
(1)
A =

yes

0 Call

1 Call
2 Exit
2 Call
3 Call
3 Exit
3 Call
3 Exit
2 Exit

1 Exit

0 Exit

[a,b,c,d]

: prove(conc([a,b], [c,d],L_1))
1 Call :
1 Exit :

clause((conc([a,b], [c,d],L_1):-Body_2))
clause((conc([a,b], [c,d], [alRL_2]) :-
conc([bl, [c,d],RL_2)))

: prove(conc([b], [c,d],RL_2))
2 Call :
: clause((conc([b], [c,d], [bIRL_3]):-

clause((conc([b], [c,d],RL_2) :-Body_4))

conc([], [c,d],RL_3)))

: prove(conc([], [c,d],RL_3))

: clause((conc([], [c,d],RL_3) :-Body_6))
: clause((conc([], [c,d], [c,d]) :-true))
: prove (true)

: prove(true)

: prove(conc([], [c,d], [c,d]))
: prove(conc([b], [c,d], [b,c,d]))

: prove(conc([a,b], [c,d], [a,b,c,d]))

Figure6.1: Comparisorof Direct ExecutionandIndirectInterpretation.
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is encodedasthe Prologterm
L: P1, .., Pn
Thefollowing interpreteraccomplisheshis task:

Program 6.2
prove(true, true).

prove(Goal, (Goal :- BodyProof)) :-
clause((Goal :- Body)),
prove(Body, BodyProof).
prove((Bodyl, Body2), (BodylProof, Body2Proof)) :-
prove(Bodyl, BodylProof),
prove(Body2, Body2Proof).

As anexample,the interpretergenerateshe following proofs(manuallyindentedfor
readability)for queriesconcerningheshuffle predicatede ned asProgram3.4.

?- prove(shuffle([a, b],[1,2], S), Proof).

S =1[1,2,a,b],
Proof = shuffle([a,b],[1,2],[1,2,a,b]):-
(conc([], [a,b], [a,b]):-
true),
(shuffle([a,b], [2],[2,a,b]):-
(conc([], [a,b], [a,b]) :—
true),
(shuffle([a,b],[], [a,b]):-
true),
(conc([],[2,a,b],[2,a,b]) :-
true)),
(conc([],[1,2,a,b],[1,2,a,b]):~
true) ;

S = [1,a,2,b],
Proof = shuffle([a,b],[1,2],[1,a,2,b]):-
(conc([l, [a,b], [a,b]):-
true),
(shuffle([a,b], [2], [a,2,b]) :-
(conc([a], [b], [a,b]):—
(conc([1,[b], [b]):-
true)),
(shuffle([b], [], [b]):-
true),
(conc([a]l,[2,b],[a,2,b]):-
(conc([],[2,b],[2,b]):-
true))),
(conc([],[1,a,2,b],[1,a,2,b]):-
true)
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yes

Using techniquef this sort, one canimaginewriting interpreterghat tracethe
executionof a program,detectloopingin a programs execution,or allow interactve
single-steppingf a program.

6.1.3 Unit Clauses

Thethree-claus®rologinterpreterdoesnot allow unit clausese.g.,
conc([], L, L).

to bestateddirectly, sayas
clause(conc(]], L, L)).

Insteadthey areencodeds
clause((conc([] , L, L) :- true)).

Extendingthe interpreterto handleunit clausescorrectlyhasonesubtlety in thatthe
straightforvard“solution” of addinga new clauseto theinterpreter

prove(Goal) :-
clause(Goal).

doesnot accuratelyre ect the top-to-bottomclauseorderingthat Prolog uses. In-
steadwe couldintroducea new predicateaclause , which picks up clausedrom the
databasendin the caseof unit clausesinstantiateshe body of the clauseastrue .

Program 6.3
aclause((Head :- Body)) :-

clause(Clause),
(Clause = (Head :- Body)
-> true
;  (Clause = Head, Body = true)).

Becausehe clause goal doesnot distinguishunit from nonunitclausesthe top-to-
bottomclauseorderingwill berespectedn backtrackinghroughaclause .

6.2 Problem Section: Prolog Inter preters
6.2.1 Consecutively Bounded Depth-First Search

Becausef its depth- rst controlregime, Prologmayfail to nd asolutionto aquery
even whenone exists. One solutionto this problemis to substitutefor depth- rst
executionan alternatve regime called consecutivel\boundeddepth- rst execution,
which we will de ne in termsof a simpler but highly incomplete,control regime
calleddepth-boundedxecution.
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In depth-bounde@xecutionof a goal, the goalis provedin a depth- rst manner
until agivendepthof recursionis reachedAt thatpoint, if nosolutionhasbeenfound,
that branchof computationis consideredo have failed, and the systembacktracks.
For agivendepthboundn, we will referto n-depth-boundedxecution.

A depth-boundeé@rologinterpretemwill neverloopin nitely . However, it will fail
to nd solutionsthatinvolve proofsthataredeepethanthe depthbound.A compro-
mise control regime that, unlike depth-bounde@xecution,can nd arbitrarily com-
plex proofs,yet thatwill notloop in nitely in a depth- rst manneris consecutiely
boundediepth- rst execution.In this regime,agoalis executedoy executingit under
al-depth-bounderkgime.If nosolutionsarefound,thesystenuses?-depth-bounded
execution,then3-depth-boundedindsoon. If a proofexists,the systemwill eventu-
ally attemptto executethe goalwith a large enoughdepthbound,andthe proof will
befound. Sinceeachdepth-boundeeéxecutionterminatesthe consecutiely bounded
regime hasthe bene t thatif a proof exists, it will eventuallybe found—aproperty
thatProlog's depth- rstregimedoesnot share.

Of course,consecutiely boundedexecutioninvolvesa redundang in computa-
tion, sincelaterdepth-boundedxecutiongeiterateall thecomputatiorof earlierones.
The costmay not be asmuchasit appearst rst blush,however, asthe costof ex-
ecutingthe rst n 1 levelsis only a constanfactorof the costof executinglevel n.
Furtheranalysisof the costof this methodis well beyondthe scopeof this problem.

Problem 6.1 Writeaninterpreterfor Prolog thatusesa consecutivelypoundediepth-
r stcontml regime Try it ona left-recursiveprogramlike Program?2.3to demonstate
thatit nds proofswhere Prolog's control regimewould not.

6.2.2 An Interpreter For Cut

The interpretersdevised so far have beenconcernednly with pure Prolog. In this
sectionwe considerthe problemof writing aninterpreterfor pure Prologaugmented
with the impure cut operator For the purposef this problem,we will assumehat
clauseshave at mostonecutin them. Therearetwo casesve mustconsider If there
is no cutin the clause we caninterpretit asbefore.If thereis acutin the clausewe
mustinterpretthe partbeforethecut, thencutaway furtherchoicesf clause clauses,
andtheninterpretthe part after the cut. (Notice the nice symmetryhere: The pure
Prolog meta-circularinterpreterwaswritten in pure Prolog. Augmentingthe object
languagewith cut requiresthe sameaugmentatiorio the meta-languageln essence,
wewill absorkthe executionof cutusingthe cutof theunderlyingexecution.)We will
needa predicatecall it cut_split(Body, Before, After) whichtakesaBodyof
aclauseand nds the partBefore andAfter thecut (if thereis one). The predicate
failsif thereis nocut.

Problem 6.2 Writecut_split anduseit toaugmentheinterpreterto handleclauses
with at mostonecut per clause Make sure the top-to-bottomclauseorderingis re-
spected.

Problem 6.3 (Moredi cult.) Write aninterpreterthat cancorrectlyinterpret Prolog
programswith more thanonecut per clause
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6.3 Interpretersfor DCGs

Extensiongo the DCG formalismcan be implementedust as extensionsto Prolog,
by extendingan interpreterfor DCGs. The DCG interpreterwill usede nite-clause
grammarsencodedn Prologusingthe sameencodingasin Section3.7, exceptthat
the mainfunctorwill be---> ratherthan--> , asdeclaredby the following operator
declaration:

- 0p(1200,xfx,--->)

We usea di erentarrow for the samereasonwe usedthe clause predicatein the
Prologinterpreters—t@reventthe DCG from beingautomaticallyinterpretecdby the
normalPrologmechanismsinceit is merelydatafor theinterpreter

6.3.1 DCGin Prolog

We turn now to the designof a DCG interpreterin Prolog. The structureof the
interpreter—its useof pairsof string positionsto keeptrack of the portion of string
parsed—shouldy now befamiliar.

Theinterpreteris implementedy thepredicateparse correspondingo the predi-
cateprove intheProloginterpreter Theliteral parse(NT, PO, P) holdsif thestring
betweenpositionsP0andP canbe parsedas(i.e., is coveredby) the nonterminalNT
accordingto the de nite-clausegrammar A nonterminalkoversa stringbetweerntwo
positionsif thebody of a matchingrule doesalso.

parse(NT, P_0, P) :-
(NT ---> Body),
parse(Body, P_0, P).

If thebodyhassereralparts,all mustbe matchedjn order

parse((Bodyl, Body2), P_0, P) :-
parse(Bodyl, P_0, P_1),
parse(Body2, P_1, P).

Theemptystring,encodedvith [ ], coversno string.
parse(], P, P).

A list of termsis treatedasa list of terminalsymbolsto be founddirectly connecting
thepositionsin thestring.

parse(Word|Res t], P_0, P) :-
connects(Word, P_0, P_1),
parse(Rest, P_1, P).

Finally, recallthatthe PrologDCG bracenotationallows a kind of level-crossingoe-

tweenDCGsandProlog—art‘escape’to Prolog. Toimplementthislevel-crossingwe

needa way of interpretingtermsasliterals and executingthem. The call predicate
senesthis purposeijts usein implementingthe DCG escapéo Prologis asfollows:
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parse({Goals}, P, P) :- call(Goals).

For completenessye repeatthe de nition of the connects predicateporiginally de-
ned by Program3.8in Section3.4.2.

connects(Word, [Word|Rest], Rest).

Exercise 6.4 Testthe DCG interpreter just de ned with a smallDCG on a few sen-
tencego corvinceyourselfthatit actuallyimplementshe DCG correctly.

6.3.2 DCGinDCG

The astutereadermay have noticedthat the DCG interpreterpresentedabore is in

just theform of a DCG translatednto Prolog. Thus,theinterpretercould have been
moresuccinctlystatedoy writing it asa DCG itself! In particular thefollowing DCG
implementsa meta-circulaDCG interpreter

Program 6.4
- 0p(1200,xfx,--->)

parse(NT) -->
{NT ---> Body},
parse(Body).

parse((Bodyl,Bo dy2)) -->
parse(Body1),
parse(Body?2).

parse(l) --> [I.

parse([Word|Res t]) -->
[Word],
parse(Rest).

parse({Goals}) --> {call(Goals)}.

Exercise 6.5 Extendthe DCG interpreter in Program 6.4 so that it automatically
builds a parsetreerepresentatiorof the parsedexpression.This correspondsxactly
to the problemof automaticallygeneiting a proof treein the Prolog interpreter You
maywantto referto the discussiorprecedingProblem3.7 for an applicabletreeen-
codingmethodor usethe=.. operator of Section5.1.6to build more standad tree
encodings.
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6.3.3 AnInterpreter for Filler-Gap DCGs

Filler-gapdependenciesonstitutea setof linguistic phenomenavith a quite cumber
someencodingin DCGs,aswe have seenin Sections4.2.3and4.2.7. This problem
hasbeennotedby mary peopleworkingonthedesignof logic grammarsandhasbeen
theinspirationfor alarge numberof the logic grammarformalismsextendingDCGs.
As notedin Sectiord.2.7,thegap-threadingncodingof ller -gapdependencielends
itself to usein implementingan extensionof DCGsto handle ller -gapdependencies
becaus®f the simple,regularstructureof the extra ller -list agumentit requires.

In this sectionwe will developaformalism,FG-DCG,thatallows a simplerstate-
mentof ller -gapconstraint@andconstructninterpreterfor it. FG-DCGrulesappear
for themostpart,identicalto DCG rules(exceptusingthe operator---> asusualfor
interpretation).However, to directly state ller -gapconstraintsve mustaddto DCGs
the ability to declarewhich constituentsare llers, which areislands,andwhatnon-
terminalscanbe realizedas gaps. Variousextensionsto DCGsto handle ller -gap
phenomenadave takendi erentapproacheso this notationalproblem. We will use
thefollowing notations.

A ller of type requiringagapoftype will benotatedasatermof theform
fills , Wherefills  isanin x Prologoperator

An island of type will be notatedas a term of the form island , where
island is apost x Prologoperator

Thefactthatagapof type canberealizedas (usually the emptystring),is
notatedby the FG-DCGrule:

gap( ) -—>

Theinterpretatiorof thespecial ller andislandspeci cationsin anFG-DCGrule
is asfollows: A term fills matchesa constitueniof type , but requiresthata
gapof type befoundwithin somesiblingto theright of . A phrasecoveredby the
term island canneverhave a gapwithin it thatis lled outsideit. A useof arule
of theformgap( ) ---> . mustalways Il agap.

As a simple exampleof an FG-DCG grammay we rewrite the grammarof Pro-
gram4.4 in the new notation. For brevity, we lease out the lexicon, which is un-
changedrom theearliergrammarWe alsoaddanew rule for ditransitve verbphrases
to highlight the factthatthis grammardoesnot fall prey to thedi cultiesmentioned
in Sectiord.2.7.

Program 6.5
s ---> np island, wvp.

np ---> det, n, optrel.
np ---> pn.

vp ---> dv, np, np.
vp ---> tv, np.
vp ---> v

optrel ---> .
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optrel ---> TJthat] fills np, s.
optrel ---> [that], wvp.

gap(np) > [

Note that the grammarencodeshe ller -gap dependenciethat were implicit in the
earliergrammarfar moresimply anddirectly.

An interpreterfor FG-DCGsis a straightforward extensionto the DCG meta-
circularinterpreterof Programé.4. First, we declarethe necessargperators.

- 0p(1200,xfx,--->)
- op(300, xfx, Mfills).
- op(300, xf, island).

Next, we augmenthe parse predicatewith anargumentfor the ller list. Thus
theclauseof theinterpretelecome

parse(NT, FO-F) -->
{NT ---> Body},
parse(Body, FO-F).
parse((Bodyl,Bo dy2), FO-F) -->
parse(Bodyl,FO- F1),
parse(Body2,F1- F).

parse([], FO-FO) --> [].
parse([Word|Res t], FO-F) -->
[Word],
parse(Rest, FO-F).

parse({Goals}, FO-F0) --> {call(Goals)}.

Finally, we requirespecialrulesfor islands, llers, andgaps.An islandis parsed
asaconstituentvith empty ller list.

parse(NT island, FO-F0) -->
parse(NT, FO-FO0).

A list of nonterminalghe rst of whichis a ller is parsedby parsingthe ller , then
parsingtherestof thelist but with anadditionalelementonthe ller list—thetype of
gapthatthis ller correspondso.

parse((NT fills  GapType,Body2), FO-F) -->
parse(NT,FO-FO0) ,
parse(Body2,[Ga pType|FO]- F).

Finally, anonterminaNTcanberealizedasa gapcorrespondingo a ller in the ller
list if thereis arule

gap(NT) ---> Body.
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andthe Body canitself be parsed. Of course,in mostcasesBody will encodethe
empty string, but this additional ability to specify nonemptybodiesof “gap” con-
stituentsallows usto useFG-DCGsfor otherlong-distancedependenciesuchasre-
sumptive pronounsin which the ller is associatedvith a pronounembeddedn the
sentence.

parse(GapType, [GapType|FO]-FO) -->

{9ap(GapType) ---> Body},
parse(Body, FO-FO).

Exercise 6.6 Modify thegrammarof Program4.5to usethe FG-DCG notation.

6.4 Partial Executionand Compilers

Usinganinterpretetto interpreta Prologprogramis in generaimuchlesse cientthan
executingthe programdirectly. Thusinterpretersareof little useunlessthe language
they interpretis an extensionof Prolog; otherwise,using Prologitself is an equiva-
lentandmoree cientmethod. We canrecoupsomeof thee cieng lostin using
an interpreterby translatingor compiling the extendedlanguageinto Prolograther
thaninterpreting it with aninterpreter For just this reason DCGsare compiledinto
equivalentPrologprogramaupontheir beingreadinto the Prologsystem.

Fromanintuitive standpointthedi erencebetweeracompilationandsubsequent
executionof a programand interpretationof the programis that the former moves
someof the predictableproof stepsto an earlier phaseof processing. The idea of
performing proof stepsat an earlier stageis reminiscentof the notion of partial
executionintroducedin Section4.1.4. In this section,we groundthis intuition by
developinga programto partially executeclausesandusingit to build a compilerfor
de nite-clausegrammars.

6.4.1 Partial Execution Revisited

Recallthe basicPrologproof stepof SLD resolution(Section3.5.3). Resolutionpro-
ceedsby picking a literal in a clauseand replacingit with the body of a matching
clauseunderthe unifying substitutionof the literal andthe headof the clause.Partial
executionof a clausemerely performscertainof theseresolutionstepsat an earlier
stageof computation,called compiletime. Sincethe order of resolutionsis thereby
changedpartial executionis only soundin the subsebf Prologin which the orderof
selectionof literalsis not critical to the correctnes®f executionof the program,that
is, in pureProlog. A clause(which we will call the program clausg is thuspartially
executedwith respecto a setof predicategcalledauxiliary predicate$ by resolving
the clauseon literals containingthesepredicatesand recursvely partially executing
theresolhent,until no moresuchresolutionscanbe performed.

Executinga goal involving the program predicate(the predicatede ned by the
programclauseor clauses)isingall possiblepartial executionsof the programclauses
is equivalentto executingit usingthe original programclausesplus all the auxiliary
clausesaswell. Consequentlywe canreplacethe programandauxiliary clausesy
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the clausegesultingfrom partial execution. It is not necessaryo resole literalsin
the programclausesagainstthe programclausegshemseles,astheir equivalentswill

be availableat run time aryway. Furthermoreijt is fortunatethat suchrecursve res-
olutionsarenot neededasthey mightleadto nonterminatiorof the partial execution
facility.

Partial executionthusrequiresa recursve traversalof a clauseandits literals just
asan interpreterdoes. But insteadof proving eachsubgoal,we replaceit with its
de nition. Thusthede nition of apredicatéo computeherelationbetweeraprogram
clauseandits partial executionsfollows the form of aninterpretermrelatively closely
To partially executea clausewe merelypartially executeits body.

partially_execu te( (Head:- Bady),
(Head:-ExpandedBody) ) :- |,
partially_execu te( Bady, ExpandedBody).

To partially executea conjunctionof goals,we partially executethe rst literal andthe
restof theliteralsandconjointheir expansions.

partially_execu te( (Lit eral, Rest), Expansion) :- !
partially_execu te( Liter al, ExpandedLiteral),
partially_execu te( Rest, ExpandedRest),
conjoin(Expande dLiteral , ExpandedRest,
Expansion).

We will replaceliterals with their de nitions only if they are speci ed as auxiliary
literals. The predicateaux_literal  speci es which literals are subjectto partial
execution. Furthermorewe requirethat thereexist at leastone clausematchingthe
literal. Otherwisetheliteral is left unchanged.

partially_execu te( Literal , Expansion) :-
( aux_literal(Lit eral) ,
match_exists(Li ter al) )
-> ( clause((Literal - Body)),
partially_execute  (Body, Expansion) )
;  Expansion = Literal.

Testing Existence and Double Negation

To determinewhethera matchexists, we cancheckthat the setof clauseswith the
literal asheadcontainsat leastoneelement.

match_exists(Li ter al) :-
setof(Body, Literal*clause( (Li teral:- Bady)),
[ Clause|_Other s]) .

This de nition, thoughcorrect,is quite ine cient. A naive implementationof
match_exists merelylooksfor a matchingclause.

match_exists(Li ter al) :-
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clause((Literal - Body)).

However, this de nition hasthe unwantedside e ect of actually binding variables
in Literal dependingon what clausewas found. Furthermorejf thereare several
matchingclausesthis de nition will allow backtracking.

A commontrick for solving problemsof unwantedbindingsis the doubleuseof
the negation-as-&ilureoperaton+. In the caseat hand,we canchangethe de nition
asfollows:

Program 6.6
match_exists(Li ter al) :-
\+ \+ clause((Literal - Body)).

Lookingjustatthelogic, pand:: p areequialent.However, theimplementation
of negationasfailure makessurethatin executingagoal\+ G all bindingsto G will
beundonethusmatch_exists will leavelLiteral unchanged.

Thisdoubleuseof negationis avery commondevice in Prologmetaprogramming.
It mustbe stressedhat nothingin the device hasa direct logical interpretation. In
particular \+ is being usedto undo bindingsof variables,but aswe have seen\+
cannotbeinterpretedas“failureto prove” if calledwith anongroundargument!

A Sample Partial Execution

Usingthis de nition of partial executionwe cancheckthe earlierclaimsmadeabout
it in Chapter4. For instancewe canpartially executethe clauseat the endof Section
4.15

vp(Z"s) -->
tv(TV), np(NP),
{reduce(TV,Z,IV ),
reduce(NP,IV,S)} .

with respecto reduce literals

aux_literal( reduce(_, , ) ).
underthede nition of reducegivenin Program4.1

clause(( reduce(Arg"Expr, Arg, Expr) :- true )).
with the query

?- partially_execute ( (vp(Z*S, PO, P) :-
tv(TV, PO, P1),
np(NP, P1, P),
reduce(TV,Z,1V),
reduce(NP,IV,S) ),
Expansion ).
Expansion = vp(Z~S, PO, P) :-
tv(Z"I1V, PO, P1),
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np(IV-S, P1, P)
yes

Notice that this is just the Prolog encodingof the partial executionresultgiven in
Sectior4.1.5.

6.4.2 Compiling by Partial Execution

A simple compilerfor an objectlanguagecan be written using partial executionof
its interpreter We divide the clausesof the interpreter(metaclausésinto program
andauxiliary clausesthe clauseghatactuallyinterpretthe objectclausesof the ob-
ject languageare the programclauses,the rest auxiliary. We will distinguishthe
two clausesby usingthe predicateclause for the auxiliary clauseqasabove) and
program_clause for programclauses.

Thecompilergeneratesll possiblepartial executionsof the programclauseswith
respecto predicatesle ned in the auxiliary clausesandassertghe resolhentsgener
ated.Thedriverfor thecompileris, then,quitesimple.

compile :-
program_clause( Clause),
partially_execu te( Clause, CompiledClause),
assert(Compiled Clause),
fail.

This clausebacktrackgepeatedlybecausef thefail ) until no more partial execu-
tions of programclausesare possible. This methodfor cycling throughsolutionsis
known asa failure-drivenloop. As a sidee ect, it assertsall of the partial execu-
tionsinto the PrologdatabaseThe Prologinterpretey processingjueriesusingthese
assertealausesis executinga compiledform of the objectlanguage.

As an example,we build a compilerfor DCGs. We merely separatdhe DCG
interpretelinto a singleprogramclause

program_clause( ( parse(NT, P_O, P) :-
(NT ---> Body),
parse(Body, P_0, P) )).

andseveralauxiliary clausestreatingparse and---> asauxiliary predicates.

Supposehe DCG of Program3.11 is compiledusing this compiler, thatis, the
compiler and the DCG (encodedusing the operator---> ) are loadedinto Prolog,
andthe compile predicates invoked. Onepossiblepartial executionof the program
clauseinvolvesresolvingtheliteral NT ---> Bodyagainstthe rst rule of the gram-
mar. Thisresolutionrequiregheunifying substitutionrNT = s(s(NP,VP)), Body =
(np (NP) ,vp(VP)). The body of the unit clauseis justtrue . The partial execution
of parse((np(NP), vp(VP)), PO, P) resultsin the conjunctionparse(np(NP),
PO, P1), parse(vp(VP), P1, P).Conjoiningthiswith thebodyoftheunitclause
expandingthe rst literal leavestheformerunchangedThusthefull partialexecution
of theprogramclauseiss, in thisinstance,

parse(s(s(NP,VP )), PO, P) :-
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parse(np(NP), PO, P1),
parse(vp(VP), P1, P).

Clearly, thisis acompilationof theDCG rule into Prolog,albeitslightly morecomplex
thanthe standardcompilation,namely

s(s(NP,VP), PO, P) :-
np(NP, PO, P1),
vp(VP, P1, P).

Thefull text of the compiler, including the programfor partial executionandthe
encodingof theinterpretelis givenin AppendixA. This versionaddsa rewriting step
to corvertliteralsof theform

parse(nt(...), Pi, P))
to literals of themorefamiliarform
nt(...,  Pi, Pj)
A samplerun of the compilerusingthe grammarof Progran3.11is asfollows:

?- compile.
Asserting "s(s(NP,VP),PO,P):-

np (NP,PO,P1),vp(VP,P1,P). "
Asserting "np(np(Det,N,Rel),PO,P):-

det (Det,P0,P1),

n(N,P1,P2),

optrel(Rel,P2,P)."
Asserting "np(np(PN),PO,P):-pn(PN,PO,P)."
Asserting "vp(vp(TV,NP),PO,P):-

tv(TV,P0,P1) ,np(NP,P1,P)."
Asserting "vp(vp(IV),PO,P):-iv(IV,PO,P)."
Asserting "optrel (rel(epsilon),PO,P):-true."
Asserting "optrel (rel(that,VP),PO,P):-

connects (that,P0,P1),

vp(VP,P1,P)."
Asserting "pn(pn(terry),PO,P):-

connects (terry,P0,P)."
Asserting "pn(pn(shrdlu),PO,P):-

connects (shrdlu,P0,P)."
Asserting "iv(iv(halts),PO,P):-

connects (halts,PO,P)."
Asserting "det(det(a),PO0,P):-

connects(a,P0O,P)."
Asserting "n(n(program),PO,P):-

connects (program,P0O,P)."
Asserting "tv(tv(writes),PO,P):-

connects(writes,P0O,P)."
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Asserting "connects(Word, [Word|Rest],Rest):-true."
no

?- s(Tree, [terry,writes,a, programth at,halt s], []).
Tree = s(np(pn(terry)),
vp(tv(writes),
np(det(a),
n(program),
rel (that,
vp(iv(halts))))))

yes

Comparehis behaior with thatof theoriginal DCG asdescribedn Section3.7.1.

6.4.3 Generality of the Method

Thetechniqueusedhereto build theDCG compileris quitegeneral. Thecompile and
partially_execut e predicatezanbethoughtof togetherasa metacompilerin that
they will corvertanyinterpreterfor alanguagewrittenin pureProloginto acompiler
for the samelanguage. Sincethe only operationsperformedon the interpreterare
resolutions.the compiler therebyderived is guaranteedo be soundwith respectto

theinterpreter And sinceall possibleresolutionsare done,the compileris complete
aswell. Thuspartial executionprovidesa way of generatingcorrectcompilersfor a

languageagivenaninterpreterfor thelanguage.

Furthermoreby adjustingwhich clausesareprogramclauseavhosepartialexecu-
tionswill remainin thecompiledversionandwhich areauxiliary clauseghatareto be
“compiled away”, the degreeof compilationcanbe tuned. By increasinghe number
of auxiliary clausesmore of the work is doneat compile time and fastercompiled
grammarsarederived. However, therearelimits to this processIf too muchwork is
attemptecht compiletime, the compile-timestepmay not terminate ,or the compiled
grammamaygrow explosively in size. Thegeneralityof this methodallows solutions
to suchtrade-o sto bedevelopedexperimentally

Anothermethodfor evenmore nely tuningthe partial executor beyondthe abil-
ity to make clausesprogramor auxiliary clausesjs to predicatepartial executionon
variousconditionsspeci edin theantecedentf auxiliary literals. For instancewe
couldrequirethatliteralsof agivenauxiliary predicatebepartially executeconly when
the literal is of a certainmodeor its agumentsare of a certainform. An especially
interestingconditionon partialexecutionis thattheliteral matchexactly oneclausen
the databaselUnderthis requirementpartial executionwill only remove literals that
canbe resohed deterministically Many otherpossibilitiesfor controlling the partial
executorcouldbe easilyimplementedn this way.

Exercise 6.7 Write a compiler which compilesDCGs into Prolog programs that
parsesentencewhile building parsetreesfor themsimultaneouslyandautomatically
You maywantto usethe solutionto Exercise6.5.

Exercise 6.8 Suppos&vecompilethe pure Prolog programfor conc givenin Program
3.3into Prolog usinga compilergenertedfromtheProlog interpreterof Program6.1.
WhatdoesProgram 3.3 compileto?
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6.5 Bottom-Up Parsing

Prologsuppliesby default a top-down, left-to-right, backtrackparsingalgorithmfor
DCGs. It is well known that top-davn parsingalgorithmsof this kind will loop on
left-recursve rules(cf. the exampleof Program2.3). Althoughtechniquesareavail-
ableto remove left recursionfrom contet-free grammarsthesetechniquesare not
readily generalizabléo DCGs, and furthermorethey canincreasegrammarsize by
largefactors.

As an alternatve, we may considerimplementinga bottom-upparsingmethod
directly in Prolog. Of the variouspossibilities,we will considerherethe left-corner
methodin oneof its adaptationso DCGs.

For programmingcornveniencethe input grammarfor the left-cornerDCG inter-
preteris representeh aslightvariationof the DCG notation. Theright-handsidesof
rulesaregivenaslists ratherthanconjunctionsof literals. Thusrulesareunit clauses
of theform, e.g.,

s -—-> [np, vp).

or
optrel ---> .

Terminalsareintroducedby dictionaryunit clausef theform
word(w,PT).

in which PTis the preterminalkcateyory of terminalw. As anexample,the grammarof
Program3.11would beencodedn this formatas

s(s(NP,VP)) ---> [np(NP), vp(VP)].
np(np(Det,N,Rel )) --->

[det(Det), n(N), optrel(Rel)].
np(np(PN)) --->  [pn(PN)].
vp(vp(TV,NP)) ---> [tv(TV), np(NP)].
vp(vp(lV)) ---> [iv(IV)].
optrel(rel(epsi lon)) --> ]
optrel(rel(that VP)) ---> [relpro, vp(VP)].

word(that, relpro).

word(terry,  pn(pn(terry))).
word(shrdlu,  pn(pn(shrdlu))).
word(halts, iv(iv(halts))).
word(a, det(det(a))).
word(program, n(n(program))).
word(writes,  tv(tv(writes))).

Beforewe discusdeft-cornermarsingwe needo introducesometerminology The
left-cornerof a phraseis theleftmostsubconstituenof thatphrase Similarly, the left
corner of a rule is the rst elementon the right-hand-sideof the rule. Oftenwe will
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refer to the transitive closureof the left-cornerrelationusingthe term left corner as
well, letting context determinghe particularsenseve mean.Thus,in theparsetreeof
Figure2.4,NP s theleft cornerof S, but DetandS areleft cornersof S aswell.

Thebasicideaof left-cornerparsingis to key eachrule o  of its left corner When
a phrasds found, rulesthat have that phrasetype astheir left corneraretried in turn
by looking for phraseghat spanthe restof the right-hand-sideof therule. If therest
of arule is satis ed, the left-handsideis usedto iteratethe processy picking rules
with thatphrasetype asleft corner Parsingthusproceedsottom-upby looking for
phrasewhoseleft-mostsubphraséasalreadybeenfound. The entire procesdegins
with asubphras¢hatis guaranteetb bealeft cornerof thewholeexpressionnamely
the leftmostleaf of the parsetree. To parsean expressionasbeingof type Phrase,
we take the next potentialleafin the expressiorandprove thatit is aleft cornerof the
phrase.

parse(Phrase) -->
leaf(SubPhrase),
lc(SubPhrase, Phrase).

Terminal symbolsare obviously candidateleaves of the parsetree. We usethe
binarypredicatevord(Word, Cat) to encodehelexicon.

leaf(Cat) --> [Word], {word(Word,Cat)}.

In addition,a catgyory canbe considereda leaf if thereis arule admittingit with an
emptyright-handside.

leaf(Phrase) --> {Phrase ---> []}.

The proof that some subconstituenof type SubPhrase is a left corner of a
SuperPhrase involvesparsingthe part of SuperPhrase to theright of the left cor-
ner Thelc(SubPhrase, SuperPhrase) literal thuscoversall of the SuperPhrase
exceptfor its left cornerSubPhrase The basecasefor proving the left cornerrela-
tionshipfollows from ary phrasebeinga left cornerof itself.

Ic(Phrase, Phrase) --> [].

Otherwise we caninfer that SubPhraseis a left cornerof SuperPhrase if we can
nd arulethatSubPhraseis aleft cornerof andparsetheremaindenof therule, nally
proving thattheleft-handsideof therule is itself aleft cornerof SuperPhrase.

Ic(SubPhrase, SuperPhrase) -->
{Phrase ---> [SubPhrase|Rest ]},
parse_rest(Rest) ,

Ic(Phrase, SuperPhrase).

Parsingtherestof theright-handsideinvolvesa standardist recursion.

parse_rest([]) -> ]
parse_rest([Phr ase|Phrases]) -->
parse(Phrase),
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parse_rest(Phras es).

As an exampleof the operationof the left-cornerparserinterpretinga grammayr
we will considerthe sentencéa programhalts” parsedwith the grammarabove. The
initial queryis

?- parse(s(Tree), [a, program, halts], []).

To prove this is a grammaticalS, we nd a leaf andprove it is the left-corner
of the S. There are two possibleleaves at the beginning of the string, namely
the leaf(det(det(a))) derived from the lexical entry for the word a, and the
leaf(optrel(rel( epsil on))) derived from the rule for empty relative clauses.
Choosingthe former, we mustprove Ic(det(det(a)), s(Tree)) . Sincethetwo
argumentsare not uni able, the rst Ic rule is not appropriate.Instead,the second
ruleis invoked.We must nd arule with adetermineasits left corner namely

np(np(Det,N,Rel )) --->
[det(Det), n(N), optrel(Rel)].

Using this rule, we mustparsethe rest of the right-handside to prove that the Det
is the immediateleft cornerof an NP. We will omit detailsof this subproof,which
proceedsby left-cornerparsingitself. The proof doessucceedgcovering the string
“program” and instantiatingN to n(program) andRel to rel(epsilon) . Finally,
we mustprove thatthe np(np(det(a), n(program), rel(epsilon)) is the left
cornerof the entire S. Notice that we have madesomeprogress. We startedout
attemptingto prove that the Det is the left cornerof the S and have generatedhe
smallertaskof proving thattheNP is.
TheNP s theleft cornerof S by virtue of therule

s(s(NP,VP)) ---> [np(NP), vp(VP)].

But two subgoalsare requiredto be proved. First, we must parsethe rest of the
right-handside, the VP. Again, we will omit details,but notethatthe goal succeeds
binding VPto vp(iv(halts)) . Thenwe mustprovethats(...) is aleft cornerof
s(s(Tree)) . Thissucceed®y the rst Ic clause binding Tree to the parsetreefor
theentiresentencenamely

s(np(det(a),
n(program),
rel(epsilon))
vp(iv(halts)))

This completeghe proofsof the variouspendinglc goalsandthe original query
itself.

6.5.1 Linking

In the previous discussion,we glossedover a problemin the directednes®f the
left-cornerparser The parseyin choosingamongpossiblegrammarrulesor leaves
malesno useof information concerningwhat type of expressionit is attemptingto
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parse. For instance,in the discussionof the choice betweenleaf(det(det(a)) )
andleaf(optrel(rel( epsil on))) atthestartof the parse,we merelynotedthat
the former was correct. Of course,if the parserhad chosento pursuethe latter, it
would eventuallydiscover thatit hadfolloweda blind alley andbacktrackto the cor-
rectchoice.But aconsiderablymoree cientway of eliminatingthe latter possibility
is to notice(by inspectionof thegrammar)hatanoptrel of anysortcanneverbea
left cornerof ans.

Supposeve tabulatesomevery generakonstraint®of this sortconcerningpossible
left cornersusing(for historicalreasonsjhe predicatdink .

link( np(), s() )
link(  det( ), np() )
link( det( ), s() )
link( pn(), np() ).
link( pn(), s() ).
link(  tv(), vp() ).
link( iv(), vp() )
link( relpro, optrel( ) ).
link(  NT, NT ).

(The last clausesaysthat ary nonterminalis a left cornerof itself.) We canusethe

informationasaninexpensvetestof whethera branchin the parsingsearchspacecan

atleastpotentiallyyield a solution. For example,the parse clausecould bechanged
to make useof thelink tableasfollows:

parse(Phrase) -->
leaf(SubPhrase),
{link(SubPhrase, Phrase)},
Ic(SubPhrase, Phrase).

With this modi ed de nition, the leaf(optrel(rel( epsil on))) would fail the
linking test; consequenthyno further computationwould be expendedon that possi-
bility.

Similarly the secondulefor Ic couldbe changedo

Ilc(SubPhrase,Su perPhrase) -->
{Phrase ---> [SubPhrase|Rest ],
link(Phrase, SuperPhrase)},
right(Rest),

Ic(Phrase, SuperPhrase).

to limit rule choiceto thosewhich could at leastpotentially be left cornersof the
SuperPhrase beinglookedfor.

The modi cation of the left-cornerparserusinglinking information providesan
elemenbf top-down Itering into the parsingprocessSucha parsemoesnot follow a
purelybottom-upor a purelytop-donvn regimen,but usesbothkinds of informationin

nding aparse.
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We will not pursuefurther herethe questionof nding goodlink de nitions.
Clearly, however, we would want to useautomaticmethodsfor developingthe link
tables ratherthanthe handcodingusedin this section.

6.5.2 Compiling DCGsinto Left-Corner Parsers

Usingthetechniquesf Section6.4.2,we canwrite aDCG compilerthatcorvertsDCG
grammargncodedsfor theleft-cornerinterpreteinto left-cornerPrologparsersThe
programclausesare thosethat actually interpretthe partsof the encodedgrammar:
thetwo leaf clausesaandthetwo Ic clauses.n addition,the single clausesie ning
connects andparse areaddedasprogramclausesothatthey will bepassedhrough
unchangednto the compiledstate,just asthe connects clausewasin the previous
compiler

The restof the clauseqincluding thoseembodyingthe DCG itself) are auxiliary
clausedle ning theauxiliary predicates--> , word, andparse_rest .

Exercise 6.9 Modify the DCG compilergivenin AppendixA as describedabove so
that it constitutesa program to compile DCGs into left-corner parsers. The nal
rewriting stepshouldberemored.

Executingthe compileron the encodedgrammarof Program3.11yields the fol-
lowing behavior.

?- compile.
Asserting "connect (Word, [Word|Rest],Rest) :- true."
Asserting '"parse(Phrase,PO,P) :-
leaf (SubPhrase,P0,P1),
lc(SubPhrase,Phrase,P1,P)."
Asserting "leaf (pn(pn(terry)),P0,P) :-
connect (terry,P0,P)."
Asserting "leaf (pn(pn(shrdlu)),PO,P) :-
connect (shrdlu,PO,P)."
Asserting "leaf(iv(iv(halts)),PO,P) :-
connect (halts,PO,P)."
Asserting "leaf (det(det(a)),PO,P) :-
connect (a,P0,P)."
Asserting "leaf (n(n(program)),PO,P) :-
connect (program,PO,P) . "
Asserting "leaf (tv(tv(writes)),PO,P) :-
connect (writes,PO,P)."
Asserting "leaf (relpro,PO,P) :-
connect (that,PO,P)."
Asserting "leaf (optrel(rel(epsilon)),PO,P0):-true."
Asserting "lc(Phrase,Phrase,P0,P0) :- true."
Asserting "lc(np(NP),SuperPhrase,PO,P) :-
parse (vp(VP),P0,P1),
lc(s(s(NP,VP)),SuperPhrase,P1,P)."
Asserting "lc(det (Det),SuperPhrase,P0,P) :-
parse(n(N),P0,P1),
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parse (optrel(Rel),P1,P2),
lc(np(np(Det,N,Rel)),
SuperPhrase,P2,P)."
Asserting "lc(pn(PN),SuperPhrase,P0O,P) :-
lc(np(np(PN)),SuperPhrase,P0,P)."
Asserting "lc(tv(TV),SuperPhrase,P0,P) :-
parse (np (NP) ,P0O,P1),
lc(vp(vp(TV,NP)),SuperPhrase,P1,P)."
Asserting "lc(iv(IV),SuperPhrase,P0O,P) :-
lc(vp(vp(IV)),SuperPhrase,P0,P)."
Asserting "lc(relpro,SuperPhrase,P0,P) :-
parse (vp(VP),P0,P1),
lc(optrel(rel(that,VP)),
SuperPhrase,P1,P)."
no

?- parse(s(Tree),
[terry, writes, a, program, that, halts],
0.
Tree = s(np(pn(terry)),
vp(tv(writes),
np(det(a),
n(program) ,
rel (that,
vp(iv(halts))))))
yes

The rst two rulesare copiesof the de nitions for parse andconnects. The next
six arethe compiledversionof thelexicon; thesearefollowed by the singlecompiled
epsilonrule. Finally, the compiledversionsof the othergrammarulesaregenerated.
Again, the compiledgrammarcomputesthe samelanguageand treesas if directly
interpretedby Prolog. However, Prolog's top-donvn control stratgy in executing
the compiledgrammarproduceshe samebehaior asthat of the left-cornercontrol
stratgy in executingthe original DCG. Furthermorepecauséhe generalleft-corner
interpretethasbeenreplaceddy specializedules,theresultingprogranwill runmuch
fasterthantheinterpreteroperatingover the original grammar

6.6 Tabular Parsing

6.6.1 Inefficiencies of Backtracking

As we have seen,Prologusesstrict chronologicalbacktrackingto searchfor a proof
of agoal. If aparticularsubgoakannotberesohed,all thework sincethe mostrecent
resoled goal for which therearestill alternatve clauseswill be undone.Intuitively,
this is the reasonfor the worst-caseexponentialcost of backtracksearch(Aho and
Uliman, 1972). In practicalapplicationsthis theoreticalworst casemay not matter
becauseheremaybe practicalboundsoninputlength(e.g.,typical Englishsentences
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areshort)andthee cieng/ of Prologmayo setthe potentialgainsof moresophisti-
catedsearchprocedures$or practicallyoccurringinputs. Neverthelessit is worthwhile
to look attheissuein moredetailto getagoodunderstandingf thetradeo sinvolved.

We will startwith avery simpleexample.A ditransitve verblik e givecanbeused
in two ways.

Alfred gave abookto every student
Alfred gave every studenta book

An obviousway of coveringthesetwo constructionss to usethetwo rules

vp --> dv, np, pp(to).
vp --> dv, np, np.

Now supposethat we are using theseDCG rulesto analyzethe verb phrasein
the secondsentenceabove, andthat we have appropriaterules for the noun phrase,
prepositionalphrase,and ditransitve verb  Prologwill rst try the earliervp rule.
The word gavewill be assignedo the cateyory dv andthe phraseevery studentto
the category np. The parsemwill look next for a prepositionabhrasebeginning with
the prepositionto. However, the next word is a, so Prologbacktracks.Assumingno
morechoicesn the analysisof “every student’asa hounphraseor in theassignment
of the ditransitve verb cateyory to gave Prologwill have to undotheseintermediate
analysesandtry the next alternatve rule for verb phrasethe secondule above. This
rule will immediatelygo on to reassigrthe category dv to gaveandreanalyze'every
student”asnp, eventhoughthis analysishadalreadybeendonewhenattemptingthe
rst rule.

Theredundang just describeds notrestrictedto top-davn parsingmethods.The
sameargumentwould showv similar redundancie$n usingthe left-corneralgorithm
discussectarlier In fact,thesituationhereis evenworsebecauseheleft-corneralgo-
rithm haslesstop-dovn guidance.

6.6.2 Tabular Parsingin the Abstract

In tabular parserdor context-freegrammarstheredundanyg justdescribeds avoided
by storingphrasegustrecognizedn aphrasetable (alsocalledachart or well-formed-
substringtable) indexedby thestartandendpositionsof thephrasesn theinputstring.

In general,at ary pointin its executiona parserwill be looking for phrasesof
sometype N startingin a certainrangeof positionsS and nishing in a certainrange
of positionsE in the input string. In the discussiorthat follows, we will represent
theseconstraintson what the parseris looking for by the expressionN(S; E). The
connectionof this notationwith the mappingfrom nonterminalsto predicatesn a
DCG s no coincidenceaswe shall see. For the moment,we will take a phrasetype
asrepresentingomesetof acceptableonterminalsanda positionrangeasdenoting
somesetof stringpositions.

Thus,whenlooking for sometype of phraseN(S; E), the phrasdableis consulted
for phrasesp(i; j) satisfyingN(S; E), thatis, with p 2 N, i 2 Sandj 2 E. There
is a crucial subtletyhere. If the table doesnot alreadycontainall possiblephrases
satisfyingN(S; E), the parsemill notknow whetherto usesomephraserom thetable
or to try andrecognizealternatve phrasessatisfyingN(S; E) usingthe rulesin the
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grammar But the latter optionis just ascostly aslooking for phrasesafreshwithout

thephraseable. Thusthe phrasdableis usableonly if all phrase®f agiventypeare
storedin thetablebeforeary attemptis madeto usethetableto look for phrase®f that
type. Consequentlytheremustbe a way of recognizingwhetherthetableis complete
for acertaintype. We call this constrainton tableentriesthe completenessondition®

In takular context-free parserscompletenesss achieved by looking only for certain
speci ¢ phraseypesandbuilding thetablein a certainorderthatguaranteea phrase
typewill beconsultedonly afterit is completed.

For instance the generalizedCocke-Kasami-bunger(CKY) bottom-upcontext-
free parsercanbe thoughtof in thisway. In the CKY algorithm,smallerphrasesre
alwaysaddedto thetablebeforelargerphrasesThe phraseypesunderconsideration
by the algorithm are of the form V(i; j) whereV standsfor the setof all grammar
symbols(terminalsandnonterminalsandi and j arespeci ¢ string positions. Since
thetableis completefor all substringsof the string between and j, we merelyneed
to checkeachrule,say A! B; Byin G, andlook for n+ 1 positionsky throughky,
suchthati = kg andk, = j andeachk; is greaterthank; 1, andsuchthatthe B, are
in thetableunderV(kn, 1;km). If sucha setof positionsexists,thenA canbe addedto
thetableunderV(i; j). By performingthe searcHor rulesandpositionsin all possible
ways, we cancompletethe tablefor V(i; j), in which caselarger stringscanthenbe
analyzed.

Thusthe CKY parsingalgorithm builds the table by looking for phrasesf type
V(i; j) for largerandlargerj .

6.6.3 Top-Down Tabular Parsing

In top-down parsing,on the otherhand,the algorithmwill in generalbe looking for
phrasef a giventypet startingat a given positioni but with unknovn endposition
(symbolicallyt(i;fjjj i9). Thusthealgorithmwill have to produceandstorein the
tableall possiblet phrasesstartingat i beforemoving on. If the analysislater fails
andthe samephrasetype is looked for at the sameposition,therewill be no needto
usethe grammay all possiblerelevant phraseswill alreadybein the table. In terms
of the previousexample,all nounphrasestartingwith theword everywill have been
storedwhenthe rst verbphraserule looksfor a nounphraseaftertheverb,sowhen
the secondrule looks for a nounphraseat the samepositionthe analyzednp will be
immediatelyfound.

With the de nite-clauseencodingof grammarsa phrasetableis just a store of
lemmas that is, consequencesf the grammaraxiomsthat have beenrecordedfor
futureuse.Theexistenceof anounphrasebetweermpositions?2 and4 of aninput string
canberepresentetly thelemmaexpressedsa unit clause

np(2, 4).

Actually, for easeof accessby an interpretey we will use the ternary predicate
known_phrase

known_phrase(np, 2, 4).

3Not to beconfusedwith thelogical notionof completeness.
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Thus,in generala phraseablemay be built by assertingappropriatéactsasthey
areproved. We canchangethe Prologtop-down parserto keepsuchatableby modi-
fying the DCG interpreterof Program6.4. We will assumeat rst thatgrammarsare
contt-free, thatis, that all nonterminalsare atomic, and alsothat the initial string
positionfor theanalysids given. As theanalysiproceeddrom left to right, theinitial
position of ary phrasebeing soughtwill thusbe known. Theserestrictionswill be
lifted later.

The interpreterusesthe predicateknown_phrase(Type, PO, P) to storeprevi-
ously proved lemmasthat a phraseof type Type exists betweenpositionsP0 and P
andthe predicatecomplete(Type, PO) to indicatethatthe known_phrasetableis
completefor the phrasetype Type startingat the string position PQ. The predicate
nonterminal identi es the nonterminalsn thespeci ¢ grammarbeinginterpreted:

Much of theinterpreteiis identicalto themeta-circulaDCG interpreteiit is mod-
eledon. In fact,theinterpreterdi ersonly onthe rst clausefor parse. This clause
checksthat its agumentNT is a nonterminaland then calls find_phrase to nd
phraseof typeNT

parse(NT, PO, P) :-
nonterminal(NT) ,
find_phrase(NT, PO, P).

Theremainingclausedor the parse predicatearerepeatecheremerelyfor com-
pleteness.

parse((Bodyl, Body2), PO, P) :-
parse(Bodyl, PO, P1),
parse(Body2, P1, P).

parse(, P, P).

parse([Word|Res t], PO, P) :-
connects(Word, PO, P1),
parse(Rest, P1, P).

parse({Goals}, P, P) :- call(Goals).

Thepredicatdind_phrase rst checkdo seeif thetableis completefor phrases
of type NTstartingat PO, andif so, usesit to pick up appropriatephraseshat have
beenpreviously computedandstoredin theknown_phrasetable. The cut guarantees
thatonly thetableis usedandno recomputatiorof phrasess performedf thetableis
complete.

find_phrase(NT, PO, P) :-
complete(NT, PO0), !,
known_phrase(NT, PO, P).

Otherwisejf thetablehasnotbeencompletedor thatphraseype,grammarulesare
usedto nd remainingphrase®f typeNT, andeachsuchphraseas assertedsaknown

4This couldbe avoidedat the costof makingthe codesomevhatmoreconvoluted.
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phrase As we aretrying to constructhetableof all phrase®f type NTstartingat PO,
we do not restrictrule expansionto phrasegerminatingwith P, but ratherleave the
checkfor aphrases nal positionuntil afterassertinghata phrasehasbeenfound.

find_phrase(NT, PO, P) :-
(NT ---> Body),
parse(Body, PO, P1),
assert(known_phr ase(NT, PO, P1)),
P1=P.

Finally, whenno remainingalternatve waysof nding aphraseof type NTstartingat
POexist, thetableis markedascompletefor that phrasetype at that startingposition,
andthe branchof computatiorthatrequiredmorealternatvesis failed. If someother
branchof the computationlater requiresthat sametype of constituentstartingat the
sameposition,only the rst clauseof find_phrase will beused.

find_phrase(NT, PO, ) :-
assert(complete( NT, P0)),
fail.

We have usedherethe nullary predicatefail , which is alwaysfalse,thatis, always
fails.

It is clearthatfind_phrase above hasbeendesignedior its side-e ectsrather
thanits logical content. This is commonpracticein building interpreters:To achieve
the appropriatebehaior in aninterpreterfor a declaratve language pne hasto deal
with proceduralssuessuchasthe sequencin@f operations.

Checking Nonterminal Status

Thede nition of thenonterminal predicatecanproceedn severalways.Firstof all,
extensionalde nition is possibleby merelylisting all the possiblenonterminakerms,

e.g.

nonterminal(s(_ )).
nonterminal(np( _)) .
nonterminal(det () ).

Alternatively, thede nition canbemadeintensionally We cande ne nonterminals
asthosetermswhich occuron theleft-handsideof somerule.

nonterminal(LHS ) :-
\+ \+ (LHS ---> _Body).

The doublenegationis usedasusualto preventbindingsfrom the particularrule that
licensegheterminalfrom a ectingtheterm. This de nition thusworksin the same
way asthematch_exists predicateof Program6.6.

Henceforthwe will assumeheformermethod.
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6.6.4 Subsumption

The interpreterin the previous sectionworks correctlyonly for atomicnonterminals
andaninstantiatednitial string positionfor any phrasebeingsought. Theserestric-

tionswereneededo ensurethatthe completenessonstraintis obeyed. To seewhy

thisis so,considetthefollowing trivial grammar:

s ---> .

t > x@ X).
t ---> x(Y, b).

X(W, W) —> [W].

nonterminal(s).
nonterminal(t).
nonterminal(x(_ , )).

asusedto parse(asans) theinputb encodeds
connects(b, 0, 1).

(Froma practicalpoint of view, whenbuilding tabular parserst is morecornvenientto
have input stringsrepresentethy factsandstring positionsby constantsin this way,
thenew factsassertedby the parsemwill nothaveto includethe possiblylong lists that
encodestringpositionsin thelist representationf input strings.)

At somepoint in executingthe queryparse(s, 0, 1), find_phrase will be
calledto nd phrasex(a, X) startingat0. Clearlythereareno suchphrasessoa
singleclausewill beaddedo the database.

complete(x(a, X), 0).

Laterin theexecutionfind_phrase will becalledfor phrase®f typex(Y, b) start-
ing at 0. As this matcheghe complete factin the databasefind_phrase will go
onto call known_phrase(x(a, b), 0, P) whichwill immediatelyfail. Thus,the
overall analysiswill fail, eventhoughthe givenstringis in thelanguageacceptedy
thegrammar

The problemhereis that the interpreteris not careful enoughin implementing
the notion of “being completefor a given phrasetype”. With atomic nonterminals
andground rst agumentthereis no problembecauseini cation in the rst clauseof
find_phrase isjustdoinganidentitycheck.Butin thegenerataseuni cation isthe
wrongoperationto use. The presencef thefactcomplete(x(a, X), 0) indicates
thattheparsethasfoundall phrasex(a, t) startingatpositionOfor sometermt. The
phraseshatcansatisfyx(Y, b) atposition0 mayincludesomethatsatisfyx(a, X),
namelyary phraseghat satisfythe uni cation x(a, b) of thetwo phrasetypes,but
will in generalalsocontainothers, suchasthe solutionx(b, b), thatdo not satisfy
x(a, X).

Thecorrectcheckfor completenesef a phrasetypeis thusnot uni cation, which
correspondso intersectiorof the correspondingolutionsets,but subsumptioror in-
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stantiation(Section3.5.1),which corresponds$o containmenbf solutionsets. More
speci cally, we canconsiderthe phrasetablecompletefor a certainphrasetypet only
if it containsall phrasessatisfyingt or ary othertype t° that subsumes. Thuswe
shouldmodify the rst clauseof find_phrases tobe

find_phrase(NT, PO, P) :-
complete(General NT, GeneralP0),
subsumes((GeneralNT,GeneralP0), (NT, PQ)), !,
known_phrase(NT, PO, P).

The subsumption test subsumes((GeneralNT, GeneralP0), (NT, P0))
checkswhetherthenonterminal-positiomair (NT, PO) is aspecialcaseof analready
completedphrasaype (GeneralNT, GeneralP0).

In general the subsumptiorchecksubsumestt, t9 shouldtestwhetherthereis a
substitution for variablesin t suchthat[t] = t° Thisis clearlyameta-level facility,
asit is sensitve to the particularstateof instantiationof terms. Thustheimplementa-
tion of subsumesin Prologrequiresthe useof othermeta-level facilities. Oneof the
easiesmethodsof implementatioris basecnthe obsenationthatt subsumes’if and
only if t is uni able with t° wheret®is obtainedfrom t° by replacingeachdistinct
variablein t° with adistinctconstantermnot occurringin t. Equivalently, t subsumes
t0if andonly if themostgenerauni er of t andt® doesnot bind ary variablein t°.

Exercise 6.10 Provetheaboveassertions.

Supposene have an extralogical predicatemake_groundwhich instantiatesall
the variablesin its argumentto distinct new constants.It would then seemthat the
following is areasonablémplementatiorof subsumes

subsumes(Generd, Specific) -
make_ground(Spedfi c),
General = Specific.

However, this program has the unwanted side-e ect of binding the variablesin
Specific to constantsand also possibly instantiatingGeneral. This obsenation
leadsto a revision of the implementatiorof the subsumptiortestmakinguseof the
propertiesof doublenegationdiscussedn Section6.4.1°

subsumes(Generd, Specific) -
\+ \+ ( make_ground(Speif ic),
General = Specific ).

Finally, it remainsto seehow the predicatemake_groundis implemented.The
predicatenumbervars(t, m, n), available in mary Prolog systems,instantiates
eachof then mdistinctvariablesof termt to adistincttermof theform f(i) where
m i < n. (Thefunctor f is implementation-dependeahosensoasnot normallyto
occurin userprograms.We couldthusimplementmake_groundasfollows:

SHowever, this versionof subsumes is only correctif the variablesin General and Specific are
disjoint. Otherwise the executionof make_ground will inapproriatelybind variablesin General.
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make_ground(Term) :-
numbervars(Term, 0, ).

Alternatively, we couldimplementthe variablenumberingschemedirectly.

make_ground(Term) :-
make_ground(Term0, ).

make_ground(Term, M, N) :- var(Term), I,

Term = 'A-Var'(M), Nis M+ 1.
make_ground(Term, M, M) :- atomic(Term), L
make_ground(‘A- Var'( ), M, M) :- L
make_ground(Term, M, N) :-

Term =.. [_Functor|Args],

make_ground_list (Args, M, N).

make_ground_list([ ], M, M).

make_ground_lis t(] TermTerms], M, N) :-
make_ground(Term M, K),
make_ground_list (Terms, K, N).

Here,we assumehatno term of the form 'A-Var'( i) appearsn therestof the pro-
gram. (SeeSection5.1.6 for descriptionsof the varioushbuilt-in predicatesusedin
make_ground)

6.6.5 The Top-Down Tabular Parser in Action

We now shav how the top-down tatular parseravoidstheredundanciesf backtrack-
ing in the exampleof Section6.6.1. To avoid clutteringthe example,we will usethe
following simplegrammarfragment:

vp ---> dv, np, pp(to).
vp ---> dv, np, np.
np ---> det, n.

pp(P) > p(P), np.

dv ---> [gave].

det ---> [every].

det ---> [a].

n ---> [student].

n ---> [book].

p(P) > [Pl {p(P)}
p(to).

Theexampleverbphrasas

o gave; every, studeng a4 books
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We will examinea traceof the executionof thegoal
?- parse(vp, 0, 5).

which askswhetherthe givenstringis averbphrase.

The main predicatesof interestin understandingthe parsers execution are
find_phrase , complete andknown_phrase The rst attemptto prove the goal
above involvesthe rst vp rule. This leadsto the following sequenceof calls to
find_phrase andassertion$,wherethe assertionsareindicatedoy messagesf the
form “Asserted f” for somefact f:

?- parse(vp, 0, 5).
(6) 1 Call: find_phrase(vp,0,5)

(20) 4 Call: find_phrase(dv,0,P_1)
Asserted known_phrase(dv,0,1)

(20) 4 Exit: find_phrase(dv,0,1)

(49) 5 Call: find_phrase(unp,1,P_2)

(63) 8 Call: find_phrase(det,1,P_3)
Asserted known_phrase(det,1,2)

(63) Exit: find_phrase(det,1,2)

(87) 8 Call: find_phrase(n,2,P_4)
Asserted known_phrase(n,2,3)

(87) 8 Exit: find_phrase(n,2,3)
Asserted known_phrase(np,1,3)

(49) 5 Exit: find_phrase(ap,1,3)

(115) 5 Call: find_phrase(pp(to),3,P_5)

(129) 8 Call: find_phrase(p(to),3,P_6)
Asserted complete(p(to),3)

(129) 8 Fail: find_phrase(p(to),3,P_6)
Asserted complete(pp(to),3)

(115) 5 Fail: find_phrase(pp(to),3,_5)

[¢4]

At this point, the parserhasrecognizedhe verb andthe nounphrasethatfollows it,
and hasjust failed to nd a prepositionalphraseas the secondcomplementof the
verh Therecognizedverb, determinernounandnounphrasehave beenasserteds
known_phrase lemmas. The failed searchfor a prepositionalphraseat position 3
led to the assertionof complete factsfor the prepositionalphraseand its starting
prepositionmeaningthatno phrase®f thosetypesareavailableat position3. Notice
thatno complete factshave beenassertegetfor the phrasesecognizedofar, since
theparsethasnot yettried otheralternatvesfor thosephrases.

The executioncontinueshy failing backinto the alreadyrecognizedohrasesand
tryingto nd themin alternatve ways.Whentheseattemptdail, complete assertions
aremadefor thefailedphrases.

Asserted complete(n,2)
(87) 8 Fail: find_phrase(n,2,P_4)

6Theinvocationnumbersarenot consecutie becausave areomitting thetracemessagefor othercalls.
Also, Redoports(Section2.4.1)arenot shavn.
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Asserted complete(det,1)

(63) 8 Fail: find_phrase(det,1,P_3)
Asserted complete(np,1)

(49) 5 Fail: find_phrase(np,1,P_2)
Asserted complete(dv,0)

(20) 4 Fail: find_phrase(dv,0,P_1)

Now the rst vp rule hasfailed and we have completeinformation for all the
phraseghe parserattemptedo nd duringthatrule's execution. The executionnow
movesto the secondvp rule.

(184) 4 Call: find_phrase(dv,0,P_1)
(223) 5 Call: known_phrase(dv,0,P_1)
(223) 5 Exit: known_phrase(dv,0,1)
(184) 4 Exit: find_phrase(dv,0,1)

The table for phrasesf type dv is completeat position0, so the lemmasstoredin
known_phrasecanbeusedinsteadof therulesfor dv. Thesituationis similarfor the
rst np complementf thevp, therebysavinga reparseof that nounphrase

(234) 5 Call: find_phrase(np,1,P_2)
(267) 6 Call: known_phrase(np,1,P_2)
(267) 6 Exit: known_phrase(np,1,3)
(234) 5 Exit: find_phrase(ap,1,3)

Theanalysighenproceedsasnormaluntil the original goalis proved.

(273) 5 Call: find_phrase(unp,3,P_3)
(323) 8 Call: find_phrase(det,3,P_4)
Assert known_phrase(det,3,4)
(323) 8 Exit: find_phrase(det,3,4)
(389) 8 Call: find_phrase(n,4,P_5)
Assert known_phrase(n,4,5)
(389) 8 Exit: find_phrase(n,4,5)
Assert known_phrase(np,3,5)
(273) 5 Exit: find_phrase(ap,3,5)
Assert known_phrase(vp,0,5)
(6) 1 Exit: find_phrase(vp,0,5)

6.6.6 General Tabular Parsing

The phrasetable for top-dovn parsingthatwe have just discussedmprovesthe per
formanceof top-donvn parsingby stoppingredundanteanalysesbut it doesnot do
arything to alleviate a much more seriousredundanyg, the redundang of top-davn
computatiorthatleadsto nonterminatiorin grammarswith left-recursverules.
Aswe have seenatop-donvn parsemayfail to terminatewhengivenleft-recursve
rulesbecausd worksby guessingor predicting thata phraseof sometype X occurs
andthentrying all waysof building an X. If oneof thosewaysinvolveslooking for



6.6. Tabular Parsing 167

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

an X to startwith, theprocedureyetsinto a predictionloop andneverterminatesOne
way of dealingwith this problemis to avoid it totally by usinga bottom-upalgorithm,
asdescribedn Section6.5. Unfortunatelythisis achievedby losingthe accurateop-

down predictionsavailablein atop-davn parser Techniquesuchastheuseof linking

informationdiscussedn Section6.5.1canalleviatethis problem,butin theworstcase
even a left-corner parserwith linking informationwill generatemary unextensible
partialanalyseshatatop-davn parsemwould never attempt.

At rst sight,it mightappeaisif theleft-recursionproblemfor top-dovn parsers
hasa solutionanalogougo thatfor the redundang problemwhich we have just dis-
cussed. What would be neededs to recordthe fact that the parserhaspredicteda
phraseof type X startingat somepositioni sothatthe parsercanrecognizenhenit is
aboutto getinto a predictionloop. However, it is notimmediatelyclearwhat should
occurwhena predictionloop is recognized.Clearly, for the predictionto be ful lled
thereshouldbe somephraseof type X ati, sowe cannotjust give up looking for an X
ati. Furthermorewe cannotdecidein advancehow mary X phrasestartati, ascan
be seerby consideringherules

X! Xa
X! b

appliedto stringsba" for di erentvaluesof n. Finally, a predictionloop may occur
with ruleswith apparentlynon-left-recursierulessuchas

X1 YXDb
Y!

becausea pre x of the body of a rule may cover the empty string, aswith Y in the
rulesabove. Thus,in generalloop detectionis neededvhenforming predictionson
thebasisof any symbolin arule body.

The above problemscan be solved by splitting the operationof the parserinto
two alternatingphasespredictionandresolution dealingrespectiely with top-dovn
predictionsandbottom-uprule applications’

To explain the processn more detail, we will not work in termsof DCG rules
but ratherin termsof the correspondingle nite clauses.From a deductve point of
view, predictionselectdnstance®f rulesthatmayapplyto resolve againsta particular
literal (nonterminal).For instance supposeve areparsinganexpressioraccordingto
the DCG encodedn Progranm?.4 andrepeatederefor reference.

s(PO, P) :- np(PO, P1), vp(P1, P).

np(PO, P) :- det(PO, P1l), n(P1, P2), optrel(P2, P).
np(PO, P) :- pn(PO, P).

vp(PO, P) :- tv(PO, P1), np(P1, P).

vp(PO, P) :- iv(PO, P).

optrel(P, P).

optrel(PO, P) :- connects(that, PO, P1), vp(P1, P).

pn(PO, P) :- connects(terry, PO, P).
pn(PO, P) :- connects(shrdlu, PO, P).

"Earley usedthetermcompletiorfor whatwe call resolution
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iv(PO, P) :- connects(halts, PO, P).
det(PO, P) :- connects(a, PO, P).

n(PO, P) :- connects(program, PO, P).
tv(PO, P) :- connects(writes, PO, P).

Startingwith a queryof theform
- s(0, 2)

the Prologproof procedurewill predictthatthe rst rulein thegrammaiis applicable.
Unifying the goalliteral with the prediction,we have the new clause

s(0, 2) :- np(0, P1), vp(P1, 2).

This clauseis aninstanceof the rst rule anda consequencef the grammartogether
with theinitial goal. Selectingthe rst literal in this new rule, we might thenpredict
thesecondbr third rule, in thelattercaseyielding

np(0, P) :- pn(0, P). ,
from which canbepredicted
pn(0, P) :- connects(bertrand , 0, P).

This clausecanbe resolvedby matchinga literal in its right-hand-sideagainsta unit
clausein theprogram say

connects(bertra nd, 0, 1).
Theresohentis formedby removing the matchediteral.
pn(0, 1).
Now this clausecanbe usedto resol\e againsianotherclauseforming theresohent
np(0, 1). :
which resohesagainsthe original prediction.
s(0,2) - wvp(L,2).

Now the processcanstartover, this time predictingthe rulesfor verb phrasesEven-
tually, if averbphrasds foundbetweerpositionsl and2, theclause

vp(1,2).
will be generatedwhich canresole the previousclauseto
s(0, 2).

The existenceof this clauseformed by alternatelypredictingand resolvingdemon-
strateghattheinitial goalhasbeenproved.
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Thusthe normal Prolog proof procedurecan be seenas operatingby prediction
andresolution,andthe resultsof predictionandresolution(the derivedclause$ are
lemmasogical consequencesf the program.Theinsightof methodsof parsingand
deductionbasedon Earley's algorithmis thatthis general o w of controlcanbe made
into a takular parsingmethodby storingeachlemmain a table,andonly forming a
new predictedor resohedclauseif thetabledoesnot alreadycontainit (or onewhich
is moregeneral).

We now describehe extendedalgorithmmoreprecisely

The predictor operaten clauseswith nonemptyantecedentsyhat we have in
the pastcalledrules but will call activeclauseshy analogywith the useof the term
active edee in the parsingliterature. A literal is selectedrom the antecedentf the
active clauseand a matchingprogramclauseis found. The clauseinstanceformed
by unifying the selectediteral andthe matchingclauseis thenaddedasalemma. In
generalthis new clausewill beactie.

Theresolveroperate®n clausesvith emptyantecedentsyhatwe have in thepast
calledunit clauser facts but will call passiveclauseswithin thediscussiorof Earley
deduction. An active clauseis chosenwhoseselectedleftmost) literal matchegshe
passve clausé andtheresohentof thetwo, which maybe eitheractive or passie, is
addedasalemma.Newly derivedclauseshave onelessliteral in their bodiesthanthe
active clausefrom which they wereformedsothatrepeatedesolutionwill eventually
createnew derivedpassve clauses.

In eachcase,additionof the lemmaoccursonly if no subsumingclauseexistsin
thetable.

The predictorandthe resoher interactasfollows. The proof processs seto by
calling the predictoron the goalto be proved—inthe caseat hand,the grammarstart
symbolwith appropriatestring algumentsfor DCGs. Eachtime an active clauseis
addedto thetable,the predictoris calledon the selectediteral of the active clauseto
createnew ruleinstancesEachtime a passve clauses addedo thetable,theresoher
is calledto resole the passve clauseagainstappropriateactive clauses.

We canseenow how the loop checkon predictionsis implemented. Top-down
predictionfrom a literal X creategule instanceghat may be usedto concludean X.
The predictoris recursvely appliedon the selectediterals of the newly addedrule
instancesilf this predictionprocesdeadsto anothemttemptto predictfrom X because
of left recursionthepotentialderivedrule instance$or X will havealreadybeenadded
to thelemmatablefor theearlierinstanceof X, andthe predictionwill stop.

Thefamily of proof procedure®asedn the methodjust describechasbeengiven
the collective nameof Earley deductionbecauseof its closeconnectionto Earley's
parsingalgorithmfor CFGs.However, the morespeci ¢ constraintof CF parsingal-
low asimpli cation thatwe cannottake advantageof here, andthatwe glossedverin
theabove description.In Earley's algorithm,derived clausecreationproceedstrictly
from left to right. Thereforeary passve clauseneededo resohe againstsomeactive

8This leftmost-literalselectiorrule is the sameonethat Prologuses.Otherselectionrulesare possible,
leadingto differentparsingalgorithms.For example,onecould have a notion of headfor rulesandalways
startby resolvingheadliterals. It is acommonmistale to assumehatit is necessaryo try resolutionswith
all body literals, ratherthan just with the one given by the selectionfunction. However, resolutiononly
againstthe selectediteral is suficient,becauséf aresolutionstepwith someotherbodyliteral is required
in aproof,ary selectiorfunctionwill sooneror later (maybein®nitely mary stepdater) cometo selectthat
literal. Thisis becauseesolutionremovesa literal from the body sothatthe selectionfunctionhasfewer
andfewer literalsfrom which to select.
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clauseis guaranteedo be constructedafterthe active clauseis created.Thus,to per
form all the pertinentresolutions the algorithmneedonly look for active clausesat
thetime whenapassie clauseis created A generaEarley deductionproof procedure
cannotguaranteehis, soin generalit is necessaryo run the resoher not only when
passie clausesareadded put alsowhenactive clausesareaddedaswell.

We will now presenta de nite clauseinterpreterthat operatesaccordingto the
Earley deductiormethod.Turningthe methodinto a speci ¢ procedurgequiresspec-
ifying a literal selectionfunction (we will assumethe Prologone)and a particular
interleaving of predictionand resolutionsteps. Thereis alsoroom for ingenuityin
choosingarepresentatiofor thetableof derivedclauseghatwill speedup thesearch
for resolvingderived clauses.Theimplementatiorbelov doesnot usesuchmethods,
however, sinceit is intendedto illustratethe basicalgorithmascleanlyaspossible.

In this implementationpsersuppliedclauseqi.e., the programto be interpreted)
and derived clauses(the results of prediction and resolution) are representechs
P <=[Pg, ::;, Pyl andP <*= [P, ::: Py] respectiely, where<= and <*=
areappropriatelydeclaredn x operators.

Thetableof lemmaswill beimplementedy asserting<*= clausesnto the Prolog
database However, we will needa temporarystoragefor clauseshat the predictor
andresoher produce. This will storeclausesthat have beenaddedto the table but
have not yet beenprocessedo seewhatfurther clauseghey engendefby prediction
or resolution).For this purposewe addanagendaof derivedclauseghatremainto be
processedwhich we will encodeasa Prologlist. The mainpredicateof the program
takestheinitial goal,useghepredictorto nd all thepredictedclausesherebyforming
theinitial agendaandprocessegachderived clause. If the passie clauseencoding
thegoalcanbe provedby this processthe goalitself hasbeenproved.

prove(Goal) :-
predict(Goal, Agenda),
process(Agenda),
Goal <*= ).

The agendaof derived clausesis processedone by one by the predicate
process_one. If thelist is empty all consequencesf theaxiomsrelevantto proving
theinitial goalhave beenalreadyderived. Otherwise the rst clausein theagendas
consideredieadingto somesetSubAgendaof new derivedclausego considerwhich
is combinedwith therestof the mainagendaandgivento process. Herewe areac-
tually addingthe new derivedclausedo thefront of the mainagendathatis, we have
astackratherthana queuedisciplineandconsequentha kind of depth- rst search If
the new clausesvereappendedo the backof the agendanstead(asin a queue)the
searchwould bebreadth- rst.

process([]).

process([Head <*= Body | OIldAgenda]) :-
process_one(Head, Body, SubAgenda),
conc(SubAgenda, OldAgenda, Agenda),
process(Agenda).

Eachnew derivedclauseis processeéccordingto its form. If the derivedclause
bodyis empty we have apassve clausethatshouldbe givento theresoler.
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process_one(Head, [], Agenda) :-
resolve_passive( Heal, Agenda).

If the derived clauseis active, the predictorhasto be calledwith the clauses se-
lectedliteral, the rst body literal in this implementation. Furthermore aswe ob-
sened earlierit may be that somepassie clausesvere addedbeforeactive clauses
they shouldresole with, sothereis a supplementargall to resolve to dealwith
thosebelatedresolutions.The clausesetsresultingfrom predictionandresolutionare
combinedo give the setof clausesewly derivedfrom the clausebeingconsidered.

process_one(Head, [First|Body], Agenda) :-
predict(First, Front),
resolve_active(H ead <*= [First|Body], Back),
conc(Front, Back, Agenda).

Thepredictor thepassve clauseresoler, andtheactive clauseresolerareall very
similar. They usethemeta-predicatall_solutions( %, g, |) to nd thelist| of all
instantiationof x suchthatg holds. This is de ned to bejust like the metapredicate
bagof (Section5.1.4),exceptthatit returnstheemptylist wheng hasno solutionsand
doesnotbacktrackfor alternatve instantiation®f freevariables.As canbeseerin the
clausebelaw, in all callsof all_solutions  all variablesare eitherboundin x or in
anexistentialquanti er, sotherewill be no free variablesto instantiatein alternatve
waysin ary case.

A predictionis simplytheinstantiatiorof aderivedclauseby thegoal. A prediction
is actuallymadeandstoredonly if thecall to store succeeds.

predict(Goal, Agenda) :-

all_solutions(Cl  ause,
Goal™prediction(G oal, Clause),

Agenda).

prediction(Goal , Goal <*= Body) :-
Goal <= Body,
store(Goal <*= Body).

The resoher for passie clausestakes a derived passve clauseFact and nds
active derivedclausesvhoseselectediteral uni es with Fact, returningtheresultsof
thecorrespondingesolutions.

resolve_passive (Fact, Agenda) :-
all_solutions(Cl  ause,
Factp_resolution (Fact, Clause),
Agenda).

p_resolution(Fa ct, Goal <*= Body) :-
Goal <*= [Fact|Body],
store(Goal <*= Body).
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The resoher for active clausesworks the oppositeway to the one for passie
clauses:it takesan active clauseClause and nds passve clausesvhoseheaduni-
es with the selectediteral of Clause.

resolve_active( Clause, Agenda) :-
all_solutions(Ne  wClause,
Clause™a_resoluti on(Cl ause,
NewClause),
Agenda).

a_resolution(He ad <*= [First|Body], Head <*= Body) :-
First <*= ],
store(Head <*= Body).

Newly derived clausesare storedonly if they are not subsumedy an existing
derivedclause.

store(Clause) -
\+subsumed(Clause),
assert(Clause).

subsumed(Clause) :-
GenHead<*= GenBody,
subsumes(GenHead*= GenBody, Clause).

Finally, theimplementatiorof all_solutions  is simply:

all_solutions(V  ar, Goal, Solutions) :-
bagof(vVar, Goal, Solutions) -> true ; Solutions = [].

As we sav in Section3.8.2,the Prolog proof procedurdoops on left-recursve
rulessuchasthosefor the Englishpossessie construction.

NP! DetN
DET! NP's

However, our new proof procedurewill copewith ruleslike the above. The clauses
belon encodeanextensionof Program3.11to coverthe possessie constructiorin the
formatrequiredby the Earley deductioninterpreter

s(s(NP,VP), PO, P) <=

[np(NP, PO, P1), vp(VP, P1, P)].
np(np(Det,N,Rel ), PO, P) <=

[det(Det, PO, P1),

n(N, P1, P2),

optrel(Rel, P2, P)].
np(np(PN), PO, P) <= [pn(PN, PO, P)].
det(gen(NP), PO, P) <=

[np(NP, PO, P1), connects(™s', P1, P)].
det(Det, PO, P) <= [art(Det, PO, P)].
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vp(vp(TV,NP), PO, P) <=
[tv(TV, PO, P1), np(NP, P1, P)].
vp(vp(lV), PO, P) <=[iv(lV, PO, P)].
optrel(rel(epsi lon), P, P) <=1].
optrel(rel(that VP), PO, P) <=
[connects(that, PO, P1), vp(VP, P1, P)].

pn(pn(terry), PO, P) <= [connects(terry, PO, P)].
pn(pn(shrdiu), PO, P) <= [connects(shrdlu , PO, P)].
iv(iv(halts), PO, P) <= [connects(halts, PO, P)].
art(art(a), PO, P) <= [connects(a, PO, P)].
n(n(program), PO, P) <= [connects(program , PO, P)].
tv(tv(writes), PO, P) <= [connects(writes , PO, P)].

To shaw the operationof the algorithm,we usetheinput sentence
Terry's programhalts.
encodeds

connects(terry,  p0, pl) <=[].
connects("'s', pl, p2) <=1l
connects(progra m, p2, p3) <= .
connects(halts, p3, p4) <=[].

The listing belov shavs the derived clausesgeneratedy the algorithmin order of
derivation. To unclutterthe listing, we have replacedby ellipsesthe derived clauses
usedin recognizingpreterminakymbols(art , pn, n, iv andtv).

(1) s(s(B,C),p0,p4) <*= [np(B,p0,D),vp(C,D,p4)].
(2) np(ap(B,C,D),p0,E) <*=

[det (B,p0,F),n(C,F,G),optrel(D,G,E)].
(3) np(ap(B),p0,C) <*= [pn(B,p0,C)].
(4) det(gen(B),p0,C) <*=

[np (B,p0,D),connects(’s,D,C)].
(5) det(B,p0,C) <*= [art(B,p0,C)].

(10) pn(pn(terry),pO,pl) <*= [].

(11) np(up(pn(terry)),p0,pl) <*= [].

(12) s(s(np(pn(terry)),B),p0,p4) <*= [vp(B,pl,p4)].

(13) det(gen(np(pn(terry))),p0,B) <*=
[connects(’s,p1,B)].

(14) vp(vp(B,C),pl1,p4) <*= [tv(B,pl,D),np(C,D,p4)].

(15) vp(vp(B),pl,p4) <*= [iv(B,pl,p4)].

(19) det(gen(np(pn(terry))),p0,p2) <*= [].
(20) np(np(gen(np(pn(terry))),B,C),p0,D) <*=
[n(B,p2,E),optrel(C,E,D)].

(23) n(n(program),p2,p3) <*= [].
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(24) np(np(gen(np(pn(terry))),
n(program),
B),
p0,C) <*= [optrel(B,p3,C)].
(25) optrel(rel(epsilon),p3,p3) <*= [].
(26) optrel(rel(that,B),p3,C) <*x=
[connects (that,p3,D),vp(B,D,C)].
(27) np(np(gen(np(pn(terry))),
n(program),
rel(epsilon)),
p0,p3) <*= [].
(28) s(s(np(gen(np(pn(terry))),
n(program),
rel(epsilon)),
B),
p0,p4) <*= [vp(B,p3,p4)].

(29) det(gen(np(gen(np(pn(terry))),
n(program),
rel(epsilon))),

p0,B) <*= [connects(’s,p3,B)].
(30) vp(vp(B,C),p3,p4) <*= [tv(B,p3,D),np(C,D,p4)].
(31) vp(vp(B),p3,p4) <*= [iv(B,p3,p4)].

(35) iv(iv(halts),p3,p4) <+= [].
(36) vp(vp(iv(halts)),p3,p4) <*= [].
(37) s(s(np(gen(np(pn(terry))),
n(program),
rel(epsilon)),
vp(iv(halts))),
pO,p4) <x= [].

Derivedclause(4) is theinstantiatiorof theleft-recursve determinerule thatthe Pro-
log proof procedurecannothandle.lt is easyto seethatthe predictionsfrom the rst
literal in that clauseareinstancesf derived clauseq2) and(3), sothe subsumption
checkwill avoid theloop.

6.6.7 Earley Deduction and Earley’s CF Parsing Algorithm

We have alreadyinformally indicatedthe connectionbetweenEarley deductionand
Earley's contet-free parsingalgorithm. For readerswho are familiar with Earley's
algorithm, it may be usefulto describethe relationshipmore speci cally. We will
male the connectiora bit moreprecisehereby consideringhe applicationof Earley
deductionto the de nite-clauserepresentationf a context-freegrammar In Earley's
parsingalgorithm,the stateof the parseratinput position j is representedly a collec-
tion of dotteditemsl| = [X! ; 1], whereX ! is somegrammarule, =
andi is aninputpositionwith i j. It is very easyto interprettheseitemsin termsof
ourde nite-clauserepresentationf is empty theitem| aboveis calledacompleted



6.7. Problem Section: DCG Interpreters and Compilers 175

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

itemandrepresentshe unit derivedclauseX(i; j). If =Y1 Ypand =Yg Y,
item | representthederivedclause

XG;p ( Ye(Epd”™ " Ym(Pm 1;P)

6.6.8 Limitationsof Tabular Parsers

We have just seenhow loops and redundantanalysesare avoided by using a tabu-
lar parserratherthana depth- rst backtrackingone. However, theseadvantagesare
boughtatthecostof having to storedotteditemsto represenintermediatestatesof the
analysisexplicitly. For context-free grammarstakular parsershave anoverwhelming
adwantagebecauselotteditemscanbee ciently encodedastriplesof arule number
positionof thedot within therule, anditem startposition. In contraststoringalemma
(derivedclausesyequiresstoringthe bindingsfor thevariablesn theclauseor clauses
from which the lemmawasderived. The Prolog proof procedureavoids thesecosts
by consideringonly onealternatve analysisat a time, but the whole point of takular
parsingandtakular proof proceduress to be ableto uselemmasfrom onealternatve
proofpathin otherproof paths.In our exampleinterpretersabore, we usetheimplicit
copying providedby assert to storelemmaswith theircorrespondindpindings.More
sophisticatedchemesgreavailablethatmayreduceheoverheadbput in theworstcase
takular parsingfor DCGsis asymptoticallyasbadastop-donvn backtrackparsing,and
substantiallyworseif oneconsidersonstanfactors. Onthe whole, the decisionbe-
tweentakular algorithmsand Prologfor DCG parsingcanonly be doneempirically
with particularclasse®f grammatin mind.

Similar obsenationsapply to the questionof termination. Even though Earley
deductionterminatedor alargerclassof programshanProlog,it is easyto construct
programsfor which Earley deductionoops,suchasthefollowing DCG:

P(succ(x)} P(x)a
P(0) ' b

Our Earley deductionprocedureappliedto the de nite-clauserepresentatiomf this
grammamwill loop in the predictorfor arny startsymbolmatchingP(suc¢'(0)) for in-
nitely mary valuesof n. This is becausehe subsumptiorteston derived clauses
stopsloopsin which the clauseor a more generalonealreadyexistsin the table,but
this grammarpredictsever morespeci ¢ instance®f the rst rule.

Exercise 6.11 Ched that Earley deductionloopson thisgrammar

6.7 Problem Section: DCG Inter preters and Compil-
ers

Problem 6.12 Extendthe DCG interpreterof Section6.3.1to handletheintersection
opefator asde nedin Problem2.13.

Problem 6.13 Write a compilerfor the extendedanguage of the previousproblem.
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Problem 6.14 The DCG compiler given by the combination of compile,
partially_execut e, andparse (the DCG interpreter) compilesa grammarby us-
ing the partial executorto interpretthe DCG interpretet Thisprocesscouldbe made
more e cient by partially executingthe partial executorwith respectto the parse
predicate akin to compilingthe DCG interpreter Performthis compilationto yield a
moree cientDCG compiler Whatis lostin this process?

FG-DCG Analyses

Topicalizationis a constructionin Englishin which a ller constituents pre xedto
a sentencavith a gapof the appropriatetype. For the purposef this problem,we
will assumethat the ller is alwaysan NP. The following sentencegxemplify the
topicalizationconstruction:

Thisbook,Bertrandgave to Gottloh
The professothatwrote this book, Alfred met.

The Englishleft dislocationconstructioris a similar constructiongxceptthatinstead
of theemptystringin the positionassociatedvith the ller , thereis a pronoun(called
aresumptivgoronoun) lling thatposition,e.g.,

Thisbook,Bertrandgave it to Gottloh
The professothatwrotethis book, Alfred mether.

Problem 6.15 AddFG-DCGrulesto Program6.5to handletheEnglishtopicalization
andleft dislocationconstruction.Be careful to avoidthe ungrammatical

*Bill readthebookthat Alfredwroteit.

Extending Earley Deduction with Restriction

In Section6.6.8,we mentionedhatevenwith theadwantage®f takular parsingin be-
ing ableto parseleft-recursve andothergrammarshot parsabléoy othermeansthere
are still problematicgrammarsfor the methodsoutlined. The subsumptiortestfor
stoppingpredictionloopsrequireghateventuallya new entrywill benomorespeci c
thananexisting one.But the samplegrammamivenin thatsectionpredictsruleswith
everlargerterms.Onemethodfor solvingthis problemis to limit theamountof struc-
turethatcanbe passedn the predictionprocessusinga techniquecalledrestriction
Whenaliteral G is to bepredictedwe look for rulesthatmight be usefulin resolving
againsiG. Butinsteadof performingthis testby unifying G itself with the headof the
rule, we rst restrictG to G° by eliminatingall but a nite amountof structurefrom
G. TherestrictedversionG° is thenmatchedagainstpossiblerules. Sincethe amount
of informationin G° canbe boundedthe nonterminatiorproblemdisappearsor the
problematiccasesliscussednh Section6.6.8.

Therearemary possiblewaysof restrictingatermto only a nite amountof struc-
ture. We mightreplaceall subtermselow agivendepth(say2) by variables.Thenthe
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termf(g(h(a), s(b)), c¢) wouldberestrictedto f(g(X, Y), c).Anotheralter
nativeis to de ne restrictiontemplateghateliminatecertaininformation.For instance,
theunit clause

restrict(f(g(A, B), ¢), f(g(X,Y),c)).

canbe usedto statethe relationshipbetweenthe sampleterm (andtermslike it) and
therestrictedform.

Problem 6.16 ModifytheEarley deductiorprogramto performrestrictionbefore pre-
dicting using either of the methodsof restricting terms. Testit on the problematic
grammarof Section6.6.8to demonstatethat thealgorithmnowterminates.

6.8 Bibliographic Notes

Interpreterdor Prolog-like languagesn Prolog have beenusedsincethe early days
of Prologasa meansto explore di erentexecutionregimesfor de nite clausesand
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“divide-and-conquer” dynamic-programmingmethodsto the contect-free parsing
problemto avoid the exponentialcostsof backtracking/Aho andUllman, 1972). The
Cocke-Kasami-Younger(CKY) algorithmis the rst of these but it doesnot useary
top-downn predictionssoit will generatamary uselessubphrasestarley's algorithm
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nizedsubphrasés guaranteetb t into ananalysisof asentencdaving asapre x all
theinput symbolsseensofar. Thealgorithmof GrahamHarrison,andRuzzo(1980;
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top-downn predictiontablesto achieve the bestpracticalperformancenown sofar for
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TheEarley deductiomproofprocedurés dueto D. H. D. Warren(1975),but the rst
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is givenby PereiraandWarren(1983). Thetrade-o s betweerterminationanddetail
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Earley's algorithmis the cost of maintainingrule instantiationswhich doesnot oc-
curin theoriginal algorithmbecausgrammarsymbolsareatomic. Boyer andMoore
inventedaninstantiation-sharingnethodfor clausaltheoremprovers(1972). The spe-
cial constraintof parsingallow somefurtheroptimizationsfor their method(Pereira,
1985).

Theideaof parsingfrom the headsof phraseoutwardshasoften attractedatten-
tion, eventhoughits computationameritsarestill to be proven. Instance®f thisidea
areMcCord's slot grammarg1980) and head-dwen phrase-structurgrammar(Sag
andPollard,1986),andtheuseof ahead-selectiorule for DCGs(PereiraandWarren,
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Appendix A

Listing of Sample Programs

This digital edition of Pereiraand Shiebers Prolog and Natural-
Languaye Analysisis distributed at no chaige by Microtome Pub-
lishing undera licensedescribedn the front matterandat the web
site. A hardbouncedition (ISBN 0-9719997-0-4)printedon acid-
freepaperwith library bindingandincludingall appendiceandtwo
indices (and without theseinline interruptions),is available from
www.mtome.corandotherbooksellers.

This appendixincludescommentedistings of the talk programdevelopedin
Chapter5 andthe DCG compiler of Chapter6. Besidescombiningall of the bits
of codethatweredistributedthroughoutthatand otherchaptersthis listing provides
anexampleof onecommentingstyle for Prolog.

A.1 A Noteon Programming Style

We have adoptedhefollowing stylistic corventionsin the programsin this appendix
andelsavherein the book. Althoughtheseparticularcorventionsare not sacrosanct,
adherencéo somesetof uniform corventionsin Prolog programming(and,indeed,
for programmingn ary language)s desirable.

We attemptedto use variable namesthat are long enoughto provide some
mnemonigower. Predicatsamesverechoserto beas“declarative” in toneaspossi-
ble (withoutsacri cing appropriateness).hus,we usedthe nameconc (for “concate-
nation”) ratherthanthe more common,proceduraktermappend Of course,certain
predicateswvhich rely on side-e ectsare more appropriatelynamedwith procedural
termssuchasread_word or print_reply

Cornventionally thewordsin multi-word variablenamesaredemarcatedly capital-
izationof the rst letter, e.g.,VariableName. Multiple wordsin functorsymbols,on
theotherhand,areseparateavith underbayre.g.,multiple_word . Thesecorventions
arerelatively widespreadn Prologculture.

As mentionedin Section3.4, we usethe Prolog notationalcorventionof giving
a namebeginning with anunderbarto variableswhoserole is not to passa value but
merelyto beaplaceholder.Anonymousvariablegnotatedwith asingleunderbargre
usedfor place-holdewariablesfor thoserare occasionsn which namingthe variable

179
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would detractfrom programreadability Suchoccasionccurredonly in two areas:
in specifyingthe tablesfor lexical entriesandin listing genericforms for auxiliary
literals.

Despitestatementso the contrary no programmingdanguages self-documenting.
Sincethe sampleprogramspresentedn the text have beensurroundecdy a discus-
sionof their operationno commentsvereinterspersedHowever, the commentingof
programsds animportantpartof programming.

Thecommentingstyleusedhereincludesanintroductorydescriptiorof eachpred-
icatede ned, includinga descriptionof its aguments.The normalmodeof execution
of thepredicateés corveyedby thedirectionof arrowvs (==>or <=5 for eachargument.
In addition,theindividual clausesarecommentedvhenappropriate.

It is usually preferableto place commentspertainingto a particularliteral on
the sameline asthe literal asis done, for instance,in the commentedversion of
main_loop belown. Unfortunately pagewidth limitations necessitatedéhterleazing
thesecommentsn mary cases.

In generalcuts,assertsandsimilar metalogicaloperationsaresuspecin Prolog
code. In the programsthat follow, cuts are usedonly to encodeconditionals. The
conditionalconstructthoughtypically preferredwasnotusedn severalcasedecause
it wasdeemedessreadablehanthe versionusingthe cut. Assertsin theseprograms
arenotusedaspartof the programs controlstrateyy, but rather asthe outputof meta-
programs.

A.2 The TALK Program

I' * * kkkk kkkkk  kkkk kkkkk  kkkk k%

TALKProgram

kkkk kkhkkkk  kkkk kkkkk  kkkk */

/*

Operators
*/
- op(500,xfy,&).
- op(510,xfy,=>).
- op(100,fx,").
/*
Dialogue Manager
*/

%% %nain_loop
%%NWY==—======

main_loop :-
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write(">> ), % prompt the user
read_sent(Words), %read a sentence
talk(Words, Reply), %process it with TALK
print_reply(Reply), %generate a printed reply
main_loop. % pocess more sentences

%%%alk(Sentence, Reply)
%%Or\
%%%

%%%  Sentence ==> sentence to form a reply to
%%%  Reply <== agppropriate reply to the sentence

talk(Sentence, Reply) :-
Y%parse the sentence
parse(Sentence, LF, Type),
%convert the FOLlogical form into a Horn
%clause, if possible
clausify(LF, Clause, FreeVars), !,
%concoct a reply, based on the clause and
% whether sentence was a query or assertion
reply(Type, FreeVars, Clause, Reply).

% No parse was found, sentence is too difficult.
talk(_Sentence, error('too difficult’)).

%%%eply(Type, FreeVars, Clause, Reply)

%%Or\

%%%

%%% Type ==>the constant "query" or "assertion"
%%% depending on whether clause should
%%% be interpreted as a query or
%%% assertion

%%% FreeVars ==>the free variables (to be

%%% interpreted  existentially) in the
%%% clause

%%% Clause ==>the clause being replied to

%%% Reply <==the reply

%%%

%%% If the clause is interpreted as an assertion,
%%% the predicate has a side effect of asserting
%%% the clause to the database.

% Replying to a query.
reply(query, FreeVars,

(answer(Answer):-Condition), Reply) :-
%find all the answers that satisfy the query,
%replying with that set if it exists, or "no"
%or "none" if it doesn'.

(setof(Answer,  FreeVars"Condition, Answers)

-> Reply = answer(Answers)
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i (Answer =]
-> Reply = answer([none])
;. Reply = answer([no]))), I

% Replying to an assertion.
reply(assertion, _FreeVars,
Assertion, asserted(Assertion)) -
%assert the assertion and tell user what we asserted
assert(Assertion), L

% Replying to someother type of sentence.
reply(_Type, _FreeVars, _Clause, error('unknown type").

%%9%6rint_reply(Reply)

%% %

%%%

%%% Reply ==>reply generated by reply predicate
%%% that is to be printed to the
%%% standard output.

print_reply(error(ErrorType)) -

write('Error: "),  write(ErrorType), write("."), nl.
print_reply(asserted(Assertion) ) -
write(Asserted "),  write(Assertion), write("."), nl.

print_reply(answer(Answers)) -
print_answers(Answers).

%%%6rint_answer(Answers)

%% %

%%%

%%%  Answers ==> nonempty list of answers to be printed
%%% to the standard output separated
%%% by commas.

print_answers([Answer]) -
write(Answer),  write('."), nl.

print_answers([Answer|Rest]) -

write(Answer),  write(', Y,
print_answers(Rest).

%% Yparse(Sentence, LF, Type)

9%%%

%%%

%%% Sentence ==> sentence to parse

%%% LF <==logical form (in FOL) of sentence
%%% Type <==type of sentence

%%% (query or assertion)
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% Parsing an assertion: a finite  sentence without gaps.
parse(Sentence, LF, assertion) :-
s(LF, nogap, Sentence, []).

% Parsing a query: a question.
parse(Sentence, LF, query) :-
q(LF, Sentence, []).

/*

Clausifier

*/

%%%lausify(FOL, Clause, FreeVars)

%%On

%%%

%%% FOL ==> FOL expression to be converted
%%% to clause form

%%% Clause <==clause form of FOLexpression
%%% FreeVars <==free variables in clause
% Universals: variable is left implicitly scoped.
clausify(all(X,F0),F,[X|V]) - clausify(FO,F,V).

% Implications: consequent must be a literal,
% antecedent is clausified specially.
clausify(A0=>C0,(C:-A),V) -

clausify_literal(C0,C),

clausify_antecedent(A0,A,V).

% Literals: left unchanged (except literal

% marker is removed).
clausify(C0,C,[]) :- clausify_literal(CO,C).

% Note that conjunctions and existentials are

%disallowed, since they can't form Horn clauses.

%%%lausify_antecedent(FOL, Clause, FreeVars)

%%On

%%%

%%% FOL ==> FOL expression to be converted
%%% to clause form

%%% Clause <==clause form of FOLexpression
%%%  FreeVars ==>list of free variables in clause

% Literals: left unchanged (except literal
% marker is removed).
clausify_antecedent(LO,L,[]) - clausify_literal(LO,L).
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% Conjunctions: each conjunct is clausified separately.
clausify_antecedent(EO&FO,(E,F) V) :-
clausify_antecedent(EO,E,V0),
clausify_antecedent(F0,F,V1),
conc(VO,V1,V).

% Existentials: variable is left implicitly scoped.
clausify_antecedent(exists(X,FO ) F, [X|V]) -
clausify_antecedent(FO,F,V).

%%%lausify_literal(Literal, Clause)

%%%

%%%

%%% Literal ==> FOL literal to be converted
%%% to clause form

%%% Clause <==clause form of FOLexpression
%Literal is left unchanged (except literal

% marker is removed).

clausify_literal("L,L).

/*
Grammar

Nonterminal names:

q Question

sinv INVerted Sentence

S noninverted Sentence

np Noun Phrase

vp Verb Phrase

iv Intransitive Verb

tv Transitive  Verb

aux AUXiliary verb

rov subject-Object  Raising Verb

optrel OPTional RELative clause

relpron  RELative PRONoun
whpron  WHPRONoun

det DETerminer
n Noun
pn Proper Noun

Typical order of and values for arguments:
1. verb form:
(main verbs) finite, nonfinite, etc.
(auxiliaries and raising verbs) Forml-Form2
where Formlis form of embeddedVP

Form2is form of verb itself)

2. FOLlogical form
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3. gap information:

nogap or gap(Nonterm, Var)
where Nonterm is nonterminal for gap
Var is the LF variable that
the filler  will bind

*/

%%% Questions

q(S => "answer(X)) -->
whpron, vp(finite, XS, nogap).
q(S => "answer(X)) -->
whpron, sinv(S, gap(np, X)).
q(S => "answer(yes)) -->
sinv(S, nogap).
q(S => "answer(yes)) -->
[is],
np((X"S0)"S, nogap),
np((X~true)"exists(X,S0&true), nogap).

%%% Declarative  Sentences

s(S, Gaplinfo) -->
np(VPAS, nogap),
vp(finite, VP, Gaplnfo).

%%% Inverted Sentences

sinv(S, Gaplnfo) -->
aux(finite/Form, VP1NVP2),
np(VP2"S, nogap),
vp(Form, VP1, Gaplinfo).

%%% Noun Phrases

np(NP, nogap) -->

det(N2"NP), n(N1), optrel(N1~N2).
np(NP, nogap) --> pn(NP).
np((X"S)*S, gap(np, X)) --> [l.

%%% Verb Phrases

vp(Form, X7S, Gaplinfo) -->
tv(Form, X~VP),
np(VPAS, Gaplinfo).

vp(Form, VP, nogap) -->
iv(Form, VP).

vp(Forml, VP2, Gaplinfo) -->
aux(Forml/Form2, VP1NVP2),
vp(Form2, VP1, Gaplinfo).
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vp(Forml, VP2, Gaplinfo) -->
rov(Form1l/Form2, NPAVP1MVP2),
np(NP, Gaplinfo),
vp(Form2, VP1, nogap).
vp(Form2, VP2, Gapinfo) -->
rov(Forml/Form2, NPAVP1MVP2),
np(NP, nogap),
vp(Forml, VP1, Gaplinfo).
vp(finite, XS, Gaplnfo) -->
[is],
np((X"P)"exists(X,S&P),  Gaplnfo).

%%% Relative Clauses

optrel(X"S1)MXS1&S2))) >
relpron,  vp(finite,X"S2, nogap).
optrel(XAS1)MNXNS1&S2))) -->
relpron, s(S2, gap(np, X)).
optrel(NAN) --> [].

/*

Dictionary

P et ehemem e e e -
Preterminals

det(LF) -> [D], {det(D, LF)}.
n(LF) > [N], {n(N, LF)}.
pn((E*S)*S) > [PN], {pn(PN, E)}.

aux(Form, LF) --> [Aux], {aux(Aux, Form, LF)}.
relpron --> [RP], {relpron(RP)}.
whpron --> [WH], {whpron(WH)}.

% Verb entry arguments:
% 1. nonfinite form of the verb

% 2. third person singular present tense form of the verb
% 3. past tense form of the verb

% 4. past participle form of the verb

% 5. pres participle form of the verb

% 6. logical form of the verb

iv(nonfinite, LF) --> [Iv], {iv(lv, _, _, _, _, LF}L
iv(finite, LF) --> [Iv], {iv(, v, _, _, _, LF}L
iv(finite, LF) --> [Iv], {iv(, _, IV, _, _, LF}L
iv(past_participle, LF) --> [IvV], {iv(, _, _, IV, _, LF}L

iv(pres_participle, LF) > [IVl, {iv(_, _, _, _, IV, LF}L
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tv(nonfinite, LF) -->
tv(finite, LF) -->
tv(finite, LF) -->
tv(past_participle, LF) -->
tv(pres_participle, LF) -->
rov(nonfinite /Requires,

-> [ROV], {rov(ROV, _, _, _, _,

rov(finite /Requires,
--> [ROV], {rov(_,
rov(finite /Requires,

--> [ROV], {rov(_,

rov(past_participle/Requires,

--> [ROV], {rov(_,

rov(pres_participle/Requires,

--> [ROV], {rov(_,

/*
Lexical

relpron(
relpron(
relpron(

that ).
who ).
whom).

whpron( who ).
whpron( whom).
whpron( what ).

det( every,
det( a,

(XASTYNXAS2)A

[TVl {tv(Tv, _, _,
Tv], {v(, TV,
[TV, {v(, _, TV,
(vl v,
(vl v
LF)
_ LF,
LF)
ROV, , _, _, LF,
LF)
_, ROV,_, _, LF,
LF)
_. _, ROv,_, LF,
LF)
_. _ _, ROV,LF,
Iltems

all(X,S1=>S2) ).
(XAS1YNXAS2) exists(X,S1&S2) ).

det( some, (X"S1)MX"S2) exists(X,S1&S2) ).

n( author, X~ “author(X) ).

n( book, X~ “book(X) ).

n( professor, X~ “professor(X) ).

n( program, X~ “program(X) ).

n( programmer, X" “programmer(X) ).

n( student, X~ “student(X) ).

pn( begriffsschrift, begriffsschrift ).

pn( bertrand, bertrand ).

pn( bill, bill ).

pn( gottlob, gottlob ).

pn( lunar, lunar ).

pn( principia, principia ).

pn( shrdlu, shrdlu ).

pn( terry, terry ).

iv( halt, halts, halted,
halted, halting, X~ “halt(X)

. _ LPL
. _ LPL
, _ LP)}

TV, _, LRL
_, TV, LR}

Requires)}.
Requires)}.
Requires)}.
Requires)}.
Requires)}.
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tv(  write, writes, wrote,

written, writing, XAYA “writes(X,Y) ).
tv( meet, meets, met,

met, meeting, XAYA “meets(X,Y) ).

tv( concern, concerns, concerned,
concerned, concerning, X~Y” “concerns(X,Y) ).

tv( run, runs, ran,

run, running, XAYA “runs(X,Y) ).
rov( want, wants, wanted,

wanted, wanting,

%semantics is partial execution of

%NP” VPN Y A NP( X?want(Y,X,VP(X)) )

(X~ “want(Y,X,Comp))"S) ~ (XAComp)”™ Y N S,
%form of VP required:

infinitival).
aux( to, infinitival/nonfinite, VP VP ).
aux( does, finite/nonfinite, VPA VP ).
aux( did, finite/nonfinite, VP~ VP ).

/*

Auxiliary  Predicates

*/

%%9%onc(Listl, List2, List)
%%On
%% %

%%% Listl ==> a list

%%% List2 ==> a list

%%% List <==the concatenation of the two lists
conc([], List, List).

conc([Element|Rest], List, [Element|LongRest]) :-
conc(Rest, List, LongRest).

%%%ead_sent(Words)

%%On

%% %

%%% Words ==> set of words read from the
%%% standard input

%% %

%%% Words are delimited by spaces and the
%%% line is ended by a newline. Caseis not
%%% folded; punctuation is not stripped.

read_sent(Words) :-
getO(Char), %prime the lookahead
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read_sent(Char, Words). %aget the words

% Newlines end the input.
read_sent(C, []) :- newline(C),

% Spaces are ignored.

read_sent(C, Words) :- space(C), !,
getO(Char),
read_sent(Char, Words).

% Everything else starts a word.
read_sent(Char, [Word|Words]) :-
read_word(Char, Chars, Next), %get the word

name(Word, Chars), %pack the characters
%into an atom
read_sent(Next, Words). %get some more words

%%%ead_word(Chars)
%%Or\
%% %

%%% Chars ==>list of characters read from standard
%%% input and delimited by spaces or
%%% newlines

% Space and newline end a word.
read_word(C, [, C) :- space(C),
read_word(C, [J, C) :- newline(C), !

%Al other chars are added to the list.
read_word(Char, [Char|Chars], Last) :-
getO(Next),
read_word(Next, Chars, Last).

%% %pace(Char)

%% % ==—==—======

%%%

%%% Char ===the ASCII code for the space
%%% character

space(32).

%% %ewline(Char)

%%%

%%% Char ===the ASCII code for the newline
%%% character

newline(10).
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A.3 The DCG Compiler

/ *kkk hkkkk  kkkk kkkkk  kkkk Kk
DCGCompiler
* * kkkk kkkkk  kkkk kkkkk  Kkkkk */
/*

Operator Declarations

*/

- op(1200,xfx,--->).

%%%hese declarations are required by certain Prolog
%%%ystems for predicates that are to be asserted
%%%t run-time. Predicates are specified by terms
%%9%f the form name/arity.

- dynamic (--->)/2, parse/3, connect/3.

/*
Compiler Driver
*/

%%9%ompile
%% %======
%%%
%%% Generates compiled clauses by partial
%%% execution of the DCGmetainterpreter  below,
%%% and adds them to the Prolog database.
compile :-

program_clause(Clause),

partially_execute(Clause, CompiledClause),

add_rule(CompiledClause),
fail.
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%%%dd_rule(Clause)

%%On

%%%

%%% Clause ==> clause to be added to database
%%% after rewriting into a normal
%%% form that changes calls to parse
%%% into calls on particular

%%% nonterminals

add_rule((Head :- Body)) :-
rewrite(Head, NewHead),
rewrite(Body, NewBody),

write(‘Asserting ",
write((NewHead :- NewBody)),
write("."), nl,

assert((NewHead :- NewBody)).

%% %ewrite(Term, NewTerm)

%%On

%%%

%%% Term ==> a term encoding a literal or
%%% sequence of literals

%%% NewTerm <==the term rewritten so literals
%%% of the form

%%% parse(s(...),...)

%%% are rewritten into the form
%%% S(.ouye)

rewrite((A,B), (C,D)) = |
rewrite(A, C), rewrite(B, D).
rewrite(parse(Term,  P1, P2), Newliteral) :- !

Term =.. [Function|Args],
conc(Args, [P1, P2], AllArgs),
NewLiteral =.. [Function|AllArgs].

rewrite(Term,Term).
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/*

Partial Execution of Prolog Programs

*/

%% Ypartially_execute(Term, NewTerm)
%%On
%%%

%%% Term  ==>term encoding Prolog clause,
%%% literal list or literal to be
%%% partially  executed with respect to the
%%% program clauses and auxiliary  clauses
%%% given by program_clause and clause
%%% predicates respectively.

%%%

%%% NewTerm<==the partially = executed term.

% Partially  executing a clause involves
% expanding the body.
partially_execute((Head:-Body),
(Head:-ExpandedBody)) :- !,
partially_execute(Body, ExpandedBody).

% Partially  expanding a literal list involves
%conjoining the respective expansions.
partially_execute((Literal, Rest), Expansion) :- !,

%expand the first literal

partially_execute(Literal, ExpandedLiteral),

%and the rest of them

partially_execute(Rest, ExpandedRest),

%and conjoin the results

conjoin(ExpandedLiteral, ExpandedRest, Expansion).

% Partially  executing an auxiliary literal involves
%replacing it with the body of a matching clause (if
%there are any). Nonauxiliary literals, or those
%not matching any clauses, are left unchanged.
partially_execute(Literal, Expansion) :-

( aux_literal(Literal),

setof(Body, Literal®aclause((Literal - Body)),
[_Clause|_Others]) )
-> ( aclause((Literal - Body)),
partially_execute(Body, Expansion) )
;  Expansion = Literal.
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Poo et dh emem e e e -
Utilities
__________________ ¥
%%9%onc(Listl, List2, List)
%%On
%%%
%%% Listl ==> a list
%%% List2 ==> a list
%%% List <==the concatenation of the two lists

conc([], List, List).

conc([Element|Rest], List, [Element|LongRest]) :-
conc(Rest, List, LongRest).

%%9%onjoin(Conjunctl,  Conjunct2, Conjunction)

%% %

%%%

%%% Conjunctl  ==> two terms to be conjoined
%%% Conjunct2  ==>

%%% Conjunction <== result of the conjunction

% Conjoining a conjunction works just like
% concatenation (conc).
conjoin((A,B), C, ABC):- I,

conjoin(B, C, BQC),

conjoin(A, BC, ABC).

% Conjoining true and anything leaves the other
% conjunct unchanged.

conjoin(true, AL A - L

conjoin(A, true, A) :- L

% Otherwise, use the normal commaconjunction
% operator.
conjoin(A, C, (A,Q)).
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%%%clause(Clause)

%%On

%%%

%%% Clause <==the head and body of a clause
%% % encoded with the unary ‘clause’;
%%% unit clauses can be encoded directly
%%% with clause and the Body returned will
%% % be “true'. Furthermore, the top-to-
%%% bottom clause ordering is preserved.

aclause((Head :- Body)) :-
clause(Clause),
(Clause = (Head :- Body)
-> true
; (Clause = Head, Body = true)).

/*
Program to Partially = Execute
7
2
Control Information for Partial Executor
__________________ e %]
aux_literal( C > ) ).
aux_literal( parse(, _, ) ).

P et hn emem e e e -
DCGMetainterpreter to be Partially  Executed
Encoded form of program in Section 6.3.1

__________________ e %]
program_clause(( parse(NT, P_0, P) :-
(NT ---> Body),
parse(Body, P_0, P) )).

program_clause(( connect(Word, [Word|Rest], Rest) :-
true ).



A.3. The DCG Compiler 195

This digital edition of Prolog and Natural-Language Analysis is distributed
at no charge for noncommercial use by Microtome Publishing.

clause(( parse((Bodyl, Body2), P_0, P) :-
parse(Bodyl, P_0, P_1),
parse(Body2, P_1, P) ).
clause(( parse([l, P, P) ))-
clause(( parse([Word|Rest], P_0, P) :-
connect(Word, P_0, P_1),
parse(Rest, P_1, P) ).
clause(( parse({Goals}, P, P) :- call(Goals))).
/*
Operators
*/
[o e e e e e -
Sample Data for Program to Partially  Execute:
The parse-tree  building DCGof Program 3.11
______________________ */
clause(( s(s(NP,VP)) ---> np(NP), vp(VP) ))-
clause(( np(np(Det,N,Rel))  --->
det(Det),
n(N),
optrel(Rel) ))-
clause(( np(np(PN)) ---> pn(PN) ).
clause(( vp(vp(TV,NP)) ---> tv(TV), np(NP) )).
clause(( vp(vp(lV)) > iv(IV) ).
clause(( optrel(rel(epsilon)) -> ] )).
clause(( optrel(rel(that,VP)) ---> [that], vp(VP) )).
clause(( pn(pn(terry))  ---> [terry] ).
clause(( pn(pn(shrdlu))  ---> [shrdlu] ))-
clause(( iv(iv(halts)) ---> [halts] ).
clause(( det(det(a)) --> [a] ).
clause(( n(n(program)) ---> [program] ))-

clause(( tv(tv(writes)) --->  [writes] ).
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