
Prolog and Natural-Language Analysis

D E





Prolog and Natural-Language Analysis
Fernando C. N. Pereira and Stuart M. Shieber

Microtome Publishing
Brookline, Massachusetts



c F. C. N. PereiraandS.M. Shieber1987
Millenial reissuec F. C. N. PereiraandS.M. Shieber2002

Thiswork is thedigital editionof PereiraandShieber'sProlog andNatural-Language
Analysis. Thework is alsoavailablefor salein ahardboundedition(ISBN 0-9719997-
0-4),printedon acid-freepaperwith library bindingandincludingall appendicesand
two indices,from Microtome'swebsiteatwww.mtome.comandotherbooksellers.

This work is coveredby copyright, which restrictstheusesthatyou maymake of the
work. All rights arereserved by the copyright holder. The copyright holderhereby
givesyou permissionto reproduceanddistribute the digital edition of this work, in
wholeor in part, in digital or physicalformats,underthe following restrictions:You
maynotchargefor copiesof thework,with theexceptionof recoveryof directcostsof
reproductionfor distribution of thework to studentsin courses.You maynot modify
the work, including eliminationor modi�cation of any embeddednoti�cations. You
mustincludetitle, author, copyright information,andthis licensein any reproductions;
this latterrequirementmaybedischargedby reproducingcopiesof thepertinentpages
from thework's front matter.



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

Contents

Preface ix

1 Introduction 1
1.1 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Logic ProgrammingandLanguage. . . . . . . . . . . . . . . . . . . 1
1.3 ProgrammingIn Prolog . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 BibliographicNotes. . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Database Prolog 9
2.1 DatabasesandQueries . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 A SimpleDatabase. . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 QueryingtheDatabase. . . . . . . . . . . . . . . . . . . . . 10

2.2 ExtendingtheQueryLanguage. . . . . . . . . . . . . . . . . . . . . 11
2.3 TheLogic of Prolog. . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 TheOperationof DatabaseProlog . . . . . . . . . . . . . . . . . . . 16

2.4.1 ProofTreesandTraces . . . . . . . . . . . . . . . . . . . . . 18
2.5 RecursivePredicateDe�nitions . . . . . . . . . . . . . . . . . . . . . 19

2.5.1 VariableRenaming. . . . . . . . . . . . . . . . . . . . . . . 21
2.5.2 Termination. . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.6 ProblemSection:SemanticNetworks . . . . . . . . . . . . . . . . . 23
2.7 Context-FreeGrammars . . . . . . . . . . . . . . . . . . . . . . . . 25

2.7.1 AxiomatizingContext-FreeGrammars. . . . . . . . . . . . . 28
2.7.2 Context-FreeGrammarsin Prolog . . . . . . . . . . . . . . . 29
2.7.3 PrologasParser. . . . . . . . . . . . . . . . . . . . . . . . . 30

2.8 ProblemSection:Grammars . . . . . . . . . . . . . . . . . . . . . . 32
2.8.1 A SyntacticAnalyzerfor DatabaseProlog . . . . . . . . . . . 32
2.8.2 ExtendingCFGswith Intersection. . . . . . . . . . . . . . . 33
2.8.3 TransitionNetworks . . . . . . . . . . . . . . . . . . . . . . 34

2.9 BibliographicNotes. . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 Pure Prolog 39
3.1 PrologNotationRevisited. . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 TermsandUni�cation . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3 Functionsin PrologandOtherLanguages . . . . . . . . . . . . . . . 42

3.3.1 AlternateNotationsfor Functors. . . . . . . . . . . . . . . . 44

v



vi

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

Contents

3.4 Lists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.1 List Processing. . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4.2 RepresentingStringPositionswith Lists . . . . . . . . . . . . 53

3.5 TheLogic andOperationof PrologRevisited . . . . . . . . . . . . . 53
3.5.1 Substitutions . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.5.2 Uni�cation . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.5.3 Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.5.4 Prolog'sproofprocedure. . . . . . . . . . . . . . . . . . . . 55
3.5.5 Semanticsof Prolog . . . . . . . . . . . . . . . . . . . . . . 56

3.6 ProblemSection:TermsandLists . . . . . . . . . . . . . . . . . . . 56
3.7 De�nite ClauseGrammars . . . . . . . . . . . . . . . . . . . . . . . 59

3.7.1 Treesfor SimpleSentences. . . . . . . . . . . . . . . . . . . 62
3.7.2 EmbeddingPrologCallsin DCGs . . . . . . . . . . . . . . . 64

3.8 ProblemSection:DCGs . . . . . . . . . . . . . . . . . . . . . . . . 67
3.8.1 TheSyntaxof First-OrderLogic . . . . . . . . . . . . . . . . 67
3.8.2 ExtendingSyntacticCoverage . . . . . . . . . . . . . . . . . 68

3.9 BibliographicNotes. . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4 Further Topics in Natural-Language Analysis 77
4.1 SemanticInterpretation. . . . . . . . . . . . . . . . . . . . . . . . . 77

4.1.1 TheLambdaCalculus . . . . . . . . . . . . . . . . . . . . . 78
4.1.2 A SimpleCompositionalSemantics . . . . . . . . . . . . . . 79
4.1.3 EncodingtheSemanticSystemin Prolog . . . . . . . . . . . 80
4.1.4 PartialExecution . . . . . . . . . . . . . . . . . . . . . . . . 83
4.1.5 Quanti�ed NounPhrases. . . . . . . . . . . . . . . . . . . . 83
4.1.6 Quanti�er Scope . . . . . . . . . . . . . . . . . . . . . . . . 88

4.2 ExtendingtheSyntacticCoverage . . . . . . . . . . . . . . . . . . . 96
4.2.1 Auxiliary Verbs. . . . . . . . . . . . . . . . . . . . . . . . . 96
4.2.2 Yes-NoQuestions . . . . . . . . . . . . . . . . . . . . . . . 98
4.2.3 Filler-GapDependencies. . . . . . . . . . . . . . . . . . . . 99
4.2.4 RelativeClauses . . . . . . . . . . . . . . . . . . . . . . . . 101
4.2.5 WH-Questions . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.2.6 Semanticsof Filler-GapDependencies. . . . . . . . . . . . . 103
4.2.7 GapThreading . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.3 ProblemSection:GrammarExtensions. . . . . . . . . . . . . . . . . 108
4.3.1 NounComplements . . . . . . . . . . . . . . . . . . . . . . 109
4.3.2 NounPostmodi�ers. . . . . . . . . . . . . . . . . . . . . . . 109
4.3.3 More Filler-GapConstructions. . . . . . . . . . . . . . . . . 110
4.3.4 Categorial Grammars. . . . . . . . . . . . . . . . . . . . . . 111

4.4 BibliographicNotes. . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5 Full Prolog 115
5.1 MetalogicalFacilities . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.1.1 Thecall predicate. . . . . . . . . . . . . . . . . . . . . . . 115
5.1.2 Thecutcommand. . . . . . . . . . . . . . . . . . . . . . . . 116
5.1.3 TheNegation-as-FailureOperator . . . . . . . . . . . . . . . 120
5.1.4 Thesetof predicate . . . . . . . . . . . . . . . . . . . . . . 122
5.1.5 Theassert command . . . . . . . . . . . . . . . . . . . . . 123



Contents

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

vii

5.1.6 OtherExtralogicalPredicates . . . . . . . . . . . . . . . . . 124
5.2 A SimpleDialogueProgram . . . . . . . . . . . . . . . . . . . . . . 125

5.2.1 OverallOperation. . . . . . . . . . . . . . . . . . . . . . . . 126
5.2.2 Parsing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.2.3 LF Conversion . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.2.4 ConstructingA Reply . . . . . . . . . . . . . . . . . . . . . 128

5.3 UserInteraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.3.1 SimpleInput/OutputCommands. . . . . . . . . . . . . . . . 130
5.3.2 A SimpleUserInterface . . . . . . . . . . . . . . . . . . . . 130

5.4 BibliographicNotes. . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6 Interpreters 135
6.1 Prologin Prolog. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.1.1 Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
6.1.2 KeepingProofTrees . . . . . . . . . . . . . . . . . . . . . . 137
6.1.3 Unit Clauses . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.2 ProblemSection:PrologInterpreters. . . . . . . . . . . . . . . . . . 140
6.2.1 Consecutively BoundedDepth-FirstSearch . . . . . . . . . . 140
6.2.2 An InterpreterFor Cut . . . . . . . . . . . . . . . . . . . . . 141

6.3 Interpretersfor DCGs . . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.3.1 DCGin Prolog . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.3.2 DCGin DCG . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6.3.3 An Interpreterfor Filler-GapDCGs . . . . . . . . . . . . . . 144

6.4 Partial ExecutionandCompilers . . . . . . . . . . . . . . . . . . . . 146
6.4.1 PartialExecutionRevisited . . . . . . . . . . . . . . . . . . . 146
6.4.2 Compilingby PartialExecution . . . . . . . . . . . . . . . . 149
6.4.3 Generalityof theMethod . . . . . . . . . . . . . . . . . . . . 151

6.5 Bottom-UpParsing . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
6.5.1 Linking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
6.5.2 CompilingDCGsinto Left-CornerParsers. . . . . . . . . . . 156

6.6 TabularParsing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.6.1 Ine� cienciesof Backtracking . . . . . . . . . . . . . . . . . 157
6.6.2 TabularParsingin theAbstract. . . . . . . . . . . . . . . . . 158
6.6.3 Top-Down TabularParsing . . . . . . . . . . . . . . . . . . . 159
6.6.4 Subsumption . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.6.5 TheTop-Down TabularParserin Action . . . . . . . . . . . . 164
6.6.6 GeneralTabularParsing . . . . . . . . . . . . . . . . . . . . 166
6.6.7 Earley DeductionandEarley'sCFParsingAlgorithm . . . . . 174
6.6.8 Limitationsof TabularParsers . . . . . . . . . . . . . . . . . 175

6.7 ProblemSection:DCGInterpretersandCompilers . . . . . . . . . . 175
6.8 BibliographicNotes. . . . . . . . . . . . . . . . . . . . . . . . . . . 177

A Listing of Sample Programs 179
A.1 A NoteonProgrammingStyle . . . . . . . . . . . . . . . . . . . . . 179
A.2 TheTALK Program. . . . . . . . . . . . . . . . . . . . . . . . . . . 180
A.3 TheDCGCompiler . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

Bibliography 199



viii

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

Contents



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

Preface

This digital edition of Pereiraand Shieber's Prolog and Natural-
Language Analysisis distributedat no charge by MicrotomePub-
lishing undera licensedescribedin the front matterandat theweb
site. A hardboundedition (ISBN 0-9719997-0-4),printedon acid-
freepaperwith library bindingandincludingall appendicesandtwo
indices(and without theseinline interruptions),is available from
www.mtome.comandotherbooksellers.
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programminglanguagePrologby way of exampleprogramsthatapply it to theprob-
lemof natural-languageanalysisandprocessing.Thisvolumebeganasthenotesfor a
tutorial taughtby oneof theauthors,Pereira,at theTwenty-ThirdAnnualMeetingof
theAssociationfor ComputationalLinguisticsin ChicagoduringJulyof 1985.During
thefall of 1986,we organizeda courseat StanfordUniversityon thesamesubjectfor
which the original noteswereextended.The impetusfor organizingandexpanding
thesevariouslecturenotesinto a morecoherenttext camefrom our colleaguesat the
Centerfor theStudyof LanguageandInformation(CSLI), andtheprojectwasmade
possibleby agift from theSystemDevelopmentFoundation.
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kind enoughto allow us to pursuework on this projectevenwhenour otherrespon-
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by thee� ortsof EmmaPease,Lynn RugglesandNancy Etchemendy, whoaidedusin
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Introduction

This digital edition of Pereiraand Shieber's Prolog and Natural-
Language Analysisis distributedat no charge by MicrotomePub-
lishing undera licensedescribedin the front matterandat theweb
site. A hardboundedition (ISBN 0-9719997-0-4),printedon acid-
freepaperwith library bindingandincludingall appendicesandtwo
indices(and without theseinline interruptions),is available from
www.mtome.comandotherbooksellers.

1.1 Purpose

This book is an introductionto elementarycomputationallinguistics from the point
of view of logic programming.Theconnectionbetweencomputationallinguisticsand
logicprogramminghasbothformalandutilitarianaspects.Ontheformalside,weshall
exploretherestrictedlogical languageof de�nite clausesasameansof expressinglin-
guistic analysesandrepresentations.On the utilitarian side,we shall introducethe
logic-programminglanguageProlog, whosebackboneis the de�nite-clauseformal-
ism, asa tool for implementingthebasiccomponentsof natural-language-processing
systems.

The main goal of the book is to enablethe readerto acquire,asquickly aspos-
sible, a working understandingof basiccomputationallinguistic andlogic program-
ming concepts.To achieve this goal, the book is organizedaroundspeci�c concepts
andprogrammingtechniques,with examplessupportedby workingprograms.Mostof
theproblemsinvolveprogrammingandalsosupplementthematerialin themaintext.
Althoughwe haveemphasizedexperimentalratherthananalyticor comparativeques-
tions,all conceptsandtechniquescoveredaregivenrigorous,if informal, theoretical
justi�cation.

1.2 Logic Programming and Language

Oneof themain goalsof thedevelopmentof symboliclogic hasbeento capturethe
notionof logical consequencewith formal,mechanical,means.If theconditionsfor a

1
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certainclassof problemscanbeformalizedwithin asuitablelogic asasetof premises,
andif a problemto besolvedcanbestatedasa sentencein the logic, thena solution
might be found by constructinga formal proof of the problemstatementfrom the
premises.

For instance,in the linguistic casethepremisesmight provide constraintson the
grammaticalityof classesof utterances,and the problemsto solve would have the
generalform “thereis somea suchthata is ananalysis(or interpretation)of thegram-
maticalutteranceu.” A constructiveproof of this statementwould not only show that
ananalysisa existsbut also�nd actualvaluesfor a.

A constructive proof procedurethatnot only createsproofsbut alsobuilds values
for theunknownsin theproblemstatementcanthusbeseenasacomputationaldevice
for determiningthoseunknowns. Fromthis perspective, thepremisescanbeseenas
a program,theproblemstatementasan invocationof theprogramwith certaininput
valuesandoutputunknowns,anda proof asa computationfrom theprogram.This is
thebasicintuition behindlogic programming.

However, it isnotenoughtohavesomesoundandcompletesetof rulesof inference
andsomeprocedureto applythemsystematicallyto havealogic programmingsystem.
To besatisfactoryasa computationdevice, a proof procedureshouldnot leave proof
possibilitiesunchecked(search completeness), that is theprocedureshouldterminate
withoutaproofonly if noproofexists.Wedonotwantourprogramsto terminatewith
no answerif thereis one(exceptpossiblyfor runningout of computationalresources
suchascomputermemory). Furthermore,a setof premiseshasmany consequences
thatarede�nitely irrelevantto theproofof a givenconsequence.Theproofprocedure
shouldbegoaldirectedin thatderivationsof irrelevantconsequencesareavoided.We
do not wantthecomputationsof a programto includesubcomputationsthatdo not at
leastpotentiallycontributein someway to theprogram'soutput.

In fact,searchcompletenessandgoaldirectednessarevery di� cult to achieve in
general,but becomemore feasiblein weaker logical languages.The problemthen
becomesone of �nding a good compromisebetweenexpressivenessof the logical
languageandtheconstraintsof soundande� cientcomputation.Thedevelopmentof
logic programmingstemmedfrom thediscoveryof a reasonablecompromise,de�nite
clauses, andits partialimplementationin Prolog,the�rst practicallogic programming
language.

Almost from its origin, the developmentof logic programminghasbeenclosely
tied to the searchfor computationalformalismsfor expressingsyntacticandseman-
tic analysesof natural-languagesentences.Oneof the main purposesin developing
Prologwasto createa languagein whichphrase-structureandsemantic-interpretation
rulesfor anatural-languagequestion-answeringsystemcouldbeeasilyexpressed.

Phrase-structurerulesfor a languagestatehow phrasesof giventypescombineto
form largerphrasesin the language.For example,a (simplistic)phrase-structurerule
for declarative sentencesin Englishmight statethata declarativesentenceconsistsof
anounphrase(thesubjectof thesentence)followedby a verbphrase(thepredicateof
thesentence).Suchruleshaveaverysimpleexpressionin �rst-order logic:

(8u; v; w)NP(u) ^ VP(v) ^ conc(u; v; w) ) S(w)

whereNPrepresentstheclassof nounphrases,VPtheclassof verbphrases,Stheclass
of sentences,andconcholdsof any stringsu, v andw suchthatw is u followedby v,
that is, the concatenationof u andv. This expressionin �rst-order logic thusstates
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that any nounphraseu andverb phrasev canbe concatenatedto form a declarative
sentencew = uv. The termlogic grammarhascometo refer to suchusesof logic to
formalizegrammaticalrules.

The above formula is an exampleof a de�nite clause. We shall seethat many
importantclassesof linguistic rulesandconstraintscanbe put in this generalform,
whichstatesthatany objectssatisfyingcertainconstraints(propertiesor relationships)
alsosatisfysomeotherconstraint(propertyor relationship).The fact that linguistic
rules can be put in this format is the basisfor the usefulnessof de�nite clausesin
languageanalysis.This facthasnot only theoreticalbut alsopracticalimportance,in
thatlinguisticrulesencodedasde�nite clausescanberundirectlyby Prolog,providing
ane� cientanddirectcomputationalrealizationof grammarsandinterpretationrules.

1.3 Programming In Prolog

Logic programminglanguagesin general,andPrologin particular, di� erfrom conven-
tional programminglanguages(suchasPascalor Fortran)in several importantways.
First of all, Prologcanbethoughtof asa largely declarativelanguage;that is, a Pro-
log programcanbe viewed asstatingwhat is computed,independentof a particular
methodfor computation.Pascal,on theotherhand,is procedural, in thatwhata Pas-
cal programcomputesis de�nableonly in termsof how it performsthecomputation.1

Of course,Prolog also hasa proceduralinterpretation;it usesa particularmethod
for computingthe relationswhich a programcanbe viewed asdeclaratively stating.
Furthermore,certain“impure” portionsof the Prologlanguagedefeatits declarative
interpretation.But Prolog,asa �rst steptowarda logic programminglanguage,canto
a greatextentbeseenasa declarative language.

Second,Prologprogramsarestructuredin termsof relationswhereastraditional
languagesfor themostpartarestructuredin termsof functions. Thenotionsof calling
a function, returninga value,andso forth areforeign to Prolog. Instead,Prologex-
pressesrelationsamongentities.Functioncallscorrespondto queriesasto whethera
particularrelationholdsor notandunderwhatconditions.Thisdi� erencehastremen-
dousrami�cations. For instance,it meansthat variablesplay a completelydi� erent
role in Prologthanthey do in conventionallanguages.

Fromthis relationalstructure,it follows thatPrologprogramsarenondeterminis-
tic, sinceseveralelementscanbein a particularrelationto a givenelement.Because
conventionallanguagesaregearedtowardfunctions,thatis, relationsin whichoneele-
mentisuniquelyde�nedin termsof theothers,computationproceedsdeterministically
in suchlanguages.

Thesethreepropertiesof Prologmake it quitedi� erentfrom otherprogramming
languages.Consequently, a di� erentway of thinking aboutprogramsandprogram-
ming is necessaryin usingProlog. Learninga new programminglanguagecanoften
be aidedby analogywith previously learnedlanguages.But Prologmight be most
easilylearnedby ignoringpreviousexperiencewith otherprogramminglanguagesand
trying to absorbtheProloggestaltfrom �rst principles.

Unfortunately, learninga languagein thisway requiresmany illustrativeexamples

1This is not to saythat Pascalcanhave no denotationalsemanticsbut only an operationalsemantics.
Rather, any denotationalsemanticsmustmake explicit referenceto thestateof thecomputationasencoded,
for instance,in anenvironment.
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of thelanguageandmuchdetailedexplanationabouthow they workandhow they were
derived. Sincethegoalof this book is to concentrateon natural-languageprocessing
applications,we mustoftenforegosuchdetailedanalysis.Therefore,aspartof a �rst
courseon Prolog,it is probablybestto supplementthematerialherewith oneof the
textsdiscussedin thebibliographicnotesbelow.

All the particularsof the interactionwith a Prolog systemthat are usedin the
presentwork are thoseof the Edinburgh family of Prolog systems,and when used
withoutquali�cation, theterm“Prolog” meansany systemof thatfamily.

1.4 Overview

TheProloglanguageis presentedin thisbookthroughagradedseriesof sublanguages.
Chapter2 presentsdatabaseProlog, a limited subsetof Prologthatcanexpressrela-
tionshipsbetweennamedindividualsandconstraintsbetweenthoserelationships.We
thendescribehow phrase-structurerulescanbe representedin this subset.Database
Prologis extendedin Chapter3 to pureProlog, thelargestsubsetof Prologthatcanbe
viewedasa logic programminglanguage.This extensionallows usto representmore
complex kinds of linguistic rulesand,in particular, thede�nite-clausegrammarfor-
malism.Techniquesfor linguistic analysisin de�nite-clausegrammarsaredeveloped
further in Chapter4, whereissuesof syntacticcoverageandsemanticinterpretation
are discussed.Extralogicalextensionsto the pure subsetof Prolog lead to the full
Prologlanguage,which is presentedin Chapter5. Thesefacilitiesareusedto develop
a simplenatural-languagequestionansweringsystemwhich demonstratesthe appli-
cationof many of the techniquesdevelopedin earlierchapters.Finally, in Chapter6
we explorethemetalevel programmingcapabilitiesof Prolog,showing how to imple-
mentlogic-programminglanguageandlogic-grammarinterpretersexhibiting di� erent
controlstrategiesfrom thatprovideddirectly by Prolog.

Throughoutthe book we have includedexercisesand problems. Exercisesare
interspersedthroughoutthe text andare intendedto help readersverify their under-
standingof theconceptscovered.Problems,collectedinto separateproblemsections,
extendthematerialin thebookandareappropriatefor assignmentsin a coursebased
on this text. It shouldbe notedthat problemsvary widely in di� culty; instructors
shouldtake this variationinto account.

Given the orientationof the book, we limited the discussionof issuesof a more
generalnature,suchascomparisonswith othercomputationallinguistic techniquesor
formal mathematicalresults. Threeareasstandout amongthe omissions.First, we
do not comparethe logic programmingapproachwith other approachesto natural-
languageprocessing,in particularthe closelyrelateduni�cation-basedgrammarfor-
malisms.Second,we do not presentor comparetheplethoraof grammarformalisms
basedon logic programming.Finally, we do not addressformal-language-theoretic
issuesof generativepowerandcomputationalcomplexity for theformalismsandanal-
ysismechanismswe present.

Oneof themajorinsu� cienciesremainingin thetext is a lackof linguisticsophis-
ticationandcoverageevincedby theanalysesweuse.Thereadershouldnot think that
suchnaivet́einheresin Prologasatool for natural-languageanalysis;thebibliographic
notesat theendof thechaptersoftencite work with moreconvincinganalyses.
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1.5 Bibliographic Notes

In thesebibliographicnoteswe give both the original sourcesfor our materialand
otherworks that elaborateor supplementtopicsdiscussedin this book. As is often
thecase,theoriginal sourcefor a topic mayno longerbethebestplaceto learnabout
it. Unlessotherwisespeci�ed, the mostrecentreferencewe give for a topic, andin
particulara recenttextbook,is to bepreferredto othersourcesin a �rst approachto a
topic.

Prerequisites

Thisbookpresupposessomeacquaintancewith elementarynotionsfrom logic, formal-
languagetheory,computerscienceandlinguistics.

The textbook MathematicalMethodsfor Linguisticsby Partee,ter Meulen and
Wall (1987) covers much of the backgroundmaterialwe require in logic, formal-
languagetheoryandsemantics(conceptssuchas �rst-order logic, quanti�er scope,
extensionandintension).

For a morecomputation-orientedintroductionto logic anddeduction,Robinson's
book Logic: Form and Function(1979)covers in detail all the conceptsfrom logic
andautomatedtheoremproving usedin this book. Gallier's Logic for ComputerSci-
ence(1986)containsamathematicallymoredemandingcoverageof thesamematerial.
Kowalski'sLogic for ProblemSolving(1980)givesaninformal introductionto theuse
of logic in a logic programmingsettingfor representingcomputationalproblems.The
exampleproblemsaremostly takenfrom arti�cial intelligenceapplicationsincluding
simpleexamplesof syntacticanalysisby deduction.Finally, AutomatedReasoning:
IntroductionandApplicationsby Wos,Overbeek,LuskandBoyle (1984)givesacom-
prehensive andreadablediscussionof many automated-deductionmethodsandtheir
applicationsto knowledge-representationtasks.

Most of the conceptswe usefrom formal-languagetheoryand theoreticalcom-
puterscience(automata,context-freegrammars,etc.) canbe found in Hopcroft and
Ullman's Introductionto AutomataTheory, LanguagesandComputation(1979)or in
Harrison's Introductionto Formal LanguageTheory(1978).Aho andUllman's ency-
clopedicTheoryof Parsing, TranslationandCompiling(1972)coversspeci�c parsing
algorithmsnot includedin thetwo precedingreferences.

Many of thebasicconceptsandterminologyof modern[generative] syntacticthe-
ory areusedinformally in thisbook.For anintroductionto them,the�rst two chapters
of Baker'sIntroductionto Generative-TransformationalSyntax(1978)shouldbesu� -
cient.For readersinterestedin furtherbackgroundin thegenerativegrammartradition,
the terminologyof which hasnow becomestandardin modernsyntaxandhasocca-
sionally creptinto this text, the remainderof Baker's book andtheclearandelegant
argumentsof thevolumeby SoamesandPerlmutterSyntacticArgumentationandthe
Structureof English(1979)aregoodsources.

Winograd's Language as a Cognitive Process. VolumeI: Syntax(1983)givesa
computationallyorientedintroduction to someof the basicconceptsfrom natural-
languagesyntax(e.g.,parsetree,labeledbracketing,nounphrase,relativeclause)used
in this book,in additionto muchotherrelatedmaterial.Chapter3 is particularlyrele-
vant.

Althoughthis book is intendedto beself-containedin its coverageof Prologand
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basiclogic-programmingconcepts,it could be usefully supplementedwith a Prolog
textbook.SterlingandShapiro'sTheArt of Prolog (1986)is particularlysuitablesince
it ampli�es many of the conceptsusedherewith further discussion,examples,and
exercises.Exceptfor divergencesin someminortypographicalconventions,thedialect
of Prologusedin thatbookis compatiblewith theoneusedhere.

Historical Material

Thebasicideasof logic programmingemergedin thelate1960sandearly1970sfrom
work onautomateddeduction.ProofproceduresbasedonRobinson'sresolutionprin-
ciple (1965)operateby building valuesfor unknownsthatmake a problemstatement
a consequenceof the given premises. Green(1968) observed that resolutionproof
procedurescould thus in principle be usedfor computation. Resolutionon its own
is not a su� cient basisfor logic programming,becauseresolutionproof procedures
maynotbesu� cientlygoal-directed.Thus,Green'sobservationslinking computation
to deduction(1968)hadno e� ective realizationuntil thedevelopmentof moregoal-
orientedlinear resolutionproof procedures,in particularKowalski andKuehner'sSL
resolution(1971). This developmentallowed Kowalski (1974a)to suggesta general
approachto goal-directeddeductive computationbasedon appropriatecontrolmech-
anismsfor resolutiontheoremproversandthe furtherspecializationof SL resolution
to Hornclauses,andthecorrespondingproceduralinterpretationof Horn clauses,was
�rst describedin principleby Kowalski (1974a;1974b).

EventheSL resolutionprocedureandrelatedtheorem-proving methodswerenot
e� cient enoughfor practical computation,mainly becausethey had to cope with
the full generalityof �rst-order logic, in particulardisjunctive conclusions.Further
progressrequiredthe radicalstepof deliberatelyweakeningthe languageto onethat
could be implementedwith e� ciency comparableto that of procedurallanguages.
This stepwasmainly dueto Colmerauerandhis colleaguesat Marseillein theearly
1970s.Their work proceededin parallelwith (andin interactionwith) thetheoretical
developmentsfrom theautomatedtheorem-provingcommunity. Inspiredby hisearlier
Q-systems,a tree-matchingphrase-structuregrammarformalism(Colmerauer,1970),
Colmerauerstarteddevelopinga languagethatcouldat thesametime beusedfor lan-
guageanalysisand for implementingdeductive question-answeringmechanisms.It
eventuallybecameclear that a particularkind of linear resolutionrestrictedto de�-
nite clauseshadjust theright goal-directnessande� ciency, andalsoenoughexpres-
sive power for linguistic rulesandsomeimportantaspectsof thequestion-answering
problem.Their approachwas�rst describedasa tool for natural-languageprocessing
applications(Colmeraueret al., 1973).Theresultingdeductivesystem,supplemented
with a few othercomputationaldevices,wasthe�rst Prologsystem,known as“Mar-
seilleProlog”. The�rst detaileddescriptionof Prologwasthelanguagemanualfor the
MarseilleProloginterpreter(Roussel,1975).

As notedabove,Prologwasoriginally developedfor natural-languageprocessing.
Besidestheoriginalapplication(Colmeraueretal., 1973),otherearlyin�uential work
includessystemsby Colmerauer(1982;1978),Pasero(1973)andDahl (1981).Many
other natural-language-processingsystemsand techniquesbasedon logic program-
ming have sincebeendeveloped,which we will refer to whentherelevant topicsare
discussed.

The collection Readingsin Natural Language Processing(Grosz et al., 1986)
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reprintspaperscovering a wide variety of topics in natural-languageprocessing,in-
cluding someof the papersreferredto in this book. In the bibliography, we usethe
original publicationdata,but we also indicatewhenthe paperhasbeenreprintedin
thatcollection.

Besidesnatural-languageprocessing,logic programmingand Prolog have been
usedin many otherapplicationareas,particularlyin arti�cial intelligence.For anidea
of the currentareasof application,the readeris directedto the collectioneditedby
vanCaneghemandWarren(1986)andtheextensive logic-programmingbibliography
preparedby BalbinandLecot(1985).

Sincetheoriginal implementationin Marseille,Prologimplementationtechniques,
includingcompilationandvariousspace-saving devices,have progressedto thepoint
that Prolog is today at leastcomparablewith other symbolic-processinglanguages,
suchas, for a varietyof problemsareas,in particularnatural-languageprocessing
(Warrenetal., 1977;Warren,1979;Warren,1983).
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Chapter 2

Database Prolog: A Prolog
Subset

This digital edition of Pereiraand Shieber's Prolog and Natural-
Language Analysisis distributedat no charge by MicrotomePub-
lishing undera licensedescribedin the front matterandat theweb
site. A hardboundedition (ISBN 0-9719997-0-4),printedon acid-
freepaperwith library bindingandincludingall appendicesandtwo
indices(and without theseinline interruptions),is available from
www.mtome.comandotherbooksellers.

2.1 Databasesand Queries

We will startby seeinghow simpletablesof informationcanbeexpressedin Prolog.
This mayseemanoddway to startdiscussingaprogramminglanguage(textson,say,
Pascal,startby discussingnumbersandexpressions),but it is revealingof thenatureof
Prologasa languagefor declarativeinformation,whetherthat informationbesimple
relationshipsbetweenindividualsor complex constraintsbetweentypesof individuals.

2.1.1 A Simple Database

Recall that Prologprogramsarewritten in a subsetof �rst-order logic (FOL). Like
FOL, the languageincludesconstantsymbolsnamingentitiesandpredicatesymbols
namingrelationsamongtheentities.Our �rst exampleswill usejust this muchProlog
notation,which is actuallyonly useful to encodethe type of informationonemight
�nd in a relationaldatabase.For this reason,we call thissubsetdatabaseProlog.

In Prolog,bothpredicateandconstantsymbolsarewritten astokensstartingwith
a lower-casealphabeticcharacter. Predicationis notatedin the normalway for log-
ical languagesusingparenthesessurroundingtheargumentsfollowing the predicate,
therebyforming an atomic formula. With this much notationwe can alreadystate
somesimpleinformationin Prolog.For instance,a simpledatabaseof professorsand
thebooksandcomputerprogramsthey havewrittenmightbeexpressedby thefollow-
ing Prologprogram:

9



10

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

Chapter 2. Database Prolog

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 singleatomic formula and
endingwith aperiod.As theclausesin thisprogramhaveonlyasingleatomicformula,
they arereferredto asunit clauses. Later, we will seethatclauseswith severalatomic
formulasarealsoallowed.In Program2.1,anatomicformulawrote(X,Y) is intended
to meanthatpersonX wroteentity Y, book(X) is intendedto meanthatX is a book,
andprogram(X) is intendedto meanthatX is a program.Thusthe�rst clausein the
programstatesthe fact that Terry wrote , andthe last clause,that  is a
program.

2.1.2 Querying the Database

Now thatwe havegivensomefactsto thePrologsystemasa setof axiomsexpressed
asclauses(which is reallyall thataPrologprogramis) wecananswerquestionsabout
theinformationby having Prologtry to provetheoremsfrom theaxioms.Wedothisby
pre�xing a goal G with thePrologsymbolfor implication, the “ :- ” symbol,thereby
forming the query :- G. In this way we are askingProlog “Does anything in the
axiomsimply ananswerto our question?”

For example,hereis how thequeries“Did Terry write ?” and“Is Principia
a program?”arewritten.1

:- wrote(terry, shrdlu).
yes

:- program(principia ).
no

It shouldbe observed that the reply to the secondquery doesnot indicatethat
“Principia is not a program”is true,but ratherthatPrologcouldnot prove“Principia
is a program”from theaxiomsin Program2.1. This subtledistinctionis thebasisof
muchlogic programmingresearchon whatassumptionsabouta databasewarrantthe
conclusionthat“P is falsein thedatabase”from “P is notprovablefrom thedatabase”
andwewill havemoreto sayaboutit in Section5.1.3.

1Throughoutthis text, user's input is typesetin a typewriter font, the Prolog system's answeris
typesetin aslanted typewriter font.
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2.2 Extending the Query Language

Suchlimited potentialfor queryinga Prologprogramwould of itself hardly consti-
tutea usefulprogramminglanguage.Prologextendsthis potentialthroughtheuseof
variables, complex queries, andrules.

Variables

We canaskopen-endedquestionsof Prologby usingvariablesin placeof constantsin
a query. To distinguishvariablesfrom constants,Prologusestokensthat begin with
upper-caselettersfor variables. We canaskwhetheranyonewrote  with the
following query:

:- wrote(Who,shrdlu) .
yes

Sincethereexists an assignmentto the variablesin the query that makes it a con-
sequenceof the programaxioms(namely, the assignmentin which Who = terry,2

Prologreplies“yes”. Suchassignmentsto variablesarealsocalledbindings.
Of course,weareusuallyinterestednotonly in whethersuchanassignmentexists

but also in what it looks like. To requestPrologto indicatewhat assignmentled to
theproof of thegoal,we simply use“?- ” insteadof “ :- ” to introducethegoal. For
instance,

?- wrote(Who,shrdlu) .
Who = terry

yes

Theassignmentis printed,alongwith the“yes” thatmeansthatasolutionwasfound.
If thereareseveraldi� erentwaysto assignvaluesto variablesthatmake thegoal

statementa consequenceof the program,the Prologexecutionmechanismwill gen-
eratealternative bindingsto the goal variables.Prologprints onesuchsolutionat a
time andthenwaits for a one-charactercommand:a semicolon(“ ; ”) to producethe
next solution,or anewline to stopgeneratingsolutionsfor thequery. For example,the
query“Who wrotePrincipia?” hastwo satisfyingassignments:

?- wrote(Who, principia).
Who = bertrand ;
Who = alfred ;
no

Notice that the �nal Prologreply is “no” meaningthat after this secondassignment,
nomoresolutionscouldbefound.

2Theslanted typewriter font will beusedfor assignmentsaswell asPrologoutputto emphasize
thefactthatthey arecomputer-generatedstructures.
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Complex Queries

Morecomplex queriescanbeconstructedfrom goalsconsistingof multipleconditions,
interpretedconjunctively, by separatingtheconditionsby commas(“ , ”). For example,
supposewe de�ne anauthorasa personwho haswritten a book. Then,if we wantto
discoverwho theauthorsareaccordingto thedatabase,we might asktheconjunctive
query “What personPerson is suchthat there is a book Book and Person wrote
Book?”, whichcanbephrasedasa Prologqueryas

?- book(Book), wrote(Person, Book).
Person = gottlob, Book = begriffsschrift ;
Person = bertrand, Book = principia ;
Person = alfred, Book = principia ;
no

Rules

The queryabove demonstratesthat thepropertyof beingan authoris implicit in the
given database.The utility of the databasecan be increasedby making this prop-
erty explicit throughthe additionof a unarypredicateauthor correspondingto this
property. But this predicateis bestde�ned not in termsof an exhaustive list of unit
clauses—aspreviouspredicateshave been—but ratherasa generalrule for determin-
ing whetherthepropertyof beinganauthorholds.In fact,theconjunctivequeryabove
gives just sucha rule. A personPerson is an authorjust in the casethat the goal
book(Book), wrote(Person, Book) holds. ThePrologimplicationsymbol“ :- ”
(read“if ”) allows theencodingof this generalrule.

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

Thisclausecanberead“Person is anauthorif thereis abookBookandPerson wrote
Book,” or, moresimply, “an authoris awriter of abook.” Becauseclausessuchasthis
onearecomposedof severalatomicformulas,they arereferredto asnonunitclauses.
The left-handsideof theclauseis oftencalledtheheadof theclause,the right-hand
sidethebody. Somepeopletake theanatomicalanalogyastepfurther, referringto the
:- operatoritself astheneck of theclause.

Theauthor clausede�nes a 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 Writea Prolog clausethatde�nesa programmerasa personwhowrote
a program.
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Exercise 2.2 Considerthefollowingaugmentationof thesampledatabase:

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 bookcon-
cerninglogic.

2.3 The Logic of Prolog

We have alludedto the relationshipbetweendatabasePrologand �rst-order logical
languages.In this sectionwe describethis relationshipin moredetail,althoughstill at
aninformal level.

First-orderlogic (FOL) is a logical languagethat includespredicateandfunction
symbolsandconstants,from whichareformedatomicformulasrepresentingprimitive
propositions.An atomicformula is an expressionof the form p(t1; : : : ; tk), wherep
is a predicatesymbolof arity k appliedto termsti. A term is a constant, a variable,
or a compoundterm f (t1; : : : ; tm), where f is a function symbolof arity m andthe ti

areterms.Following standardpractice,we will uselettersp, q, r, etc. anduppercase
lettersfor predicatesymbolsandlettersf, g, h,etc. for functionsymbols.Variableswill
bedenotedby (possiblysubscripted)x, y, z, etc. A termwithout variablesis calleda
groundterm. For thenonce,wewill ignoretheroleof functionsymbolsandcompound
termsin FOL, returningto themwhenwe discusstherelationbetweenFOL andfull
Prologin thenext chapter.

Thewell-formedformulasof FOL arede�ned inductively, startingwith theatomic
formulasandcombiningsimpler 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 a variable,� ^  (� and  ), � _  (� or  ), : � (not � ),
� )  (� implies  ) (8x)� (for every x, � ) and (9x)� (thereis an x suchthat � ),
with extraparenthesizationto avoid ambiguityif necessary, arewell-formedformulas.
Both in (8x)� and(9x)� , theformula� is thescopeof thequanti�er, andx is thevari-
ableboundby thequanti�er. Closedwell-formedformulasarethosein which every
variableoccurrenceis within thescopeof a quanti�er bindingthatvariable.

Many importantautomateddeductionmethods,andin particularthosefrom which
Prologis derived,do not operateon generalFOL formulas,but only on formulasin
clausalform (clauses). A formula is in clausalform if it is a disjunctionof literals,
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wherealiteral is anatomicformulaor thenegationof anatomicformula.All variables
in the disjunctionareuniversallyquanti�ed by quanti�ers whosescopeincludesthe
wholedisjunction.Thus,aclausecanbewritten in theform

P0 _ P1 _ � � � _ : N0 _ : N1 _ � � � .

The Pi arepositive literals; the : Ni arenegative literals. Note that we have left o�
thequanti�ers,undertheconventionthatall variablesarequanti�ed universallyat the
outermostlevel unlessspeci�edotherwise.Theusefulnessof clausalform stemsfrom
thefactthatany closedformula� canbemechanicallytransformedinto aconjunction
of clausesP suchthat � is inconsistentif andonly if P is. Notice that in general�
andP arenotequivalent,becausethetransformationinto clausalform mayrequirethe
introductionof auxiliary functionsto remove existentialquanti�ers (so-calledSkolem
functions).3 However, aswe will seebelow, the intendeduseof clausalform is in
proofsby contradiction,sopreservationof inconsistency is all we need.

UsingdeMorgan'slaw

: P _ : Q if andonly if : (P ^ Q)

andthede�nition of implicationin termsof negationanddisjunction,i.e.,

P ) Q if andonly if : P _ Q ,

we canreexpressclausesasa singleimplication

(N0 ^ N1 ^ � � �) ) (P0 _ P1 _ � � �) .

The left-handsideof the implication is its antecedent, the right-handsideits conse-
quent. Henceforth,we will referto theNi andPi astheliteralscomposingtheclause,
although,strictly speaking,thenegativeliteralsin theclauseareof theform : Ni, rather
thanNi.

By expressinga clauseasanimplicationasexplainedabove,we seethata clause
statesthatat leastoneof theatomicformulasin theconsequentholdswheneverall the
atomicformulasin theantecedenthold. In particular, if a clausecontainsno negative
literals, it will have an emptyantecedentwhenwritten asan implication. Therefore
anemptyantecedentshouldbeinterpretedasstandingfor truth: Theclausestatesthat
underall conditionsat leastoneof theatomicformulasin theconsequentholds.Con-
versely, if a clausehasnopositive literals,it assertsthatat leastoneof theformulasin
its antecedentis false,thatis, theconjunctionof theatomicformulasin theantecedent
is false.Whenwritten asanimplication,sucha clausehasanemptyconsequent.An
implicationis equivalentto thenegationof its antecedentprovidedthatits consequent
is false.Thusanemptyconsequentcorrespondsto falsity. Finally, theemptyclause,
with emptyantecedentandconsequent,correspondsto the implication true ) false,
which is equivalentto false.

Theorem-proving in �rst-order logic—andhenceclausalform FOL—is a compu-
tationallydi� cult taskandanareaof active research.As we indicatedin Section1.2,
for computationalfeasibility Prologis not basedon full clausalform, but on a strictly
lessexpressive subset,Horn clauses, which areclauseswith at mostonepositivelit-
eral. Thusthereareonly threetypesof Hornclauses:

3Thusevenaformulawithout functionsymbolsmaybetransformedinto aclausewith functionsymbols,
outsidethedatabasesubsetwehavebeenconsidering.But sincethesubsetis justastopping-off point to full
Prolog,andtheargumentsaremeantto beindicative only, wewill ignorethis subtlety.
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� Unit clauses:with onepositive literal, no negative literals, i.e., of the form P0

(or, equivalently, ) P0).

� Nonunitclauses:with onepositive literal, oneor morenegative literals, i.e., of
theform P0 _ : N0 _ : N1 _ � � � (or, equivalently, N0 ^ N1 ^ � � � ) P0).

� Negativeclauses:with no positive literals,oneor morenegative literals,i.e.,of
theform : N0 _ : N1 _ � � � (or, equivalently, N0 ^ N1 ^ � � � ) ).

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—unlikegeneralclauseswith their potentiallydisjunctive, inde�nite, con-
sequent.

Eachtypeof Hornclauseplaysadi� erentrole in anaxiomatizationof a particular
problem.Unit clauses,of theform P0, assertthetruth of their consequents.We might
call suchclausesfacts.

A nonunitclausestatesthat its consequentis true if its antecedentis true. Such
clausesthusserveasgeneralrulesby whichtheconsequentcanbedeterminedto hold.

Finally, a negativeclause
N0 ^ N1 ^ � � � )

hastheequivalentform
: (N0 ^ N1 ^ � � �) .

That is, a negative clausedeniesthe truth of its antecedent.Negative clausescanbe
seenasqueriesasto underwhatconditionstheir antecedentis true,by the following
reasoning.Supposewe haveasetof factsandrulesP (aprogram) anda conjunction

N0 ^ N1 ^ � � � . (2.1)

We want to determinevaluesfor thevariablesin (2.1) thatmake it a consequenceof
P. In otherwords,we wanta constructiveproof, from P, of

(9x0; : : : ; xk)(N0 ^ N1 ^ � � �) . (2.2)

Oneway of attemptingto prove (2.2) is by contradiction,that is, by showing that
theconjunctionof theclausesin P andthenegationof (2.2) is inconsistent.Fromthe
inconsistency of the conjunction,we can infer that (2.2) follows from P becauseP
itself, beingasetof de�nite clauses,cannotbeinconsistenton its own.

Now, thenegationof (2.2)canbeput in theform

(8x0; : : : ; xk): (N0 ^ N1 ^ � � �) (2.3)

which is just anothernotationfor thenegativeclause

N0 ^ N1 ^ � � � ) . (2.4)

A constructiveproofof theinconsistency of (2.3)with P will providea counterexam-
ple for the universalstatement(2.3). It will yield valuesv0; : : : ; vk for the variables
x0; : : : ; xk suchthat

P ^ : (N0 ^ N1 ^ � � �) (2.5)
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with eachvi substitutedfor xi is false.
The proof of falsity comesaboutbecausewe areproving inconsistency of (2.3)

with P. The actualvaluesfor the variablesfollows from the fact that the proof is
constructive. It is easyto seefrom the proof of the falsity of (2.5) that (2.1) under
thatsamesubstitutionof valuesfor variablesis aconsequenceof P. AssumeP is true.
Then: (N0 ^ N1 ^ � � �) mustbefalse,andtherefore(2.1)true,underthegivenvaluesfor
variables.This concludestheconstructiveproof of theoriginal existentialquery(2.2)
from theprogramP. Thus(2.4)canbeseenasaqueryaboutthetruthof its antecedent
(2.1)relative to theprogram.

This methodof proving an existentialstatementis calledrefutation, becausethe
proofproceedsby refutingthenegationof thestatement.

As we have seen,Prologprogramsfollow this paradigmexactly. Factsandrules,
presentedwith thePrologimplicationandconjunctionoperators“ :- ” and“ , ” respec-
tively, arequeriedusinga negative clause.The only di� erenceis that theProlog:-
operatorputs its antecedentandconsequent“backwards”, that is, :- correspondsto
( , sothatP ) Q is written asQ :- P andP ) is written as:- P. A Prologproof
of a goal includesan assignmentof valuesto variablesin the goal which makesit a
consequenceof theprogram.It becomesapparent,then,why thenotation“ :- G” was
chosenfor queries.We aremerelypresentingthegoalstatementto Prologdirectly in
its negatedform.

Exercise 2.3 (For the logically inclined.) Recall that the discussionabove assumed
thatanysetof de�nite clausesis consistent.Whyis this so?

2.4 The Operation of DatabaseProlog

Intuitively, ourde�nition of, for instance,author_of in termsof subsidiarypredicates
seemscorrectfrom thelogical standpointjust outlined.But how doesthePrologsys-
temmake useof this predicate?Supposewe askPrologfor thewritings of Bertrand
Russellwith thefollowing query:

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

yes

How doesPrologdeterminethatacorrectassignmentto satisfythegoal(i.e.,disprove
its negation)is What = principia? What is the procedural interpretationof Horn
clausesthatPrologusesin actuallyexecutinga goal? In this sectionwe describethe
executionof aProloggoalinformally, returningto amoreprecisediscussionof theex-
ecutionmechanism,andits relationto thelogicalbasisfor Prologthrougha technique
calledresolution, in Section3.5.

To executea goal,Prologsearchesforwardfrom thebeginningof theprogramfor
the �rst clausewhoseheadmatchesthe goal. We will have more to sayaboutthis
matchingprocess,called uni�cation, when we further discussthe theory of Prolog
in Section3.5. For the time being, think of two literals matchingif thereexists an
assignmentto thevariablesin themunderwhich they becomeidentical.For instance,
the literal author_of(bertran d, What) matchesthe literal author_of(Person ,
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Book) underthe assignmentPerson = bertrand, Book = What, becauseif the
literals aremodi�ed by replacingthevariablesin theassignmentwith their assigned
value,bothliteralsbecomeauthor_of(bertran d, What).

If a matchis found, theselectedclauseis activated. Thematchingassignmentis
appliedto boththegoalandacopy of theclauseby replacingvariableswith theirbind-
ing value,e.g.,replacingPerson with bertrand andBookwith What. Theliteralsin
thebodyof theinstantiatedclause(if any) arethenexecutedin turn, from left to right.
If atany time thesystemfails to �nd amatchfor agoal,it backtracks, thatis, it rejects
the most recentlyactivatedclause,undoingany substitutionsmadeby applying the
assignmentengenderedby thematchto theheadof theclause.Next it reconsidersthe
original goal thatactivatedtherejectedclause,andtries to �nd anotherclausewhose
headalsomatchesthe goal. When�nding alternative clauses,Prologalwaysworks
from thetopof theprogramto thebottom,trying earlierclauses�rst.

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

author_of(Perso n, Book) :-

book(Book),

wrote(Person, Book).

The headof this clausematchesthe goal underthe bindingsPerson = bertrand,

Book = What as describedabove. Under thesebindings,the body of the rule be-
comesbook(What), wrote(bertrand, What). Prologactivatestheclausetaking
thisconjunctiononasits new goal,executingtheconjunctsoneby 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 choosefrom, Prologchoosesthetextually earliestonethathasnot beenconsidered
in satisfyingthis goal; in this case,nonehave beenconsidered,so the �rst matching
clausebook(begriffssc hri ft ) is chosen,whichmatchesthegoalbook(What) un-
derthebindingWhat = begriffsschrift. Underthisbinding,thesecondconjunct
is wrote(bertrand, begriffsschrift ) , andthis becomesthenext goal.

However, no clauseheadmatchesthis goal,sothegoalfails. Prologbacktracksto
its lastchoiceamongalternativeclauses.In this case,thechoicewasbetweenthetwo
unit clausesmatchingbook(What). This time, in satisfyingthegoal,thenext match-
ing clauseis chosen,namelybook(principia) ; thesecondconjunctthenbecomes
wrote(bertrand, principia) . This goalmatchesthe identicalunit clausein the
database.

Thuswe have satis�ed all of the conjunctsin the antecedentof the author_of
clause,therebysatisfyingthe original goal itself. Perusingthe bindingsthat were
necessaryto satisfythegoal,we notethat thevariableWhatin theoriginal goalwas
boundto principia ; thebindingWhat = principia is thereforereported.
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          author_of (bertrand, princ ipia)

 book(principia)           wrote(be rtrand, principia)

Figure2.1: A proof tree

2.4.1 Proof Trees and Traces

Often it is useful to have a methodfor summarizingthe executionof a goal. We
describetwo suchmethodshere. The �rst one,the proof tree, describesthe literals
that wereproved in the courseof the proof of the main goal and the dependencies
betweenthem.For the“writings of Russell”example,themaingoalproved,underthe
satisfyingassignment,wasauthor_of(bertran d, principia) . It dependedonthe
proofsof two subsidiaryliterals,namely, book(principia) andwrote(bertrand,
principia) . Theseliteralswereprovedprimitively with no dependentliterals. Thus
theproof treefor thisexampleis asgivenin Figure2.1.

This proof treemakesexplicit the stepsin the executionof Prolog that led to a
successfulproof 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 summarizingPrologexecutions,the trace, is useful
whenthishigherlevel of detail is desired.

Theparticulartracingmethodwe shall useis calledtheboxmodel(Byrd, 1980),
sinceit modelsa predicateasa box with certainportsthroughwhich thecomputation
passes.The box modelunderliesthe tracinganddebuggingfacilities of mostEdin-
burghPrologsystems.

In abox-modeltrace,eachstepthesystemtakes—whetherit betherecursiveprov-
ing of aliteral, theactivatingof aclauseto proveit, or thesubsequentsuccessor failure
of thesubproof—issequentiallylistedusingthefollowing generalformat:

( i) d p: G

EachgoalG is givena goal numberi which uniquelyidenti�es it throughouttheex-
ecution.As thegoalprogressesthroughtheexecution,tracelineswith thegivengoal
numbershow the stateof instantiationof the goal at di� erentpoints. The recursion
depthis givenasd. Themaingoalhasrecursiondepth0, its subgoals,recursiondepth
1, their subgoals,2, andso forth.4 Tracelines correspondto di� erentkinds of steps
in theexecutionof a Prologquery. Theport namep speci�esthe typeof stepin the
executionthatthetraceline records.Theexecutionof a literal is startedat a Call port
correspondingto theactivationof the�rst matchingclause.Whentheproofusingthis
clauseis successful,a traceline with the port nameExit is listed. If the �rst clause
activateddoesnot yield a successfulproof, a Redoport line is addedfor eachlater
clausethat is invoked. Finally, if all clausesfail to providea proof for thegivengoal,
a Fail port traceline is used.

4Wewill alsosometimesuseindentationto re�ect thedepthof recursionof theexecutionin orderto aid
readability.
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Thefollowing traceof the“writings of Russell”examplemayelucidatetheProlog
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
proof treefor thegoal.

Not only doesthetracemakeexplicit theorderingin which theproof treewastra-
versedby Prolog,it alsoshows all theblind alleys thatPrologtried before�nding an
actualproof. Thesetwo phenomenaarerelated.For example,if thesecondbranchof
theproof tree(correspondingto thesecondliteral in theclausede�ning author_of )
had beentried �rst, the only satisfyingassignmentfor it would have beenBook =

principia. Under this assignment,the �rst clausebecomesbook(principia) ,
which is immediatelyprovedfrom thedatabase.Thusno blind alleys aretried. This
behavior wouldbeengenderedby thefollowing alternativede�nition of author_of :

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

This exampleshows thatalthoughtheorderingof literalswithin a clausedoesnot
a� ect the logical meaningof the clauseasa de�nition of a relation, it canhave far-
reachinge� ectsin termsof thecontrol �o w of theprogram.That is, althoughProlog
can be viewed as a subsetof a logical language,we cannotforget that it is still a
programminglanguage,andissuesof controlarestill important.

2.5 RecursivePredicateDe�nitions

The relationsdiscussedabove—author , logician , and so forth—arede�ned di-
rectly in termsof otherrelations,which ultimatelyarede�ned in termsof theoriginal
database.However, it is not possibleto givesuchde�nitions for relationsthatinvolve



20

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

Chapter 2. Database Prolog

chainsof relationshipsof arbitrarylengths.To de�ne suchrelations,we needto use
recursivede�nitions in which a predicateis de�ned (possiblyindirectly) in termsof
itself.

As asimpleillustrationof theneedfor recursivede�nitions, considerthefollowing
database,whichencodesa portionof thefamily 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, kate). 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).

Herea literal parent(X,Y) is intendedto meanthatX is a parentof Y. Theinfor-
mationin thisdatabaseis convenientlyfactoredamongtheparent , male, andfemale
predicatessothatthereis noduplicationastherewouldbeif thesameinformationwere
expressedin termsof, for instance,father , mother, male andfemale .

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

Supposewe wantedto de�ne a notionof ancestor. Intuitively, a personOld is an
ancestorof a personYoungif thereis somechainof parentrelationshipsof arbitrary
lengthconnectingOld to Young. We couldstartby writing clauseslike:

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 axiomatizationin thisstyleis possible.Instead,wede�ne ancestor
recursively. At the base,one's closestancestorsareparents.All otherancestorsare
parentsof closerancestors.Statingthis in Prolog,wehave

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 thequeryancestor(katherin e, kate) , underthis de�nition of
ancestor , proceedsasfollows:

?- 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 ancestorworksappropriatelyby fol-
lowing thetraceandexecutingsimilar queries.

Exercise 2.5 Whatis theproof treecorrespondingto thisexecution?

The readerwith someknowledgeof model theory for �rst-order logic might be
wonderingaboutour useof recursivepredicatede�nitions like theoneabove. In gen-
eral,thetransitive closureof a binaryrelationis not �r st-order de�nable (Boolosand
Je� rey, 1980).Thatis, givenabinarypredicatep thereis no�rst-order formulaT(x; y)
with freevariablesx andy suchthatfor all interpretationsof predicatesymbols,con-
stantsandfreevariables,T(x; y) holdsin theinterpretationif andonly if thevaluesfor
x andy in theinterpretationarein thetransitiveclosureof therelationinterpretingthe
predicatep. Thus,theabovede�nition, andotherslike it usedin therestof this book,
seemnot to really de�ne what they aresupposedto de�ne. The solutionof this co-
nundrumis thatde�nite-clauseprogramsmustbeinterpretedwith a speci�c modelin
mind,theleastHerbrandmodel(vanEmdenandKowalski,1976;Lloyd,1984)for the
program,ratherthanin termsof arbitrary�rst-order models.In theintendedmodel,a
programlike theaboveindeedde�nesthetransitiveclosureof thebaserelation.

2.5.1 Variable Renaming

In previousexampleswe have ignoredthe issueof thescopeof variablenames.We
have beenimplicitly assumingthat several occurrencesof variableswith the same
spellingall occurringin oneclauseareto beconsideredinstancesof thesamevariable.
Thus,in the�rst clauseof Program2.2,thetwo occurrencesof Youngareintendedto
notatethesamevariable.Whenoneis boundin anassignment,they bothare.However,
thesetwo occurrencesandthetwo in thesecondclausearenot intendedto notatethe
samevariable. For instance,in the traceabove, eachof theserules is usedoncein
theproof, the�rst undertheassignmentOld = bertrand, Young = kate andthe
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secondundertheassignmentOld = katherine, Middle = bertrand, Young =

kate. Thesetwo assignmentsareincompatible,assigningdi� erentvaluesto Old. Yet
their usein the executionof the query is not inconsistentbecausethey arosefrom
di� erentinvocationsof clauses.Thuswe needsomeway of distinguishingvariables
in di� erentclauses—ordi� erentinvocationsof the sameclause—thathappento be
spelledthesame.

Onewayof doingsowouldbeto requirethattheprogrammeralwaysusedi� erent
variablesin eachclause.Butnotonlywouldthisbecumbersome,it wouldnotsolvethe
problemfor di� erentinvocationsfor thesameclause,whichrecursivede�nitions make
possible.Therefore,eachinvocationof agivenclausein aproofconceptuallyrequires
the renamingof the variablesin the clauseto new variables. In this book, we will
representthevariablesin a clauseinvocationresultingfrom renamingby x_i wherex
is thetextual nameof theoriginal variableandi is thenumberof the invocation.For
instance,in the executiontraceabove, the third clauseinvocationhasa variablethat
is an instanceof the variableMiddle from the secondclauseof Program2.2. It is
thereforelisted asMiddle_3 in the trace. Thusvariablesfrom di� erentinvocations
areguaranteedto beunique.

In practice,Prologsystemsuselessobvious(but moree� cient)variable-renaming
mechanisms.Typically, new variablesareinternallyrepresentedasanindex into Pro-
log's working storage,andaredisplayedwith the notation“_i” wherei encodesthe
index.

2.5.2 Termination

In ancestor we �nd our �rst exampleof a predicatewhosede�nition hasto becare-
fully designedto avoid nontermination.Theideaof thede�nition of ancestor given
above is that in the recursive secondclausetheproof procedurewill have to follow a
speci�c parent link in thefamily treeor graphbeforerecurringto follow otherlinks.
As thefamily graphis �nite andacyclic, atsomepointwewill runoutof parent links
to exploreandtheprocedurewill terminate.

In contrast,thefollowing de�nition is possiblymorenaturalbut causesnontermi-
nationproblemsfor theProloginterpreter.

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
expressedin FOL as

R(x; y) ^ R(y; z) ) R(x; z) .

However, whenPrologtriesto proveancestor( x, z) for any termsx andz, it fallsinto
an in�nite loop, becausethe �rst subgoalit attemptsto prove is ancestor( x,Y_1) ,
which in turn leadsto anattemptto proveancestor( x,Y_2) andsoon.

If thetwo clausesareinterchanged,we 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-
tion in �nite timeif oneexists.However, if weaskfor moresolutionsby backtracking,
therewill comea point whenall theparent factswill have beenusedin all possible
ways,andPrologwill go into a loop usingtherecursiveclausealone.

The sourceof the di� culty in thesecasesis that oneof the clausesis left recur-
sive, that is, the leftmostantecedentliteral in a clausede�ning a predicateis itself a
referenceto thatsamepredicate.In general,left recursive predicatescauseproblems
for theleft-to-right,depth-�rst control regimethatProloguses.In fact,theleft recur-
sionneednot evenbedirect. If by following a chainof leftmostliteralswe cancycle
backto a predicatepreviouslyused,thePrologproofproceduremayfollow this chain
depth-�rst, fruitlesslysearchingfor a way out. It shouldbenotedthat therearemore
sophisticatedHorn-clauseproof proceduresthatwill not loop with transitive relation
de�nitions. Unfortunately, thoseproceduresarein generalsoexpensivethatit is infea-
sible to usethemfor generalprogrammingtasks.However, someof themareuseful
for certainparsingproblemsaswe will seein Chapter6.

Thus, in the avoidanceof terminationby clauseand literal ordering, just as in
the previous discussionof usingsuchorderingto reducesearch,we seethat control
issuesmustbe carefully consideredin writing Prologprograms,very muchaswhen
programmingin otherlanguages.In Prologwe canignoresomelow-level detailsof
datarepresentationandexecutioncontrol,but thatdoesnot meanthatwe canignore
all issuesof datarepresentationandcontrol. Eachprogramminglanguageplacesthis
kind of abstractionbarrierin a di� erentplace.Oneof themaindi� cultiesin learning
Prologafterlearningotherprogramminglanguagesis Prolog'sparticularplacementof
thebarrier.

2.6 ProblemSection: SemanticNetworks

Semanticnetworksare graphstructuresoften usedfor knowledgerepresentationin
arti�cial intelligence.Thesimplestform of semanticnetwork consistsof nodesrepre-
sentingindividualsanddirectedarcsrepresentingbinaryrelationshipsbetweennodes.
For example,thenetwork in Figure2.2containsseveraltypesof arcsrepresentingre-
lationshipsbetweennodes.For instance,theisa arcsrepresentmembershiprelations,
e.g.,OleBlack is a Mustang(thatis, is amemberof theclassof Mustangs).Similarly,
ako, whichstandsfor a kindof, representstheinclusionrelationbetweenclasses.For
instance,Mustangsarea kind of automobile.

Problem 2.6 Find a wayof 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 there?” (the answers shouldbe gmand ford ).
Demonstratethat your representationcanhandlethesequeries.
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Universal

   Dates
   Legal
 Persons

1968    1965   Humans Automobiles

Companies Model T Mustangs

Ole Black   Lizzy    GM     Ford

have mass

Physical
Objects

  self-propelled

AKO
AKO

AKO

AKO
AKO

AKO

AKO AKO

ISA
ISA

ISA ISA ISAISA

AKO

Figure2.2: A semanticnetwork

We canaskPrologwhat individualssatisfya given relation. However, we can-
not askdirectly what relationshold betweengiven individuals. In semanticnetwork
representations,we oftenwant to askthe latter kind of question,for instance,“What
relationshipsholdbetweenFordandtheclassof companies?”

Problem 2.7 Modifyyour representationof semanticnetworksto allow boththisnew
kindof questionandthekind in thepreviousproblem.(HINT: Treatsemanticnetwork
relationsasProlog individuals. This is an importantProlog programmingtechnique,
sometimescalledrei�cation in philosophicalcircles.)

Semanticnetworks areoften usedto representtaxonomieswith property inheri-
tance. A taxonomy, like theonein theexampleabove, placesindividualsin classes,
andspeci�eswhichclassesaresubclassesof otherclasses.If all themembersof aclass
necessarilyhave a certainproperty, we say(abusinglanguageslightly) that the class
hastheproperty. Further, we saythatall individualsin theclass,andall subclassesof
theclass,inherit theproperty. The following threeconventionsareusuallyfollowed
for economyof representation:

� Classcontainmentstatementsaregiven only betweena classandthe smallest
classesin thetaxonomythatcontainit. (For instance,wedonothaveanexplicit
representationof thefactthatMustangsarephysicalobjects.)

� Classmembershipstatementsaregiven betweenan individual and the small-
estclassesin the taxonomythat containit. (For instance,we do not explicitly
representthatFord is a legalperson.)
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� Propertiesareassociatedwith the largestclassin the taxonomythathasthem.
(For instance,we explicitly associatethepropertyof beingself-propelledwith
automobilesbut notwith Mustangs).

Thetransitivity of classcontainmentis thenusedto deducefrom theexplicit data
whetherspeci�c individualsor classeshavecertainpropertiesor arein certainclasses,
for example,thatMustangsarephysicalobjects.

Problem 2.8 UseyourProlog encodingof semanticnetworksfor a general encoding
of taxonomiesof thekind described.De�ne the following Prolog predicatesin terms
of your representation:

� is_instance(Ind ivi dual , Class) holdswhenIndividual is an element
of Class .

� has_property(In div id ual,P ro per ty ) holdswhenIndividual hasProp-
erty.

� subclass(Class1 , Class2) holds whenClass1 is a [possibly improper]
subclassof Class2.

Testyourprogramby demonstrating that GM is a legal person,that Ole Black is self-
propelled,andthatMustangsarephysicalobjects.

In Prolog, we can have predicatesof any number of arguments. 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 thesimpleform of semanticnetwork
discussedsofar, we canonly representdirectlybinaryrelations.

Problem 2.9 Find a way of representingn-ary predicatesusingnodesand labeled
arcsin a semanticnetwork.Howwouldyourepresent“Ole Black wasbuilt byFord in
1965” with this encoding?How would youaskProlog to determinewhich company
built Mustangsin 1967?

2.7 Context-FreeGrammars

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

Context-freegrammars(CFG)constituteasystemfor de�ning theexpressionsof a
languagein termsof rules, whicharerecursiveequationsoverexpressiontypes,called
nonterminals, andprimitiveexpressions,calledterminals. Thestandardnotationfor a
context-freerule is

N0 ! V1 � � � Vn

whereN0 is somenonterminalandtheVi arenonterminalsor terminals.Sucha rule
hasthefollowing informal interpretation:“if expressionsw1; : : : ; wn matchV1; : : : ; Vn,
respectively, thenthesingleexpressionw1 � � � wn (theconcatenationof thewi) is itself
of expressiontypeN0.” By anexpressionwi matchinga Vi we meanthateitherVi is a
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terminal(aprimitiveexpression)andidenticalto wi, or Vi is anonterminal(anexpres-
siontype)andwi is of thattype(presumablyby virtue of somerule in thegrammar).

Consider, for example,the following context-freegrammarfor a fragmentof En-
glish:

S! NP VP
NP ! Det N OptRel
NP ! PN

OptRel! �
OptRel! thatVP

VP ! TV NP
VP ! IV

PN ! terry
PN ! shrdlu
Det ! a

N ! program
IV ! halts
TV ! writes

We have notatednonterminalswith upper-casenamesandterminalswith lower-case.
Thenonterminalnameswe have usedhereare,for themostpart,standardin current
linguistics.For reference,we includebelow a tableof thetermsthey abbreviate.

symbol abbreviates
S Sentence
NP NounPhrase
VP VerbPhrase
IV IntransitiveVerb
TV TransitiveVerb
PN ProperNoun
Det DETerminer5

N Noun
OptRel OPTionalRELativeclause

Thegrammarabove classi�esstringsasbeingof zeroor moreof thesetypes.For
instance,by virtue of the ninth rule, the expression“” is classi�ed as a PN.
An alternateterminologyis often usedin which the nonterminalPN is saidto cover
the string “”. Similarly, the string “halts” is coveredby the nonterminalIV.
Furthermore,by thetwelfth rule, “halts” is alsoclassi�edasa VP. The�rst andthird
rulesallow theconclusionthattheentirephrase“ halts” is anS.

This classi�cationof anexpressionandits subexpressionsaccordingto a context-
freegrammarcanbesummarizedin a phrase-structure treeor parsetree. Thetreefor
thesentence“ halts” is givenin Figure2.3. Eachlocal setof nodes,consisting
of a parentnodeand its immediatechildren,correspondsto a rule application. For
instance,thetopsetof nodescorrespondsto anapplicationof theruleS! NPVP. The
leavesof thetree,thatis, thesymbolsat thebottomwith nochildren,correspondto the
primitiveexpressions,theterminals,andtheinteriornodescorrespondto nonterminals.

5Determiners(like theanda) arealsosometimescalledarticles.
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S

  NP      VP

    PN                   IV  

SHRDLU                     halts 

Figure2.3: Parsetreefor a simplesentence

a        program                      

DET           N         OptRel        IV

NP                           VP

S

halts

Figure2.4: Parsetreeincludingemptyconstituent

Theexpressioncoveredby a givennodeis just thefringe of thesubtreewhoseroot is
that node. Sucha phrase-structuretreefor a string providesa sort of proof that the
stringis classi�edasthenonterminalat theroot.

Thesymbol“ � ”, whichoccursin the�rst rule for optionalrelativeclauses,is used
to marka rule with zeroelementson theright-handside,hence,coveringthe“empty
string”. For example,thestring“a programhalts” is classi�edasanS asillustratedby
theparsetreeof Figure2.4. Note that sincetheOptRel rule hasno elementson the
right-handside,it requiresnodependentsin theparsetreeandcoversnoportionof the
string.

Any procedurefor determiningtheparsetreecorrespondingto anexpressionmust
performthe rule applicationsin a given order. Suchan orderingof the applications
summarizedin the treeis calleda derivationof thestring. In theparticularexample
“ halts”, we might derive the string performinglower applicationsin the tree
beforethosehigher up, aswe did in the informal descriptionabove. Alternatively,
we might start by applying the �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 as top-
downderivations. On an orthogonaldimension,we canhave depth-�rst or breadth-
�r st derivations,dependingon whetheran entiresubtreeis or is not derived before
the derivation of its siblings begins. Many other possiblederivation orderingsare
possible,combiningfacetsof top-down versusbottom-up,depth-versusbreadth-�rst,
left-to-right versusright-to-left orderings,andsoforth. Theparsetreeabstractsaway
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from all theseorderingissuesmanifestedin particularderivations,just asa proof tree
abstractsaway from orderingissuesmanifestedin particulartraces.

As a sidenote,it is traditional to separatea grammarof this sort into two parts,
onewhichcontainsthegrammarrulesproperandonewhich containstheruleswith a
singleterminalontheright handside.Thelatterpartis calledthedictionaryor lexicon
for thegrammar. Dictionaryrulescorrespondto thelinesin theparsetreeconnecting
a preterminal—a nonterminalimmediatelycovering a terminal—andthe terminal it
covers.

Exercise 2.10 Whatexpressiontypesare the following expressionsclassi�ed under
according to thecontext-freegrammarjust given?

1. halts

2. writesa program

3. aprogramthatTerry writes

4. Terrywritesaprogramthathalts

5. aprogramthathaltswritesaprogramthathalts

6. Terryhaltsa program

7. aprogramthatTerry writeshalts

Exercise 2.11 For each classi�cation of each expressionin the precedingexercise,
givetheparsetreefor thederivationof thatexpressionunderthat classi�cation.

2.7.1 Axiomatizing Context-Free Grammars

In parsetreeslike the onegiven in Figure2.4, nonterminalscan be interpretednot
only as a classi�cation of expressions(viz., the expressionsthat are the fringes of
treeslabeledwith the givennonterminal)but alsoasbinary relationson positionsin
theexpression,wherea positiondividesanexpressioninto two subexpressionswhich
concatenatedtogetherform theoriginal expression.For example,stringpositionsfor
thethesampleparsetreeof Figure2.4areshown in Figure2.5.Position2, for example,
dividestheexpressioninto thetwo subexpressions“a program”and“halts”.

Thenonterminalscannow be seenasbinary relationson the positions.The pair
of positionsh0; 2i is in theNP relationbecausethenonterminalNP coversthesubex-
pressionbetweenpositions0 and2. Using logical notationfor the relation,this fact
canbe notatedasNP(0,2). Similarly, S(0,3) holdsbecausethenonterminalS covers
theexpressionbetweenpositions0 and3. The emptyoptionalrelative clausecovers
thestringbetweenposition2 anditself, i.e.,OptRel(2,2).

In fact,thegeneralstatementmadeby thecontext-freerule

S ! NP VP

canbesummarizedusingrelationsonpositionswith thefollowing logicalstatement:

NP(p0; p1) ^ VP(p1; p) ) S(p0; p)
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0     1                      2                    3

a        program                      

DET           N         OptRel        IV

NP                           VP

S

halts

Figure2.5: Parsetreewith stringpositions

that is, if thereis anNP betweenpositionsp0 and p1 anda VP betweenpositionsp1

andp, thenthereis anSbetweenpositionsp0 andp. Indeed,any context-freerule of
theform

N0 ! V1 � � � Vn

canbeaxiomatizedas

V1(p0; p1) ^ � � � ^ Vn(pn� 1; p) ) N0(p0; p) .

2.7.2 Context-Free Grammars in Prolog

To expressa context-freegrammarin Prolog,then,we merelynotethat this general
form for axiomatizingrulesis itself in de�nite clauseform. Thus,it canbe directly
statedin Prolog.For instance,thesentenceformationrule is expressed

s(P0, P) :- np(P0, P1), vp(P1, P).

A full axiomatizationof theEnglishfragmentwould beasfollows:

Program 2.4
s(P0, P) :- np(P0, P1), vp(P1, P).
np(P0, P) :- det(P0, P1), n(P1, P2), optrel(P2, P).
np(P0, P) :- pn(P0, P).
vp(P0, P) :- tv(P0, P1), np(P1, P).
vp(P0, P) :- iv(P0, P).
optrel(P, P).
optrel(P0, P) :- connects(that, P0, P1), vp(P1, P).

pn(P0, P) :- connects(terry, P0, P).
pn(P0, P) :- connects(shrdlu, P0, P).
iv(P0, P) :- connects(halts, P0, P).
det(P0, P) :- connects(a, P0, P).
n(P0, P) :- connects(program, P0, P).
tv(P0, P) :- connects(writes, P0, P).
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We have usedtheliteral connects(Termin al, Position1, Position2) to mean
that the terminal symbol Terminal lies betweenconsecutive positionsPosition1
andPosition2 .

This axiomatizationof a CFG in Prolog can be seenas the output of a general
mappingor algorithmictranslationfrom CFGsinto Prolog. The mappingtakesany
CFruleandformsa correspondingPrologclauseasfollows:

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

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

Furthermore,asexempli�ed above, thepositionargumentsfor eachconstituentform
a sequencep0; : : : ; pn suchthat the constituentde�ned by the rule relatesp0 to pn

andsubconstituenti in the right-handsideof the rule relatespi� 1 to pi. The ability
to describethis mappingalgorithmicallyis thebasisfor interpretersfor this andother
grammarformalisms.We will investigatesuchformalismsandinterpretersin Chapter
6.

2.7.3 Prolog as Parser

Given our usageof the connects predicate,an expressioncan be axiomatizedby
statingwhichterminalsymbolsin thestringconnectthestringpositions.For instance,
thestring“a programhalts” is representedby thefollowing unit clauses:

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

This axiomatizationof expressionsandcontext-freegrammarsin de�nite clauses
allows any Horn-clauseproof procedureto serve asa parser (or, strictly speaking,a
recognizer) for expressions.6 The Prolog proof procedure,in particular, givesus a
top-down,depth-�rst, left-to-right parsingmechanismbecausethederivationsProlog
assignsto a string by its executioncorrespondto top-down, depth-�rst, left-to-right
traversalof theparsetree.A queryof theform s(0, 3) will hold if thestringbetween
positions0 and3 is a sentenceaccordingto thegrammar.

?- s(0, 3).
yes

?- s(0, 2).
no

6A recognizeris a programthat determineswhetheror not an expressionis grammaticalaccordingto
thegrammar. A parseris a recognizerthat furthermoredeterminesthestructureunderwhich grammatical
stringsareadmittedby thegrammar.
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Tracingtheexecutionby Prologexplicitly exhibits thederivationorderimplicit in
usingPrologasa parserof grammarsencodedin this way. Theexecutiontraceof the
grammargiven above with the input sentence“a programhalts” representedby unit
clausesclearlyshowsProlog's top-down, depth-�rst, left-to-right behavior.

?- s(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 : np(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

ThetraceshowsthatPrologparsesby searchingfor aderivationof theexpressionstart-
ing at thetop nodein theparsetreeandworking its way down, choosingonerule at a
timeandbacktrackingwhendeadendsin thesearcharereached.For purecontext-free
grammars,many otherbetterparsingmechanismsareknown,sothisparsingtechnique
is not very interestingfor CFGs. It becomesmore interestingfor the moregeneral
grammarsdiscussedin Section3.7.Furthermore,alternativeaxiomatizationsof CFGs
canengenderdi� erentparsingmechanisms,andProloginterpretersfor grammarscan
makeuseof alternativealgorithmsfor parsing.Thesepossibilitiesareexploredfurther
in Chapter6.

The axiomatizationof grammarsjust presentedmakesmoreprecisethe sensein
which a parsetreeprovidesa kind of proof of thegrammaticalityof anexpression,as
theparsetreefor a sentencecorrespondsdirectly to theproof treethatPrologdevel-
opsin recognizingthe expression.This canbe readily seenfor the samplesentence
whoseproof treeis given in Figure2.6 (cf. Figure2.5). In fact, this isomorphismis
exploitedfurther in Section3.7.1,in developinga grammarthatbuilds theparsetree
correspondingto a givenderivation.
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s(0,3)

  np(0,2)              vp(2,3)

det (0,1)           n(1,2)    optrel (2,2)   i v(2,3)  

 connect s(a,0,1)  connect s(pro gr am,1,2)  connnect s(halt s,2,3) 

Figure2.6: Prooftreefor parseof sentence

2.8 ProblemSection: Grammars

In this problemsection,we will develop alternative ways of encodinglanguagesin
Prolog.First,we will considerhow to encodethesyntaxof databasePrologitself us-
ing theencodingtechniquedescribedin Section2.7.2but with a muchfreerencoding
of theprimitive expressions.Thenwe will look at variousothermechanismsfor en-
codinglanguagesbasedon addingoperationslike intersectionor usingdi� erentdata
structureslikegraphs.

2.8.1 A Syntactic Analyzer for Database Prolog

We will considerherethequestionof how to build a syntacticanalyzerfor aprogram-
ming language,in this casethe databasesubsetof Prologwe have seenso far. This
subsethasaverysimplesyntax:

� A clauseis aclausetermfollowedby aperiod.

� A clauseterm is an atomic formula (a unit clause)or an atomic formula fol-
lowedby an implication followedby a sequenceof atomicformulasseparated
by commas(anonunitclause).

� An atomicformula is a predicatesymbol(a constant)optionally followedby a
parenthesizedlist of comma-separatedarguments.

� An argumentis aconstantor avariable.

Prolog syntacticanalyzers,like thosefor other programminglanguages,do not
usuallyanalyzecharacterstringsdirectly but ratherstringsof lexical tokensproduced
by alexical analyzer(Aho andUllman,1977).Wewill assumein thisproblemthatthe
resultsof lexical analysisof astringareexpressednotby connects clausesbut rather
by Prologunit clausesof thefollowing forms:

� constant(Consta nt, From,To) , meaningthat thereis a constanttoken be-
tweenpointsFromandTo in thestringwith spellingConstant .

� variable(Variab le, From,To) , meaningthat there is a variabletoken be-
tweenpointsFromandTo in thestringwith spellingVariable .
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� punctuation(Pun ct, From,To) ,meaningthatthereis apunctuationmarkbe-
tweenpointsFromandTo in thestringwith “spelling” Punct.

For example,for thePrologclause

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

we canassumethatthefollowing assertionswill bein thePrologdatabase:

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 ,1 5) .

Notethatpunctuationandcapitalizedconstants(denotingthespellingof variables)
must be in quotesso they are readas constantsby Prolog, and not asoperatorsor
variables,respectively. Also notethe extra parenthesesin the seventhclause.These
arerequiredby Edinburgh Prologsyntaxbecauseof the precedencesof operatorsin
orderto preventtheinterpretationof :- asapre�x operator.

Problem 2.12 Writea context-freegrammarfor dbProlog. Translateit to Prolog, and
test it with someof its own clausesas data. (We recommendchoosingshort clauses
for the data as the encodingis tedious. Chapter3 discussesbetter string position
encodings.)

2.8.2 Extending CFGs with Intersection

Context-freegrammarscanbegeneralizedby usingthe intersectionoperator“&”. A
ruleof theform

X ! � & � (2.6)

is interpretedassayingthata stringis an X if it is simultaneouslyan� anda � . This
extendednotationthus representsintersectionsof context-free languages,which in
generalarenot context-free(HopcroftandUllman,1979,pages134-135).

Problem 2.13 Extendthestandard mappingof context-freerulesto Prolog (discussed
in Section2.7.2) to allow for rules with the intersectionoperator. Demonstrate the
mappingby writing and testinga Prolog program de�ning a grammarfor the non-
context-freelanguagemadeof all stringsof theform anbncn for n � 0.
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Figure2.7: A graph

2.8.3 Transition Networks

Transitionnetworks are an alternative to formal grammarsfor de�ning formal lan-
guages(i.e., setsof strings). Whereasa formal grammarde�nes a languagein terms
of combinationsof typesof strings,a transitionnetwork for a languageis a kind of
abstractmachinefor recognizingwhetherstringsare in the language.The machine
canbe in oneof a setof states,andthe transitionsfrom stateto statecorrespondto
processingsuccessive symbolsin the string to be recognized.Certainspecialstates
correspondto acceptanceor recognitionof thestring. If themachine�nishes process-
ing whenin sucha state,thestringis acceptedasbeingin thelanguagerecognizedby
themachine.If themachinedoesnotendup in suchastate,thestringis notaccepted.
The problemsin this sectioncover thewriting of interpretersfor transitionnetworks
of bothnonrecursiveandrecursivevarieties.

Graph Languages

Thestatesandstatetransitionsof amachinelike thekind justdescribedform akind of
graphor network with thestatesasthenodesandthetransitionsasthearcs.For this
reason,we will startby looking at a simpleway to recognizelanguagesusinggraphs,
andmoveon to themorecomplex networksin laterproblems.

A �nite directedlabeledgraph is a �nite setG of triples (n; l; m), wheren andm
areelementsof asetof nodesandl is anelementof asetof labels. A paththroughthe
graphis astringof labelsl1 � � � lk suchthatthereexist graphnodesn0; : : : ; nk for which
the triples (n0; l1; n1); : : : ; (nk� 1; lk; nk) arein thegraph. The graph's path language is
thelanguagewhosestringsareall pathsin g.

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

Problem 2.14 Write a Prolog programthat canbecombinedwith a Prolog represen-
tation of an arbitrary �nite directedlabeledgraph and a Prolog representationof a
string to recognizethatstring asbelongingto thepathlanguageof thegraph.

Nonrecursive Transition Networks

Transitionnetworkscanbeseenasa kind of graphwherethenodesarecalledstates
andthe arcsstatetransitions. More formally, a nonrecursive transitionnetwork is a
labeleddirectedgraphN (as in the previous problem)togetherwith a distinguished
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Figure2.8: A nonrecursivetransitionnetwork

initial statei andasetof �nal statesF. A strings = l1 : : : lk is acceptedby thenetwork
(or is in the language of thenetwork) if andonly if thereis a pathin N givenby the
triples(n0; l1; n1); : : : ; (nk� 1; lk; nk) suchthatn0 is theinitial stateandnk is a �nal state.

For example,Figure2.8depictsa transitionnetwork with initial state1 (signi�ed
by thearrow “>”) and�nal state5 (signi�ed by theconcentriccircles). This network
will acceptstringssuchas“everyprofessor'sprofessor'sprogramhalts”,but not “pro-
gramhalts”(becauseit doesnotstartat thestartstate)or “everyprofessor'sprofessor”
(becauseit doesnotendin a �nal state).

Problem 2.15 Write a Prolog programthatwill recognizethestringsin thelanguage
of anarbitrary transitionnetworkdescribedbyanappropriatesetof unit clauses.Test
the program at leaston the examplein Figure 2.8. (Your solutionof Problem2.14
mightbeusefulhere.)

Recursive Transition Networks

A recursive transitionnetwork (RTN) is a transitionnetwork with a set of labeled
initial stateseachlabeledby a di� erentlabel, insteadof a singleinitial state. Initial
statelabelsplay thesamerole asnonterminalsin CFGs.Of all theinitial statelabels,
we distinguishastart label (or startsymbol).

A strings is recognizedasanX by RTN N if andonly if

1. X is thelabelof aninitial statex, and

2. thereis apath(stringof labels)l1 � � � lk thatis acceptedby N seenasanonrecur-
sive transitionnetwork with initial statex, and

3. therearestringss1; : : : ; sk suchthat s = s1 � � � sk, and

4. for eachsi, eithersi = li or si is recognized(recursively) asanl i by N. (We will
extendthis partof thede�nition shortly.)

A stringsis recognizedbyanRTN N with startlabelS if andonly if sis recognized
asanS by N. Thelanguageof anRTN is thesetof stringsit recognizes.

Considerthe sampleRTN in Figure2.9. A labeledinitial staten with label l is
representedin the exampleby l : n. By convention in suchdrawings of transition
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Figure2.9: A recursivetransitionnetwork

networks, terminalsymbolsarewritten in lower caseandnonterminalsymbols(sub-
network labels)arewritten in uppercase.Of thenonterminalsymbolsin theexample,
only S, NP, VP andREL have correspondingsubnetworks. Ratherthangive subnet-
worksfor theothernonterminalswhichcorrespondto preterminalcategories(DET, N
andTV), we treatthemspecially. A preterminalP will matcha word w in thestringif
w is listedasa p in adictionaryexternalto thenetwork. Thatis, weareextendingPart
4 of thede�nition givenabove of what it meansfor a stringelementto matcha label
to allow acasewheresi is listedin a dictionaryunderthepreterminalcategory l i.

Thenetwork of Figure2.9would thereforerecognizesentenceslike

everyprofessor'sstudentwroteaprogram

assumingthat`every' and`a' arelistedasDETs; `professor',̀ program',and`student'
areNs; and`wrote' is a TV in thedictionary.

Problem 2.16 Extendyoursolutionof thepreviousproblemto recognizethestringsin
thelanguageof anarbitrary recursivetransitionnetworkplusdictionary, represented
by appropriateunit clausesfor boththenetworkandthedictionary. Testit at leaston
theexampleRTNof Figure2.9.

2.9 Bibliographic Notes

The databasesubsetof Prolog (Section2.1) is discussedin more detail by Sterling
andShapiro(1986). Therelationshipbetween�rst-order logic andPrologis covered
to someextent in that book,andis alsoaddressedin the booksby Kowalski (1980),
Gallier (1986)andClocksinandMellish (1981).Thedual interpretationof logic pro-
grams,declarative andprocedural,was�rst discussedby Kowalski (1974a;1974b),
andrelatedto denotationalsemanticsfor programminglanguagesby vanEmdenand
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Kowalski (1976). Lloyd's book (1984)givesa detailedmathematicalaccountof the
semanticsof de�nite-clauseprograms.

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

Themoregeneralquestionof therelationshipbetweenclausalform andfull �rst-
orderlogic (Section2.3) is discussedin detail in every book on automatedtheorem-
proving, a few of which were mentionedin Section1.5. The conceptsunderlying
clausalform and Skolem functionswere usedin logical investigationsfor several
decades,ascanbe seenin the papersby Skolem (1920)andHerbrand(1930)in the
van Heijenoortcollection(1967). Building uponHerbrand's work, Robinson(1965)
developedtheresolutioninferenceprocedurefor clausalform.

The tracinganddebuggingof Prologprograms(Section2.4.1)hasuniquedi� -
culties that canbe attributedto the nondeterminacy of clauseselection. Proof trees
arecommonlyusedin logic to representthe relationshipbetweenpremisesandcon-
clusionsin a proof. The spaceof alternatives in the searchfor a proof canalso be
representedby atree,andthecombinationof thetwo treesformsanand-ortree.These
conceptsarediscussedby Kowalski (1980).

Treerepresentationsareconvenientin proof theoryandfor heuristicpurposes,but
are unwieldy when tracing large Prolog executions. Byrd's box model (1980), the
�rst practicalframework for debuggingProlog programs,hasbeenimplementedin
many Prologsystems.More advancedmodelshavesincebeenproposed,in particular
the family of algorithmicdebugging methodsthat startedwith Shapiro's 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 discussed,for instance,by Woods(1975) and by
DeliyanniandKowalski (1979).

Context-freegrammars(Section2.7)originatedin theformalizationof thenotions
of immediateconstituentand phrasestructurein structurallinguistics, in particular
with the work of Chomsky (1956). A detailedhistory of the developmentof these
ideasis givenby Greibach(1981),whoalsosuppliesacomprehensivebibliographyof
formal-languagetheory. A linguistically orientedoverview of context-freegrammars
canbe found in the book by Parteeet al. (1987). A full mathematicaltreatmentof
context-freegrammars,their properties,andparsingalgorithmsis given,for instance,
by Harrison(1978). The representationof context-freegrammarsin �rst-order logic
hasbeenin thefolklore for a long time,but the �rst referenceto theideain print that
we know of is by Kowalski (1974a).

Theproblemin Section2.8.1requiresthe text of Prologprogramsto be given in
a “predigested”tokenizedform. The techniquesof lexical analysisrequiredto pro-
ducethatform arediscussedin any compiler-designreference,e.g.,(Aho andUllman,
1977).

The problemin Section2.8.2 introducesintersectionsof context-free languages,
which in generalarenotcontext free.Classesof languagesarepartlycharacterizedby
how languagesin the classbehave undersetoperationssuchasintersection.Proofs
thata certainlanguageis not in a certainclass(e.g. context free)oftendependon the
closurepropertiesof languageclassesundersetoperations(Ginsburg, 1966;Harrison,
1978).Suchresultscanbeusefulin linguisticargumentation(Shieber,1985b).
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Transitionnetworks(Section2.8.3)areacommonrepresentationof abstractstring-
recognitiondevices. In thenonrecursive case,they arejust anothernotationfor non-
deterministic�nite-state acceptors,which arediscussedin any introductorybook on
compilersor formal-languagetheory(HopcroftandUllman, 1979;Aho andUllman,
1972;Harrison,1978). Recursive transitionnetworks arecloselyrelatedto the non-
deterministicpushdown acceptors,which are the abstractmachinecounterpartsof
context-free grammars(Hopcroft and Ullman, 1979; Aho and Ullman, 1972; Har-
rison, 1978). However, the actualnotion of recursive transitionnetwork usedhere
comesfromWoods'sworkontransitionnetworksfor natural-languageanalysis(1970).
Woodsextendsrecursive transitionnetworkswith dataregistersthatcanbesetby ac-
tionsandtestedby conditionsonarcs.Theresultingformalism,augmentedtransition
networks (ATNs), is very powerful; in fact,anATN canbewritten to recognizeany
recursively enumerablelanguage.Bates(1978)givesa very goodtutorial on ATNs
andtheir applicationin natural-languageprocessing.PereiraandWarren(1980)have
comparedATNs with logic grammarsin detail.
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Pure Prolog:
Theory and Application

This digital edition of Pereiraand Shieber's Prolog and Natural-
Language Analysisis distributedat no charge by MicrotomePub-
lishing undera licensedescribedin the front matterandat theweb
site. A hardboundedition (ISBN 0-9719997-0-4),printedon acid-
freepaperwith library bindingandincludingall appendicesandtwo
indices(and without theseinline interruptions),is available from
www.mtome.comandotherbooksellers.

In thedatabasesubsetof Prologwe have seenso far, theargumentsto predicates
have beenconstantsor variables.Like FOL, however, Prologallows arbitraryterms
to serveasargumentsof predicates,of whichconstantsandvariablesarebut two sub-
classes.Termsalsoincluderecursive structuresformedby applyingfunctionsymbols
to otherterms,usingtheparenthesizedsyntaxfamiliar from logic.

Theextensionof databasePrologto includetermsof arbitrarycomplexity is called
pure Prolog becauseit is a puresubsetof FOL, containingno extralogical features
(exceptfor thosein Section3.4.1).Full Prolog,discussedin Chapter6, doeshavesuch
features;consequently, its declarativesemanticsandproceduraloperationdiverge.But
purePrologis a purelogic programminglanguage.It hasa proceduralinterpretation
thatis potentiallysound(thoughnot complete)with respectto its declarative interpre-
tation.1

3.1 PrologNotation Revisited

At thispoint,let usreview thenotationfor Prologthatwehavebeenusingandaugment
it to includecompoundtermsformedwith functionsymbols,asmentionedin Section
2.3. We give a simpli�ed CFGfor thePrologsyntaxintroducedsofar, augmentedto
includefunctionsandtermsformedfrom them.

1However, becauseof the lack of the ªoccurscheckºin Prologsystems(Section3.5.2), this potential
soundnessis not realizedin mostimplementations.
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Program! Clause
Program! ClauseProgram

Clause! AtForm :- Condition.
Clause! AtForm .

Condition! AtForm
Condition! AtForm , Condition

AtForm ! Predsym
AtForm ! Predsym( TermSeq)

TermSeq! Term
TermSeq! Term, TermSeq

Term! Constant
Term! Number
Term! Variable
Term! Funcsym( TermSeq)

The primitive typesof expressions,then,areconstants, functionsymbols(Func-
sym), predicatesymbols(Predsym), andvariables. Constantsareeithernumbers(such
as0, 99.99, -129) or atoms. Atoms aretokensbeginningwith a lower-casealpha-
beticor composedof a sequenceof specialcharactersor composedof any characters
surroundedby singlequotes.For instance,the following areatoms:a, bertrand , =,
:= , 'Bertrand Russell' , [ ] .

Functionsymbolsandpredicatesymbols(oftencollectively referredto asfunctors)
arealsonotatedwith atoms.

Compoundexpressions(a functor appliedto a sequenceof term arguments)are
by default representedin parenthesizedpre�x notationasin Funcsym( TermSeq) or
Predsym( TermSeq) above.

3.2 Termsand Uni�cation

To illustrate the notation,hereis an exampleprogramthat axiomatizesaddition in
successornotation:

Program 3.1
add(0, Y, Y).
add(succ(X), Y, succ(Z)) :- add(X, Y, Z).

In this program,thesimpleterm0 is intendedto representthenumber0, theterm
succ(0) the number1, succ(succ(0)) the number2, andso forth. (The function
symbolsucc is so-calledbecauseit correspondsto the integer successorfunction.)
Thus,the �rst clausestatesthat 0 addedto any numberis that number. The second
clausestatesthatthesuccessorof any numberx addedto y is thesuccessorof thesum
zof x andy.

Unlike in imperative languages,thesucc functionsymbolwhenappliedto a term
will not “returnavalue”; thetermsucc(0) doesnotequal(reduceto, return,evaluate
to, etc.) theterm1 or any otherstructure.Theonly relationshipbetweenthetermsand
thenumbersis themeaningrelationshipwe,asprogrammersandusers,attributeto the
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terms.Theprogramrespectsthisattributionbecauseit holdsof threetermsjust in case
thenumbersthey representarerelatedby theadditionrelation.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

Thesequeriescorrespondto computingthat0 + 1 is 1 and2 + 2 is 4.
Prologaugmentedwith termsworksin exactly thesameway asthedatabasesub-

setdiscussedin the previous chapter. The only di� erenceis that the matchingof a
goal literal with the headof a rule, the processof uni�cation informally de�ned in
Section2.4 andmorefully discussedin Section3.5.2,mustin generalapply to arbi-
trary compoundterms.Recallthe informal de�nition of uni�cation givenpreviously.
Two atomicformulasunify if thereexistsan assignmentto thevariablesin themun-
derwhich thetwo formulasbecomeidentical.Applying this de�nition to anexample,
considertheuni�cation of thetwo atomicformulas

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

and

add(succ(X), Y, succ(Z)) .

Thisuni�cation succeedsbecausetheassignment

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

transformsbothformulasinto

add(succ(succ(0 )), succ(succ(0)), succ(Z)) .

Theexecutionof agoalto add2 and2 (encodedin successornotation)would then
proceedasfollows: Theinitial goalis

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

This fails to unify with the�rst clausefor add, but uni�es with theheadof thesecond
clausewith theunifying assignmentasabove. Underthis assignment,thebodyof the
clausebecomes

add(succ(0), succ(succ(0)), Z) .

Now this clausealsomatchestheheadof thesecondclause(which wewill write with
variablesrenamedto X_1, Y_1andZ_1to avoid confusionasperSection2.5.1).This
time theunifying assignmentis
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X_1 = 0, Y_1 = succ(succ(0)), Z = succ(Z_1) .

Thebodyof thissecondactivationof theclausebecomes

add(0, succ(succ(0)), Z_1) .

Thisgoalmatchestheunit 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_1 to Y_2, and Y_2 to succ(succ(0)) . Thus, aggregating assign-
ments,we have Result = succ(Z) = succ(succ(Z_1)) = succ(succ(Y_2))

= succ(succ(succ(succ(0)))). Thequerythuscomputesthat2 + 2 = 4.

3.3 Functions in Prolog and Other Languages

In logics that includeequalitybetweentermsasa primitive notion, the reducibility
of one term to anotherenablesa powerful techniquefor reasoningaboutfunctions.
Conventionalprogramminglanguages—andeven moreso, so-calledfunctionalpro-
gramminglanguages—make useof this by basingtheir constructson equalities(usu-
ally in theguiseof functionde�nitions). Theseequalitiesaretypically interpretedas
rewriting rulesthatcanbeusedto reducetermsto simplerones,andeventuallyto irre-
ducibletermsthatareidenti�ed with “values”.In imperativeprogramminglanguages,
this notion is implicit in thenotionof a functioncall that returnsa value. All of this,
of course,dependson thelanguagein somesenseembodyingaxiomsof equality. For
instance,reductioncorrespondsto thesubstitutivity of equality. In fact,proof proce-
duresfor equalitycouldbeusedasthebasisfor functionalcomputationvery muchas
Horn-clauseproofproceduresarethebasisfor relationalcomputation.

Generalproof proceduresfor logicswith equalityareverydi� cult to control,and
thereforehave to datebeentoo ine� cient to usein logic programming. It wasob-
served,however, that muchof thework of equationsandfunction symbolscould be
doneinsteadby relations.For example,insteadof representingadditionasa function
+ with axioms

succ(x) + y = succ(x + y)

0 + x = x

we canusetheternarypredicateadd with thePrologde�nition givenin Program3.1.
Thesimpleobservationthat subject-domainfunctionscanberepresentedasrela-

tions wasa crucial stepin makinglogic programmingpractical. However, this step
is not without losses.For example,theuniquenessof functionvalues,a consequence
of the equalityaxiom schematain FOL with equality, is not availablefor reasoning
whentherelationalencodingof functionsis used.It maybethatthePrologde�nition
of a functiongivesonly oneoutputfor eachinput (asis thecasewith add above),but
this is acontingentpropertyof aparticularpredicatede�nition ratherthananecessary
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propertyasit is with functionalnotation.Anotherdisadvantageis thatrelationalsyn-
tax requirestheintroductionof intermediatevariablesfor functioncomposition,often
impairingthereadabilityof programs.

Of thestandardequalityaxiomsandtheirconsequences,theonly onethatis left in
Prolog,becauseit is de�nable in the language,is the re�exivity axiom x = x, which
canbeimplementedin Prologwith theunit clause

Program 3.2
X = X.

In fact,thein�x = operatoris built in to mostPrologsystems.
Thelackof morepowerful equalityaxiomsin Prologmeansthatin Prologit is not

possibleto reasonaboutwhethertwo distinct termsdenotethesameobject. In other
words,thevalueof applyinga functionto someargumentscanonly berepresentedby
thetermexpressingthatapplicationandnotby someother(presumablysimpler)term
representingthe“value”of thefunctiononthosearguments.Thus,in Prologwelookat
functionsasconstructors, one-to-onefunctionswith disjointranges.Eachgroundterm
is seenasdenotingadistinctelementin thedomain,andfunctionsymbolsaremeansof
constructingnew elementsfrom old, analogousto constructorfunctionssuchascons
in  or recordconstructorsin Ada. Compoundtermsin Prologhavethesameroleas
recordstructuresin otherlanguages,namely, representingstructuredinformation.For
instance,in theadditionexampleabove,thesucc functionsymbolappliedto anargu-
ment� doesnot “return” thesuccessorof theargument.It merelyconstructsthelarger
termsucc( � ) . We maychooseto interprettheterms0, succ(0) , succ(succ(0)) ,
: : : asrepresentingthenonnegative integers(which they areisomorphicto). We can
thencomputewith thesetermsin waysconsistentwith their interpretationasintegers,
aswedid in theadditionexample.

To extendouranalogybetweenPrologtermsanddatastructures,notethatuni�ca-
tion betweentermsplaysbotha structureselectionrole, picking up theargumentsof
functions,andastructureconstructionrole,instantiatingvariablesto compoundterms.
For example,recall thequery

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

This literal matchedtheheadof thesecondclausefor add undertheassignment

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

Notehow uni�cation betweenthe�rst argumentsof thegoalandheadhasdecomposed
theargument,performinga selectionrole. Thebodyof theclause,thenew goal,was

add(succ(0),suc c(s ucc( 0)) ,Z ) ,

whichsucceededwith theunifying assignment

Z = succ(succ(succ((0))) .

Thustheoriginalgoalsucceedswith

Result = succ(Z) = succ(succ(succ(succ(0)))) .
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The uni�cation 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 )) ) , the intermediatere-
sult. This simpleexampleof additiondemonstratesthatcomputationsthatmight have
beenformulatedin functional-equationaltermsin anotherlanguagecanbeformulated
asa relationalcomputationover termsin Prolog.

Compoundtermsin Prolog thus play the samerole as complex datastructures
suchaslists, trees,or recordsin otherprogramminglanguages.But whereasin ,
for example,every list (S-expression)is fully speci�ed onceit is built, termswith
variablesin Prologstandfor partially speci�eddatastructures,possiblyto befurther
speci�ed by variableinstantiationin the courseof a proof. This role of variablesas
“stand-ins”for asyetunspeci�edstructuresis verydi� erentfrom therolesof variables
as formal parametersor updatablelocationsin functionaland imperative languages
like andPascal.To distinguishPrologvariablesfrom variablesin otherlanguages,
thePrologtypeof variablehasoftenbeencalleda logical variable.

3.3.1 Alternate Notations for Functors

We digressherebrie�y to discussa usefulextensionto Prolognotation. In addition
to thedefault parenthesizedpre�x notationfor compoundterms,Prologallows unary
functorsto beusedwith a pre�x or post�x notation,andbinaryfunctorsin in�x nota-
tion, givenappropriateoperator declarations. For example,theexpressions

succ succ 0 3+4 f * *

areconvenientnotationsfor

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

Pre�x, post�x, andin�x operatorsmustbedeclaredto Prolog. For Prologsof the
Edinburghfamily, thesystemcanbeinformedabouttheoperatorsusedin thisexample
by executingthefollowing queries:

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

The�nal argumentof theop predicateis simply theoperatorbeingdeclared.The�rst
argumentis the relative precedenceof the operator,with larger numbersindicating
lower precedence,that is, weaker bindingandwider scope.Thus* will have a lower
precedencenumberthan+. Thesecondargumentprovidesits position(pre�x, in�x,
post�x). In addition,it determinesthe iterability or associativity of theoperator. We
call a unaryoperatoriterable if it canapply to anexpressionwhosemainfunctorhas
thesameprecedence.Noniterablecanonly apply to expressionswhosemain functor
haslowerprecedence.Thus,succ above is aniterableoperator, whereasthestandard
pre�x operator?- is noniterable.Nonassociativeoperatorsarede�ned analogously.

Thea� xing behavior of operatorsis determinedaccordingto 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 nonassociative
yfx in�x left associative
xfy in�x right associative

The intuition behindthesesymbolsis that in the caseof an expressionwith two
operatorsof equalprecedence,onewill bechosenasmainfunctorsuchthattheother
occursto thesamesideof the main functorasthe y occursto the sideof the f . For
example,since the + operatoris declaredyfx in Prolog, X+Y+Zwill be parsedas
(X+Y)+Z. The subordinate+ comeson the left side of the main +. If the symbol
associatedwith an operatorhasno y in it, expressionswhereit occurswith scope
immediatelyoveranoperatorof equalprecedencewill notbeallowedat all.

Clearly, operatordeclarationqueriesarebeingexecutedfor their sidee� ects. As
such,op is extralogical,andhence,notpartof pureProlog.Thesedeclarationsshould
thereforebethoughtof asimperativecommandsto thesystem,notaspartof thelogical
structureof a program. For further informationaboutsuchdeclarations,refer to the
manualfor yourPrologsystem.

3.4 Lists

Returningto themaintopicof theuseof compoundtermsin Prologprogramming,we
considera particularkind of datastructure,lists, thatwill beespeciallyusefulin later
programs.

Theabstractnotionof a �nite sequenceis a basicnotionin mathematicaldescrip-
tionsof many concepts.Forexample,thesentencesof alanguagecanberepresentedas
sequencesof words.Formally, asequencecanbeseenasafunctionfrom aninitial seg-
mentof thenaturalnumbersto someset,theelementsof thesequence.Anotherview
of sequences,whichwill bemoreusefulhere,is aninductiveonefollowing closelythe
inductive de�nition of thenaturalnumbers.Givensomeset� of sequenceelements,
theset� � of �nite sequencesof elementsof � canbeinformally characterizedasthe
smallestsetsatisfyingthefollowing conditions:

� Theemptysequencehi is asequence.

� If s is asequenceandeanelementof � , thepair (e; s) is asequencewith heade
andtail s.

Thus (1; (2; (3; hi))) is a sequenceof threeelements:1, 2, and 3. Notationally, of
course,themorecommonexpressionof this sequenceis h1; 2; 3i . In theanglebracket
notation,he1; : : : ; eni expressesthelist whoseheadis e1 andwhosetail is expressedby
he2; : : : ; eni .

Sequencesarerepresentedin Prologby lists. In Edinburgh Prolog,theemptyse-
quenceis representedby theemptylist constant[ ] , andthesequence(e; s) with head
e and tail s is representedby the expression[ e| s] . More generally, the sequence
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(e1; (� � � (en; s) � � �)) is representedby theterm[ e1, : : :, en| s] . This canbeabbreviated
whens is theemptysequenceto [ e1, : : :, en] .

For example,

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

arerespectively thePrologrepresentationsof asequencewith headHeadandtail Tail ,
a sequencewith heada andtail thesequencewith headb andtail X, andthesequence
ha; bi . Theinductive conditionsde�ning lists givenabove canthenberepresentedby
thePrologprogram

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

wherethe predicateelement testswhetherits argumentbelongsin the elementdo-
main.Moregenerally, listswith any Prologterms(includinglists!) aselementscanbe
characterizedby thefollowing program.

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

In this programwe usedthe commonProlog notationalconvention of giving a
namebeginning with an underbarto variableswhoserole is not to passa valuebut
merelyto beaplaceholder,asthevariable_Headis in theprecedingprogram.Prolog
further allows so-calledanonymousvariables, notatedby a single underbar. Each
occurrenceof “_” as a variablenamein a clauserepresentsa distinct place-holder
variable. For example,the two anonymousvariablesin f(_,_) aredistinct, so the
uni�cation of that termwith f(a,X) doesnot bind X to a. Anonymousvariablesare
usedfor place-holdervariablesfor thoserareoccasionsin which namingthevariable
woulddetractfrom programreadability.

Although we have introducedlists as a specialnotationfor sequences,lists are
Prologtermslike any other. Our inductive conditionsfor sequencesinvolve two in-
gredients:theemptysequenceandthepairing function thatputstogetheranelement
anda sequenceto make a longersequence.As we have seen,theemptysequenceis
representedby theemptylist constant[ ] , which is just a Prologconstant.Thepair-
ing functionis representedby thespecialnotation[ e| s] , but in factcorrespondsto a
binary function symbolwhich in mostPrologsystemsis named“ . ”. Thus,the lists
shown earlierareshorthandnotationfor thePrologterms

.(Head,Tail) .(a,.(b,X)) .(a,.(b,[ ])) .

Exercise 3.1 Whatterms(expressedusingthebinary operator “ . ”) do thefollowing
Prolog expressionsabbreviate?

1. [a,b,c]

2. [a|[b,c]]

3. [[a,b],c]

4. [[a,b]|c]

5. [[A|B]|C]
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conc([a,b],[c,d],[a,b,c,d])

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

    

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

Figure3.1: Prooftreefor concatenationquery

3.4.1 List Processing

Listsandthelist notationsaboveplayanimportantrolein theremainderof thesenotes.
As examplesof the de�nition of predicatesover lists, we will give Prologprograms
to concatenate,shu� e, andsort lists. Along theway, we will introducesomeuseful
Prologconcepts—modesof useof PrologpredicatesandPrologarithmetictests.

The basicform of list processingprogramshasbeendemonstratedby the list
predicateitself, namely, theseparatingof two cases,onefor theemptylist, andonefor
nonemptylistsof theform .(Head,Tail) or, equivalently, [Head|Tail] .

List concatenation

The de�nition of the concatenationof two lists to form a third dividessimilarly into
two cases.Thebasecaseoccurswhenconcatenatingtheemptylist to any list, which
yields the latter unchanged.For nonemptylists, the concatenationis theheadof the
�rst list addedto therecursive concatenationof the tail of the �rst list andtheentire
secondlist. The concatenationrelation is implementedin Prolog by the predicate
conc, which holdsof threelists l, r, andc if c is theconcatenationof l andr. Using
juxtapositionto representconcatenation,theconstraintcanbestatedc = lr .

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

conc(Rest, List, LongRest).

As anexampleof theoperationof conc, considerthefollowing goal:

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

yes

Its proof tree is given in Figure3.1. Note that althoughlist concatenationis func-
tional, in thesensethatthethird argumentis uniquelyde�ned by (hencefunctionally
dependenton) theothertwo, it is implementedrelationallyin Prolog. We will seean
advantageof this relationalview of concatenationin thenext example.
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Shuffling lists

Theshu� eof two listsconsistsof takingafew elementsfrom the�rst list, thenext few
from thesecond,somemorefrom the �rst, andso forth until the lists areexhausted.
More formally, the shu� e relation holds betweenthreelists l, r and s (i.e., s is a
shu� ing of l andr) if andonly if thereare(possiblyempty)lists l1; : : : ; lk andr1; : : : ; rk

suchthat l = l1 � � � lk, r = r1 � � � rk ands = l1r1 � � � lkrk. Thatis, s containsinterspersed
all theelementsof l andr, but maintainstheoriginalorderof elementsof l andr.

We canbreakthis de�nition down recursively by consideringtheconcatenationof
l1 andr1 separatefrom the concatenationsfor the restof l andr. In particular, we
de�ne s to betheshu� e of l andr if s = l1r1srest, wherel = l1lrest andr = r1rrest and
srest is a shu� eof lrest andrrest. To guaranteethatthis de�nition is well-founded,i.e.,
thattherecursiveshu� e is a smallerproblemthantheoriginal,we requirethatoneof
l1 andr1 benonempty. In fact,without lossof generality, we canassumethat it is r1

that is nonempty. Further, we canassumethat r1 containsexactly oneelement;call it
e.

Exercise 3.2 Whyare theseassumptionsvalid?

We still must settleon the basecasefor the recursion. Becauseeachrecursive
shu� e decreasesthe lengthof the secondlist by exactly oneelement,we can stop
whenthis list is empty. In thiscase,theshu� eof l with theemptylist is simply l. This
de�nition canbetranslateddirectly into Prologasfollows:

Program 3.4
shuffle(L, [], L).
shuffle(L, [E|Rrest], S) :-

conc(L1, Lrest, L),
shuffle(Lrest, Rrest, Srest),
conc(L1, [E|Srest], S).

In this program,the last argumentis theshu� e of the �rst two. It is conventionalin
Prologprogrammingto placetheargumentsthattendto bethoughtof asinputsbefore
thosethatareoutputs.

Nondeterminism and modes

Theshuffle programexhibitsseveralimportantfacetsof Prologprogramming.First,
thenotionof a shu� e of two lists, unlike thenotionof concatenation,is intrinsically
nondeterministic.But this causesnoproblemfor thePrologde�nition. Our de�nition
will merelycomputeall thevariousshu� esby backtracking,e.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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Second,shuffle demonstratesthereversibility of Prologprograms.In particular,
thepredicateconc is usedin shuffle not only to concatenatetwo lists together(i.e.,
combiningL1 and[R1|Srest] ), but also to take a list apartinto two sublists(i.e.,
splitting L into L1 andLrest ). BecausePrologprogramslike conc canbe usedto
computeany of their argumentsfrom any others,they aresaidto bereversible.

To capturetheideaof whichargumentsarebeingcomputedon thebasisof which
others,thenotionof amodefor aPrologpredicatecanbede�ned. A modetellswhich
argumentsareusedasinputsandwhich asoutputs. That is, it speci�eswhich argu-
mentson executionof thepredicatearenonvariablesandwhich arevariables.Modes
aretypically notatedby markingthe input argumentswith thesymbol+ andtheout-
putswith - . Thus,thenormalmodefor conc in its useasaprogramfor concatenating
lists is conc(+,+,-) . But the modeof the �rst useof conc in the shuffle pro-
gramis conc(-,-,+) . By reversibility of Prologprograms,we merelymeanthatthe
sameprogramcanbe usedin di� erentmodes,whereasin other languages,di� erent
programsmustbedesignedfor eachmode.

Althoughthethirdargumentto conc is functionallydependentontheothertwo, in-
versesof functionsarenot in generalthemselvesfunctional.Thususingconc in mode
conc(-,-,+) is nondeterministic.Indeed,this is thesourceof thenondeterminismof
theshuffle predicateitself.

Therearesevererestrictionson thereversibility of Prologprograms.PureProlog
programsthat terminatewhenusedin onemodemayno longerterminatewhenused
in anothermode. Full Prologprogramswith their metalogicalfacilities canexhibit
completelydi� erentbehavior whenexecutedin di� erentmodes.Nonetheless,theuse
of Prologprogramswith di� erentmodesis oftenausefultechnique,andit is important
to notethatpurePrologprogramswill never allow contradictorysolutionsjust on the
basisof beingusedin di� erentmodes.Theworstthatcanhappenis thatexecutionin
certainmodeswill not terminate.

Arithmetic tests and operations

While on thesubjectof modelimitations,we will mentionsomeusefulbuilt-in pred-
icatesthat are restrictedto operateonly in certainmodes. Theserestrictionsarise
for reasonsof e� ciency or implementationeasebut arein no way part of the logic.
Onemaythink of therestrictedpredicatesasapproximationsto ideal,logically correct
predicates,which thePrologsystemhasnot implementedin their full generality.

Thesituationthatariseswhena restrictedpredicateis calledin thewrong mode,
that is, with improperly instantiatedarguments,is calledan instantiationfault. Dif-
ferent Prolog systemshandleinstantiationfaults di� erently, but most will at least
producesomekind of error messageand stop the execution of the faulting goal.
Therefore,when using restrictedpredicates,it is important to keep track of call-
ing patternsfor predicatesto make surethat the restrictedonesare called with the
correct modes. This is shown clearly by the mergesortexample in the next sec-
tion.

AmongtheconstantsthatPrologallows arenumbers.Numberscanbecompared
usinga setof built-in Prologpredicates.For instance,the binary in�x operator“<”
holdsof two numbersif the �rst is lessthanthe second.The “<” operatoroperates
only in themode+ < +, thatis, neitherargumentmaybea variable.Otherarithmetic
testsinclude“>” (greaterthan),“=<” (lessthanor equalto), and“>=” (greaterthanor
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equalto) andhavethesamemoderestrictions.Withoutthesemoderestrictions,Prolog
would eitherhave to be ableto backtrackthroughall pairsof numberssatisfyingan
arithmeticcomparison,leadingto combinatorialexplosion,or to delaytheexecutionof
thecomparisonsuntil bothargumentsareinstantiated.Thelatterapproachhasactually
beenimplementedin a few experimentalPrologsystems.

In fact, in EdinburghPrologthearithmeticpredicatesaresensitive not only to the
modesof their argumentsbut alsoto their types,sinceonly arithmeticexpressionsare
allowed as the argumentsof comparisons.An arithmeticexpressionis a term built
from numericconstantsandvariableswith variousarithmeticoperatorssuchas+, * ,
- ,and/ , which is to beevaluatedaccordingto theusualarithmeticevaluationrulesto
producea number. Whenan arithmetic-predicategoal is executed,all the variables
in its expressionargumentsmustbeboundto numbersso that theexpressionmaybe
evaluatedto a number.

Thebestway to understandarithmeticexpressionsis to think of themasshorthand
for sequencesof calls to arithmeticrelationsde�ning thebasicarithmeticoperations.
Thus,thegoal

X*X + Y*Y > Z*Z

couldbereadasanabbreviationof

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

wheretimes andplus arehypotheticalpredicatesthatcomputetheobviousfunctions
of their �rst two arguments.

For arithmeticcalculations,Edinburgh Prologprovidesthe binary in�x predicate
is with mode? is + (where? in a modeis intendedto meanthat the input/output
distinctionis not beingdeterminedfor this argument).Thesecondargumentof is is
somearithmeticexpression,andthe�rst argument(typically avariable)is uni�ed with
theresultof evaluatingthesecondargument.

It shouldbe notedthat type restrictionson the argumentsof a predicateareof a
di� erentnaturefrom moderestrictions.Moderestrictionsindicatethattheimplemen-
tationof apredicateis notableto copewith uninstantiatedarguments,usuallybecause
theimplementationneedsto know moreabouttheargumentsto do anything sensible.
Theappropriateactionfor Prologto take is thereforean instantiation-fault report. In
contrast,failureto prove is theconceptuallycorrectactionin thefaceof argumentsof
incorrecttype(e.g.,non-numbersgivento anarithmeticcomparisonpredicate),since
theseargumentsaremerelyoutsidethe extensionof the predicate. However, many
Prologsystemssignalanerroron typerestrictionviolationsasanaid to debugging.

Sorting numbers

The�nal exampleis a programto sort lists of numbers.Thealgorithmwe will useis
calledmergesortbecausethebasicoperationis themerging of two previously sorted
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lists. Themergeof two sortedlists is a shu� e of the lists in which theoutputlist is
sorted.

Program 3.5
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).

Notethat this mergeoperationis redundant,in thesensethattherearetwo proofs
for thegoalmerge([ ], [ ], Merged). As a result,wegetthefollowing behavior.

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

Merged = [] ;

no

We will carefully avoid invoking the mergepredicatein this way, so that the redun-
dancy will nota� ectthebehavior of otherprograms.

Sortingusingthe merge operationconsistsof splitting the unsortedlist into two
smaller lists, recursively sorting the sublists,and merging the resultsinto the �nal
answer. The recursionbottomsout whenthe list to be sortedis too small to be split
into smallerlists, that is, it haslessthantwo elements,in which casethesortedlist is
identicalto theunsorted.

Program 3.6
mergesort([], []).
mergesort([A], [A]).
mergesort([A,B| Rest] , Sorted) :-

split([A,B|Rest ], L1, L2),
mergesort(L1, SortedL1),
mergesort(L2, SortedL2),
merge(SortedL1, SortedL2, Sorted).

A simple(thoughnonoptimal)methodfor splittingalist into two listsof roughlyequal
sizeis to addalternateelementsin the list to thesublists.Again, thebasecaseof the
recursionoccurswhenthelist is tooshort.

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

split(Rest, RestA, RestB).

We can demonstratethe mergesortprogramand 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
permutationsof a sortedlist); it cannotbe usedin modesort(-,+) . If it wereso
used,the executionof mergeinsidewould be with modemerge(?,?,-) . Thenthe
third clauseof mergewould execute< with mode? < - . But < mustbeexecutedin
mode+ < +. Consequently, mergesort will not executecorrectlyin an“unsorting”
mode.Theimpurity of < infectsall programsthatarebuilt usingit. Thus,themerging
andsortingprogramsarenot in thepuresubsetof Prolog.

Exercise 3.3 Rewrite mergesothat it doesnotgenerateredundantsolutions.

Exercise 3.4 Write a de�nition for the binary predicatemember, which determines
whetherits �r st argumentis an elementin the list that is its secondargument. For
instance, thefollowingqueriesshouldwork:

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

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

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

yes

Exercise 3.5 Write a de�nition for thebinary predicatereverse , which holdsof two
argumentsif oneis a list that is the reverseof the other. For instance, the following
queriesshouldwork:

?- 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 Writeanalternativede�nition of split which worksbyplacingthe�r st
half of the elementson onelist and the reston another. (HINT: Thedi� cult part is
determiningwhenyouhavereachedthemiddleof the list. Usea copyof thelist asa
counterto helpyoudeterminewhenyouhavemovedhalf theelements.)
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3.4.2 Representing String Positions with Lists

An applicationof listswhichwewill useextensively is theirusein representingstring
positions.This representationcanserve asthebasisof an alternative methodfor ax-
iomatizingphrase-structuregrammars.Insteadof a speci�c setof connects clauses
representinganinput stringasin Section2.7.3,we havea singlegeneralclause:

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

E� ectively, this clauseinducesa representationof eachstringpositionby thesub-
string following the position. In particular, the positionafter the last word is repre-
sentedby theemptylist [ ] . For example,to usethegrammarof Program2.4to parse
thesentence

Terrywritesaprogramthathalts.

we neednot put in unit clausesfor the individual words. Instead,we usethe list en-
codingof thestringitself astheinitial positionandtheemptylist asthe�nal position:

:- s([terry,writes,a ,p rog ra m,tha t, hal ts ],[ ]) .
yes

The singleconnects clausethendescribesthe relationbetweenthewordsandtheir
surroundingpositions.

3.5 The Logic and Operation of Prolog Revisited

Theoperationof purePrologshouldby now berelatively familiar. It seemsappropri-
ate,then,to returnto thelogical foundationsof Prolog,thepresentationof which was
begunin Section2.3,andextendit to theoperationof Prologpresentedinformally in
Sections2.4and3.2.

For a logical languageto beusedfor logic programming,we musthave ane� ec-
tiveproofprocedureto testwhetheragoalstatementis aconsequenceof theprogram.2

Thisproofproceduremustbee� cientenoughto makeaproofstepanalogousin com-
putationalcostto, say, a functioncall in a traditionalprogramminglanguage;only in
thisway is theprogramexecution(proofgeneration)su� cientlypredictablein perfor-
manceto qualify theproofprocedureasa programexecutionmechanism.

Becauseof thestrict requirementson thecomputationalbehavior of programsin
thelanguage,Prologprogramsarerestrictedto de�nite clausesandqueriesto negative
clauses.In thissection,wediscusstheproofprocedurethatthis restrictionmakespos-
sible,aninstanceof aclassof Horn-clauseproofproceduresknown asSLDresolution.
First,however, we clarify sometermsthathave beenusedin theinformal discussions
of Prologexecution,namelysubstitutionanduni�cation.

2Actually, if the logical languageis powerful enoughto expressall thekindsof relationshipsnormally
expressedby programs(i.e., all recursive relations),thenthe proof procedurewill be only a semidecision
procedure: If the goal statementis a theorem,the procedurewill terminatewith success,but it may loop
for nontheoremgoalstatementsÐcorrespondingto the fact that the languagecanexpresspartial recursive
functionsthatarenot total.
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3.5.1 Substitutions

A substitutionis a functionfrom a setof variablesx1; : : : ; xk to termst1; : : : ; tk. Such
a function is notatedfx1 = t1; : : : ; xk = tkg. Theapplicationof a substitution� to an
expressione, notated[e]� , is theexpressionwith all instancesof thexi replacedby the
correspondingti. For example,

[ f (x; g(y))]fx = a; y = h(a; z)g= f (a; g(h(a; z))) .

If, for some� , [e1]� = e2, thene2 is saidto beaninstanceof e1 ande1 is saidto sub-
sumee2. Thusf (x; g(y)) subsumesf (a; g(h(a; z))). If e1 subsumese2 butnotviceversa,
thene1 is more general thane2. Thus f (x; g(y)) is moregeneralthan f (a; g(h(a; z))),
but is notmoregeneralthan f (z; g(w)).

3.5.2 Unification

Given two expressionse1 and e2, somesubstitutions� may have the propertythat
[e1]� = [e2]� ; the substitution� serves to transformthe expressionsinto identical
instances.Sucha substitutionis calleda unifying substitutionor uni�er for e1 and
e2. Not all pairsof expressionshave uni�ers. For example,thereis no uni�er for the
expressionsf (a; x) and f (b; y). However, whentwo expressionsdohaveauni�er , they
have onethatcanbeconsideredmostgeneral.A mostgeneral uni�er is a uni�er that,
intuitively speaking,makesnocommitmentsthatarenotcalledfor by theexpressions;
noextravariablesareinstantiated,norarevariablesinstantiatedto morecomplex terms
thanis necessary. More formally, � is a mostgeneraluni�er for e1 ande2 if andonly
if for every uni�er � 0 of e1 ande2, [e1]� subsumes(is no lessgeneralthan)[e1]� 0.
Whentwo expressionshave a mostgeneraluni�er , thenthatuni�er appliedto either
of thetwo expressionsis auni�cation of thetwo expressions.

The e� ect of mostgeneraluni�ers is uniqueup to renamingof variables, in the
sensethatif � and� aremostgeneraluni�ers of e1 ande2, then[e1]� and[e1]� either
are identicalor di� er only in the namesof variables.Sincethe namingof variables
in an expressionis really an incidentalproperty—unlike the sharingstructureof the
occurrencesof thevariables—wecanthink of uniquenessupto renamingasbeing,for
all intentsandpurposes,actualuniqueness.

An algorithmthat computesthemostgeneraluni�er of two expressionsis called
a uni�cation algorithm, andmany suchhave beendesigned.We will not discussthe
detailsof uni�cation algorithmshere,but mentiononeaspectof their design.A uni�-
cationalgorithmconstructsa unifying substitutionby �nding “mismatches”between
the two expressionsandaddingappropriatebindingsto alleviate them. But consider
thecaseof two expressionsf (x) and f (g(x)). Althoughthereis no unifying substitu-
tion for theseterms,anaiveuni�cation algorithmmightnotethemismatchbetweenthe
variablex andthetermg(x) andconstructthesubstitutionfx = g(x)g. But applyingthis
substitutionto the two terms,we have f (g(x)) and f (g(g(x))) respectively, which are
not identical.Thus,thesubstitutionis not a uni�er for theexpressions.This example
demonstratesthatan algorithmto computemostgeneraluni�ers mustbe carefulnot
to constructsubstitutionsin which a variableis assigneda termin which thatvariable
occurs.For a uni�cation algorithmto becorrect,it mustcheckthatsuchoccurrences
donotexist; this testis typically referredto astheoccurscheck.
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3.5.3 Resolution

Giventhetoolsof substitutionsanduni�cation, wecanreturnto theissueof proofpro-
ceduresfor Prolog. Theuseof refutationto constructproofs,asdiscussedin Section
2.3, is characteristicof Robinson's resolutionprinciple. We will not discussresolu-
tion in generalhere,but merelypresentits specializationto Horn clauses,which for
historicalreasonsis calledSLDresolution.

SLD Resolution: Froma query(a negativeHornclause)

N0 ^ � � � ^ Ni ^ � � � ^ Nm )

anda de�nite clause
C0 ^ � � � ^ Ck ) P0

where� is a mostgeneraluni�er of P0 andNi, producethenew query

[N0 ^ � � � ^ Ni� 1 ^ C0 ^ � � � ^ Ck ^ Ni+1 ^ � � � ^ Nm]� ) .

The new query is called the resolventof the original queryandclause,obtainedby
resolvingP0 andNi. If theresolventcontradictstheprogramfrom which thede�nite
clausewastaken,thentheoriginalquerydoesalso.

As we have seenin Section2.3, to �nd an instanceof a goalG of atomicformu-
las that follows from a program,we try to show that the queryG ) contradictsthe
program.We show sucha contradictionwith SLD resolutionby constructinganSLD
derivationof G, asequenceR0; : : : ; Rn of queriessuchthatR0 is G ) , Rn is theempty
clauseandeachelementof the sequenceis obtainedfrom the precedingoneby an
SLD resolutionstep. Sincetheemptyclauseindicatescontradiction,we have shown
thattheoriginal queryG ) contradictsthegivende�nite-clauseprogram.

Eachstepin thederivation,from Ri� 1 to Ri, hasanassociatedsubstitution� i. The
goalinstance[G ) ]� 1 � � � � n is acounterexampleto thequery, whichaswehaveseen
meansthat [G]� 1 � � � � n is a consequenceof the program. Becausethe substitutions
aremostgeneraluni�ers, thisconsequenceis themostgeneralinstanceof thegoalthat
followsby usingthisparticularsequenceof programclauses.Thederivationsequence
canbeseenasa traversalof aproof treefor thegoal.

3.5.4 Prolog’s proof procedure

Prolog's proof procedure,then,amountsto a particularinstanceof SLD resolution.
As describedabove, resolutionis nondeterministicin that therearemany resolvents
that follow from a givenquery, correspondingto the choiceof literal in thequeryto
resolve, andthechoiceof rule to resolve the queryliteral against.The Prologproof
proceduremakesthesechoicesasfollows: literalsin a queryareresolvedfrom left to
right, andrulesaretried in orderfrom top to bottomin a depth-�rst,backtrack search.

The proof procedureis depth-�rst becauseall waysof refuting a given resolvent
aretried beforebacktrackingto try a di� erentresolvent (by choosinga di� erentrule
to resolve against). As shouldbe apparent,the discussionsof Prolog executionin
Sections2.4 and3.2 weremerelyinformal descriptionsof thePrologvariantof SLD
resolution.
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3.5.5 Semantics of Prolog

Becauseof theirrelationshipto Horn-clauselogic,Prologprogramshavebothadeclar-
ative anda proceduralsemantics.Thedeclarative semanticsof a programplusquery
is derivativeon thesemanticsof theHorn-clausesubsetof FOL. A goal follows from
aprogramjust in casetheconjunctionof its negationandtheprogramis unsatis�able.

Notethatthedeclarativesemanticsmakesnoreferenceto thesequencingof literals
within thebodyof a clause,nor to thesequencingof clauseswithin a program.This
sequencinginformation is, however, very relevant for the proceduralsemanticsthat
Prologgivesto Horn clauses.

Theproceduralsemanticsre�ects SLD resolution.A goalfollows from a program
just in casethe negatedgoal andprogramgeneratethe emptyclauseby 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 usualprogrammingconstructs. The set of clauseswith a particular
predicatein the consequentis the procedure that de�nes the predicate.Eachclause
in a procedureis like a casein a caseor conditionalstatement.Eachliteral in the
antecedentof aclauseis aprocedurecall.

This analogywith programmingconceptsfor Algol-lik e languagesis thebasisof
verye� cientimplementationtechniquesfor Prolog.However, thise� ciency is bought
at somecost. Thetwo semanticsfor Prologdivergeat certainpoints. Theprocedural
semanticslackscompletenessandsoundnessrelative to thedeclarativesemantics.

The lack of completenessin thePrologproof procedureresultsfrom the fact that
Prolog's depth-�rst searchfor a proof maynot terminatein somecaseswherein fact
thereis aproof. We saw thisproblemin Program2.3.

The lack of soundnesscomesfrom a propertyof thePrologproof procedurethat
we have heretoforeignored,namely, the lack of an occurscheck(Section3.5.2) in
Prolog's uni�cation algorithm. The occurscheckis too expensive for generalusein
a basicoperationof a computationmechanismasuni�cation is in Prolog; thus the
uni�cation algorithmusedby Prologis not sound.However, this unsoundnessis nota
problemfor thegreatmajorityof practicalprograms.3

Furtherdivergenceof thetwo semanticsresultsfrom extralogicalmechanismsthat
havebeenintroducedinto Prolog.Someof thesearediscussedin Chapter5.

3.6 ProblemSection: Termsand Lists

Tree Manipulation

Supposewe encodetreeslike theparsetreesof Section2.7usingPrologtermsin the
following way. Internaltreenodeswill be encodedwith the binary function symbol
nodewhose�rst argumentis thenodelabel,andwhosesecondis a list of thechildren
of thenode.Leavesof thetreewill beencodedwith theunaryfunctionsymbolleaf
whosesingleargumentis the labelat the leaf. Thusthe treeof Figure2.4 would be
encodedasthePrologterm

3Thereis alsoa way to reinterpretthe Prologproof procedurein a domainof [conceptually]in®nite
termssuchthatit is soundwith respectto thatclassof interpretations(Colmerauer,1986;JaffarandStuckey,
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)])])] )

Althoughthismethodfor encodingtreesis morecomplex thantheonewewill use
for parsetreesin Section3.7.1,thismethodis preferablefor generaltree-manipulation
programsbecauseit limits thenumberof functorsintroducingtreenodesto two.

The fringe of a treeis just the leavesof the treein order. Thus,the fringe of the
exampletreeis thelist [a, program, halts] . In formal-languagetheory, thefringe
of a parsetreeis calledtheyieldof thetree.

Problem 3.7 Write a program implementingthe relation fringe(Tree, List) ,
which holdsjust in caseTree, a treeencodedasabove, hasfringeList .

Simplifying Arithmetic Expressions

Termscanrepresentarithmeticexpressions.Usingfunctionsymbols+ and* andrep-
resentingvariablesby the term x(V) and constantsby c(C) , we can representthe
expression

x1 + x2 � (0 + 1)

by theterm

+(x(1), *(x(2), +(c(0), c(1))))

or, usingthefactthat+ and* arein�x operatorsin mostPrologs,

x(1) + x(2) * (c(0) + c(1)) .

However, thisarithmeticexpressioncanbesimpli�ed usingcertainidentities.Because
zerois theadditiveidentity, 0+ 1 canbesimpli�ed to 1. Becauseoneis themultiplica-
tiveidentity, x2 � 1 canbesimpli�ed to x2. Thusthewholeexpressioncanbesimpli�ed
to x1 + x2.

Problem 3.8 Writea programthatimplementsthebinaryrelationsimplifies_to
such that thefollowingbehavioris engendered:

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

yes

You canusesimpli�cationssuch as themultiplicativeandadditiveidentities,dis-
tributivity of multiplicationoveraddition,multiplicationbyzero, andsoforth. (HINT:
In general it is preferableto simplifyanexpressionaftersimplifyingits arguments.)
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Figure3.2: A treerewrite

Tree Grammars4

In thesameway asphrase-structuregrammarsde�ne setsof stringsin termsof rules
that rewrite nonterminalsymbols,onemayde�ne certainclassesof treesin termsof
rulesthatrewrite certainnonterminaltreenodesinto othertrees.This is bestexplained
in termsof therepresentationof treesaslogic terms.

Let � beasetof functionsymbolsandX asetof variables.Thenthesetof � -terms
over X TΣ(X) is theleastsetof termssatisfyingthefollowing inductiveconditions:

� If x 2 X thenx 2 TΣ(X).

� If f 2 � is a n-ary function symbol and t1; : : : ; tn are terms in TΣ(X), then
f (t1; : : : ; tn) 2 TΣ(X).

That is, TΣ(X) is thesetof termsbuilt from thevariablesin X with thefunctionsym-
bols in � . In this de�nition andin what follows, constantsareidenti�ed with nullary
functionsymbols.

Let � = N [ T whereN (thenonterminals) andT (theterminals) aretwo disjoint
setsof functionsymbols.Nonterminalsstandfor treenodesthatmayberewritten into
subtrees,terminalsfor nodesof the�nal trees.A treeall of whosenodesareterminal
is calleda terminaltree.

Treerewriting is doneby productionsthatarethe treeanalogof phrase-structure
grammarrules.A productionover� is apair(A(x1; : : : ; xn); t) (whichis conventionally
written A(x1; : : : ; xn) ! t). A is an n-ary nonterminal,x1; : : : ; xn arevariablesand
t 2 TΣ(fx1; : : : ; xng). This productionstatesthat a term with main function symbol
A and subtermst1; : : : ; tn may be rewritten into the new term [t]� , where� is the
substitutionfx1 = t1; : : : ; xn = tng. Noticethatby de�nition every variablethatoccurs
in t is oneof thexi.

For example,considerN = fS3g, T = A2; B2;C2; a0; b0; c0 and the production
S(x1; x2; x3) ! S(A(a; x1); B(b; x2);C(c; x3)). Figure3.2shows theapplicationof this
rule to a nodeof a treeto derivea new tree.

In general,productionscanapply to any nodeof a treeandnot only to the root
node. To de�ne this formally, considera setof productions� , a groundterm t, and
oneof its subtermss. Clearly, thereis a uniquenongroundtermc 2 TΣ(fxg) suchthat
t = [c]fx = sg. Assumethat thereis a rule s0 ! u in � suchthat s0 ands unify with
mostgeneraluni�er � . Thenwe saythatt rewritesinto t0 = [c]fx = [u]� g, in symbols
t ) t0. Informally, we have appliedtheproductionto thesubtrees of t andreplaceds

4Thissectionandtheincludedproblemsareintendedprimarily for theformally inclinedreader.
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in t by theresult[u]� of theproduction.As usual,we will usethenotationt
�

) t0 for
there�exive-transitiveclosureof therewriting relation.

Formally, a context-freetreegrammaris a triple (� ; S; � ) of a �nite functionsym-
bol (treenode)alphabetdividedin terminalsandnonterminalsasabove,a �nite set�
of productionsover � anda �nite setS of start trees, which aregroundtermsover � .
A terminaltree(term)t is thetreelanguagegeneratedby thegrammarif thereis astart

trees 2 S suchthat s
�

) t. Finally, thestring language yieldedby a treegrammaris
thesetof theyieldsof thetreesgeneratedby thegrammar.

Context-freetreegrammarsaresocalledbecauseproductionsapply freely to tree
nodeswithout regardfor the form of the treeabove or below the node. Oneshould
carefullydistinguishthis notionof context-freenessfrom theonefor stringgrammars.
Thestringlanguagesyieldedby context-freetreegrammarsarein generalin theclass
of indexedlanguages, which is a largerclassthanthatof context-freelanguages(Aho,
1968;Rounds,1969).

Problem 3.9 Writea context-freetreegrammarwhoseyieldis thesetof stringsanbncn

for n > 0.

In theproblemsthat follow, you maywant to take advantageof theencodingfor
treesusedin theprevioussection.

Problem 3.10 De�ne an encodingof context-free tree grammars in Prolog. You
shouldgiveencodingsfor terminals,nonterminals,start trees,andproductions.

Problem 3.11 It canbeshown(Maibaum,1974)that whenconstructinga derivation
of a terminal treefroma start treeof a context-freetreegrammarit is only necessary
to considerproductionapplicationsto outermostnonterminalnodes,that is, nodes
whoseancestors are all terminals. This strategy is called outside-in(O-I) rewriting.
Usingtheencodingfromthelastproblem,write a programthatperformsO-I rewriting
to nondeterministicallygenerate terminal treesin the tree language of an arbitrary
context-freetreegrammar. In this problem,you mustusethesearch order of Prolog
to avoidloopingwithoutproducinganyanswers. Usethegrammarof Problem3.9to
testyourprogram.

3.7 De�nite ClauseGrammars

In Section2.7 we saw how to translateCFGsinto Horn clauses,in fact into de�nite
clauses.This translationmethodcanbe usedasthe basisfor an extensionof CFGs
basedonde�nite clauses,de�nite-clausegrammars (DCGs).

Thegeneralform of thede�nite clauseassociatedwith acontext-freegrammarrule

N0 ! V1 � � � Vn

is (in Prolognotation)

n0(P0, P) :- v1(P0, P1), ..., vn(Pn-1, P).
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We cangeneralizesuchanaxiomby allowing, in additionto the two predicateargu-
mentsfor the string positions,additionalargumentsthat further specify the expres-
siontype. For instance,supposewe wantto distinguishthenumberof nounandverb
phrases—whetherthey aresingularor plural—soas to guaranteethat sentencesare
composedof NPsandVPs with thesamenumber. We might extendtheaxiomatiza-
tion of thegrammaranddictionarywith anadditionalargumentin certainpredicates
(e.g.,np, vp, pn) encodingnumber. A fragmentof sucha grammarwould look like
this:

Program 3.9
s(P0, P) :-

np(Number, P0, P1),
vp(Number, P1, P).

np(Number, P0, P) :-
pn(Number, P0, P).

vp(Number, P0, P) :-
tv(Number, P0, P1),
np(_, P1, P).

vp(Number, P0, P) :-
iv(Number, P0, P).

pn(singular, P0, P) :- connects(shrdlu, P0, P).
pn(plural, P0, P) :- connects(they, P0, P).
iv(singular, P0, P) :- connects(halts, P0, P).
iv(plural, P0, P) :- connects(halt, P0, P).
tv(singular, P0, P) :- connects(writes, P0, P).

As anexample,the�rst rule in this grammarencodingstatesthatans (sentence)may
be an np (nounphrase)with numbervalueNumberfollowed by a vp (verb phrase)
with the samenumber. Note the useof an anonymousvariable(Section3.4) for the
objectNP in the transitive verb rule asa way of ignoring the numberof the object.
Thisgrammaradmitsthesentence“ halts”but not “*  halt”5 eventhough
bothverbsareintransitive.

:- s([shrdlu,halts], []).
yes

:- s([shrdlu,halt], []).
no

:- s([they,halt], []).
yes

Justasthe two-argument-predicateclausescanbe seenasencodingcontext-free
grammars,thesemultiple-argument-predicateclausescanbeseenasencodinga gen-
eralizationof context-freegrammars,calledde�nite-clausegrammars (DCG). DCGs
di� erfrom CFGsjustin thewaythisextendedencodingof rulesin Hornclausesdi� ers

5We arehereusingthe conventionfrom the linguisticsliteraturethat in discussionsof grammaticality,
ungrammaticalstringsarepre®xedwith asterisksto highlight the fact that they arenot expressionsof En-
glish. Of course,this is just anexpositorydevice; theasterisksthemselveshave no placein grammarsthat
peoplewrite.
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from the simple two-argumentencoding:A DCG nonterminalmay have arguments
just like theargumentsof apredicate,andaterminalsymbolmaybeanarbitraryterm.
For instance,theextendedPrologencodingabove axiomatizesthefollowing de�nite-
clausegrammar. (We hereusethe FOL conventionsfor variablesandconstantsdis-
cussedin Section2.3.)

S! NP(xnum) VP(xnum)
NP(xnum) ! PN(xnum)
VP(xnum) ! TV(xnum) NP(ynum)
VP(xnum) ! IV(xnum)

PN(s)! shrdlu
PN(p)! they
IV(s) ! halts
IV(p) ! halt
TV(s)! writes

Themeaningof a DCG rule is givenby translatingthe rule into a de�nite clause
usingthesamemappingasfor context-freerulesexceptthatnow ann-argumentnon-
terminalis translatedinto ann + 2-argumentliteral in which the �nal two arguments
representstringpositions.

De�nite-clausegrammarsaresousefulthatPrologsystemsoftenincludeaspecial
notationfor encodingthemdirectly, ratherthanhaving to gothroughtheclumsytrans-
lationdescribedabove. In particular, thenotationusedwithin Prologto notatea DCG
rule is thefollowing:

� Predicateand function symbols,variables,andconstantsobey normal Prolog
syntax.

� Adjacentsymbolsin theright-handsideof aDCG ruleareseparatedby the“ , ”
operator, just like literalsin aclause.

� Thearrow in a DCGrule is “ --> ”.

� Terminalsymbolsarewritten insideProloglist brackets“ [ ” and“ ] ”.

� Theemptystringis representedby theemptylist constant“ [ ] ”.

For example,the DCG grammarpainstakinglyencodedin Program3.9 could be
directlystatedin Prolog usingthePrologDCGnotationas:

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 PrologDCG notationallows context-free grammarsto be stateddirectly in
Prologaswell, sinceCFGsarea specialcaseof DCGs. In sodoing,thePrologstate-
mentsof the grammarsare considerablymore succinct. For instance,the English
fragmentof Program2.4couldbedirectlystatedin Prologas:

Program 3.10
s --> np, vp.
np --> det, n, optrel.
np --> pn.
vp --> tv, np.
vp --> iv.
optrel --> [].
optrel --> [that], vp.

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

In fact,Prologsystemstypically performtheappropriatetranslationfrom DCG rules
like theseto Prologclausesimmediatelyuponreadingthe program,andthe clauses
arestoredinternallyin thefully expandedform. Consequently, querieswill receivethe
samerepliesastheexpandedversion,e.g.,

:- s([terry,writes,a ,p rog ra m,tha t, hal ts ],[ ]) .
yes

Theconnectionbetweende�nite-clausegrammarsandPrologis a closeone. But
it is importantto keepin mind thatDCGsarea formal languageindependentof their
Prolog encodingjust as Horn clausesare of their instantiationin Prolog programs.
For instance,just asPrologis anincompleteimplementationof Horn-clausetheorem-
proving, the DCG notationas interpretedby Prolog is incompletefor DCGs in the
abstract.We have tried to emphasizethedi� erenceby usinga di� erentnotation(akin
to thatof CFGs)for DCGsin theabstract,beforepresentingtheProlognotation.The
distinctionbetweenDCGsin theabstractandtheir statementin Prologusingthespe-
cial notationis importantto keepstraightas it has, in the past,beenthe sourceof
considerableconfusion.

3.7.1 Trees for Simple Sentences

The DCG ability to addargumentsto the nonterminalsin a grammaris useful in a
varietyof ways.Theadditionof moredetailedsyntacticinformationsuchasagreement
features,which we saw in the previous sectionandwhich will be exploredin more
detail in laterproblems,is just oneof these.Indeed,muchof the remainderof these
notesis merelyelaborationon thisbasiccapability.

As asimpleexampleof theutility of argument-passingin DCGswewill developa
grammarwhichnot only recognizesthestringsin thefragmentof Englishof Program
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s

np           vp

Nom    VerbDet NP

Figure3.3: A partiallyspeci�edtree

3.10,but alsobuilds a representationof theparsetreefor thesentence,encodedasa
Prologterm.

Termscanbeseenaspartially speci�ed treesin which variablescorrespondto as
yetunspeci�edsubtrees.For example,theterm

s(np(Det,Nom),v p(Ver b, NP))

correspondsto the(partial) treeof Figure3.3 in which thevariablesmaybereplaced
by any trees.

It is thereforeonly naturalto usetermsto representparsetreesin de�nite clause
grammars.To dothis,everynonterminalpredicatewill haveanargumentrepresenting
the parsetree for that portion of the string coveredby the nonterminal. For each
nonterminaltherewill bea homonymousfunctionsymbolto representa nodeof that
type.Finally, wewill useaconstant,epsilon , to representanemptysubtree.

Thefollowing DCGcoversthesamefragmentof EnglishastheCFGaxiomatized
in Program3.10,but it addsan argumentto eachnonterminalpredicateto carry the
parsetree. Oncethe DCG is translatedinto a Prologprogram,the executionof the
resultingprogramis very similar to thatof theearlierone,exceptthatuni�cation in-
crementallybuilds thetreefor thesentencebeinganalyzed.

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(IV)) --> iv(IV).
optrel(rel(epsi lon )) --> [].
optrel(rel(that ,VP)) --> [that], vp(VP).

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

For example,theanalysisof “Terry writesa programthathalts” would beasfol-
lows:
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?- s(Tree, [terry,writes,a, pr ogram,th at ,h alt s] ,[] ).
Tree = s(np(pn(terry)),

vp(tv(writes),

np(det(a),

n(program),

rel(that,

vp(iv(halts))))))

yes

Noticethattheparsetreefor a nounphrasewithout a relative clausestill includes
a relativeclausenodecoveringthesymbolepsilon representingtheemptystring.

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

n(program),

rel(epsilon))

yes

3.7.2 Embedding Prolog Calls in DCGs

TheabstractDCG formalismaugmentsCFGsby allowing nonterminalsto take extra
argumentswhich, throughthesharingof logical variables,allow passingof informa-
tion amongsubphrases.However, no otherform of computationotherthanthis shar-
ing of informationis allowed.TheProlognotationfor DCGsgoesbeyondthis limited
form of computationin DCGsby providingamechanismfor specifyingarbitrarycom-
putationsover the logical variablesthroughdirect executionof Prologgoals. Prolog
goalscanbe interspersedwith the terminalsandnonterminalson the right-handside
of aDCGrule. They aredistinguishedfrom thegrammaticalelementsnotationallyby
beingembeddedunderthebracketingoperator“ { � � �} ”.

Removing extraneous tree nodes

As a simpleexample,we will modify theparse-tree-building grammarin sucha way
thatnoun-phraseparsetreesdonot includenodesfor emptyrelativeclauses.Thereare
severalmethodsfor achieving this behavior. We take thesimpleexpedientof building
theparsetreefor theNP usinga separatePrologprogramfor this purpose.Thus,the
only changeto thegrammarinvolvesa modi�cation of theNP formationrule.

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

Thebuild_np predicateoperatesin modebuild_np(+,+,+, -) , building theparse
treefor an NP from the treesfor thesubconstituents.In thecasewherethe relative-
clausetreeis empty, nonodeis includedin theoutputparsetree.

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 grammar, thebehavior of thegrammaronsimplenounphrases
becomes:

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

n(program))

yes

Simplifying the lexicon

Oneof themostcommonusesfor addingProloggoalsto a DCG is thesimpli�cation
of the encodingof the lexicon. Imaginea DCG with a large lexicon. Ratherthan
encodingthelexiconwith separateDCGrulesfor eachlexical item,e.g.,

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

it is muchsimplerandlessredundantto haveasingleDCGrule:

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

thatsaysthatthenonterminaln cancoverany terminalsymbolthatis ann. Along with
this singlerule,we needa dictionarylike this:

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

Theutility of this techniqueis magni�ed in thecontext of lexical itemsassociated
with extra arguments.If anargumentis directly computablefrom theword itself, the
lexical entry canperform the computationand the dictionaryentry neednot give a
valuefor theargument.Suchis thecasefor theparsetreesassociatedwith terminal
symbols.Thus,for theparse-tree-building grammar, thelexical entriesmight look like

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

And for argumentsthatareidiosyncraticallyrelatedto theword, for example,gram-
maticalnumber,thedictionaryentrywill containthis informationin tabular form.

n(Number) --> [Word], {n(Word, Number)}.
...
n(professors, plural).
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n(program, singular).
n(programs, plural).
...

In fact,a moresuccinctencodingof grammaticalparadigmsusesunit clausesto list
the entriesin the paradigmasa tableandusesthe lexicon rulesto decodethe table.
For instance,for 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, as is donein
AppendixA.

Using this techniquein the Englishfragmentwe have beendeveloping,we have
the following grammar, with dictionaryaugmentedto includesomelexical itemswe
will �nd usefulin laterexamples.

Program 3.12
s --> np, vp.

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

vp --> tv, np.
vp --> iv.

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

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 ProblemSection: DCGs

3.8.1 The Syntax of First-Order Logic

First-order formulasarebuilt from thefollowing vocabulary:

� A countablesetof variablesV,

� CountablesetsFn of n-ary functionsymbolsfor eachn � 0 (theelementsof F0

arealsocalledconstants),

� CountablesetsPn of n-arypredicatesymbolsfor eachn � 0,

� Theconnectives8, 9, _, ^ , : , and

� Thepunctuationmarks(, ), and;.

Thesetof �rst-order termsis thesmallestsetsatisfyingthefollowing conditions:

� Eachvariableis a term.

� If f is ann-ary functionsymbol(anelementof Fn) andt1; : : : ; tn areterms,then
f (t1; : : : ; tn) is a term. As a specialcase,if n = 0, f asa term canbe written
without parentheses.In sucha case,f is referredto asa nullary functionor,
moresimply, a constant.

Thesetof well-formedformulas(w� s) is thesmallestsetsatisfyingthefollowing con-
ditions:

� If p is an n-ary predicatesymbol (an elementof Pn) and t1; : : : ; tn are terms,
p(t1; : : : ; tn) is a w� .

� If p is a w� andx is a variable,(8x)p and(9x)p arew� s.

� If p1 andp2 arew� s,(p1 _ p2) and(p1 ^ p2) arew� s.

� If p is a w� , : p is aw� .

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

is a w� assumingthatx andy arein V, 0 is in F0, s is in F1 and= is in P2.
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Problem 3.12 De�ne an encodingof the vocabulary of �r st-order logic as Prolog
terms.Your encodingshouldrepresenteach vocabulary itemasa distinctProlog term
in such a waythat therepresentationof each typeof item(variable, functionsymbol,
predicatesymbol,etc.) is distinguishablefrom all theothers. Using this 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 numbers, you can either usethe successornotationfor numbers or the
built-in arithmeticfacilitiesof Prolog discussedin Section3.4.1).

A termor w� occursin aw� i� thetermwasusedin constructingthew� according
to theinductive de�nition of w� s givenabove. A stringof oneof theforms`(8x)' or
`(9x)' is a binder for x. In a w� of the form B p whereB is a binderand p is a w� ,
p is thescopeof B. An occurrenceof a variablex is boundin a w� if andonly if the
variableoccurrenceoccurswithin thescopeof a binderfor x. A w� is closedif and
only if everyoneof its variableoccurrencesis bound.For example,

(8x)p(x; x)

is closedbut
(8x)p(x; y)

is not.

Problem 3.13 Modifyyourw� analyzerto acceptonlyclosedw� s.

A binderfor x in a w� is vacuousif thereis nooccurrenceof x in thescopeof the
binder. For example,thebinder(9x) is vacuousin

(9x)p(a) .

Problem 3.14 Modify your w� analyzerto acceptonly closedw� s without vacuous
binders.

3.8.2 Extending Syntactic Coverage

The following problemsdealwith extendingthesophisticationof thesyntactictreat-
mentsin thegrammarswe aredeveloping.

Possessives

Thegrammarof Program3.12doesnotacceptsentencesusingtheEnglishpossessive
construction,suchas“Everystudent's professor'sbookconcernssomeprogrammer's
program”. In general,a nounphrasefollowed by the possessive su� x 's plays the
samesyntacticrole asa determiner. Thus,an appropriateparsetreefor thesentence
abovewouldbeFigure3.4.

Problem 3.15 Extendthe DCG above to acceptthe Englishpossessiveconstruction
according to theanalysisexempli�ed in this analysistree. Assumethat thepossessive
su� x is representedbytheconstants in theinputstring. TestingtheDCGwill probably
beunsuccessfulastheanalysiswill undoubtedlybeleft-recursive.
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NP            's          professor                                             DET             N        OPTREL        

every        student

DET            N         OPTREL                                                               some    programmer

DET                        OPTREL                                              NP               's        program

NP              's             book                           concerns      DET            N         OPTREL

DET             N         OPTREL         TV                              NP

NP                                                 VP

S

N

Figure3.4: Parsetreewith possessives
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The analysisof possessives illustratedin the treeof Figure3.4 is left-recursive,
thatis, aphrasetypeX hasapossibleanalysisasX� . (In thisparticularcase,thenoun
phrasesmaybeanalyzedasa nounphrasefollowedby an'sanda noun.)

As the discussionin the previous problemandSection2.5.2show, left-recursive
analysescauseproblemswith theuseof PrologasaDCGparser. A possibletechnique
to avoid this problemis to transform(by hand,or, in somecases,automatically)a
left-recursivegrammarinto onewithout left-recursionthatis weaklyequivalentto the
original one,that is, thatacceptsexactly thesamestringseventhoughit assignsthem
di� erentstructures.

Problem 3.16 Developa non-left-recursivegrammarfor the Englishsentencescov-
ered by thegrammarin the last problem. To whatextentare systematicmethodsfor
converting left-recursiveCFGsto weaklyequivalentnon-left-recursiveones(such as
are discussedby Hopcroft and Ullman (1979,pages94–99))applicableto de�nite-
clausegrammars?

Problem 3.17 (Easy)Modifyyoursolutionof thepreviousproblemto producea parse
tree, aswasdonein theprevioussection.

Problem 3.18 (More di� cult) Modify your solutionof Problem3.16to produceleft-
recursiveparsetreeslike theonegivenabove. How general is yourmethod?

Problem 3.19 Modify your solutionso that so-calledheavy NPs, e.g., nounphrases
with relativeclauses,are disallowedin possessives.For instance, the following NP
shouldbe ungrammaticalaccording to thegrammar: “* a programthat halts's pro-
grammer”.

Prepositional Phrases

Prepositionalphrases(PP)areusedin English in a variety of ways. They canplay
therole of anadverbialphrasemodifying theentireactiondescribedby a verbandits
complements,asin

Terrywroteaprogramwith acomputer.
Everyprofessorwroteabookfor adollar.

And like relativeclauses,they canmodify a classof objectsgivenby a noun,e.g.,

Everyprogramin Bill' sbookhalts.
Alfred meta studentwith aproblem.

In Problem4.6,we will seeyetanotherrole for PPs.
Typical analysesof thestructureof EnglishsentencescontainingPPsplacethem

assiblings to the constituentthey modify. Thus,adverbial PPsaresiblingsof VPs
(or, undercertainconditions,Ss), and noun-modifyingPPsare siblings of N (like
relative clauses). Thereare two ways that sucha con�guration could comeabout.
ConsidertheVP-modifyingadverbialPPs.ThePPcouldoccurundertheS node,just
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asthe VP does. Alternatively, a new nodeunderthe S could cover both the VP and
the PP. Usually, this nodeis consideredto be a VP itself, thus allowing for a left-
recursiveVP structure.Linguistically, thisanalysismaybepreferredbecauseit allows
for severaladverbialsto follow a VP. Theleft recursion,however, presentsa problem
for Prolog;therefore,we will assumethe formeranalysis.Indeed,thepositioningof
relative clausesdirectly underNP asa sibling of the nounwaschosenfor the same
reason,to avoid theleft recursionimplicit in themoretraditionalanalysis.

Notethatthe�rst andlastexamplesentencesincludethesamecategoriesof lexical
items,i.e.,

PNTV Det N P Det N

Yet intuitively the �rst PPmodi�es theverbphrase—itis thewriting of theprogram
that is performedwith a computer—while theseconddoesnot modify theVP—it is
not themeetingof thestudentthat is performedwith a problem.Thesetwo sentences
arethussyntacticallyambiguous, thoughsemanticallyonly oneof the two readings
seemsplausible.This phenomenonof ambiguityin thestructuralplacementof PPsis
oftencalledthePPattachmentproblem.

Problem 3.20 WriteDCGrulestoallow adverbialandNP-modi�erPPssuchasthose
above. You will needrulesnot only for theprepositionalphrasesthemselvesbut also
for their usein modifyingVPsand NPs. Is your grammarambiguous,that is, does
it displaythePP attachmentambiguitiesdiscussedabove? How might youaugment
the grammar(presumablywith semanticinformation)so that spuriousreadingsare
�lter edout?

Subject-Verb Agreement

In Section3.7 we alludedto the phenomenonof subject-verbagreementin English.
Thisproblemexploresthephenomenonin greaterdetail.

In English,subjectsagreewith theverbthey arethesubjectof bothin person(�rst,
secondor third) andin number(singularor plural). For instance,thestring“*I writes
programs”is notagrammaticalEnglishsentencebecausetheword“I” is a�rst-person,
singularnounphrase,whereastheverb“writes” is third-person,singular. Ontheother
hand,“I write programs”is grammaticalbecause“write” is a�rst-personsingularverb.
Of course,it is alsosecond-personsingularasin “you write programs”andany-person
pluralasin “they write programs”,“we write programs”,etc.

Theproblemis compoundedin thatin complex nounphrases,suchas“a program-
mer” or “all programmers”,both thedeterminerandthenouncarryagreementinfor-
mation. So we have “all programmerswrite programs”but not “* all programmers
writes programs”or “* a programmerswrite programs”or “* a programmerswrites
programs”.A �nal complicationis thefactthatcertaindeterminers,nouns,andverbs
are unmarked for personor numberor both. For instance,aswe have seenabove,
the word “write” viewed as a plural verb is unmarked for person. The determiner
“the” is unmarkedfor number, asseenin “the programmer”and“the programmers”.
Rarerarenounsthatareunmarkedfor number. Examplesincludeso-calledsummation
plurals(e.g.,scissors, binoculars, jeans), certainforeignwords(e.g.,corps, chamois,
althoughthereis a di� erencein pronounciationdespiteidenticalspelling in the sin-
gular andplural), certainotherwordsendingin -s (e.g.,crossroads, species, series),
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somenationality terms(e.g., Chinese, Eskimo) andsomeother idiosyncraticnouns
(e.g.,o� spring, aircraft), andcertainzoologicalterms(e.g.,�sh, sheep, salmon, etc.

Thus, we have “a �sh swims” and “all �sh swim”. We could handlethis phe-
nomenonby having separatelexical entriesfor the singularnoun�sh andthe plural
noun�sh justaswewouldhaveseparateentriesfor thenoun�sh andtheverb�sh, but
anicersolutionis to allow entriesto beunmarkedfor personand/or number. Nonethe-
less,the lesselegantsolutionis still neededfor the �rst /second-personsingularverb
write, sinceleaving it unmarkedfor personwould allow thestring “* hewrite a pro-
gram”asa sentence.

Problem 3.21 Extendthegrammarsothat it requiresthatsubjectsagreewith verbsin
sentencesandthatdeterminersandnounsagreeaswell. Youshoulddo thisbyadding
a singleextra argumentto appropriatenonterminalsto hold agreementinformation.
Discussthefollowing facetsof thesolution:

1. Howthevariousstringsareor arenotadmitted(parsed)by thegrammar.

2. How certain lexical entriescan be underspeci�edfor certain agreementinfor-
mation. Demonstrate at least the full paradigmof agreementof the verb halt
andtheverbbe,that is, make sure youhavesu� cient lexical entriesfor all the
formsof theverb.

3. Whatyoudo for propernounsandpronouns.

4. Whyit is preferableto useonlyoneargumentpositionfor agreement.

(For thepurposesof theseproblemsyoucanthink of pronounslike I, we, he, etc.
asmerelya typeof propernoun.)

Relative Clause Agreement

Agreementin Englishdoesnot stopat thesubjectandtheverbof thewholesentence.
Evensubclauseslike relativeclausesdisplaythis phenomenon.Thusthestring

A programthatconcernsBertrandhalted.

is a grammaticalsentencewhereas

*A programthatconcernBertrandhalted.

is not,eventhoughin bothcasesthesubject“a program...” agreeswith theverbhalted.
The problem,of course,is that the implicit subjectof the verb phrasein the relative
clause“concernBertrand”is that samephrase“a program”(oftencalledtheheadof
the relative clause),but the verb concernis either plural or �rst- or second-person
singular, whereas“a program”showsthird-personsingularagreement.

Problem 3.22 Extendyourgrammarsothat it capturesthephenomenonof agreement
betweenheadsof relativeclausesandtheverbsin therelativeclause. Againdemon-
strate that your solutioninteractsappropriatelywith normalsubject-verbagreement,
underspeci�edlexical entries,etc.
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Subcategorization

Wehaveseenin previousgrammarsthatdi� erentverbsrequiredi� erentcomplements,
that is, phrasesfollowing themin the verb phrase.So, for instance,the verb wrote
requiresasinglenounphrasefollowing it asin theVP “met Bertrand”.Thusthestring
“*met Bertranda book” is not a grammaticalVP (or anything elsefor that matter),
nor is “*met”. On the otherhand,the verb gaverequires(or, in the linguistics jar-
gon,subcategorizesfor) two NPs,not one,asin theVP “gave Bertranda book”, but
not “*gave Bertrand”. This phenomenonof subcategorizationhasbeenprimitively
encodedin previous grammarsin the distinctionbetweenTVs (transitive verbs)and
IVs (intransitiveverbs).In this problemwe will investigatesubcategorizationin more
detail.

Onepossiblesolutionto thesubcategorizationproblemis to associateanotherar-
gumentto eachverb, its subcategorizationtype. Thenfor eachtype,we would have
a rule thatadmittedonly verbsof theappropriatetype. Hereis a pieceof a grammar
usingthismethodof subcategorization(but ignoringagreement,verbform, 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 theprepositionto asin “gave thebookto Bertrand”. Thustheverbgave
hastwo subcategorizationframes:ditransitiveanddative.)

The phenomenonhasbeencalled subcategorizationbecausethe extra argument
putsverbsinto subclasses,or subcategories,of themaincategory verb. Estimatesby
linguistsasto thenumberof di� erentsubcategorizationframes, i.e., typesof subcat-
egorization,vary, but at least30suchrulesarepostulatedfor Englishby Gazdaret al.
(1985)andprobablymany morewould berequired.Estimatesrun ashigh asthetens
of thousands(Gross,1975). For this reason(andthe fact thatwe have alreadygiven
this solution),we will notusethis sortof attackon theproblem.

Instead,we will usea di� erenttechniquefor handlingsubcategorization.We will
have a single rule allowing a verb phraseto be formed from a verb followed by a
sequenceof zeroor morecomplementswherea complementis eithera nounphrase
or a prepositionalphrase.Theverbwill have a list of complementtypesin its lexical
entry. For instance,theverbgavemight have thelist [np,np] , theverbhaltedmight
havetheemptylist [ ] . While building up thesequenceof complements,thegrammar
will keeptrackof the typesof thecomplementsandmake surethey matchthe list in
thelexical entryfor theverb. Thesequenceof complements“Bertrandabook” would
have theassociatedlist of types[np,np] . Sincethis matchesthelexical entryfor the
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verbgave, thegrammarwouldallow “gaveBertrandabook” but sinceit doesn't match
theemptylist, thegrammarwould disallow “*halted Bertranda book”.

Problem 3.23 Extendyour grammarso that it handlessubcategorization require-
mentsof verbsin thewayjust described.Demonstratethat it allowsappropriateverb
phrasesandsentencesandconverselyfor non-sentences.Thenextendthesolutionto
capturethefact that theverbgaverequiresa prepositionalphrasewith thepreposition
to whereasboughtrequiresa PP with theprepositionfrom, e.g., “bought a bookfrom
Bertrand”.

Notice that in eitherof thesubcategorizationmethodsmentionedherea PPcom-
plementis (asubconstituentof) asiblingof theverb,ratherthanasiblingof theVP as
adverbialPPsare. This canbea furthersourceof thekind of grammaticalambiguity
discussedin Problem3.20.

3.9 Bibliographic Notes

Edinburgh Prologsyntaxis so simplethat a detailedaccountof the syntaxis rarely
requiredwhenprogramming.Themanualfor eachparticularPrologimplementation
usuallycontainsa full descriptionof the syntaxfor referencepurposes.AppendixI
of theDEC-10Prologmanualcontainssucha descriptionfor theEdinburghfamily of
Prologs(Bowen,1982).

Functionalprogramming(Section3.3) hasbeendevelopedfor many of thesame
reasonsas logic programminghasbeen(Backus,1978). E� orts to introducefunc-
tionalandequationalnotionsinto logic programminglanguageshavebeennumerous.
A goodcross-sectioncan be found in the book by DeGrootandLindstrom(1986).
Equality (i.e., equationallogic) asa su� cient basisfor logic programmingis devel-
opedby O'Donnell (1985).

The term “logical variable” (Section3.3) was introducedby D. H. D. Warren
(1977)to distinguishthe speci�c proceduralpropertiesgiven to the variablesin def-
inite clausesby Prolog,or moregenerallyby SLD proof procedures,from both the
variablesof imperative languages(namesfor assignablelocations)andthe variables
of functionallanguages(namesfor values).Thedistinguishingcharacteristicsof logi-
cal variablesincludetheir role in standingfor asyet un�lled partsof a termandtheir
ability to becomecoreferentialthroughvariable-to-variablebindings.

Listsasadatastructure(Section3.4)areheavily usedin languagesotherthanPro-
log. In particular, the programminglanguage (which standsfor t rocessing)
makesheavy useof lists. Many introductory booksareavailable,but few intro-
ducethe subjectassimply andclearlyastheoriginal  1.5 Programmers'Manual
(McCarthy,et al., 1965). The modern dialect is thoroughlydiscussedin
anexcellenttextbookby AbelsonandSussman(1985).

Thenotionof modes(Section3.4.1)for predicatesin logic programsappeared�rst
in the DEC-10Prolog. Mode declarationsallowed the DEC-10Prolog compiler to
generatebettercodefor predicatesknown to beusedonly in certainmodes(Warren,
1977;Warren,1979).Theconcepthassincethenbeenexploredasanadditionalcon-
trol mechanismfor logic programs(Clark andMcCabe,1981; Naish,1986)and in
globalprogram-optimizationtechniques(Mellish, 1985).
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Mode assignmentsdependon the particularorder of calls in a program. Thus
correctmodeassignmentsareprogrampropertiestied to theprogram'sproceduralin-
terpretation.Otherproperties,suchaswhattypesof argumentspredicatesaccept,de-
pendonly on thedeclarative interpretationof programs(Mycroft andO'Keefe,1984;
Mishra, 1984). Type assignmentsto predicatescanbe usefulboth for programver-
i�cation and for compilation. Methodsto computeboth declarative andprocedural
propertiesof Prologprograms,amongthemmodeandtype assignments,often rely
on the techniquesof abstract interpretation, a meansof analyzingthe propertiesof
programsby interpretingthemoversimpli�ed datadomainsin which thepropertiesof
interestarecomputable(Mellish, 1986;JonesandSøndergaard,1987).

As wenotedbefore,theresolutionmethod(Section3.5)is dueto Robinson(1965).
Resolution,substitutions,anduni�cation arecoveredin any of theautomateddeduc-
tion booksmentionedonSection1.5;Robinson'streatment(1979)is particularlyclear.
Thespecialcaseof SLD resolutionis discussedby Lloyd (1984),whogivesadetailed
mathematicalaccountof thesemanticsof Prolog.

De�nite-clauseprogramsde�ne relationsover the Herbrand universe, the setof
all groundtermsbuilt from theconstantsandfunction symbolsin theprogram. It is
possibleto representthetapeof a Turingmachineasa term,andit is thennotdi� cult
to show that the relationbetweeeninitial and�nal con�gurationsfor any Turing ma-
chinecanberepresentedby ade�nite-clauseprogram(Tärnlund,1977).Furthermore,
it is possibleto show that any computablefunction on terms,for a suitablede�ni-
tion of computationon terms,canbe representedwithout encodingof the databy a
de�nite-clauseprogram(AndrekaandNemeti,1976).Theoverall computationmodel
given by SLD resolutionis rathersimilar to the alternatingTuring machinemodel
(Shapiro,1982). Backgroundmaterialon notionsof computabilityanddecidability
from computerscienceandlogicalperspectivescanbefoundin thebooksby Hopcroft
andUllman(1979)andBoolosandJe� rey (1980)respectively.

The conceptof de�nite-clausegrammar(Section3.7) wasintroducedby Pereira
andWarren(1980).DCGsarea simpli�cation of Colmerauer'smetamorphosisgram-
mars (1978),which werethe �rst grammarformalismbasedon Horn clauses.Meta-
morphosisgrammarsandde�nite-clausegrammarsaretwo instancesof logic gram-
mars, grammarformalismswhosemeaningis given in termson an underlyinglogic.
Evenfrom a �x edlogic suchasde�nite clauses,onecanconstructdistinctformalisms
dependingon what grammaticalnotionsonechoosesto make part of the formalism
insteadof representingexplicitly by grammarrules. Examplesof suchformalisms
includeextrapositiongrammars(Pereira,1981),de�nite-clausetranslationgrammars
(Abramson,1984) and gappinggrammars(Dahl and Abramson,1984). The basic
notion of logic grammarhasalsobeeninstantiatedwithin other logics, in particular
Rounds's logics for linguistic descriptions,which formalizecertainaspectsof DCGs
to give logical de�nitions for naturalrecognition-complexity classesof formal lan-
guages(Rounds,1987).

Theconstructionof e� cientsortingalgorithms(Section3.4.1)is of coursea very
importantproblemin computerscience.The most thoroughdesignandanalysesof
sortingalgorithms(Knuth, 1973)have usuallybeendonefor random-accessmemory
machinemodels. It is possibleto rewrite many of thosealgorithms(eg. bubblesort,
quicksort)for Prolog'sdeclarativemodel,but in generalthecomputationalcostof the
algorithmwill change,becausethesequencesto besortedareencodedaslists rather
thanasarrayswith directaccessto all elements.Algorithmsspeci�cally designedto
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sort lists, suchasmergesort,aremoresuitablefor implementationin Prolog,which is
thereasonfor our choiceof example.

Treegrammars(Section3.6) wereintroducedasthegrammaticalcounterpartsof
generalizedautomatathatoperateon trees(Rounds,1969).Theyieldsof regulartree
grammars(�nite-state-treeautomata)areexactly the context-free languages,andthe
yieldsof context-freetreegrammarsareexactlytheindexedlanguages(Rounds,1970).
Indexedlanguageshaveanothercharacterization,theindexedgrammarsintroducedby
Aho (1968;HopcroftandUllman, 1979),which aremuchcloserin form to de�nite-
clausegrammars.

Arithmetic expressionsimpli�cation is a particularcaseof thegeneralproblemof
rewriting an expressionaccordingto a setof equationsgiving the algebraiclaws of
the operatorsin the expressions,e.g.,associativity or commutativity. The rewriting
methodwe suggestin Section3.6 is rathersimple-minded.More sophisticatedap-
proachesinvolve methodsto determineanorientationfor equationsso that the result
of applyinganequationis in someappropriatesensesimplerthanthestartingexpres-
sion,andmethodsfor completinga setof equationssothattheorderof applicationof
orientedequalitiesdoesnotmatter. Thesetechniquesaresurveyedby HuetandOppen
(1980)andBuchberger(1985).

Subcategorizationhasbeena primaryphenomenonof interestin modernlinguis-
tics,andthereareasmany analysesof thephenomenonastherearelinguistic theories,
if not more. We start by using a subcategorizationmethod(Program3.12) loosely
basedon the terminologyof Montaguegrammar. The �rst augmentation(Program
3.13)is inspiredby Gazdaretal. (1985).Section3.8.2workstowardananalysiscom-
monin thelogic programming�eld; it was�rst publishedbyDahl(1981)andextended
by several authorssuchasMcCord (1982). Similar analysesemploying lists, but in
slightly di� erentways,canbe found in HPSG(SagandPollard,1986)andPATR-II
(Shieber,1985a).

The PP attachmentproblem(Section3.8.2) hasreceived much attentionin the
computationallinguisticsliterature.A particularlydetaileddiscussionis thatof Church
(1980; ChurchandPatil, 1982). Pereira(1982)discussesthe problemfrom a logic
grammarperspective.
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In this chapter, we will be concernedwith extendingthe capabilitiesandcover-
ageof grammarsin two ways. First, we will exploregrammarsthatexpressnot only
syntacticbut alsosemanticrelationshipsamongconstituents.Thesegrammarsincor-
porateconstraintson how the meaningof a phraseis relatedto the meaningsof its
subphrases.Second,we will extendthe rangeof syntacticconstructionscoveredby
previous grammars.Both of thesekinds of extensionswill prove useful in the next
chapterin thedevelopmentof a simplenatural-languagequestion-answeringsystem.

4.1 SemanticInter pretation

First, we turn to the incorporationof semanticinformationinto a DCG. A common
way to model the semanticsof a natural languageis to associatewith eachphrase
a logical form, that is, an expressionfrom somelogical languagethat hasthe same
truth conditionsas the phrase. A simple recursive methodfor maintainingsuchan
associationis possibleif the logical form associatedwith a phrasecanbe composed
out of the logical formsassociatedwith its subparts.This compositionalmethodfor
modelingthesemanticsof a naturallanguageis thehallmarkof thehighly in�uential
work by thelogicianRichardMontagueandhis studentsandfollowers.

Montagueuseda higher-order logic basedon the typed lambdacalculus,inten-
sional logic, asthe languagefor logical forms. We will describea vastly simpli�ed
form of compositionalsemanticsinspiredby Montagovian techniquesbut using�rst-
orderlogic extendedwith an untypedlambdacalculusasthe logical form language.

77
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Then we will show how sucha semanticscan be encodedin a DCG which builds
logical forms in the courseof parsing. A techniqueof generalutility, partial execu-
tion, will be introducedasa methodwith which we cansimplify the DCG. We will
thenproceedto discussseveral topicsin the encodingof semantics,namely, quanti-
�ers, quanti�er scope,and(aftertheappropriatesyntacticbackgroundin Section4.2)
�ller -gapdependencies.

4.1.1 The Lambda Calculus

In the semanticswe will develop, logical forms for sentenceswill be expressionsin
�rst-order logic that encodepropositions.For instance,the sentences“ halts”
and“Every studentwrotea program”will beassociatedwith the �rst-order logic ex-
pressionshalts(shrdlu) and(8s)student(s) ) (9p)(program(p)&wrote(s; p)), respec-
tively.

We againemphasizethe di� erencesbetweenthe FOL notationwe usehere(see
Section2.3)andthenotationfor Prolog.Thedi� erenceshelpto carefullydistinguish
the abstractnotion of logical forms from the particularencodingof themin Prolog.
FOL formulaswill later be encodedin Prolognot asPrologformulas,but asterms,
becauseourprogramsaretreatingtheformulasasdata.

Most intermediate(i.e.,nonsentential)logical formsin thegrammardonotencode
wholepropositions,but rather, propositionswith certainpartsmissing. For instance,
a verbphraselogical form will typically bea propositionparameterizedby oneof the
entitiesin thesituationdescribedby theproposition.That is, theVP logical form can
beseenasa functionfrom entitiesto propositions,what is oftencalleda propertyof
entities.In �rst-order logic, functionscanonly bespeci�edwith functionsymbols.We
musthaveonesuchsymbolfor eachfunctionthatwill everbeused.Becausearbitrary
numbersof functionsmight be neededasintermediatelogical forms for phrases,we
will relaxthe“onesymbolperfunction” constraintby extendingthelanguageof FOL
with a specialfunction-formingoperator.

Thelambdacalculusallowsusto specifyfunctionsby describingthemin termsof
combinationsof otherfunctions.For instance,considerthe function from aninteger,
call it x, to theintegerx + 1. We would like to specifythis functionwithout having to
give it a name(like succaswe have donepreviously). Theexpressionx + 1 seemsto
haveall theinformationneededto pick outwhichfunctionwewant,exceptthatit does
not specifywhat in theexpressionmarkstheargumentof thefunction. This problem
maynot seemespeciallycommandingin thecaseof thefunction x + 1, but whenwe
considerthefunctionspeci�edby theexpressionx + y, it becomesclearthatwe must
beableto distinguishthefunctionthattakesan integer x ontothesumof that integer
andy from thefunctionthattakesanintegery ontothesumof it andx.

Therefore,to pick out which variableis marking the argumentof the function,
we introducea new symbol“ � ” into the logical language(hencethe name“lambda
calculus”).To specifya function,wewill usethenotation

� x:� ,

wherex is thevariablemarkingtheargumentof the functionand� is theexpression
de�ning thevalueof thefunctionat thatargument.Thuswe canspecifythesuccessor
functionas� x:x+1 andthetwo incrementingfunctionscanbedistinguishedas� x:x+y
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and� y:x + y. We will allow theselambdaexpressionsanywherea functor would be
allowed.For instance,thefollowing is awell-formedlambdacalculusterm:

(� x:x + 1)(3) .

Intuitively, sucha functionapplicationexpressionshouldbesemanticallyidenticalto
theexpression3 + 1. Theformal operationcalled(for historicalreasons)� -reduction
codi�es this intuition. Theruleof � -reductionsaysthatany expressionof theform

(� x:� )a

canbereducedto the(semanticallyequivalent)expression

[� ]fx = ag ,

thatis, theexpression� with all occurrencesof x replacedwith a. We ignorehereand
in the sequelthe problemof renamingof variables,so-called� -conversion, to avoid
captureof free variables. In the examplesto follow, we will alwaysmake surethat
variablesin the variouslambda-calculusexpressionsbeingappliedaredistinct. The
scopingrulesof Prolog(Section2.5.1),beinggearedtowardlogical languagesin the
�rst place,guaranteetheappropriatescopingof variablesin thecaseof theencoded
logical languageaswell. In fact,this is oneof theadvantagesof usingPrologvariables
to encodevariablesin thelogical form language,aswewill do in Section4.1.3below.

We will seein the next sectionhow the lambdacalculusand� -reductioncanbe
usedto providea simplecompositionalsemanticsfor a fragmentof English.

4.1.2 A Simple Compositional Semantics

We will now considerhow to specifya semanticsfor the fragmentof Englishgiven
asthecontext-freegrammarin Section2.7andaxiomatizedin Programs2.4and3.10.
We will associatewith eachcontext-freerule a correspondingrule for composingthe
logical forms of the subconstituentsinto the logical form for the parentconstituent.
For instance,associatedwith therule

S! NP VP

we will have therule1

Semantic Rule 1: If thelogical form of theNP is NP0 andthelogical form for
theVP is VP0 thenthelogical form for theSis VP0(NP0).

andwith therule

VP ! TVNP

we will associate

Semantic Rule 2: If the logical form of theTV is TV0 andthe logical form of
theNP is NP0 thenthelogical form for theVP is TV0(NP0).

1By convention,wewill notatevariablesrepresentingthelogical form associatedwith a nonterminalby
addingaprimesuffix.
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      NP                 VP

wrote                            principia

λx.λy.wrote(y,x)                 principia
bertrand                            V                                  NP 

 bertrand                       λy.wrote(y, principia)

wrote(bertrand, principia) 
S

Figure4.1: Parsetreewith logical forms

For instance,thesentence“ halts”canbedecomposedinto anNPandaVP.
Supposethelogical form for theNP “” is shrdlu andthatfor theVP “halts” is
halts. Thenby SemanticRule1 above,thelogical form for thewholesentencewill be
halts(shrdlu), anexpressionwhich,underthenaturalinterpretationandidealizations,
hasthe sametruth conditionsas the sentence“ 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 respectively. The logical form for the transitive 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 � -reduction is equivalent to � y:wrote(y; principia). Now by the �rst
rule above, the sentence“Bertrand wrote Principia” is associatedwith the logical
form (� y:wrote(y; principia))(bertrand), which, � -reducingagain, is equivalent to
wrote(bertrand; principia). The derivation can be summarizedin the parsetree of
Figure4.1,whichhasbeenannotatedwith appropriatelogical forms.Similarsemantic
rulescouldbegivento theothercontext-freerulesin thegrammarto allow thebuilding
of logical formsfor a largerclassof phrases.

Exercise 4.1 Whatdo thefollowing lambda-calculusexpressionsreduceto?

1. (� x:halts(x))(shrdlu)

2. ((� y:� x:halts(x))(shrdlu))(lunar)

3. (� y:� p:� x:wants(x; p(y)))(shrdlu)(� z:halts(z))(terry)

4. (� y:yy)(� y:yy)

4.1.3 Encoding the Semantic System in Prolog

We now turn to the issueof encodingsucha grammarwith compositionalsemantics
in Prolog.Severalproblemsfaceus.First,wemustbeableto encodelogical formsin
Prolog.Second,wemustbeableto associatewith eachconstituentanencodedlambda
expression.Finally, wemustbeableto encodetheprocessof � -reduction.
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As mentionedbefore,we will encodeall FOL expressions—bothformulasand
terms—asPrologterms,sincewewill bemanipulatingthemasdatawithin theDCGs.
As it turnsout,we will encodeFOL variablesin PrologasPrologvariables,andFOL
functionsymbolsasPrologfunctionsymbols,but this is wheretheisomorphismstops,
for FOL quanti�ers, predicatesymbols,andconnectiveswill alsoreceive encodings
as Prolog function symbols. In particular, we will encodethe universalquanti�ca-
tion (8x)� with the Prologterm all(X, � 0) , where� 0 is the Prologencodingof � .
Similarly, (9x)� is encodedas exists(X, � 0) .2 The implication and conjunction
connectivesareencodedwith the binary in�x functor symbols“=>” and“&” respec-
tively. All FOL predicateand function symbolsareencodedby their homonymous
Prologfunctionsymbols.

Lambdaexpressionsconsistof a variableanda logical expressionwhichusesthat
variable. We will encodethe pairing of the variablewith the expressionwith a new
in�x binaryPrologoperator, thecaret“^”. Thusthelambdaexpression� x:x+ 1 would
beencodedin PrologasX^(X+1). Similarly, thelambdaexpression� x:� y:wrote(y; x)
would beencodedasthePrologtermX^Y^wrote(Y,X) , assumingright associativity
of “^”.3

We solve the secondproblem—associatingan encodedlambdaexpressionwith
eachconstituent—usingtheby now familiar techniqueof addinganargumentposition
to eachnonterminalto hold the logical form encoding. So a skeletalDCG rule for
combininganNPandVP to form anS(ignoringfor themomenttheconstraintson the
logical formsexpressedin SemanticRule1) will be:4

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

which canbereadas“a sentencewith logical form Scanbeformedby concatenating
a nounphrasewith logical form NPandaverbphrasewith logical form VP”.

Finally, we model the applicationof a lambdaexpressionand subsequent� -
reduction with the predicate reduce. The intended interpretationof a literal
reduce(Function, Arg, Result) is thatResult is the� -reducedform of theap-
plicationof thelambdaexpressionFunction to theargumentArg. We implementthe
predicatewith thefollowing singleunit clause.

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

Theearlierexamplesof � -reductioncannow behandledby this Prologencoding.
For instance,correspondingto thereductionof theapplication(� x:halts(x))(shrdlu) to
thelogical form halts(shrdlu) we havethefollowing Prologdialogue:

2From a strict logical point of view, the useof Prologvariablesto encodeFOL variablesis incorrect,
beinga caseof confusionbetweenobjectvariables(thosein the logical form) andmetalanguagevariables
(thosein Prolog,the metalanguageusedhereto describethe relationbetweenstringsandlogical forms).
It would bepossibleto avoid this confusionbetweenobjectandmetalanguagevariableswith a somewhat
morecomplicateddescription.However, thisparticularabuseof notation,if properlyunderstood,is unlikely
to causeproblemsandbringssubstantialbene®tsin programsimplicity.

3Thereis precedentfor the useof the caretto form lambdaexpressions.The notationthat Montague
himselfusedfor thelambdaexpression� x:� was(ignoringdetailsof intensionalityoperators)̂x� , whichwe
have merelylinearized.

4For easeof expressionwithin thePrologsyntax,we dropthepriming conventionwhenwriting Prolog
clauses.
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?- reduce(X^halts(X) , shrdlu, LF).
LF = halts(shrdlu)

Theotherexamplesarehandledsimilarly.
Thereduce predicateperformsa singleoutermostreduction.It doesnot reducea

lambdaexpressionuntil nofurtherreductionscanbeperformed.Thatis, it doesnotre-
duceto canonicalform. For instance,consideranexpressionthathasavariablebound
by a � usedasa function in thebodyof the lambdaexpression,e.g.,� p:p(a). When
this lambdaexpressionis itself appliedto, say, � y: f (y), the resultcanbe reducedto
f (a). ThePrologencodingof theformerexpression,P^P(a) , is notevenwell-formed.
Evenif it were,thereduce predicatedoesnotperforminternalreductions,but only the
reductionassociatedwith theoutermostexpression.Whenexpressionswith internal
applicationslike this areneeded,we will beforcedto implementtheinternalapplica-
tionswith explicit reduce literals. For instance,the troublesomelambdaexpression
� p:p(a) couldbeimplementedasP^Qwherereduce(P,a,Q) holds.

Using the reduce predicate,we cannow directly encodethe compositionalse-
manticrulesdescribedabove. For the�rst semanticruleapplyingtheVP logical form
to thatof theNP, we addto theDCGanappropriateextracondition.

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

Similarly, for theverb-phraserules,we have,

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

Lexical entriesmustnow includesemanticinformation.

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

Giventhis augmentedgrammarandlexicon, which is merelythedirectencoding
of thetypeof compositionalsemanticrulespresentedat thebeginningof this section,
we canparsesimplesentenceswhile building encodingsof their logical forms in 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 thissection,wewill introduceatechniquecalledpartial executionwhichis adevice
of generalutility for themanipulationof Prolog(andotherlogic andfunctional)pro-
grams.Partial executionof a programinvolvesthereplacingof certaincomputations
thatwould normallybeperformedat executiontimeby changesto theprogramitself.

PurePrologprogramsareparticularlywell suitedfor partialexecutionbecausethis
techniqueis just a di� erentway of applyingthebasicHorn-clausecomputationrule,
resolution,thatis usedfor normalexecution.

For instance,considertheDCGrule

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

Thecomputationof thereduce conditionis deterministicandinvolvesonly themutual
bindingof severalvariables.If we changetheclauseby performingthesebindingsin
theclauseitself, wecanactuallyremovethereduce literal, sinceits purposehasbeen
ful�lled. In thecaseat hand,reduce merelyrequiresthatVPbeof theform NP^S. If
we guaranteethis in theclause,i.e.,

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

we canleave o� theapplication,asit is alreadyimplicit in theclause.The clauseis
saidto havebeenpartially executedwith respectto thereduce predicate.

Similarly, wecanpartially executethetransitiveVP clauseto get

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

Partial executionbecomesmore complex in the faceof nondeterminism.If the
literal we areremoving from a clauseby partial executionhasseveral solutions,we
mustreplacetheoriginalclauseby all of thepossiblepartialexecutionsof theoriginal.
Clearly, partial executionof a clausewith respectto a literal is usefulonly if there
area �nite numberof solutionsto the literal in thecontext of theclause.If thereare
potentiallyan in�nite number, thenwe mustin generalwait until run time to execute
the literal, in thehopethat thepreviouscomputationwill provide enoughrestrictions
on thegoalliteral to limit thesearchspace.

Fromnow on,wewill ofteneschew explicit reduce literalsby implicitly partially
executingtheclausessoasto removethem.We will discusspartialexecutionin more
detail in Section6.4.

4.1.5 Quantified Noun Phrases

In attemptingto extend the techniqueof compositionalsemanticsto the restof the
context-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 sentenceis

(8x)program(x) ) halts(x) :

Usingtheencodingof FOL asPrologterms,this wouldbe
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all(X, program(X) => halts(X)) .

Noticethat themain functorof theexpressionis theuniversalquanti�er, whereas
theapplicationof thelogical form for “halts” will alwaysresultin themainfunctorof
theoutputbeingthepredicatehalts. Thisproblemin termmanipulationis actuallythe
formal re�ex of a muchdeeperproblemnoticedby Montague,which led to a drastic
reorganizationof his compositionalsemantics.Unlike the simpletwo-rule grammar
above, in which verb-phraselogical formsapply to nounphrases,Montaguerequired
nounphrases(which are,of course,thesourceof thequanti�er functors)to apply to
verbphrasearguments.For instance,for thesentence“everyprogramhalts”, theverb
“halts” will retainits logical form � x:halts(x), but the nounphrasewill have the LF
� q:(8p)program(p) ) q(p). Applying thenounphraseLF to thatof theverbphrase,
we have

(� q:(8p)program(p) ) q(p))(� x:halts(x)) =
(8p)program(p) ) (� x:halts(x))(p) =
(8p)program(p) ) halts(p) .

TheDCGruleencodingthis revisedapplicationdirectionis

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

The verb phraselogical forms will be encodedasbefore. Noun phrases,on the
otherhandwill now beof theform

Q^all(M, (program(M) => R)) ,

whereRis theapplicationof Qto M, that is, reduce(Q,M,R) holds. (Recallthatsuch
internalapplicationswould not beperformedautomaticallyby thereduce predicate,
sowe mustlist themexplicitly.) In fact,we canremovethis extraconditionby partial
executionwith respectto thereduce predicate,yielding therathermorecumbersome

(M^R)^all(M, (program(M) => R)) .

TheLF associatedwith thenoun“program” we will take to bethesimplepropertyof
beinga program,thatis, � x:program(x) encodedin PrologasX^program(X) . Deter-
minerswill befunctorsfrom nounlogical forms(simpleproperties)to thecomplex NP
logical formslike thatabove. Thus,thedeterminer“every” will havethelogical form

� p:� q:(8x)p(x) ) q(x)

encodedin Prolog(with applicationsremovedby partialexecution)as

(X^P)^(X^Q)^all (X, (P => Q)) .

Thelexical entryfor “every” is therefore

det( (X^P)^(X^Q)^all(X ,(P => Q)) ) --> [every].

As impliedabove,determinerswill befunctionson their nounarguments,sotheDCG
rule for NP formation(ignoringrelativeclausesfor themoment)is:
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np(NP) --> det(N^NP), n(N).

Exercise 4.2 Check that theserulesandlexical entriesallow for thefollowing parse,
andgiveits proof tree.

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

yes

Given the reorientationof application,we have developedan appropriateLF for
determinednounphrases,but we mustrework theencodingof propernounmeanings
we wereusingbefore. Clearly, their LFs mustbemodi�ed to respectthenew appli-
cationdirection. In particulara propernoun like “” must, like all NPs,be a
functionfrom VP-typeLFs to full sentenceLFs; thatis, it mustbeof theform

VP^S ,

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

(shrdlu^S)^S .

In any case,thelexical entry

np( (shrdlu^S)^S ) --> [shrdlu].

allows theparse

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

yes

asbefore.
Thelogical form for “” seemsunintuitive becauseit is not theencodingof

any lambdaexpression.Thepositionthatshouldbeoccupiedby avariableis occupied
by aconstantshrdlu . Actually, wehaveseenasimilarphenomenonbeforein LFsfor
determinersandnounphrases,in whichthesamepositionis occupiedby afull lambda
expression. Partial executionof applicationscan yield bizarreexpressions,exactly
becausethe executionis partial. Only part of the work of � -reductionis done,the
remainderbeingperformedat runtimewhentheappropriatevariablesareinstantiated.
Thus,we shouldnot worry too muchthattheencodingof the lambdaexpressionswe
areusinghascertainpropertiesthatthecalculusin theabstractdoesnothave.

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). Recallthat theLFs for “wrote” andfor “a pro-
gram” are,respectively, � 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” to be� x:� y:wrote(x; y). Thuswe wanttheVP'sLF to be� z:NP0(TV0(z)).
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Exercise 4.3 Check that this lambdaexpressionis the appropriate onefor NP0 and
TV0 asin theexampleabove.

In Prolog,wehave:

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

which throughpartialexecutionis equivalentto

vp(Z^S) --> tv(Z^IV), np(IV^S).

Thefull fragmentof Program3.12,augmentedsoasto producelogical forms, is
givenbelow.

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

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

np(NP) -->
det(N2^NP), n(N1), optrel(N1^N2).

np((E^S)^S) --> pn(E).

vp(X^S) --> tv(X^IV), np(IV^S).
vp(IV) --> 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)^(X^S2)^all (X, (S1=>S2)) ).
det( a, (X^S1)^(X^S2)^exi st s( X,S1&S2) ).

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(IV, LF)}.
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iv( halts, X^halts(X) ).

Exercise 4.4 Check that thegrammarasaugmentednowallowsthefollowingparses,
andgivetheir proof trees:

?- 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 grammarhandlethesemanticsof relativeclauses?

Therole of uni�cation andthelogical variablein incrementallybuilding complex
representationsis clearlyevident in DCGsthatdescribetherelationbetweennatural-
languagesentencesandtheir logicalmeaningrepresentations.

We canillustratethe orderin which a logical form is built during parsingby the
analysistraceof thesentence“Everyprogramhalts”. Thetracehasbeensimpli�ed by
replacingvariablesreferringto string positionswith ? andby omitting uninteresting
subgoals.Stringpositionswerechangedfrom 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,?)

(3) 2 Call: det(N2_3^VP_2^S_1,0,?)

(5) 3 Call: det(every,N2_3^VP_2^S_1)

(5) 3 Exit: det(every,(X_5^S1_5)^

(X_5^S2_5)^

all(X_5,S1_5=>S2_5))

(3) 2 Exit: det((X_5^S1_5)^

(X_5^S2_5)^

all(X_5,S1_5=>S2_5),0,1)

(6) 2 Call: n(N1_6,1,?)

(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^S1_5,2,?)

(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_5^S2_5)^

all(X_5,program(X_5)=>S2_5),0,2)

(11) 1 Call: vp(X_5^S2_5,2,3)

(12) 2 Call: tv(X_5^IV_12,2,?)

(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,?)

(15) 2 Call: iv(X_5^S2_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 theDCG executionby Prolog,thenp in thes rule is executed�rst, even
thoughpart of its argumentVPwill be fully determinedonly whenthe vp literal is
executed.This patternof operationpervadesthegrammar, andshows how thelogical
variablehelpsput togethera complex expressionwithout having to know beforehand
thefull speci�cationof its parts.

4.1.6 Quantifier Scope

TheDCGof Program4.2andthoseof Problems4.6and4.7havea seriousde�ciency
in their handlingof quanti�er scope. For asentencelike

Everyprofessorwroteabook.

thegrammarassignsthesingleinterpretation

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

that is, for every professorthereis a bookthatheor shewrote. Now, this widescope
interpretationof “every” might agreewith our commonsense,but it is not the only
combinatoriallypossibleone.In theother, lessintuitiveinterpretation,thereis asingle
bookthateveryprofessorwrote:

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

This narrow scopeinterpretationfor “every” is in fact the more intuitive onein
sentenceslike

Everystudentranaprogramthattheprofessorwrotefor his dissertation.
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It is clearthatdecisionson thelikelihoodof di� erentlyscopedlogical formsfor a
sentencedependon many sourcesof information,suchasempiricalknowledgeabout
the kind of situationbeingdescribedandthe actualorderof words in the sentence.
In any case,scopedecisionsaretoo subtleto be determinedpurely by the syntactic
structureof sentences,asthey arein thegrammarof Program4.2.

Theoverall issueof scopedeterminationis thereforeaverydi� cult openresearch
question(Woods,1977;Vanlehn,1978;F. C. N. Pereira,1982).Here,we will address
thesimplerquestionof scopegeneration: how to generatelogical formsfor asentence
with all combinatoriallypossiblequanti�er scopings. Sucha generatorcould then
be usedto proposealternative scopingsto scopecritics thatwould usesyntacticand
empiricalinformationto chooselikely scopings.

A scopegeneratorhasto satisfytwo majorconstraints:

� Soundness:Everyformulageneratedmustbeaclosedwell-formedformula(that
is, without freevariables)correspondingto acorrectscopingof thesentence.

� Completeness:Everycombinatoriallypossiblescopingwill begenerated.

A basicobservationwe needis that themeaningof a determineris a function of
a nounmeaningandanintransitiveverbphrasemeaning,therangeandscoperespec-
tively. Alternative quanti�er scopingsin the logical form correspondto alternative
choicesof rangeandscopefor the quanti�ers in the sentencemeaning. The job of
thescopegeneratoris thusto considerthedeterminersin a sentenceandgenerateall
possiblechoicesof rangeandscopefor thecorrespondingquanti�ers.

Themethodwe will useherefor scopegenerationrelieson building an interme-
diaterepresentation,a quanti�er tree, whosenonleafnodescorrespondto determiner
meanings(quanti�er nodes)or logical connectives(connectivenodes)andwhoseleaf
or predicationnodescorrespondto thetranslationsof nouns,verbsandothercontent
wordsin the input sentence.Thedaughtersof a quanti�er nodeincludea determiner
meaningandtwo subtreesfrom which thedeterminermeaningat thenodewill get its
rangeandscope.Thequanti�er nodesthusrepresentdelayeddecisionsasto therange
andscopeof their quanti�ers.For example,thequanti�er treefor

Everyprofessorthatwrotea bookrana program.

is shown in Figure4.2.
In practice,wewill representaquanti�er nodebyatermof theform q( D, R, S) ,

whereD is the expressionrepresentingthe determinermeaningandR andS arethe
subtreesfrom which Ds rangeandscopewill beobtained.A connective nodeis rep-
resentedby theconnective itself appliedto its arguments,anda predicationnodewith
contentsP will be representedby ` P. Thebackquote(“ ` ”) is usedasa pre�x op-
eratorto syntacticallydistinguishpredicationsthat have not beenscopedboth from
predicationsthathavebeenscopedandfrom thequanti�er andconnectivenodes.The
useof theoperatorallowsasimplecheckof themainfunctorto distinguishamongthe
variouscases.

Thefollowing grammaris asimplemodi�cation of thatof Program4.2thatbuilds
a quanti�er treeratherthana logical form directly.

Program 4.3
:- op(500,xfy,&).
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                        q

     P^Q^all(X ,P  Q)  &                       q
 

   professor (X)      q  T^ Û exists ( Z, T & U)

R̂ S^exists ( Y, R & S)                  progr am( Z)

                 book ( y)                        r an(X, Z)

wrote (X, Y)

Figure4.2: Quanti�er tree

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

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(X^S) --> tv(X^IV), np(IV^S).
vp(IV) --> 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)^(X^S2)^

q(P^Q^all(X,P=>Q) ,S1,S2) ).
det( a, (X^S1)^(X^S2)^

q(P^Q^exists(X,P& Q),S1,S2) ).

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, X^Y^(`ran(X,Y)) ).
tv( wrote, X^Y^(`wrote(X,Y) ) ).

iv(LF) --> [IV], {iv(IV, LF)}.
iv( halts, X^(`halts(X)) ).

Thisgrammargeneratesthefollowing quanti�er treefor thesamplesentenceabove.

q(P^Q^all(X,P=> Q),
`professor(X)&q (R^S êxist s( Y,R&S),

`book(Y),
`wrote(X,Y)),

q(T^U^exists(Z, T&U),
`program(Z),
`ran(X,Z)))

This is just thetermencodingof thetreeof Figure4.2.
In the�rst sentencerule, theextraconditionpull(S, T) invokesthepull predi-

catethatde�nesthetranslationrelationbetweenquanti�er treesand�rst-order formu-
las. Thusthe quanti�er treeis translatedinto FOL to provide a logical form for the
wholesentence.

The binary predicatepull is itself de�ned in termsof a ternarypredicate,also
calledpull , whichde�nestherelationbetweena quanti�er tree,a matrix, anda store
of quanti�ers. The matrix is a formula with free variables,andthe storeis a list of
quanti�erswhoserangeshavebeendetermined,but not their scopes.Thename“pull”
suggeststheideaof “pulling” quanti�ersoutof storageandapplyingthemto amatrix
to produceaclosedformula.Thequanti�ersin storagearerepresentedby � -expression
encodings.For example,thestoredelementfor thenounphrase“everystudent”is the
termP^all(S, student(S) => P). Applying aquanti�er to amatrix is thussimple
functionapplicationwith reduction.

The orderof quanti�ers in a storelist indicatestheir relative scopesin the �nal
result.Thequanti�ersthatappearearlierin thelist, i.e., farthertowardsthefront, have
beenchosento havewidescopeover thoseat thebackof thelist.

Thenondeterminismin thede�nition which producesalternative scopingscomes
from theusesof thepredicatesshuffle andconc to operateon storagelists. These
predicateswerede�ned previously asPrograms3.3 and3.4 in Section3.4.1,where
we notedthatshuffle wasnondeterministic,aswasconc whenusedin its “reverse”
mode.

The ternarypull predicateturns a simple predicationnodeinto a matrix with
emptystore.

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

A nodewith theconjunctionconnective & is treatedasfollows. Eachconjunctis
separatelypulled, therebyobtaininga matrix andstorefor both the left andtheright
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conjunct. Now, we want to apply someof the remainingquanti�ers in eachof the
stores,passingsomeon for applicationat a higherlevel. Theconc predicateis used
“backwards” to breakeachstorelist into a front anda back,the backto be applied
to thecorrespondingconjunctmatrix andthefront to bepassedaspartof thestoreof
thewholeconjunction.Note thatsincewe apply thebackpartonly, we maintainthe
conditionthat thingsearlierin thestorehave wider scope.After applyingquanti�ers
to eachof theconjuncts,weshu� etheremainingquanti�ers(thefrontsof thelists for
bothconjuncts)to form thestorelist for thewholeconjunction.

pull(QuantTree1 & QuantTree2,
Formula1 & Formula2, Store) :-

pull(QuantTree1, Matrix1, Store1),
pull(QuantTree2, Matrix2, Store2),
conc(Pass1, Apply1, Store1),
conc(Pass2, Apply2, Store2),
apply_quants(App ly1 , Matrix1, Formula1),
apply_quants(App ly2 , Matrix2, Formula2),
shuffle(Pass1, Pass2, Store).

Finally, aquanti�er nodewith quanti�er Q is similar in its handlingto aconnective
nodeexceptthatinsteadof two conjuncts,wehavetherangeandscopeof thequanti�er
to scoperecursively. Recursive calls to pull deliver a matrix anda storefor boththe
rangeandthe scopetreesof thequanti�er. The rangestorelist is split by conc into
a front anda back,the front quanti�ers outscopingQ andthe backquanti�ers to be
appliedto the rangematrix to form the rangeof Q. Then, the front quanti�ers are
concatenatedwith thesingletonlist [ Q] , becausethey havebeenchosento havewider
scopethanQ. Finally, theresultis shu� edwith thescopestoreto make thestorefor
thewholenode.Notethatit is notnecessaryto split thestoreassociatedwith thescope
subtree,becausetheshu� edeterminesthepositionof Q in theoverallstore.

pull(q(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�ers in
orderto a matrix to producea new matrix.

apply_quants([] , Formula, Formula).
apply_quants([S tor eEle ment| Element s],

Matrix, Formula) :-
apply_quants(Ele ments , Matrix, SubFormula),
reduce(StoreElem ent , SubFormula, Formula).
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Thebinarypull predicateitself merelyscopesits quanti�er-treeargument,yield-
ing a matrix anda store,andthenusesapply_quants to apply all the outstanding
quanti�ersto thematrix, resultingin aclosedformula.

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

As anexampleof theoperationof pull , wewill considerthepossiblescopingsof
thequanti�er treefor thesamplesentence

Everyprofessorthatwrotea bookrana program.

Thebinarypredicatepull �rst generatesamatrixandastorefrom thetreeby applying
somequanti�ers in thetreeandstoringtherest.Theoutermostquanti�er correspond-
ing to “everyprofessor: : :” is dealtwith by recursively pulling its rangeandscope.We
considereachof theserecursivecallsin order.

Therange

`professor(X)&q (R^S êxist s( Y,R&S),
`book(Y),
`wrote(X,Y))

might bedecomposedinto matrix andstoreby placingthesinglequanti�er into stor-
age,yielding thematrix

professor(X) & wrote(X,Y)

with store

[S^exists(Y, book(Y) & S)] ,

therebyleadingto thewide-scopereadingfor theexistential. Alternatively, thequan-
ti�er mightbeapplieddirectly, ratherthanstored,leadingto thematrix

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

with emptystore.We will pursuethe formerpossibilityhereto demonstratehow the
wide-scopereadingis achieved.

Oncetherangeis pulled,thescopemustbeaswell. Again, let ussupposethatthe
quanti�er in thescopeis placedin storage,sothatthematrix

ran(X,Z)

is associatedwith thestore

[U^exists(Z, program(Z) & U)] .

Now, to form thematrix for thewhole tree(recall that themainquanti�er we are
trying to scopeis theuniversalfor “every professor”),we take thestoreof the range
anddecidewhich quanti�ers shouldbe appliedto the rangematrix (therebytaking
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narrow scoperelative to theuniversal)andwhich shouldtake wide scope.Again, let
ussupposethesingleelementin therangestoreis to takewidescope.Thentheformula
thatservesastherangeof themainquanti�er is

professor(X) & wrote(X,Y)

and,applyingthequantiferto therange,theappropriatestoreelementcorresponding
to thequanti�er is

Q^all(X, (professor(X) & wrote(X,Y)) => Q) .

We now placethis elementin the storeafter the rangequanti�er we arepassingon,
yielding thePassstore

[S^exists(Y, book(Y) & S),
Q^all(X, (professor(X) & wrote(X,Y)) => Q)] .

This is shu� edwith thestorefrom thescope.Theoneelementin thescopestorecan
be placedin any of threeplacesin the combinedstorecorrespondingto its possible
scopingsrelative to the other two quanti�ers in the sentence.We will choosethe
placementof the scopestoreat the front of the list giving it widestscope. The full
storeis then

[U^exists(Z, program(Z) & U),
S^exists(Y, book(Y) & S),
Q^all(X, (professor(X) & wrote(X,Y)) => Q)]

andthematrix, recall,is

ran(X, Z) .

Thisdecompositionof thequanti�er treeinto rangeandscopeis only oneof sevennon-
deterministicpossibilities. The binary pull predicatesuccessively appliesthe three
quanti�ers remainingin storeto the matrix, the last gettingnarrowestscopeas it is
applied�rst. This �rst applicationyieldstheformula

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

Thenext derives

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

ran(X,Z))) .

Finally, thelastquanti�er is applied,giving thefully scopedform

exists(Z, program(Z) &
exists(Y, book(Y) &

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

In all, sevenfully scopedformscanbegeneratedfor thissentence—corresponding
to thesevendecompositionsof thequanti�er treeinto matrixandstore—ascanbeseen
by backtrackingthroughthesolutions.

?- s(LF, [every,professo r,t hat,w ro te, 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,Z))) ;

LF = exists(Z,program(Z)&

all(X,exists(Y,book(Y)&

professor(X)&

wrote(X,Y))=>

ran(X,Z))) ;

LF = all(X,exists(Y,book(Y)&

professor(X)&

wrote(X,Y))=>

exists(Z,program(Z)&

ran(X,Z))) ;

LF = exists(Z,program(Z)&

exists(Y,book(Y)&

all(X,professor(X)&

wrote(X,Y)=>

ran(X,Z)))) ;

LF = exists(Y,book(Y)&

exists(Z,program(Z)&

all(X,professor(X)&

wrote(X,Y)=>

ran(X,Z)))) ;

LF = exists(Y,book(Y)&

all(X,professor(X)&

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

ran(X,Z)))) ;

no

Thesolutionillustratedabove is the�fth of thesevenaslistedin thisquery.
The quanti�er scopingmethodoutlinedhereis soundwith respectto the quan-

ti�er treesthat arethe outputof thepresentedgrammar. However, certainquanti�er
treesinvolvingnestedquanti�ersarenotcorrectlyhandledby thealgorithm;ill-formed
scopingsaregeneratedin which quanti�ers do not outscopeall variableoccurrences
they wereintendedto bind. Suchquanti�er treesdonotarisewith theparticulargram-
margivenhere,althoughmorecompletegrammarsincludingbothrelativeclauseand
PPmodi�ers for nounswould exhibit the problem. Thus,the presentedalgorithmis
only anapproximationto a fully generalsoundscopingmechanism.For a full discus-
sion of this issueanda particularsolution(including a Prologimplementation),see
(HobbsandShieber,1987).

4.2 Extending the SyntacticCoverage

In this section,we discussseveral changesto thegrammarwe have beendeveloping
that expandits coverageto includeauxiliary verbs,full relative clauses,andvarious
typesof questions.

4.2.1 Auxiliary Verbs

None of the grammarsdealt with so far allow for auxiliary verbslike could, have,
andbeenin the sentence“Bill couldhave beenwriting a program”. In this problem
we extend the grammarto allow for this subclassof verbs. The simpleanalysisof
Englishauxiliarieswhich we will useis thefollowing: a verbphrasecanalwayshave
anauxiliarypre�xedto it if acertainconditionholds,namely, thattheformof theverb
phrasethatfollowstheauxiliary is theform thattheauxiliary requires.

This analysisdependson thefactthatverbscomein di� erentforms: �nite, non�-
nite,5 in�niti val, andso forth. Every mainverb(i.e., nonauxiliary)is of oneof these
forms,asis everyauxiliaryverb. Furthermore,eachauxiliaryverbspeci�esaform for
theverbphraseit is attachedto. Below arelistedsomeexamplesof theformsof verb
phrases.

form examples
�nite halts,halted,writesaprogram,

is halting,hasbeenhalting
presentparticiple halting,writing a program
pastparticiple halted,writtenaprogram,beenhalting
non�nite halt,write aprogram,behalting
in�niti val to halt, to write aprogram,

to havebeenhalting

5Theclassof verbswe call ªnon®niteºis not theclassof all verbsexceptfor the®nite ones.Ratherit
consistsof thebaseor stemformsof verbsonly.
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Now the auxiliary verb be requiresthat the verb phrasefollowing it be of present
participleform. Thus“be halting” is a grammaticalverbphrase,but “*be halts” and
“*be halt” arenot. Theauxiliary verbhaverequiresthat theverbphrasefollowing it
be of pastparticipleform, asin “have beenhalting” or “have halted”but not “*have
halting”.

We can even treat the word “to” (when usedto introducea verb phrase)as an
auxiliaryverb,ratherthanapreposition.As anauxiliaryverb,“to” requiresanon�nite
verbphrase,andis itself in�niti val.

Wewill encodeverbform informationasanargumentto thenonterminalin aDCG
grammar. For mainverbs,thisargumentwill containoneof theconstantsnonfinite ,
infinitival , etc. For auxiliary verbs,theargumentwill containa termof theform
Form/Requires , whereFormis the form of theauxiliary andRequires is the form
that theauxiliary requiresthe following verbphraseto be.6 We canthink of theaux-
iliary asconvertinga Requires type of verbphraseinto a Formtype. Thuswe will
havemainverbentrieslike

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

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

andauxiliaryverbentriessuchas

aux(Form) --> [Aux], {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 simpleverbphrasecomposedof a main verbandits variouscom-
plementsis theform of themainverbitself. Wecanmodify theVP rulesto re�ect this
asfollows:

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

To combineanauxiliaryverbwith a verbphrase,it is only necessarythattheverb
phrasebe of the requiredform. The combinedphrasewill be of the form that the
auxiliary is.

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

6Theuseof ª/º in this context is inspiredby categorial grammar(Section4.3.4).
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This augmentedgrammarwill allow “could have beenhalting” asa VP because
“halting” is a presentparticipleintransitive verb,hencea presentparticipleVP 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 havebeenhalting”.

Therule for formingsentences

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 sentences,we note that the following NP-VP
combinationsarenotgrammaticalEnglish:

* Bertrandwrite a book.
* Theprogrambeenhalting.
* Bill writing everyprogram.

The pertinentrestrictionis that full-�edged sentencesalwaysincorporatea �nite
VP. Thusthesentenceformationruleshouldbe

s --> np, vp(finite).

4.2.2 Yes-No Questions

Yes-noquestionsareformedin Englishexactly like declarative sentences,exceptfor
two di� erences.

� Yes-noquestionsalwayshaveat leastoneauxiliaryverb.

� Theleftmostauxiliaryverboccursbefore,ratherthanafter, thesubjectNP.

This switchingof the placementof the leftmostauxiliary verb andthe subjectis
calledsubject-auxinversion. Wewill allow suchinvertedsentenceswith thefollowing
rule for thenew nonterminalsinv :

sinv --> aux(finite/Requ ire d) , np, vp(Required).

This ruleallows �nite subject-aux-invertedsentenceslike

CouldBertrandwrite a book?
Hastheprogrambeenhalting?
Is Bill writing everyprogram?

all of which aretypical examplesof Englishyes-noquestions.We canstatethis in a
rule for forming questionsfrom invertedsentences:

q --> sinv.

But, aswe will seein Section4.2.5,invertedsentencesplay a role in theformationof
WH-questionsaswell asyes-noquestions.
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4.2.3 Filler-Gap Dependencies

Thegrammarsthathavebeenpresentedheretoforehave includedaverysimpleanaly-
sisof relative clausesasverbphrasesprecededby theword that. This analysisvastly
oversimpli�es thevarietyof relativeclausespossiblein English.For instance,relative
clausessuchas“that Bertrandwrote” (asin theNP “everybookthatBertrandwrote”)
arenot theconcatenationof “that” anda VP; insteadof a VP, a sentencemissingits
objectis substituted.Intuitively, theheadof thenounphrase,i.e., “every book” �lls
the role of the missingobject, the thing(s) that Bertrandwrote. For this reason,the
phenomenonhasbeencalleda �ller -gapdependency.

In general,a �ller -gap dependency occursin a natural-languagesentencewhen
a subpartof somephrase(the gap or trace) is missingfrom its normal locationand
anotherphrase(sometimescalledthe�ller ), outsideof theincompleteone,standsfor
the missingphrase. The occurrenceof a gapis said to be licensedby the previous
occurrenceof the �ller , and we have a dependency betweenthe gap and the �ller
becausethegapcanonly occur(i.e., thecorrespondingphrasebe missing)whenthe
appropriate�ller occurs.

Thecanonicalinstancesof �ller -gapdependency constructionsin Englisharerel-
ativeclausesandWH-questions.For example,in thesentence

Terry readeverybookthatBertrandwrote.

we haveseenthatthereis a �ller -gapdependency betweentherelativepronoun“that”
(the �ller) 7 andthe missingdirect object(the gap). The parsetreefor the sentence,
given in Figure4.3, indicatesthe traceby thepseudo-terminalti. The subscripti on
thetraceand�ller is intendedto indicatethedependency betweenthetwo.

Filler-gapdependenciesarea subclassof long-distanceor unboundeddependen-
cies, so-calledbecausethe amountof materialbetweenthe dependentphrases—the
gapandthe�ller in thiscase—canbearbitrarily large,andthepathin theanalysistree
from the �ller to thegapcanin principlecrossanarbitrarynumberof phrasebound-
aries(but only for somekinds of phrases).The long-distancebehavior of �ller -gap
dependenciesis exempli�ed in suchsentencesas

Terry readeverybookthatBertrandtold astudentto write.
Terry readevery book that Bertrandtold a studentto aska professorto

write.

andsoforth.
Theobviousway of representinglong-distancedependenciesin a DCG is to usea

nonterminalargumentto indicatethepresenceor absenceof a gapwithin thephrase
coveredby the nonterminal. If thereis a gap, we must also indicatethe syntactic
category (nonterminal)of the gap. Although the grammarwe develop below does
not requirethis information(asonly nounphrasegapsareallowed),theability to ex-
tendthecoverageby including,for instance,prepositionalphrasegaps,motivatesthis
requirement.We will usetheconstantnogapasthevaluefor thegapinformationar-
gumentto indicatetheabsenceof agap,andthetermgap(T) to indicatethepresence

7Analysesdiffer asto whetherthe®ller is therelative pronounor theheadof theNP as®rst mentioned.
Althoughthelattermaybemoreintuitive, otherfactorsleadusto theformer, not theleastof which is ease
of semanticinterpretation.
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 iwrote      t

bertrand      V       NP

that           NP               VP

every   book         RELPRON                 S

read     DET      N                            OPTREL

terry     V                    NP

NP                 VP

S

Figure4.3: Parsetreeincluding�ller -gapdependency

of a gapwith category T. For instance,thesentence“Bertrandwrotea book” would
becoveredby thenonterminals(nogap) , whereastheincompletesentence“Bertrand
wrote” (as in “the book that Bertrandwrote”) would be coveredby the nonterminal
s(gap(np)) .

To allow nounphrasegapsin thegrammar, weaddaspecialrulewhich introduces
anNP coveringnostring.

np(gap(np)) --> [].

This rule statesthata nounphrasecontaininga nounphrasegapcancover theempty
string;thatis, a nounphrasegapcanberealizedby omittinganounphrase.

Now theinformationaboutthepresenceof agapmustbeappropriatelydistributed
throughoutthegrammarsothat“Bertrandwrote”, but not “Bertrandwroteabook”, is
associatedwith gap(np) . For instance,thetransitiveVP rulemustbemodi�ed sothat
theVP is associatedwith thesamegapinformationasits object.(Weignoreverbform
informationin this sectionandthenext. Thegrammarin AppendixA containsboth
verbform and�ller -gapinformationin thenonterminals.)

vp(GapInfo) --> tv, np(GapInfo).

Similarly, theS rulemustforcetheS andVP to sharegapinformation.

s(GapInfo) --> np(nogap), vp(GapInfo).

In addition,the rule disallows subjectNPsthat containgapsboundoutsideof them,
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therebyembodyinga so-calledisland constraint that linguistshave proposedasac-
countingfor theungrammaticalityof nounphraseslike

* thebookthattheauthorof wrotePrincipia

ascomparedwith

thebookthattheauthorof Principia wrote .

Islandconstraintsareso-calledbecausethey constraincertainconstituents,e.g.,sub-
ject nounphrases,to act as if surroundedby a boundarywhich allows no �ller -gap
dependenciesto cross.

Thereis considerabledebatein thelinguisticsliteratureof thestatusof islandcon-
straintssuchasthese.Certainly, somephraseswith gapswithin subjectsseemquite
grammatical,e.g.,

the professorwho a picture of hasappearedin every newspaperin the
country .

Furthermore,certainconstructionscanlicensetheexistenceof a gapwithin anisland.
For instance,theparasiticgapconstructionallowssentenceswith multiplegapsbound
by thesame�ller , evenwhenoneof thegapsis within anisland.

thebookthattheauthorof wrotea letterabout

We have merely representedhere one traditional analysisof the phenomenon.
Otheranalyses,including onesin which �ller -gapdependencieswhich crossa sub-
ject NPboundarywereallowed,couldeasilybedesigned.

4.2.4 Relative Clauses

Relative clausescanbe formedby concatenatinga relative pronoun�ller with a sen-
tencethatcontainsthecorrespondinggap.

rel --> relpron, s(gap(np)).

This rule then embodiesthe actual �ller -gap dependency and allows relative
clausessuchas“the book thatBertrandwrote”. Unfortunately, becauseof the island
constraintdisallowing gapsin subjectsof sentences,this rule will admitonly comple-
mentrelatives, i.e.,relativeclausesin whichacomplementof averbis gapped.Subject
relatives, in which theentiresubjectis gapped,asin “the professorwho wrotePrin-
cipia” arenot allowed by this rule. To remedythis problem,we introducea special
rule for subjectrelatives,akin to therelativeclauseruleof Program3.12.

rel --> relpron, vp(nogap).

In summary, here is the grammarof Program3.12 augmentedto handleboth
subject-andcomplement-relativeclauses.

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)) --> [].

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).

4.2.5 WH-Questions

WH-questions,thatis, questionsintroducedby a wordstartingwith “wh”, asin

WhowrotePrincipia?
Whatdid Bertrandwrite?
Whodid Alfred tell Bertrandto write abookabout?
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andsoforth, alsoexhibit a �ller -gapdependency. The�ller this time is theWH word;
the gap, as usual,can be arbitrarily deepin the adjacentsentence.We will usea
techniquesimilar to that for relative clausesto handleWH-questions.Justassubject
relativesandcomplementrelativesmustbedistinguished,we will distinguishsubject
andcomplementquestions.

Subjectquestions,suchas

Who lovesMary?

areconstructedfrom aWH pronounanda �nite VP.

q --> whpron, vp(nogap).

Complementquestions,for instance,

WhodoesMary love?

areformedfrom a WH pronounactingasa �ller for a gapin a subject-aux-inverted
sentence.

q --> whpron, sinv(gap(np)).

Of course,thesinv rulemustbemodi�ed to allow gaps.

sinv(GapInfo) --> aux, np(nogap), vp(GapInfo).

4.2.6 Semantics of Filler-Gap Dependencies

A treatmentof semanticsof relative clausesis possibleby combiningthe syntactic
analysisof Program4.4with thesemanticanalysisof Program4.2. Thebasicideais
thata gapis analyzedvery muchlike a propernoun,exceptthat insteadof supplying
aconstanttermto thelogical form it suppliesavariablewhich is carriedasthesecond
argumentof thegapinformationtermgap(T, v) .

np((X^S)^S, gap(np, X)) --> [].

A relativeclausemeaningis like anintransitiveverbmeaning,namely, a property.
However, relative clausemeaningswill beconjoinedwith a nounmeaningto make a
complex propertysuchas

M^(professor(M) & wrote(M, principia))

for “professorwho wrote Principia”. In the caseof a subjectrelative the meaning
comesdirectly, becausetheclauseis itself averbphrase.

optrel((X^S1)^( X^(S1&S2)) ) -->
relpron, vp(X^S2, nogap).

For complementrelativeclauses,themeaningrepresentationis of theform X^S where
X is the variableassociatedto the argumentposition �lled by the gap,andS is the
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encodingof the meaningof the sentencein the relative clause,in which X is a free
variable.

optrel((X^S1)^( X^(S1&S2)) ) -->
relpron, s(S2, gap(np, X)).

Thus, for the relative clause “that Bertrand wrote” we will have S =
wrote(bertrand,B ) , X = B, andthegapargumentwill havetheform gap(np,B) .

Weinterpretaquestionasapropertywhichis to betrueof theanswersto theques-
tion. For subjectWH-questions,thepropertyis thatgivenby theVP. For complement
questions,it is thepropertythattheS predicatesof thegap.

q(VP) --> whpron, vp(VP, nogap).
q(X^S) --> whpron, sinv(S, gap(np, X)).

For yes-noquestions,thepropertywe wantof theanswersto thequestionis that
theanswerbe“yes” if theconditiongivenby theinvertedsentenceholds.

q(yes^S) --> sinv(S, nogap).

For the time being,we ignorethecontribution of theauxiliary to themeaningof the
invertedsentence.8 Thustherule for sinv , includingsemantics,is

sinv(S, GapInfo) -->
aux, np(VP^S, nogap), vp(VP, GapInfo).

A slightly di� erentapproachto thesemanticsof questionswill beusedin thetalk
programdevelopedin Chapter5, in which themeaningof aquestionis animplication
of theform: If someconditionholdsof x thenx is ananswer.

Summarizing,thegrammarfor relative clausesandquestionswe have developed
in this chapteris thefollowing:

Program 4.5
q(VP) --> whpron, vp(VP, nogap).
q(X^S) --> whpron, sinv(S, gap(np, X)).
q(yes^S) --> sinv(S, nogap).

s(S) --> s(S, nogap).
s(S, Gap) --> np(VP^S, nogap), vp(VP, Gap).

sinv(S, GapInfo) -->
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)) --> [].

8Thetalk programdescribedin Chapter5 canhandlethesemanticsof simpleauxiliaries,althoughthe
logical formsprovidedlexically for auxiliariesdonot happento modify theirVP arguments.
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vp(X^S, Gap) --> tv(X^VP), np(VP^S, Gap).
vp(VP, nogap) --> iv(VP).

optrel(N^N) --> [].
optrel((X^S1)^( X^(S1&S2)) ) -->

relpron, vp(X^S2, nogap).
optrel((X^S1)^( X^(S1&S2)) ) -->

relpron, s(S2, gap(np, X)).

det(LF) --> [D], {det(D, LF)}.
det( every, (X^S1)^(X^S2)^all (X, (S1=>S2)) ).
det( a, (X^S1)^(X^S2)^exi st s( X,S1&S2) ).

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(IV, LF)}.
iv( halts, X^halts(X) ).

relpron --> [RelPron], {relpron(Relpron )} .
relpron(that). relpron(who).
relpron(whom).

4.2.7 Gap Threading

Thetechniqueusedfor passinggapinformationamongthenonterminalsin grammar
rulesoutlinedin theprevioussectionhastwo problems:

1. Severalversionsof eachrule, di� eringonly in which constituent(s)thegapin-
formationis passedto, maybeneeded.For instance,a rule for building dative
verbphrases

vp --> datv, np, pp.

wouldneedtwo versions

vp(GapInfo) -->
datv, np(GapInfo), pp(nogap).

vp(GapInfo) -->
datv, np(nogap), pp(GapInfo).
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soasto allow agapto occurin eithertheNP or PP, asin thesentences

Whatdid Alfred give to Bertrand?
Whodid Alfred givea bookto?

2. Becauseof the multiple versionsof rules,sentenceswith no gapswill receive
multipleparses.For instance,thesentence

Alfred gaveabookto Bertrand.

would receive oneparseusingthe �rst dative VP rule (with GapInfo boundto
nogap) andanotherwith theseconddativeVP rule.

An alternative methodfor passinggapinformation,sometimesreferredto asgap
threading, hasbeenusedextensively in the logic programmingliterature. It is based
ondatastructurescalleddi� erencelists.

Difference Lists

Theencodingof sequencesof termsaslists usingthe. operatorand[ ] is sonatural
that it seemsunlikely that alternativeswould be useful. However, in certaincases,
sequencesmay be betterencodedwith a datastructureknown asa di� erencelist. A
di� erencelist is constructedfrom apairof list structuresoneof which is asu� x of the
other. Every list is a su� x of itself. Also, if thelist is of theform [Head|Tail] then
every su� x of Tail is a su� x of thewhole list. Thustherelationbetweenlists and
theirsu� xesis there�exivetransitiveclosureof therelationbetweenlist andtheirtails.
We will usethe binary in�x operator“ - ” to constructa di� erencelist from the two
componentlists. A di� erencelist List-Suffix encodesthesequenceof elementsin
List up to but not includingthosein Suffix . Thustheelementsin List-Suffix are
the list di� erenceof theelementsin List andtheelementsin Suffix . For instance,
thesequenceof elementsh1; 2; 3i might be encodedasthe list [1,2,3] or asany of
thedi� erencelists [1,2,3,4]-[4] , [1,2,3]-[ ] , [1,2,3|X]-X .

We will beespeciallyconcernedwith themostgeneral di� erence-listencodingof
a sequence,that is, the encodingin which the su� x is a variable. The �nal exam-
ple of a di� erence-listencodingof the sequenceh1; 2; 3i is of this form. Any other
di� erence-listencodingof thesequenceis aninstanceof [1,2,3|X]-X . Henceforth,
theterm“di � erencelist” will meanamostgeneraldi� erencelist. We will alsousethe
termsfront andback for thetwo componentsof a di� erencelist. Notethat theempty
di� erencelist is X-X.

Thedi� erence-listencodingof sequenceshasonekey advantageover thestandard
list encoding.Concatenationof di� erencelists is far simpler, requiringonly a single
unit clause.

Program 4.6
conc_dl(Front-B ack1, Back1-Back2, Front-Back2).

Thepredicateconc_dl performsconcatenationof di� erencelists by simply unifying
the backof the �rst list with the front of the second.This engendersthe following
behavior:
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?- conc_dl([1,2,3|X] -X, [4,5|Y]-Y, Result).
Result = [1,2,3,4,5|Y]-Y

yes

Actually, we have seendi� erencelists before.Theuseof pairsof stringpositions
encodedas lists to encodethe list betweenthe positionsis an instanceof a di� er-
encelist encoding.We canseethis moreclearlyby taking theencodingof grammar
rulesusingexplicit concatenation,asbrie�y mentionedin Chapter1, andsubstituting
di� erence-listconcatenation.Usingexplicit concatenation,therule

S ! NP VP

wouldbeaxiomatized(asin Chapter1) as

(8u; v; w)NP(u) ^ VP(v) ^ conc(u; v; w) ) S(w)

or in Prolog,

s(W) :- np(U), vp(V), conc(U, V, W).

Substitutingdi� erence-listconcatenation,wehave

s(W) :- np(U), vp(V), conc_dl(U, V, W).

andpartially executingthis clausewith respectto the conc_dl predicatein orderto
remove the �nal literal, we get the following clause(with variablenameschosenfor
obviousreasons):

s(P0-P) :- np(P0-P1), vp(P1-P).

Thus,we havebeenusinga di� erencelist encodingfor sequencesof wordsimplicitly
throughoutour discussionof DCGs.

Difference Lists for Filler-Gap Processing

We now turn to theuseof di� erencelists in �ller -gapprocessing.First, think of the
gap informationassociatedwith eachnodeasproviding the list of gapscoveredby
the nodewhosecorresponding�llers arenot coveredby it. Alternatively, this cn be
viewedasthelist of gapswhose�ller -gapdependency passesthroughthegivennode.
We will call this list the �ller list of thenode.For themostpart the �ller list of each
constituentis theconcatenationof the �ller lists of its subconstituents.For instance,
for thedativeVP rule,wehave

vp(FL) --> datv, np(FL1), pp(FL2),
{conc_dl(FL1, FL2, FL)}.

We includeonly thoseconstituentswhich might potentiallyincludea gapin thecon-
catenation.Again,weremovetheexplicit concatenationsby partialexecutionyielding

vp(F0-F) --> datv, np(F0-F1), pp(F1-F).
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Similarly, otherruleswill displaythis samepattern.

s(F0-F) --> np(F0-F1), vp(F1-F).
vp(F0-F) --> tv, np(F0-F).
vp(F0-F0) --> iv.
...

We turn now to constituentsin which a new �ller or a new gapis introduced.For
instance,thecomplementrelative clauserule requiresthata gapbecontainedin theS
which is a sibling of the �ller . It thereforestatesthat the �ller list of theS containsa
singleNP.

optrel(F-F) --> relpron, s([gap(np)|F]-F) .

Therule introducingNP gapsincludesa singleNP �ller marker on theS, thereby
declaringthattheS coversa singleNP gap.

np([gap(np)|F]- F) --> [].

Island constraintscan be addedto a grammarusing this encodingof �ller -gap
dependenciesin two ways. First, we canleave out �ller informationfor certaincon-
stituents,as we did for verbsand relative pronouns. More generally, however, we
canmandatethata constituentnot containany gapsboundoutsidetheconstituentby
making its �ller list the empty list (i.e., F-F). For instance,the sentenceformation
rule above canbe modi�ed to make the subjectof the sentencean islandmerelyby
unifying thetwo partsof its �ller list.

s(F0-F) --> np(F0-F0), vp(F0-F).

Thegap-threadingtechniquefor encoding�ller -gapdependenciessolvesmany of
theproblemsof themoreredundantgap-passingmethoddescribedearlier. Eachun-
threadedrule generatesonly onerule with appropriategapinformation.The�ller -list
informationis addedin aquiteregularpattern.Fillers, islands,andgapsareall givena
simpletreatment.All of thesepropertiesmake thegap-threadingtechniqueconducive
to automaticinterpretationaswewill do in Section6.3.3.

However, several problemswith the gap-threadingtechniqueare known, most
showing up only in ratheresotericconstructionssuchasparasiticgapconstructions,
multiple gaps,crossing�ller -gapdependencies,andsoforth. Many of theseproblems
canbehandledby usingmorecomplex combinationsof �ller lists ratherthansimple
concatenation.For instance,crossingdependenciescanbe handledby shu� ing the
�ller lists of subconstituentsto yield the �ller list of the full constituent.Of course,
this defeatsthesimpleelegantpatternof variablesharingthatdi� erence-listconcate-
nationengenders.

4.3 ProblemSection: Grammar Extensions

Theseproblemsconcernthe extensionof Program4.2 to accepta few otherEnglish
constructions,namelysomesimplecasesof nouncomplementsandpostmodi�ersand
the correspondinggappedconstructions.Sincetheseexamplesrequireprepositional
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phrasesin the grammar, you may want to refer to Problem3.20 for background.In
addition, we will discussa systemof grammarwriting usedby Montaguehimself
for his semanticwork. This system,categorial grammar, is quite di� erentfrom the
phrase-structure-basedmethodswe havebeenusingpreviously.

4.3.1 Noun Complements

A nounphrasecomplementplaysa similar role to thatof anargumentof a predicate.
For example,in thenounphrase“an authorof every book” thenounauthorhasasits
complementtheprepositionalphrase“of everybook”. For thepurposesof thissection,
wewill assumethatnounsthattakeacomplementareinterpretedasbinarypredicates.
For example,thesentence

An authorof everybookwrotea program.

might havethelogical 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
that thequanti�er all that translatesthe determinerevery in thecomplementof au-
thor is givena wider scopethanthe quanti�er exists that translatesthedeterminer
an of thephrase“an author: : :”. This is not theonly possiblereadingfor theEnglish
sentence,but for the time beingwe will assumethat the quanti�ers from nouncom-
plementsalways outscopethe quanti�er for the determinerprecedingthe noun that
hasthe complement.To achieve this e� ect in a DCG, the translationof “an author”
must somewhow be given asan argumentto the translationof the complement“of
every book”, in a way similar to the passingof an intransitive verb phrasemeaning
into anounphrasemeaningto makeasentencemeaningin the�rst rule in theDCGof
Program4.2.

Problem 4.6 Add oneor more DCG rules to the grammarin Program 4.2 to ana-
lyzeandtranslatenouncomplements.We will assumethat there is a separatelexical
category n2 for nounsthat take a prepositionalphraseasa complement.To simplify
theproblem,wewill alsoassumethat all complementsare prepositionalphrases(see
Problem3.20)introducedby theprepositionof. Your DCG shouldbeableto analyze
thesamplesentenceaboveandassignto it thegivenlogical form. Youneednothandle
nounphraseswith botha relativeclauseanda complementprepositionalphrase.

4.3.2 Noun Postmodifiers

A prepositionalphrasecanalsoappearasanounpostmodi�er, whereit doesnotsupply
anargumentto thenounbut insteadit further restrictsthe rangeof objectsdescribed
by thenoun.In thiscase,suchapostmodi�eroperateslikea restrictiverelativeclause.
For example,theprepositionalphrase“aboutGottlob” in thesentence
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BertrandwroteabookaboutGottlob.

is apostmodi�erof bookthatfurtherrestrictsthebookin questionto beaboutGottlob.
We may in this caseinterprettheprepositionaboutvery muchlike a transitive verb,
andgive thesentencethetranslation

exists(B, (book(B) & about(B,gottlob )) &
wrote(bertrand, B)) .

We will assumethatthequanti�ers in thetranslationof thepostmodi�erhave smaller
scopethanthatof thequanti�er for thedeterminerprecedingthemodi�ed noun. As
mentionedin the previous problem,suchassumptionsareoverly restrictive, andwe
will discusshow to dobetterin Section4.1.6.

Problem 4.7 By adding appropriate lexical itemsand rules (or modifyingexisting
ones),changetheDCG of Program4.2to handleprepositionalphrasesasnounpost-
modi�ers. Thenew rules for postmodi�ers maybe modeledcloselyon thosefor op-
tional relativeclauses,and theresultinggrammarshouldbe testedon sentenceslike
theoneabove. Makesure thatquanti�ers fromthepostmodi�erare properlyscoped.

4.3.3 More Filler-Gap Constructions

Many other�ller -gapconstructionsoccurin English.In thenext two problemswewill
discussgapsin the constructionsintroducedin theprevious two problems.Later, in
Problem6.15,wewill seetwo moreEnglish�ller -gapconstructions.

Problem 4.8 Extendyour solutionto Problems4.6 and4.7 so that gapsare allowed
in prepositionalphrasesusedas NP modi�ers and complementsand as adverbials.
Thesolutionshouldallow sentenceslike

Whatdid Bertrandwrite a bookabout?
Whodid Terry meeta studentof?
Whatdid Terry write a programwith?
TheprofessorthatTerry meta studentof wrotea program.

Problem 4.9 Extendthesolutionto Problem4.8sothat it canhandlequestionswhere
the �ller is a prepositionalphraseand thePP gap is playing an adverbialrole, e.g.,
questionslike

With whatdid Terry write a program?

Note that the grammaticalitystatusof PPgapsusedasNP modi�ers or comple-
mentsin Englishis unclear. Sentencescontainingsuchconstructionsoftenseemun-
grammatical.

*? Aboutwhatdid Terrywrite aprogram?
*? Of whomdid Terry meetastudent?

However, the dataare unclear, and the correctanalysisis certainly not a foregone
conclusion.
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4.3.4 Categorial Grammars

A categorial grammar(CG)speci�esa languageby describingthecombinatorialpos-
sibilities of its lexical itemsdirectly, without the mediationof phrase-structurerules
(like CFGor DCG rules). Consequently, two grammarsin thesamecategorial gram-
marsystemdi� eronly in thelexicon.

The ways in which a phrasecan combinewith other phrasesare encodedin a
category associatedwith the phrase.The setof categoriesis de�ned inductively as
follows:

� A primitivecategory is a category. For thepurposesof this problem,theprimi-
tivecategoriesareSandNP.

� If A and B arecategoriesthen A=B andAnB arecategories. Thesearecalled
compoundor functorcategories.

� Nothingelseis a category.

Combinationof phrasesis sanctionedby their categoriesaccordingto two rules:

� Forward application (FA): A phrasep f of categoryA=B canbecombinedwith
aphrasepa of category B to form aphrasep f pa of category A.

� Backward application (BA): A phrasep f of category AnB canbe combined
with a phrasepa of category B to form a phrasepa p f of category A.

Noticethat thedirectionof theslash(“ /” or “n”) determineswhich sideof thefunctor
phraseits argumentwill befoundon (right or left, respectively).

As an exampleof a categorial grammar, we might associatelexical items with
categoriesasfollows:

typeof word examples category
propernouns Terry NP

Bertrand
Principia

intransitiveverbs halts SnNP
transitiveverbs wrote (SnNP)/NP

met

Thencombining“wrote” and“Principia” by FA, we concludethat “wrote Principia”
is of category SnNP. Combiningthis with “Bertrand”, we have that “Bertrandwrote
Principia” is an S. As usual,we cansummarizethe derivation in a parsetreeasin
Figure4.4

Problem 4.10 Writea Prolog program(includingDCGrules)to implementa catego-
rial grammarsystem.Lexical entriescanbeencodedasunit clausesof theform

lex( bertrand, NP ).
lex( halts, S\NP ).
lex( wrote, (S\NP)/NP ).
...
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wrote                          Principia

Bertrand         (S\NP)/NP                           NP

NP                                         S\NP

S

Figure4.4: Parsetreefor categorialgrammarderivation

Givena lexiconencodedasabove, theprogramshouldbeableto parsesentences
containingthoselexical items.

Categorial grammarshave beenwidely usedin linguistic researchconcerningse-
manticsof naturallanguage.ThecloserelationbetweenCG andsemanticinterpreta-
tion follows from theobservationthat forwardor backwardsyntacticapplicationof a
functorcategory to its argumentcorrespondsto thesemanticapplicationsof thecor-
respondinglogical forms. Thus,theapplicationrulescanbeusedto controlsemantic
applicationaswell assyntacticcombinatorics.Wemerelymakesurethatlexical items
areassociatedwith semanticfunctionswhichcorrespondto thesyntacticfunctionsim-
plicit in their categories. For instance,a phraseof category S=NP mustsemantically
bea function from NP-type itemsto S-type items. In termsof logical forms, it must
be associatedwith a lambdaexpressionof the form � x:� for � a formula. (This re-
lationshipcanbemademorerigorousby de�ning a notionof typeandusinga typed
lambda-calculusfor thelogical forms,asMontaguein factdid.)

The logical forms of Section4.1.2areappropriatefor the category assignments
above. Given theselogical forms, we candeterminethe logical form for the entire
sentenceby performingthe applicationsaccordingto the syntacticstructureof the
sentence.For instance,since“wrote” is associatedwith a functor category applying
(by FA) to “Principia”, we apply its logical form � x:� y:wrote(y; x) to thatof its argu-
ment principia yielding � y:wrote(y; principia). Similarly, by BA, we will associate
the whole sentencewith the logical form wrote(bertrand; principia). The beautyof
this systemis that the semanticconstraintsareuniversal,asopposedto the typesof
grammarsseenpreviously in which semanticconstraintsarestatedon a rule-by-rule
basis. Merely augmentingthe lexicon with primitive LFs determinesLFs for all the
possiblesentencesadmittedby thegrammar.

Problem 4.11 Augmentyour solutionto the previousproblemso that logical forms
arebuilt duringparsing.

Problem 4.12 Usingthesolutionto Problem4.11write a categorial grammarwhich
handlesquanti�ed NPsasin Section4.1.5andbuilds logical forms.You shouldneed
to changeonly thelexicon.Take IV, N, andS to betheprimitivecategories.

As asidenoteto thediscussionof categorialgrammar, notethatsincethematching
of theargumentcategory to therequirementof thefunctorcategoryproceedsby uni�-
cation,we canusefull termsinsteadof atomsastheprimitive categoriesandthereby
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passinformation amongthe categoriesin ways reminiscentof DCGs. In fact, this
extensionto categorial grammarwhich we get “for free” is thecorrelateof theDCG
extensionto CFGs.Systemsthatuseuni�cation for matchingin categorial grammars
have cometo beknown ascategorial uni�cation grammars andarethesubjectof ac-
tive research.

4.4 Bibliographic Notes

Ourdiscussionof semanticinterpretation(Section4.1)is looselybasedonsomeof the
ideasof Montaguegrammar,althoughour goalsareradicallymoremodestthanMon-
tague's. Basically, we take from Montaguetheideaof usingsomeform of thelambda
calculusto representthe meaningsof phrasesandfunction applicationasthe means
of combiningthemeaningsof subphrasesinto themeaningof a phrase.The simpli-
�cations in our presentationaremadeclearby observingthat the fully reducedform
for themeaningof a sentenceis givenby a �rst-order sentence.In contrast,sentence
meaningsin Montaguehave to berepresentedby sentencesin themuchrichersystem
of intensionallogic (IL), becausethe Englishfragmentunderconsiderationincludes
semanticphenomenasuchasintensionalcontexts (asin “Johnseeksaunicorn”).

Montagueintroducedhis approachto the relationbetweensyntaxandsemantics
of naturallanguagein thearticles“English asa FormalLanguage,” “UniversalGram-
mar,” and“The ProperTreatmentof Quanti�cation in OrdinaryEnglish” which have
beenreprintedin thevolumeof his selectedworkseditedby Thomason(1974). The
textbookby Dowty, Wall, andPeters(1981)givesa full accountof Montague'stheory
andof all therequiredbackgroundmaterial,whichis omittedin Montague'sextremely
concisepapers.For furtherdetailson thelambdacalculus(Section4.1.1),andin par-
ticular its logical and computationalproperties,we refer the readerto the book by
Hindley andSeldin(1986)for theuntypedlambdacalculus,andthebookby Andrews
(1986)for thetypedlambdacalculus(Church'ssimpletheoryof types).

Our Prologencodingof semanticinterpretationrules,andin particulartheencod-
ing of � -reductionasuni�cation, was implicit in the early work on logic grammars
(Colmerauer,1982;Dahl, 1981;PereiraandWarren,1980). Our presentationtriesto
make cleartheconnectionbetweenthe logic grammartechniquesandthe techniques
of compositionalsemantics.Someof our semanticrules areclearly too simplistic,
andwereshown mainly to illustratethepowerof thelogicalvariablefor incrementally
building complex descriptions.More sophisticatedexamplescanbefoundin thePro-
log natural-languageanalysisliterature(McCord,1982;F. C. N. Pereira,1982;Dahl
andMcCord,1983). Compositionalsemanticsbasedon Montaguegrammarhasalso
beenusedin natural-languageprocessingsystemsnot basedon logic programming
(RosenscheinandShieber,1982;WarrenandFriedman,1982;SchubertandPelletier,
1982). Moore (1981)surveys someof the main di� culties involved in constructing
logical representationsfor themeaningsof awiderclassof natural-languageconstruc-
tions. Lastbut not least,it shouldbenotedthat theabove work on computinglogical
formsfor natural-languagederivesmany of its analysesandtechniquesfrom Woods's
earlyandin�uential research(1977).

As we noted,theencodingof � -reductionin uni�cation hasto beusedvery care-
fully becauseof thelackof afull reductionmechanismfor � -termswithin Prolog.This
questionhasbeendiscussedin detail by D. S. Warren(1983),anda generalsolution
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in theframework of a Prologextensionbasedon Church'ssimpletheoryof typeswas
givenby Miller andNadathur(1986).

Partial executionhaslong beenin thefolklore of logic programming.Thenotion
is implicit in Kowalski'sconnection-graphresolutionproofprocedure(1975;Eisinger,
1986).A relatednotionin functionalprogrammingis BurstallandDarlington'sunfold-
ing rule for programtransformation(1977). Their techniqueswereextendedto logic
programsby ClarkandSickel (1977)andTamakiandSato(1984),amongothers.Fur-
ther techniquesinvolving deductive derivationsof programsare discussedby Clark
andTärnlund(1977)andHogger(1981).

Thediscussionof quanti�er scopein Section4.1.6presentsasimpli�ed versionof
someof the conceptsdevelopedindependentlyby Woodsin a computationalframe-
work (1977)andby Cooperin acompositionalsemanticssetting(1983).In particular,
theexplicit notion of quanti�er storageis dueto Cooper. HobbsandShieber(1987)
giveapreciseaccountof analgorithmfor generatingscopealternativesandprovesome
importantpropertiesrelative to its soundnessandcompleteness.Reliablecriteria for
choosingamongscopingalternativesarenotoriouslyhardto comeby. Vanlehn(1978)
givesacomprehensiveaccountof thedi� culties.Variouspartialengineeringsolutions
for theproblemhaveneverthelessbeenproposed(Woods,1977;F. C.N. Pereira,1982;
Groszet al., 1987).

Our treatmentof theEnglishauxiliary systemin Section4.2.1is basedon thatby
Gazdaret al. (1982).

The treatmentof long-distancedependenciesand, in particular, �ller -gapdepen-
denciesgiven in Section4.2.3is ratheridealized,its goal beingjust to outline a few
basictechniques.For alinguisticallysophisticatedtreatmentof theproblemcoveringa
muchbroadersubsetof English,seefor examplethebookby Gazdaretal. (1985).The
analysisof subjectrelativesasbeingcomposedfrom VPsandnot Ssfollows Gazdar
(1981).Islandconstraintswereoriginally proposedby Ross(1974).

As far as we know, the idea of gap threadingappeared�rst, in form somewhat
di� erent from the one usedin Section4.2.7, as part of the extrapositiongrammar
formalism(Pereira,1981).It hasbeenreinventednumeroustimes.

Categorial grammarsasformal systemsoriginatedwith thework of thePolishlo-
giciansLeśniewski andAdjukiewicz in the 1930s,but it wasBar-Hillel (1964)who
consideredtheir applicationto natural-languagesyntax. With GaifmanandShamir,
Bar-Hillel proved that the basiccategorial grammarshave thesameweakgenerative
capacityascontext-freegrammars.Lambek(1961)providedimportantearlyresearch
in thearea.Sincethis work, many di� erentcategorial accountsof thesyntaxandse-
manticsof naturallanguageshave beendeveloped,including thoseby Lewis (1972)
andby Cresswell(1973)from aphilosophicalperspectiveandthatof AdesandSteed-
man(1982)from a linguistic one. Van Benthem(1986)providesa recentsurvey of
logical andsemanticissuesin categorial grammar. For discussionof categorial uni�-
cationgrammars,seethepapersby Karttunen(1986)andUszkoreit (1986)andworks
citedtherein.
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Thesubsetof Prologusedup to this point hasbeenpurein thesensethata Prolog
systemcanbeviewedasasound(thoughincomplete)inferenceenginefor aparticular
logic. However, theProloglanguageincludesseveralextralogicalfacilitieswhichhave
beenfoundto beof considerableutility in writing largeprograms.Someof thesefacil-
ities arereferredto as“metalogical”becausetheir semanticdomainis thedomainof
logicalexpressionsandproofs.Thissectionintroducessomeof themostimportantex-
tralogicalmechanismsin Prologby meansof anexampleof asimplenatural-language
dialogueprogram,talk .

5.1 Metalogical Facilities

5.1.1 The call 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 argument of call
is executedby reinterpretingit as the goal which the term encodes. Thus, ex-
ecution of call(conc([a,b] ,[c ,d ],A )) is equivalent to execution of the goal
conc([a,b],[c,d] ,A) directly. The utility of call comesaboutbecausethe goal
to be executedcanbe a variablein the program,as long as it is instantiatedto an
appropriate term by executiontime. Sincecall dependson the instantiationof its
argumentsandreinterpretstermsasliterals,it is clearlya metalogicalpredicate.Note
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thattheargumentto call canrepresentnotonly singleliteral goalsbut any clausebody,
includingconjunctions,disjunctionsandsoforth.

Thecall predicatecanbeusedto implementa simpleProloginterpreter, a unary
predicatewhichholdsof its argumentif Prologwouldprovetheargumentwheninter-
pretedasa goal.Thede�nition is trivial.

Program 5.1
prove(G) :- call(G).

We will seeothermoreinterestingexamplesof predicatesthatact like interpretersin
Chapter6.

5.1.2 The cut command

The behavior of a Prolog programis basedon the depth-�rst, backtrackingcontrol
regimethat thePrologsystemfollows. TheProloginterpreterwill explore theentire
spaceof backtrackingalternativesin searchof a solutionto a goal. This behavior, al-
thoughsimpleand(in the limit) complete,sometimeshasundesirableconsequences.
In this sectionwe presenta metalogicalfacility that changesthe control regime of a
Prologprogramandthat canbe usedfor several purposesincluding increasinge� -
ciency, eliminatingredundancy, andencodingconditionals.

The cut command,notatedby an exclamationmark “ ! ”, is usedto eliminate
branchesof thesearchspace.We refer to cut asa command,ratherthana predicate
or operator, to emphasizethat it doesnot �t smoothlyinto thelogical view of Prolog,
andcannotbe felicitously thoughtof asa predicatewhich holdsor doesnot hold of
arguments.

Theclausesfor apredicategivealternativewaysof proving instancesof thatpred-
icate. In proving a goal,Prologchooseseachalternative in turn until oneleadsto a
proofof thegoal.Thecutcommandalwayssucceeds,but asasidee� ectit makessome
of thecurrentclausechoicespermanentfor thedurationof theproof. Speci�cally, if a
clause

p :- g1, : : :, gi,!, : : :, gn.

is beingusedto prove aninstanceof p andthecut is reached,thenthechoiceof this
clausetoprovethatinstanceof p, aswell asall choicesof clausesin provingg1 through
gi, aremadepermanentfor thedurationof theoverallproofof which theproofof p is
a part.

Anotherway of looking at the actionof the cut commandis as the converseof
thepreviousstatements,that is, by examiningwhich proofsthecut eliminates.When
Prologbacktracksto �nd an alternative proof of an occurrenceof cut, not only is no
otherproof foundfor thecut instancebut alsothewholegoal that invokedtheclause
with this cut instanceis takento havenoproof (evenif otherclausealternativesmight
leadto suchproof in theabsenceof thecut).

The cut commandcan be usedin several ways. If we have a seriesof clauses
for a particularpredicatewhich we happento know areall mutually exclusive, then
onceone of the clauseshassucceeded,there is no use in attemptingto �nd other
solutions;all otherbranchesin thesearchspacewill ultimatelyfail. We caneliminate
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the ine� ciency engenderedby searchingtheseblind alleys by usingcut to force the
clausechoice.

For instance,considerthe de�nition of a max_valued predicatewhich holdsof
a nonemptylist of termsand the term in the list with highestvaluationaccording
to a binary comparisonpredicatehigher_valued . (We assumethat all objectsin
the list have distinct valuations;theremustbe no “ties”.) Sucha predicatemight be
used,for instance,in implementinga priority systemon terms. In the casewhere
higher_valued is simplearithmeticcomparisonof numbers,max_valuedcomputes
themaximumnumberin a list.

The maximum-valuedterm of a nonemptylist is the higher valuedof the head
of the list andthemaximumvaluedtermof the tail of the list. We will usea ternary
max_valued predicateto capturethis latter relationshipbetweena list, a term, and
themaximum-valuedelementin theentirebunch.

max_valued([Head|T ai l] , Max) :-
max_valued(Tail , Head, Max).

Theternarypredicateis easilyimplemented.If thelist is empty, thenthelonetermis
thehighestvalued.Otherwise,we pick thehighestvaluedof theheadof the list, the
lone term, andthe tail of the list, by usingthe ternarymax_valued predicaterecur-
sively.

max_valued([], Term, Term).
max_valued([Head|T ai l] , Term, Max) :-

higher_valued(H ead, Term),
max_valued(Tail , Head, Max).

max_valued([Head|T ai l] , Term, Max) :-
higher_valued(T erm, Head),
max_valued(Tail , Term, Max).

The clausesin thede�nition of ternarymax_valued aremutually exclusive. In par-
ticular, the last two requiredi� erentrelative magnitudesof HeadandTerm. How-
ever, if the secondclauseis usedand later failure causesbacktracking,the third
clausewill then be tried. The completerecomputationof higher_valued(Te rm,
Head) will be performedwhich, by virtue of the asymmetryof the notion “higher
valued”,will fail. However, arbitrarycomputationmay have to be performedbefore
this mutualexclusivity of the two clausesis manifested,becausethe computationof
higher_valued(Te rm, Head)maybearbitrarily complex.

We canincreasethee� ciency of max_valuedby makingthis exclusivity explicit
sothat if thesecondclauseis chosen,thethird clausewill never bebacktrackedinto.
Thefollowing rede�nition su� ces:

max_valued([Head|T ai l] , Max) :-
max_valued(Tail , Head, Max).

max_valued([], Term, Term).
max_valued([Head|T ai l] , Term, Max) :-

higher_valued(H ead, Term),
!,
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max_valued(Tail , Head, Max).
max_valued([Head|T ai l] , Term, Max) :-

higher_valued(T erm, Head),
max_valued(Tail , Term, Max).

In thisversionof theprogram,assoonaswehaveascertainedthatHeadis higherthan
Term in value,we will eliminatethe possibility of using the third clause,sincewe
know thatits �rst literal is doomedto failureanyway.

This cut maintainsthe semanticsof the programonly for certainmodesof exe-
cutionof theprogram. In particular, if the modeis max_valued(-,?) , thenthe cut
versionmay returnfewer solutionsthantheuncut. However, useof max_valued in
this way will in any casegenerateinstantiationerrorsif the arithmeticoperatorsare
usedwithin higher_valued .

In summary, usingcutsin this way without changingthemeaningof theprogram
canin somecasesimproveperformancesigni�cantly. Nonetheless,this trick (andtrick
it is) shouldonly beusedwhennecessary, notwhenpossible.

A seconduseof cuts is for eliminatingredundancy in a program. Considerthe
alternateshuffle predicatede�ned by thefollowing clauses:

shuffle(A, [], A).
shuffle([], B, B).
shuffle([A|Rest A], B, [A|Shuffled]) :-

shuffle(RestA, B, Shuffled).
shuffle(A, [B|RestB], [B|Shuffled]) :-

shuffle(A, RestB, Shuffled).

This shuffle programcorrectlyimplementstheshu� e relation.However, thepredi-
cateallowsredundantsolutions;wecanseethisby backtrackingthroughthesolutions
it allows.

?- shuffle([a,b],[1] ,Shuf fl 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 that if oneof the lists is empty, theprogramhasthechoiceeitherof
usingoneof the�rst two clausesto immediatelydeterminetheanswer, or of traversing
the nonemptylist using one of the last two clauses. In either case,the solution is
the same.Oneway to �x the predicateis to guaranteethat the clausesaremutually
exclusive.
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shuffle([], [], []).
shuffle([A|Rest A], B, [A|Shuffled]) :-

shuffle(RestA, B, Shuffled).
shuffle(A, [B|RestB], [B|Shuffled]) :-

shuffle(A, RestB, Shuffled).

However, thissolutionmightbeseenasine� cient,sincein thecasethatoneof thelists
is empty, the otherlist is still entirely traversed.An alternative is to placecutsafter
the �rst two clausesso that if oneof the lists is empty, theuseof oneof the �rst two
clauseswill cutawaythepossibilityof usingthelaterclausesto traversethenonempty
list.

shuffle(A, [], A) :- !.
shuffle([], B, B) :- !.
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 prefer the nonredundantsolutionwith no cuts to this �nal
one.Theexamplewasintroducedmerelyasanillustrationof thegeneraltechniqueof
removing redundancy.

The third useof cut we will discusshereis a techniquefor implementingcondi-
tionals. Unlike the previous two uses,in which the declarative interpretationof the
programswasthesamewhetheror not thecutswereinserted,this useof cut actually
changesboth theproceduraland thedeclarative interpretations.Suchusesof cut are
often referredto as“red” cuts, to distinguishthemfrom the lessdangerous“green”
cutswe �rst discussed.

A conditionalde�nition of a predicatep of the form “if conditionthentruecase
elsefalsecase” canberepresentedin Prologusingcutsasfollows:

p :- condition, !, truecase.
p :- falsecase.

If theconditionholds,thecut will preventbacktrackinginto thefalsecase. On the
otherhand,if theconditionfails, the truecasewill, of course,not be executed.Thus
thecasesareexecutedjustaccordingto thenormalnotionof theconditional.

As anapplicationof suchaconditional,considerthemergefunctionintroducedin
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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Thelast two clausescanbethoughtof assaying:“if A < B thenpick A elsepick B.”
Thepredicatecanbereimplementedusingcut to re�ect this conditional:

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

Certainversionsof Prolog includea notationfor conditionalswhich generalizes
thosebuilt with cutsin thisway. Thegoal

condition -> truecase; falsecase

is usedfor this purpose.Useof theexplicit conditionalis preferredto implicit condi-
tionalsbuilt with cut. With this notation,themergeexamplecanberewrittenas

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

A < B
-> (merge(RestAs, [B|RestBs], Merged),

C = A)
; (merge([A|RestAs] , RestBs, Merged),

C = B).

Notetheuseof the= operatorde�ned in Program3.2.

5.1.3 The Negation-as-Failure Operator

In pure Horn clauses,it is possibleto prove only positive conclusions;Prolog can
prove thatsomethingis thecase,but never thatsomethingis not. However, somesit-
uationsintuitively have thesamecharacterasreachinga negativeconclusion,namely
thosein which Prologfails to prove a goal. We might assumethat if Prologcannot
provesomethingtrue,thenit mustbefalse.Implicit in this assumptionis theideathat
the Prologprogramfrom which Prologcould not prove the givengoal hascomplete
informationaboutits intendeddomainof interpretation.This “completeinformation”
interpretation(or closedworld assumptionasit is called)is sonaturalthatweuseit all
the time without noticing. For example,if a string cannotbe analyzedasa sentence
for somegrammar, we mayconcludethatthestringis not grammatical.If two people
arenot relatedby theancestor relationin our family database,wemayconcludethat
neitheris anancestorof theother. Concludingthenegationof a statementfrom fail-
ureto proveit hasbecomeknown in logic programmingasnegationasfailure (Clark,
1978).

Negationasfailure is a reasonableinterpretationof proof failureundertheclosed
world assumptionbecausePrologprovidesacompleteproofprocedure;thatis, Prolog
will not concludethereis no proof of a goalwhenthereis one. However, thingsare
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moresubtlethanthe foregoingdiscussionimplies. Sinceany Turing machinecanbe
representedby apurePrologprogram(Tärnlund,1977),therecursiveunsolvability of
theTuring-machinehaltingproblemimplies that thedeterminationof whethera goal
is provableis in generalanundecidablequestion.If a goal is unprovable,Prologmay
terminatewith afailureanswer, or it mayloopforever(ignoringresourcelimitations!).
Becauseof its leftmost-literalselectionrule, Prologmight in fact loop evenfor goals
for whichaproofprocedurewith adi� erentselectionrulewouldterminatewith failure.
In general,a goal is �nitely failed (with respectto a program)if theproof procedure
terminateswith failurefor thegoal.

All versionsof Prologprovidesomeform of negation-as-failureoperator. We will
hereassumethe Edinburgh \+ operator. A goal \+ G succeedsif andonly if Prolog
(�nitely) fails to prove G. It turnsout that \+ behavesexactly as if de�ned by the
program

\+ Goal :- call(Goal) -> fail ; true.

This programhasno reasonabledeclarative interpretation.Procedurally, \+ tries
to executeits argumentGoal in the�rst clause.If Goal succeeds,thefail causesthe
wholecall to \+ to fail. Otherwise,\+ Goal succeedstrivially in thesecondbranch
of theconditional.

An importantlimitation of the above operatoris that it doesnot achieve its in-
tendedinterpretationif its argumentcontainsunboundvariables.This is shown by the
di� erentbehaviorsof thequeries

?- \+ p(X), X = a.

and

?- X = a, \+ p(X).

with theprogram

p(b).

Tracingtheexecutionof \+ in bothqueries,we seethatthe �rst queryfails while the
secondonesucceeds,eventhoughthetwo querieshavethesamelogical interpretation.

The problemhereis that the implementationof \+ G behavesas if any unbound
variablesin G wereexistentiallyquanti�ed insidetheoperator, whereas,to beconsis-
tentwith thevariablescopingconventionsProloguses(asdiscussedin Section2.3),
the variablesshouldbe treatedasquanti�ed at the outermostlevel in the enclosing
queryor clause.In otherwords,agoalsuchas

:- \+ p(X).

is executed as if it meant :- \+( (9X)p(X)) , while in fact it should mean
(8X):- \+p(X) . As a consequence,\+ canbe interpreteddeclaratively asnegation-
as-failureonly if its argumenthasnounboundvariables.Someversionsof Prolog,for
instanceMU-Prolog (Naish,1986),have a soundnegation-as-failureoperator, which
basicallydelaystheexecutionof thenegatedgoal until all of its variableshave been
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su� ciently instantiated.(What “su� ciently” meanshereis beyond thescopeof this
book.)

5.1.4 The setof predicate

The control regime of Prologgeneratesalternative solutionsfor a goal only through
backtracking. Unlesssomeliteral fails, an alternatesolution to an earliergoal will
neverbegenerated.On occasion,however, we maybeinterestednot in somesolution
to a goal,but in all solutions.Thesetof predicateallows executionof a goal—like
call —but in suchaway thata list of all solutionsis generated.

A literal of theform setof( T, G, S) , whereT is someterm(usuallyavariable)
andG is a goal (usually containingthe variable),will hold just in caseS is a list
representingtheinstantiationsof T underall assignmentsgeneratedassolutionsto the
goalG. This goalcanberead“the setof Ts suchthatG holdsof eachoneis S”. For
instance,thequery

?- setof(T, shuffle([a,b],[1] ,T) , S).
S = [[1,a,b],[a,1,b],[a,b,1]],

T = _ ;
no

computesthesetof shu� esof [a,b] and[1] , encodedasa list.
An importantissueconcernsvariablesin the goal G other than thosein T. For

instance,considerthe goal setof(T, conc(T, U, [1,2,3]), S). We mustdis-
tinguishbetweenvariablesthat are interpretedasboundby an existentialquanti�er
within thescopeof a setof literal andvariablesthatareboundoutsidethescopeof
thesetof , or, in otherwords,to distinguishbetween“the setof Ts suchthatthereis
a U : : :” and“for someU, thesetof Ts suchthat: : :”. As seenin thefollowing query,
variablesoccurringin G thatarenot in T arein generaltreatedasbeingoutsideof the
scopeof thesetof .

?- setof(T, conc(T, U, [1,2,3]), S).

T = _,

U = [],

S = [[1,2,3]] ;

T = _,

U = [1,2,3],

S = [[]] ;

T = _,

U = [2,3],

S = [[1]] ;

T = _,

U = [3],

S = [[1,2]] ;
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no

To obtainbehavior re�ecting thenarrow scopefor bindingof suchvariables,thesetof
predicateallows “existentiallyquanti�ed” variablesto bepre�xedto thegoalG with
thein�x operator“^”.1

?- setof(T, U^conc(T, U, [1,2,3]), S).
T = _,

U = _,

S = [[],[1],[1,2],[1,2,3]] ;
no

Notethata setof literal fails (ratherthansucceedingwith S theemptylist) if the
goalG hasnosolutions.

A relatedpredicate,bagof , di� ersfrom setof only in thatredundantsolutionsare
not removed.

?- setof(T, member(T, [1,1,2]), S).
T = _,

S = [1,2]

yes

?- bagof(T, member(T, [1,1,2]), S).
T = _,

S = [1,1,2]

yes

5.1.5 The assert command

Interactionwith Prolog as discussedso far consistsof presentingqueriesto be ex-
ecutedagainsta staticdatabaseof Horn clauses.Theassert command(andrelated
commandslikeretract ) allow aprogramtoaltertheclausedatabasedynamically;the
programcan“rewrite itself” asexecutionprogresses.Theideaof aprogramchanging
itself while executingis bothpowerful anddangerous.Theuseof facilitiesto perform
suchactionsis thereforetendentious.Overuseof thesefacilities is oneof the most
commonerrorsof beginningPrologprogramming.

A clausecanbeaddedto thedatabaseby calling assert with theclauseasargu-
ment.For example,theclause

remembered([shr dlu , halts],
s(np(shrdlu),vp(i v( halts )) )).

canbeaddedto thedatabaseby executionof thefollowing goal:

assert(remember ed( [s hr dlu , halts],
s(np(shrdlu),vp( iv (h alt s) ))) )

1Thisuseof ˆ is unrelatedto andshouldnotbeconfusedwith its usein lambda-expressionencodings.
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HereagainPrologrelieson thetrick of representingobject-level variablesby met-
alevel variables.

The following program,for instance,will computethe parsetree for a sentence
(assuminga DCG like that in Program3.11). Furthermore,oncethe parsetreehas
beencomputed,it is “remembered”by assertinga unit clauseinto thedatabase.If the
parsetreefor thesentenceis everagainrequested,thecomputationusingthegrammar
will not be done; instead,the appropriateunit clausewill be used. The cut in the
programguaranteesthateven on backtracking,no recomputationof the parsetreeis
performed.

remember(Sentence, Parse) :-
remembered(Sentence, Parse), !.

remember(Sentence, Parse) :-
s(Parse, Sentence, []),
assert(remember ed(Sente nce, Parse)).

This programcan be understoodonly procedurally. It makes senseonly under
certainexecutionmodesandcalling conventions. In particular, if the grammarwas
ambiguousfor aparticularsentence,thisambiguitywill neverbemanifested,sinceon
backtrackingafter the �rst call the cut eliminatesfurther possibilities.We will seea
morecoherent,usefulapplicationfor assert asa tool for rememberinglemmas(that
is, previouslyprovenresults)in Section6.6.3.

5.1.6 Other Extralogical Predicates

Weconcludeourdiscussionof extralogicalfeaturesof Prologwith agrabbagof built-
in Prologpredicatesthatwe will �nd usefulin laterexamples.Of course,sincethese
predicatesfall outsidethepuresubsetof Prologthey shouldbeusedsparinglyandwith
appropriatetrepidation.

Perhapsthe canonicalmetalogicalpredicateis var , which holds if its singlear-
gumentis a variableat the time the literal is executed.Similarly, atomic holdsof a
termif it is a constant(i.e.,a numberor atom)at executiontime. Notethatprocedural
issueslike literal orderingarecrucial in determiningthebehavior of thesepredicates.
For instance,comparethetwo queries

?- var(X), X = a.
X = a

yes

?- atomic(X), X = a.
no

to thequerieswith literalsreversed.

?- X = a, var(X).
no

?- X = a, atomic(X).
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X = a

yes

A usefuldevicefor composinganddecomposingtermsis thebinaryin�x operator
=.. , which holdsof two argumentsTermandList if Termis a termwith functorof
arity k andList is a list of lengthk + 1 whose�rst elementis the functor nameof
Termandwhoselastk elementsarethek argumentsof Term. For example,we have

?- T =.. [f, a, X, g(X)].
T = f(a,X,g(X))

yes

?- f(a,X,g(X)) =.. L.
L = [f, a, X, g(X)]

yes

Thispredicate,like thearithmeticpredicatesof Section3.4.1,is notsomuchextralog-
ical as incompletelyimplemented,in that executionof the predicatewith improper
instantiationof its argumentsresultsin an instantiationerror ratherthana failure of
thecall. In particular, it mustbe calledwith eitheroneor theotherof its arguments
instantiated.Furthermore,if the�rst argumentis uninstantiated,thesecondmustbea
list whose�rst elementis a constant.Theserestrictionsfollow from therequirement
thatappropriatesolutionsfor variablesmustbedeterminableat theexecutiontime of
thepredicate.2

5.2 A SimpleDialogueProgram

We now turn to thedesignof thetalk program,a simplenatural-languagequestion-
answeringsystemwhichdemonstratessomeof themetalogicalfacilitiesjustdescribed.
Hereis a typical 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)."

2Often 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), whichholdswhentheargumentof Term in positionNumber
is Arg. In thecaseswewill consider, the=.. operatoris morereadable.
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Noticethat talk cangive only extensionalanswersto questions;for example,to
thequestion“What did Bertrandwrite?” it canansweronly with speci�c entitiesthatit
canproveBertrandwrote,andnotwith generalanswerssuchas“everybook.” In fact,
thebestway of understandingtalk input is asconvenientnotationfor Prologclauses
to beaddedto theknowledgebaseandfor Prologgoalsto beproved.

talk is also limited in that it works with a prede�nedvocabulary, speci�ed in
the grammar. It would not be di� cult to adda simplemechanismto allow the user
to de�ne new words, but sucha mechanismwould be usableonly becauseof the
small grammaticalandsemanticcapabilitiesof talk . The moregeneralproblemof
vocabulary acquisitionfor large natural-languageprocessingsystemsis a separate
researchtopic (Groszetal., 1987).

Thetalk programworksby

1. Parsinga sentence,simultaneouslybuilding a representationof its logical form.

2. Convertingthelogical form to aHorn clause(if possible).

3. Eitheraddingtheclauseto thePrologdatabase(if thesentencewasdeclarative)
or interpretingtheclauseasa queryandretrieving theanswersto thequery.

To performthesetasks,the programmakesuseof the metalogicalfacilities just
described.Thecutcommandis usedto encodeconditionals.Theassert commandis
usedto modify thePrologdatabaseincrementallywhile theprogramis running. The
setof predicateis usedto �nd all answersto a query.

5.2.1 Overall Operation

Themainpredicateis talk which whenexecutedperformsthe threephasesof 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 convertedto a Horn clause,the reply will be error('too difficult') . The
cut encodesthe conditional“if the sentencecanbe parsedandclausi�ed thenreply
appropriatelyelsethesentenceis toodi� cult”.

5.2.2 Parsing

The sentenceis parsedby the parse predicateinstantiatingLF to the logical form
for the sentence(asin Section4.1), andinstantiatingType to query or assertion
dependingonwhetherthesentencewasinterrogativeor declarative.

parse(Sentence, LF, assertion) :-
s(finite, LF, nogap, Sentence, []).

parse(Sentence, LF, query) :-
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q(LF, Sentence, []).

The grammarusedin the talk programis basedon that developedin previ-
ouschapters,in particularProgram4.5, but modi�ed to allow questionsanddeclar-
ative sentenceswith the copularverb “be”. The analysisof the copulawhich we
usehereis sorelyinadequate.It servesmerelyasan expedientto allow certainsen-
tencesneededfor nontrivial dialogues.More sophisticatedanalysesof auxiliariesthat
meshmorenicely with thecopulacouldbe inserted.Semantically, theverb“be” re-
quiresa complementnounphrasewhich 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 thepropertyP, ignoringQaltogether.

As in Program4.3, the termsthat give the meaningsof contentwords suchas
bookarenow markedwith the pre�x operator“ ` ”, asin `book(X) . This makesthe
translationfrom logical form to Prologeasier, becauseit clearlydistinguisheslogical
connectivesfrom subjectdomainoperators.

The logical formsfor questionsareimplicationsC => answer( a) , meaningthat
a is an answerfor the questionif conditionC representingthe text of the question
holds. For yes-noquestions,theansweris yes if the text of thequestionholds. For
WH-questions,theanswersarethe instantiationsof a thatsatisfythegoal. Notethat
this di� ersfrom thesemanticsgivenby Program4.5.

5.2.3 LF Conversion

Logical forms areconvertedto Horn clausesby the predicateclausify . A literal
clausify(Formula , Clause, Vars) holds if Clause is the clausalform of the
FOL formulaFormula andVars is a list of thevariablesfreein theantecedentof the
clause.(Theneedfor Vars will beexplainedlater.)

Themainpoint to noteaboutclausify is thatit is apartialfunction.Althoughall
logical formsgeneratedby thegrammarareclosed�rst-order formulas,someof them
arenot Horn clauses.For example,the question“Who wrote every book?” hasthe
logical form

all(B,book(B) => wrote(X,B)) => answer(X). ,

which is not a Horn clause.We leave asanexercisefor thereaderto determinewhat
sentencetypesmay or may not be representedby Horn clauses.As we have seen,
Hornclausesmustobey severalrestrictions.Outermostquanti�ersmustbeuniversally
quanti�ed. Thus,to clausify a universallyquanti�ed expression,we merelystrip o�
thequanti�er andclausifytherest.

clausify(all(X, F0),F ,[ X|V]) :- clausify(F0,F,V ).

If a clausehasan implication symbol, the consequentmust be a single literal, and
the antecedentmusthave variablesexistentially quanti�ed with no otherimplication
symbols.

clausify(A0=>C0 ,(C :- A),V) :-
clausify_literal (C0,C),
clausify_anteced ent (A0,A,V).
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Otherwise,if theclausehasno implication symbolit mustbe a unit clause,a single
literal.

clausify(C0,C,[ ]) :-
clausify_literal (C0,C).

As mentionedabove,antecedentsmusthave variablesquanti�ed existentially, but
mayconsistof severalliterals,not just theoneallowedin theconsequent.

clausify_antece dent( L0,L, [] ) :-
clausify_literal (L0 ,L ).

clausify_antece dent( E0&F0,( E,F), V) :-
clausify_anteced ent (E0,E,V0),
clausify_anteced ent (F0,F ,V1),
conc(V0,V1,V).

clausify_antece dent( exist s( X,F0) ,F ,[X |V]) :-
clausify_anteced ent (F0,F ,V).

Finally, literalsareclausi�ed merelyby removing thebackquotemarker.

clausify_litera l(` L, L) .

Notethateachclausefor clausify andclausify_antece dent includesa third
argumentthatkeepstrackof thevariablesfreein theantecedentof theclause.

In thetranslationfrom logical form to Prologwe canalsoseehow Prologclauses
arerepresentedasPrologtermswith thebinaryfunctors“ :- ” and“ , ” usedfor impli-
cationandconjunction,respectively. On thesecondclauseof clausify we have the
term (C:-A) 3 usedto constructa clauserepresentation,andin the secondclauseof
clausify_anteced ent wehavetheterm(E,F) beingusedto build aconjunctionin
theantecedentof aclause.

Herealsoweseeanotherinstanceof thepreviouslydiscussed“confusion”between
objectlevel andmetalevel. In theclausesfor clausify andclausify_anteced ent ,
variablesare usedto standfor fragmentsof logical forms and Prolog clauses. At
thesametime, quanti�ed variablesin thelogical form arealsorepresentedby Prolog
variables,andendupasthevariablesof theresultingPrologclause.

5.2.4 Constructing A Reply

Finally, oncethesentencehasbeenparsedandits logical form convertedto a clause,
a reply is constructed.If thesentenceis declarative, theclauseis merelyassertedinto
thePrologdatabasesothatfuturequerieswill useit.

reply(assertion , _FreeVars, Assertion,
asserted(Assert ion )) :-

assert(Assertio n), !.

Clausesassociatedwith queries are always of the form answer(Answer) :-
Condition , by virtue of the semanticsgiven to questionsin the grammar. The

3Theparenthesesarerequiredasusualfor reasonsof operatorprecedence.
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Answers associatedwith all solutionsof Condition aregeneratedusingsetof and
this setformsthereply. If noanswersaregenerated,thesimplereply “no” is used.

reply(query, FreeVars,
(answer(Answer) :-C ondit io n) , Reply) :-

(setof(Answer, FreeVars^Conditio n, Answers)
-> Reply = Answers
; Reply = [no]), !.

For example,thequestion“Who wrotea book?” would betranslatedinto theProlog
clause

answer(X) :- book(B), wrote(X,B).

This is thenevaluatedby thegoal

setof(X,[B]^(bo ok( B),wrot e( X,B)) ,S) ;

that is, S is the setof Xs suchthat thereis a book B that X wrote. Note the useof
the set of free clausevariablesthat we took painsto recover in the LF conversion
predicates.By existentiallyquantifyingtheminsidethesetof predicate,weguarantee
thatall solutionsfor any assignmentto thefreevariablesarerecovered,not just for one
assignmentto them.

Finally, any othertypeof sentencegeneratesanerrormessage.Thecutsin previous
clausespreventbacktrackinginto this clauseonceanotherclausehasmatched.

reply(_Type, _FreeVars, _Clause,
error('unknown type')).

5.3 User Interaction

Themodeof interactionof thetalk programasit standsrequiresputtingto theProlog
interpretergoalsencodingthe 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([what, did, bertrand, write], Reply).
Reply = answer([principia])

yes
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A morenaturalmodeof interactionwould enablethe userto type sentencesdi-
rectly, andreceive repliesfrom thesystemnot asvariableassignments,but asanap-
propriateresponseto theinput. To enablesuchinterfacesto bewritten,Prologsystems
includebuilt-in commandsfor performinginput to andoutputfrom aterminalor other
device.

Input/outputspeci�cation is typically the most idiosyncraticandvariablepart of
any programminglanguage,andPrologis noexception.Wewill thereforepresentjust
a few veryprimitivecommands—su� cientto write a userinterfacefor talk —which
tendto besupportedby mostPrologsystems.Readerswill undoubtedlywantto refer
to themanualsfor theirown systemsto determinetherangeof input/outputcommands
thatareavailable.

Note that all of thesecommandswork throughsidee� ectssuchaschangingthe
stateof the terminal screenor input bu� er. Sinceside e� ectshave no placein the
declarativesemanticsof Prolog,theseareall membersof thestrictly extralogicalpart
of Prolog.Retryingsuchcommandsor backtrackingthroughthemdoesnotcausetheir
sidee� ectsto beundone,andthey work only in certainmodes.

5.3.1 Simple Input/Output Commands

The unarywrite commandprints its term argumentto the standardoutput(usually
theterminal). Its inverse,read, readsa termdelimitedby a periodandnewline from
thestandardinput (usuallytheterminalaswell) anduni�es its argumentwith theterm
thatis read.Typically, it is calledin moderead(-) , sothatits argumentis a variable
thatis boundto thetermread.

Input/outputbehavior at thecharacterratherthantermlevel is possiblewith com-
mandsget andput . Theget commandreadsasingleprintingcharacterfrom theinput
stream,unifying its argumentwith the integer that is the  codefor the character
read. Nonprintingcharacters(like spaces,tabs,newlines andcontrol characters)are
skipped.Its companioncommandget0 worksthesame,exceptthatnonprintingchar-
actersarenot skipped.To print a characterto thestandardoutput,theput command
is calledwith theintegercorrespondingto thecharacterto beprintedasits argument.
Thezero-arypredicatenl putsa newline characterto thestandardoutput.

5.3.2 A Simple User Interface

Using thesecommands,we can develop a simple user interfacefor the talk pro-
gram. First, we needa programto readsentencesfrom the terminal. The predicate
read_sent will returnalist of wordswhichweretypedseparatedby spacesandended
by anewline character.

read_sent(Words ) :-
get0(Char),
read_sent(Char, Words).

It getsthenext characterfrom theinput streamasa lookaheadand,dependingon the
lookaheadcharacter, eithercontinuesreadingor stops.If the lookaheadis a newline,
input is ended.

read_sent(C, []) :- newline(C), !.
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If thelookaheadis a space,it is ignored,asspacesarenotpartof thenext word.

read_sent(C, Words) :- space(C), !,
get0(Char),
read_sent(Char, Words).

Any othercharacteris assumedto starta word. Theauxiliary predicateread_word is
calledto retrieve thecharactersthatconstitutethenext word from theinput. Thenthe
built-in predicatenamepacksthis list of charactersinto anatom.Finally, morewords
arereadfrom theinput.

read_sent(Char, [Word|Words]) :-
read_word(Char, Chars, Next),
name(Word, Chars),
read_sent(Next, Words).

Reading a word from the input stream proceedssimilarly. The predicate
read_word takesthelookaheadcharacterandbuilds a list of charactersstartingwith
thelookaheadthatcomprisetheword. Thenew lookahead,thedelimiterfollowing the
word, is matchedwith thethird argumentto read_word. Newlinesandspacesdelimit
thewords.

read_word(C, [], C) :- space(C), !.
read_word(C, [], C) :- newline(C), !.

All othercharactersareaddedto thelist of charactersto beformedinto aword.

read_word(Char, [Char|Chars], New) :-
get0(Next),
read_word(Next, Chars, New).

Using read_sent , we canwrite a top-level loop that readssentences,computes
theappropriatereplywith talk , andprintsthatreply.

main_loop :-
write('>> '),
read_sent(Words ),
talk(Words, Reply),
print_reply(Rep ly) ,
main_loop.

The�nal recursivecall of main_loop startstheread-compute-printloop overagain.
Finally, aprogramto print therepliesin amoresatisfactoryfashionwasassumedin

thede�nition of main_loop. This predicate,print_reply , is listedin theAppendix
A code.As it presentsno interestingproblems,its de�nition is not repeatedhere.

Interactingwith the talk programthroughthis interface,althoughnot ideal, is
considerablymorenaturalasevidencedby thedialoguepresentedat thebeginningof
Section5.2.Thefull commentedlisting for thetalk programis givenin AppendixA.
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5.4 Bibliographic Notes

Most of the extralogicalfacilities of Prologdiscussedin this chaptergo backto the
original MarseilleProlog(Roussel,1975). In that system,! , assert and=.. were
calledrespectively / (the slash, suggestingthe cutting of alternative branchesof the
searchspace),AJOUT, andUNIV.

The generalquestionof extralogical facilities hasled to muchdiscussionin the
logic programmingcommunity. At their best,thosefacilitiescanbeseenasoperators
onaxiomsetsandderivations,for whichareasonablesemanticsmightbeforthcoming
(BowenandKowalski, 1981;BowenandWeinberg, 1985). At their worst,extralogi-
cal facilitesarejust meansof simulatingimperative languagefeatureswithin Prolog.
Often,thesesimulationsnotonly detractfrom thelogicalsemanticsof Prologbut also
incurconsiderableperformancepenalties,sincethemoste� cientaspectsof Prologare
generallythosewith a cleansemantics(Warren,1977).

Of all extralogicaloperationsin Prolog,thecutseemsto bethemostoftenusedand
thesourceof mostcontroversy. Theprimitivestoragemanagementtechniquesof early
Prologsystemsmeantthatnondeterminatecomputationsusedvery largeamountsof
space.Sincethecut operatormakesa subcomputationdeterminate,“green”cutswere
usedin early Prolog programsas the main methodof storageconservation. More
recently, improvedstoragemanagementtechniquesandbetterdeterminacy detection
in Prologcompilers(Warren,1977; Tick andWarren,1984; Pittomvils et al., 1985;
Bowen et al., 1986)have madethatuseof cut lessimportant,at leastfor thosewith
accessto state-of-the-artPrologsystems.

The useof cut to implementa limited form of negation as nonprovability also
goesbackto Marseille,althoughit is di� cult to give a precisereferenceto the �rst
appearanceof the technique. The overall questionof the meaningof negation-as-
nonprovability hasbeenextensively researched.Lloyd's book (1984)presentssome
of the main theoreticalconceptsandresultson the subject,originally discoveredby
Clark (1978),Apt andvanEmden(1982)andJa� ar,Lassez,andLloyd (1983).These
resultsincludedenotationalcharacterizationsof themeaningof di� erentpossibleno-
tionsof negation,andproofsof thesoundnessandcompletenessof negation-as-failure
with respectto thecompletionsof de�nite-clauseprograms.A morerecentsurvey of
resultsandopenproblemswasgivenby Ja� ar,LassezandMaher(1986).Thesetheo-
reticaldevelopmentsproceededin parallelwith thediscoveryof computationalmech-
anismsallowing soundimplementationsof negation-as-failure,embodiedin Colmer-
auer's Prolog-II (1986)andNaish's MU-Prolog (1986). Thesemechanismsinvolve
delayingnegations(or, asa specialcase,inequalities)until variablesbecome“su� -
ciently” bound.

Thesetconstructionoperatorsetof weusehereis dueto D. H. D. Warren(1982)
andwas�rst implementedin DEC-10Prolog(Bowen,1982). Froma practicalpoint
of view, the requirementthat all narrow-scopeexistentially quanti�ed variablesbe
explicitly markedwith the^ operatoris sometimesburdensome.Otherproposedset
operators(Morris et al., 1986)adopttheoppositeconvention.

Our talk programis arathersimplisticexampleof anatural-languageinterfaceto
a knowledgebase.A comparableexampleprogramwasgiven asan exampleof ap-
plicationof Colmerauer's metamorphosisgrammars(1978). Theprogram's structure
andoperationarecloselymodeledon thoseof morecomprehensive Prolognatural-
languagedatabaseinterfacessuchas thoseby Dahl (1981),F. C. N. Pereira(1982),
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PereiraandWarren(1982),andMcCord(1982),eventhoughthosesystemsdealtonly
with questionsandnot with assertions.Thelimitation of allowableassertionsto those
whosemeaningcanbe expressedby de�nite clausescircumventsthe di� cult ques-
tion of whatto dowith assertionsthatcontradictexistingsystemknowledge(Haasand
Hendrix,1981).More generally, natural-languageinterfacesystemsshouldbeableto
dealwith unmetpresuppositionsin questionsandcommandsaswell aswith assertions
thatcontradictexisting information(Winograd,1972).

As we pointedout, our exampleprogramcannotacquirenew wordsnot in its ini-
tial vocabulary. In general,this is a di� cult question.Besidesthe determinationof
syntacticcategory andfeatures,word acquisitionshouldbeableto determineuseand
meaningconstraintsfor theword,eitherfrom otherinformationsuppliedin naturallan-
guage(HaasandHendrix,1981)or from specializedacquisition-dialoguemechanisms
(Groszetal., 1987;BallardandStumberger,1986).
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In previous chapterswe have seenthat a very powerful grammarformalism,
de�nite-clausegrammars,canbe usedto describea variety of NL-relatedphenom-
enaandcanbe directly embeddedin Prolog. In so doing, the grammarengendersa
top-down, recursive-descent,backtrackparserfor the languageof the grammar. For
applicationswheresucha parseris su� cient, this techniquecanbequiteuseful. We
have,however, alreadyseenevidenceof frailtiesof PrologandDCGs.For instance,

� SincePrologprogramswith left-recursionhave terminationproblems,so will
directPrologexecutionof DCGswith left-recursiverules.

� Argumentsin DCG rules having a regular, predictablestructure—e.g.,those
which enforce�ller -gap dependencies,build parsetrees,or constructlogical
forms—tendto proliferateandcomplicategrammars.

Theseandsimilar problemshave beenaddressedin logic-programmingresearch.
Someof thetoolsfor solvingthem—byextendingor modifyingPrologor thegrammar
formalism—existwithin Prologitself, but rely onusingthelanguagein di� erentways.
Ratherthanembeddingprogramsor grammarsdirectly in Prolog,we cande�ne an
interpreterfor theextendedlanguagein Prologitself. An interpreteris ameta-program
in thatit usesotherprogramsasdata.1 By writing specializedinterpreters,it is possible
notonly to covernew languageconstructs,but alsoto try outnew evaluationstrategies
for a language.

1For this reason,what we call interpretersaresometimesreferredto somewhat confusinglyasmeta-
interpreters, eventhoughthey donot in generalinterpretinterpreters.
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6.1 Prolog in Prolog

We will begin our discussionof interpreterswith the basisfor extensionsto Prolog,
namely, aninterpreterfor pureProlog,written in purePrologitself. Suchinterpreters
written in their own object languageareoften calledmeta-circular interpreters. In
fact,wehaveseenonemeta-circularProloginterpreteralready, thepredicateprove in
Program5.1. In this lesstrivial example,we assumethattheobject-level Prologpro-
gramto beinterpretedis encodedwith theunarypredicateclause . For instance,the
conc predicate,de�ned asProgram3.3,would beencodedasdatafor theinterpreter
by theclauses2

clause(( conc([], L, L) :- true )).
clause(( conc([E|R], L, [E|RL]) :-

conc(R, L, RL) )).

Noticethattheclausesareencodedby Prologtermsandtheobject-level variables
by meta-level variables. We have seenthis kind of “level-shifting” betweenobject-
andmeta-level before,for instance,in theuseof Prolog(meta-level) variablesto en-
codelambda-calculus(object-level) variables(seeSection4.1.3). In the writing of
interpreters,suchlevel-crossingis ubiquitous.

Theinterpreteris implementedby thepredicateprove, whichtakesanobjectlevel
goal(encodedasaterm)andfollowsthePrologproofprocedureusingtheprogramax-
iomatizedby clause clauses.Theintentionis thatthegoalprove(Goal) beprovable
by Prologif thegoalGoal is aswell. Clearly, thetrivial goaltrue is alwaysprovable.

prove(true).

Any othergoal is provableonly if thereis someclausewhich matchesit andwhose
bodyis provable.

prove(Goal) :-
clause((Goal :- Body)),
prove(Body).

Finally, if thebodyconsistsof theconjunctionof two subgoals,they mustbeproved
independently.

prove((Body1, Body2)) :-
prove(Body1),
prove(Body2).

Thesethreeclauses,summarizedasProgram6.1,constitutea full interpreterfor pure
Prologwritten in Prolog.

Program 6.1
prove(true).
prove(Goal) :-

2The extra parenthesesaroundeachclausearerequiredby Edinburgh Prologsyntaxto inhibit Prolog
from interpretingthe:- with its normalprecedence,which would causeit to be taken asbinding weaker
thantheclause predicateitself. Theparenthesesforceit to beinterpretedin thenaturalway astakingjust
thematerialinsidetheparenthesesasarguments.Thesametrick wasusedin Section2.8.1.



6.1. Prolog in Prolog

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

137

clause((Goal :- Body)),
prove(Body).

prove((Body1, Body2)) :-
prove(Body1),
prove(Body2).

By tracingtheexecutionof theprogramprovingagoalandcomparingit to thetrace
of Prologexecutingthesamegoaldirectly, asin Figure6.1,wecanseetheparallelism
betweentheinterpreter'saxiomatizationof theobject-level Prologinterpreterandthe
object-level interpreteritself.

6.1.1 Absorption

The di� erencebetweenthe three-clauseinterpreterand the trivial one-clauseinter-
preterusingcall (Program5.1) residesin theamountof work of the interpreterthat
is doneby thePrologexecutionmechanismtheinterpreteris beingexecutedby. In the
caseof thetrivial interpreter, all of theinterpretationprocessis absorbedby theProlog
thatis executingtheinterpreter. In thethree-clauseinterpreter, much,but notall, of the
work is beingabsorbed.For example,theuni�cation of goal literalsandclauseheads
is absorbedinto theuni�cation of termsin theexecutingProlog. Theorderof clause
choiceis alsoabsorbed.In fact, theonly part that is not absorbedis theselectionof
literalsin a conjunctivegoal.

Interpretersarewritten so that portionsof the interpretationprocesscanbe ma-
nipulated,changed,andotherwiseinvestigated.Thepartof theinterpretationprocess
absorbedby theprogramexecutingtheinterpreteris not subjectto suchmanipulation.
Thus, if we are interestedin experimentingwith alternateliteral selectionrules, the
one-clauseinterpreterwill be insu� cient for our purposes(sinceit absorbsliteral se-
lection), whereasthe three-clauseinterpreterdoesallow changesin that area(since
it makesliteral selectionexplicit). However, if we wish to experimentwith alternate
uni�cation methods(asis commonlydone),neitherof theseinterpreterssu� ces;they
bothabsorbuni�cation into theunderlyingexecution. Note that the interpreterspre-
sentedsofar all absorbthevariousfacetsof thecontrolstructureof Prologby imple-
mentingthemwith thesamefacetsin theunderlyingexecution.This circularity is not
necessary, but is oftenthesimplestmethodof absorption.

6.1.2 Keeping Proof Trees

As anexampleof onesortof extensionto thelanguagethatinterpretersmakepossible,
we considera versionof Prologthatautomaticallygeneratesproof treesfor goalsthat
it proves.An extraargumentin theinterpreterkeepstrackof theproof treeof thegoal
beingproved. Theproof treeencodingis asfollows: If a literal L is provedby virtue
of subproofsP1; : : : ; Pn, thentheproof treefor L

L

1              n
P  .  .  .   P
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?- conc([a,b],[c,d],A). ?- prove( conc([a,b],[c,d],A) ).

(1) 0 Call : conc([a,b],[c,d],L_1) (1) 0 Call : prove(conc([a,b],[c,d],L_1))

(2) 1 Call : clause((conc([a,b],[c,d],L_1):-Body_2))

(2) 1 Exit : clause((conc([a,b],[c,d],[a|RL_2]):-

conc([b],[c,d],RL_2)))

(2) 1 Call : conc([b],[c,d],RL_2) (3) 1 Call : prove(conc([b],[c,d],RL_2))

(4) 2 Call : clause((conc([b],[c,d],RL_2):-Body_4))

(4) 2 Exit : clause((conc([b],[c,d],[b|RL_3]):-

conc([],[c,d],RL_3)))

(3) 2 Call : conc([],[c,d],RL_3) (5) 2 Call : prove(conc([],[c,d],RL_3))

(6) 3 Call : clause((conc([],[c,d],RL_3):-Body_6))

(6) 3 Exit : clause((conc([],[c,d],[c,d]):-true))

(7) 3 Call : prove(true)

(7) 3 Exit : prove(true)

(3) 2 Exit : conc([],[c,d],[c,d]) (5) 2 Exit : prove(conc([],[c,d],[c,d]))

(2) 1 Exit : conc([b],[c,d],[b,c,d]) (3) 1 Exit : prove(conc([b],[c,d],[b,c,d]))

(1) 0 Exit : conc([a,b],[c,d],[a,b,c,d]) (1) 0 Exit : prove(conc([a,b],[c,d],[a,b,c,d]))

A = [a,b,c,d] A = [a,b,c,d]

yes yes

Figure6.1: Comparisonof DirectExecutionandIndirectInterpretation.
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is encodedasthePrologterm

L :- P1, ..., Pn .

Thefollowing interpreteraccomplishesthis task:

Program 6.2
prove(true, true).
prove(Goal, (Goal :- BodyProof)) :-

clause((Goal :- Body)),
prove(Body, BodyProof).

prove((Body1, Body2), (Body1Proof, Body2Proof)) :-
prove(Body1, Body1Proof),
prove(Body2, Body2Proof).

As anexample,the interpretergeneratesthefollowing proofs(manuallyindentedfor
readability)for queriesconcerningtheshuffle predicatede�ned asProgram3.4.

?- prove(shuffle([a, b] ,[1 ,2 ], S), Proof).

S = [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([],[a,b],[a,b]):-

true),

(shuffle([a,b],[2],[a,2,b]):-

(conc([a],[b],[a,b]):-

(conc([],[b],[b]):-

true)),

(shuffle([b],[],[b]):-

true),

(conc([a],[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 techniquesof this sort, onecanimaginewriting interpretersthat tracethe
executionof a program,detectlooping in a program's execution,or allow interactive
single-steppingof a program.

6.1.3 Unit Clauses

Thethree-clauseProloginterpreterdoesnotallow unit clauses,e.g.,

conc([], L, L).

to bestateddirectly, sayas

clause(conc([], L, L)).

Instead,they areencodedas

clause((conc([] , L, L) :- true)).

Extendingthe interpreterto handleunit clausescorrectlyhasonesubtlety, in that the
straightforward“solution” of addinga new clauseto theinterpreter

prove(Goal) :-
clause(Goal).

doesnot accuratelyre�ect the top-to-bottomclauseorderingthat Prolog uses. In-
stead,we couldintroducea new predicateaclause , which picksup clausesfrom the
databaseandin thecaseof unit clauses,instantiatesthebodyof theclauseastrue .

Program 6.3
aclause((Head :- Body)) :-

clause(Clause),
(Clause = (Head :- Body)

-> true
; (Clause = Head, Body = true)).

Becausetheclause goal doesnot distinguishunit from nonunitclauses,the top-to-
bottomclauseorderingwill berespectedin backtrackingthroughaclause .

6.2 ProblemSection: Prolog Inter preters

6.2.1 Consecutively Bounded Depth-First Search

Becauseof its depth-�rst control regime,Prologmayfail to �nd a solutionto a query
even when one exists. One solution to this problemis to substitutefor depth-�rst
executionan alternative regime called consecutivelyboundeddepth-�rst execution,
which we will de�ne in termsof a simpler, but highly incomplete,control regime
calleddepth-boundedexecution.
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In depth-boundedexecutionof a goal, the goal is proved in a depth-�rst manner
until agivendepthof recursionis reached.At thatpoint,if nosolutionhasbeenfound,
that branchof computationis consideredto have failed, and the systembacktracks.
For agivendepthboundn, wewill referto n-depth-boundedexecution.

A depth-boundedProloginterpreterwill never loop in�nitely . However, it will fail
to �nd solutionsthat involve proofsthataredeeperthanthedepthbound.A compro-
misecontrol regime that, unlike depth-boundedexecution,can �nd arbitrarily com-
plex proofs,yet that will not loop in�nitely in a depth-�rst manner, is consecutively
boundeddepth-�rst execution.In this regime,agoalis executedby executingit under
a1-depth-boundedregime.If nosolutionsarefound,thesystemuses2-depth-bounded
execution,then3-depth-bounded,andsoon. If a proofexists,thesystemwill eventu-
ally attemptto executethegoalwith a largeenoughdepthbound,andtheproof will
befound.Sinceeachdepth-boundedexecutionterminates,theconsecutively bounded
regime hasthe bene�t that if a proof exists, it will eventuallybe found—aproperty
thatProlog'sdepth-�rst regimedoesnot share.

Of course,consecutively boundedexecutioninvolvesa redundancy in computa-
tion, sincelaterdepth-boundedexecutionsreiterateall thecomputationof earlierones.
The costmay not be asmuchasit appearsat �rst blush,however, asthecostof ex-
ecutingthe �rst n � 1 levels is only a constantfactorof thecostof executinglevel n.
Furtheranalysisof thecostof this methodis well beyondthescopeof this problem.

Problem 6.1 Writeaninterpreterfor Prolog thatusesa consecutivelyboundeddepth-
�r stcontrol regime. Try it ona left-recursiveprogramlikeProgram2.3to demonstrate
that it �nds proofswhereProlog'scontrol regimewouldnot.

6.2.2 An Interpreter For Cut

The interpretersdevisedso far have beenconcernedonly with pureProlog. In this
sectionwe considertheproblemof writing an interpreterfor purePrologaugmented
with the impurecut operator. For the purposesof this problem,we will assumethat
clauseshave at mostonecut in them.Therearetwo caseswe mustconsider. If there
is no cut in theclause,we caninterpretit asbefore.If thereis a cut in theclause,we
mustinterpretthepartbeforethecut,thencutawayfurtherchoicesof clause clauses,
and theninterpretthe part after the cut. (Notice the nice symmetryhere: The pure
Prologmeta-circularinterpreterwaswritten in pureProlog. Augmentingthe object
languagewith cut requiresthesameaugmentationto themeta-language.In essence,
wewill absorbtheexecutionof cutusingthecutof theunderlyingexecution.)Wewill
needa predicate,call it cut_split(Body, Before, After) which takesaBodyof
a clauseand�nds thepartBefore andAfter thecut (if thereis one). Thepredicate
fails if thereis nocut.

Problem 6.2 Writecut_split anduseit toaugmenttheinterpreterto handleclauses
with at mostonecut per clause. Make sure the top-to-bottomclauseordering is re-
spected.

Problem 6.3 (Moredi� cult.) Writean interpreterthat cancorrectlyinterpret Prolog
programswith more thanonecutper clause.
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6.3 Inter pretersfor DCGs

Extensionsto the DCG formalismcanbe implementedjust asextensionsto Prolog,
by extendingan interpreterfor DCGs. The DCG interpreterwill usede�nite-clause
grammarsencodedin Prologusingthe sameencodingas in Section3.7, exceptthat
themain functorwill be ---> ratherthan--> , asdeclaredby thefollowing operator
declaration:

:- op(1200,xfx,--->) .

We usea di� erentarrow for the samereasonwe usedthe clause predicatein the
Prologinterpreters—topreventtheDCG from beingautomaticallyinterpretedby the
normalPrologmechanism,sinceit is merelydatafor theinterpreter.

6.3.1 DCG in 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—shouldby now befamiliar.

Theinterpreteris implementedby thepredicateparse correspondingto thepredi-
cateprove in theProloginterpreter. Theliteral parse(NT, P0, P) holdsif thestring
betweenpositionsP0andP canbeparsedas(i.e., is coveredby) thenonterminalNT
accordingto thede�nite-clausegrammar. A nonterminalcoversa stringbetweentwo
positionsif thebodyof a matchingruledoesalso.

parse(NT, P_0, P) :-
(NT ---> Body),
parse(Body, P_0, P).

If thebodyhasseveralparts,all mustbematched,in order.

parse((Body1, Body2), P_0, P) :-
parse(Body1, P_0, P_1),
parse(Body2, P_1, P).

Theemptystring,encodedwith [ ] , coversnostring.

parse([], P, P).

A list of termsis treatedasa list of terminalsymbolsto befounddirectly connecting
thepositionsin thestring.

parse([Word|Res t], P_0, P) :-
connects(Word, P_0, P_1),
parse(Rest, P_1, P).

Finally, recall that theProlog/DCG bracenotationallows a kind of level-crossingbe-
tweenDCGsandProlog—an“escape”to Prolog.To implementthislevel-crossing,we
needa way of interpretingtermsasliteralsandexecutingthem. The call predicate
servesthis purpose;its usein implementingtheDCGescapeto Prologis asfollows:



6.3. Interpreters for DCGs

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

143

parse({Goals}, P, P) :- call(Goals).

For completeness,we repeatthede�nition of theconnects predicate,originally de-
�ned by Program3.8 in Section3.4.2.

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

Exercise 6.4 Test the DCG interpreter just de�ned with a small DCG on a few sen-
tencesto convinceyourselfthat it actuallyimplementstheDCGcorrectly.

6.3.2 DCG in DCG

The astutereadermay have noticedthat the DCG interpreterpresentedabove is in
just the form of a DCG translatedinto Prolog. Thus,the interpretercouldhave been
moresuccinctlystatedby writing it asa DCGitself! In particular, thefollowing DCG
implementsa meta-circularDCGinterpreter.

Program 6.4
:- op(1200,xfx,--->) .

parse(NT) -->
{NT ---> Body},
parse(Body).

parse((Body1,Bo dy2)) -->
parse(Body1),
parse(Body2).

parse([]) --> [].
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 parsetreerepresentationof theparsedexpression.Thiscorrespondsexactly
to theproblemof automaticallygenerating a proof treein theProlog interpreter. You
maywant to refer to thediscussionprecedingProblem3.7 for an applicabletreeen-
codingmethodor usethe =.. operator of Section5.1.6to build more standard tree
encodings.
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6.3.3 An Interpreter for Filler-Gap DCGs

Filler-gapdependenciesconstitutea setof linguistic phenomenawith a quitecumber-
someencodingin DCGs,aswe have seenin Sections4.2.3and4.2.7. This problem
hasbeennotedby many peopleworkingonthedesignof logic grammars,andhasbeen
the inspirationfor a largenumberof the logic grammarformalismsextendingDCGs.
As notedin Section4.2.7,thegap-threadingencodingof �ller -gapdependencieslends
itself to usein implementinganextensionof DCGsto handle�ller -gapdependencies
becauseof thesimple,regularstructureof theextra �ller -list argumentit requires.

In this sectionwe will developa formalism,FG-DCG,thatallowsa simplerstate-
mentof �ller -gapconstraintsandconstructaninterpreterfor it. FG-DCGrulesappear,
for themostpart,identicalto DCG rules(exceptusingtheoperator---> asusualfor
interpretation).However, to directly state�ller -gapconstraintswe mustaddto DCGs
theability to declarewhich constituentsare�llers, which areislands,andwhatnon-
terminalscanbe realizedasgaps. Variousextensionsto DCGsto handle�ller -gap
phenomenahave taken di� erentapproachesto this notationalproblem. We will use
thefollowing notations.

� A �ller of type� requiringa gapof type will benotatedasa termof theform
� fills  , wherefills is anin�x Prologoperator.

� An island of type � will be notatedas a term of the form � island , where
island is a post�x Prologoperator.

� Thefactthata gapof type canberealizedas� (usually, theemptystring), is
notatedby theFG-DCGrule:

gap(  ) ---> � .

Theinterpretationof thespecial�ller andislandspeci�cationsin anFG-DCGrule
is asfollows: A term � fills  matchesa constituentof type � , but requiresthata
gapof type befoundwithin somesibling to theright of � . A phrasecoveredby the
term� island cannever have a gapwithin it that is �lled outsideit. A useof a rule
of theform gap(  ) ---> � . mustalways�ll a gap.

As a simpleexampleof an FG-DCGgrammar, we rewrite the grammarof Pro-
gram 4.4 in the new notation. For brevity, we leave out the lexicon, which is un-
changedfrom theearliergrammar. Wealsoaddanew rulefor ditransitiveverbphrases
to highlight the fact that this grammardoesnot fall prey to thedi� cultiesmentioned
in Section4.2.7.

Program 6.5
s ---> np island, vp.

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

vp ---> dv, np, np.
vp ---> tv, np.
vp ---> iv.

optrel ---> [].
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optrel ---> [that] fills np, s.
optrel ---> [that], vp.

gap(np) ---> [].

Note that the grammarencodesthe �ller -gapdependenciesthat wereimplicit in the
earliergrammarfarmoresimplyanddirectly.

An interpreterfor FG-DCGsis a straightforward extensionto the DCG meta-
circularinterpreterof Program6.4. First,we declarethenecessaryoperators.

:- op(1200,xfx,--->) .
:- op(300, xfx, fills).
:- op(300, xf, island).

Next, we augmenttheparse predicatewith an argumentfor the �ller list. Thus
theclausesof theinterpreterbecome

parse(NT, F0-F) -->
{NT ---> Body},
parse(Body, F0-F).

parse((Body1,Bo dy2), F0-F) -->
parse(Body1,F0- F1),
parse(Body2,F1- F).

parse([], F0-F0) --> [].
parse([Word|Res t], F0-F) -->

[Word],
parse(Rest, F0-F).

parse({Goals}, F0-F0) --> {call(Goals)}.

Finally, we requirespecialrulesfor islands,�llers, andgaps.An islandis parsed
asa constituentwith empty�ller list.

parse(NT island, F0-F0) -->
parse(NT, F0-F0).

A list of nonterminalsthe �rst of which is a �ller is parsedby parsingthe�ller , then
parsingtherestof thelist but with anadditionalelementon the�ller list—thetypeof
gapthatthis �ller correspondsto.

parse((NT fills GapType,Body2), F0-F) -->
parse(NT,F0-F0) ,
parse(Body2,[Ga pType|F0 ]- F).

Finally, a nonterminalNTcanberealizedasagapcorrespondingto a �ller in the�ller
list if thereis a rule

gap(NT) ---> Body.



146

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

Chapter 6. Interpreters

andthe Body can itself be parsed. Of course,in mostcases,Body will encodethe
empty string, but this additionalability to specify nonemptybodiesof “gap” con-
stituentsallows us to useFG-DCGsfor otherlong-distancedependenciessuchasre-
sumptive pronounsin which the �ller is associatedwith a pronounembeddedin the
sentence.

parse(GapType, [GapType|F0]-F0) -->
{gap(GapType) ---> Body},
parse(Body, F0-F0).

Exercise 6.6 Modify thegrammarof Program4.5to usetheFG-DCGnotation.

6.4 Partial Executionand Compilers

Usinganinterpreterto interpretaPrologprogramis in generalmuchlesse� cientthan
executingtheprogramdirectly. Thusinterpretersareof little useunlessthe language
they interpretis an extensionof Prolog; otherwise,usingProlog itself is an equiva-
lent andmoree� cient method. We canrecoupsomeof the e� ciency lost in using
an interpreterby translatingor compiling the extendedlanguageinto Prolog rather
thaninterpreting it with an interpreter. For just this reason,DCGsarecompiledinto
equivalentPrologprogramsupontheir beingreadinto thePrologsystem.

Fromanintuitivestandpoint,thedi� erencebetweenacompilationandsubsequent
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

RecallthebasicPrologproof stepof SLD resolution(Section3.5.3).Resolutionpro-
ceedsby picking a literal in a clauseand replacingit with the body of a matching
clauseundertheunifying substitutionof theliteral andtheheadof theclause.Partial
executionof a clausemerelyperformscertainof theseresolutionstepsat an earlier
stageof computation,calledcompiletime. Sincethe orderof resolutionsis thereby
changed,partialexecutionis only soundin thesubsetof Prologin which theorderof
selectionof literals is not critical to thecorrectnessof executionof theprogram,that
is, in pureProlog. A clause(which we will call theprogramclause) is thuspartially
executedwith respectto a setof predicates(calledauxiliary predicates) by resolving
the clauseon literals containingthesepredicatesandrecursively partially executing
theresolvent,until nomoresuchresolutionscanbeperformed.

Executinga goal involving the program predicate(the predicatede�ned by the
programclauseor clauses)usingall possiblepartialexecutionsof theprogramclauses
is equivalentto executingit usingthe original programclausesplus all the auxiliary
clausesaswell. Consequently, we canreplacethe programandauxiliary clausesby
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the clausesresultingfrom partial execution. It is not necessaryto resolve literals in
theprogramclausesagainsttheprogramclausesthemselves,astheir equivalentswill
be availableat run time anyway. Furthermore,it is fortunatethat suchrecursive res-
olutionsarenot needed,asthey might leadto nonterminationof thepartialexecution
facility.

Partial executionthusrequiresa recursive traversalof a clauseandits literals just
as an interpreterdoes. But insteadof proving eachsubgoal,we replaceit with its
de�nition. Thusthede�nition of apredicateto computetherelationbetweenaprogram
clauseandits partial executionsfollows the form of an interpreterrelatively closely.
To partially executeaclause,we merelypartially executeits body.

partially_execu te( (Head:- Body) ,
(Head:-ExpandedBody) ) :- !,

partially_execu te( Body, ExpandedBody).

To partiallyexecuteaconjunctionof goals,wepartiallyexecutethe�rst literal andthe
restof theliteralsandconjointheir expansions.

partially_execu te( (L it era l, Rest), Expansion) :- !,
partially_execu te( Li ter al , ExpandedLiteral),
partially_execu te( Rest, ExpandedRest),
conjoin(Expande dLi te ral , 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. Furthermore,we requirethat thereexist at leastoneclausematchingthe
literal. Otherwise,theliteral is left unchanged.

partially_execu te( Li te ral , Expansion) :-
( aux_literal(Lit era l) ,

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 te ra l:- Body) ),

[_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 clausewasfound. Furthermore,if thereareseveral
matchingclauses,this de�nition will allow backtracking.

A commontrick for solvingproblemsof unwantedbindingsis thedoubleuseof
thenegation-as-failureoperator\+ . In thecaseat hand,we canchangethede�nition
asfollows:

Program 6.6
match_exists(Li ter al ) :-

\+ \+ clause((Literal :- Body)).

Looking just at thelogic, p and:: p areequivalent.However, theimplementation
of negationasfailuremakessurethat in executinga goal\+ G all bindingsto G will
beundone;thusmatch_exists will leaveLiteral unchanged.

Thisdoubleuseof negationis averycommondevice in Prologmetaprogramming.
It must be stressedthat nothing in the device hasa direct logical interpretation. In
particular, \+ is being usedto undo bindingsof variables,but as we have seen\+
cannotbeinterpretedas“f ailureto prove” if calledwith a nongroundargument!

A Sample Partial Execution

Usingthis de�nition of partialexecutionwe canchecktheearlierclaimsmadeabout
it in Chapter4. For instance,we canpartially executetheclauseat theendof Section
4.1.5

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

with respectto reduce literals

aux_literal( reduce(_,_,_) ).

underthede�nition of reducegivenin Program4.1

clause(( reduce(Arg^Expr, Arg, Expr) :- true )).

with thequery

?- partially_execute ( (vp(Z^S, P0, P) :-
tv(TV, P0, P1),
np(NP, P1, P),
reduce(TV,Z,IV),
reduce(NP,IV,S) ),

Expansion ).
Expansion = vp(Z^S, P0, P) :-

tv(Z^IV, P0, P1),
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np(IV^S, P1, P)

yes

Notice that this is just the Prolog encodingof the partial executionresult given in
Section4.1.5.

6.4.2 Compiling by Partial Execution

A simplecompiler for an object languagecanbe written usingpartial executionof
its interpreter. We divide the clausesof the interpreter(metaclauses) into program
andauxiliary clauses;theclausesthatactuallyinterprettheobjectclausesof theob-
ject languageare the programclauses,the rest auxiliary. We will distinguishthe
two clausesby using the predicateclause for the auxiliary clauses(asabove) and
program_clause for programclauses.

Thecompilergeneratesall possiblepartialexecutionsof theprogramclauseswith
respectto predicatesde�ned in theauxiliary clausesandassertstheresolventsgener-
ated.Thedriver for thecompileris, then,quitesimple.

compile :-
program_clause( Clause),
partially_execu te( Clause, CompiledClause),
assert(Compiled Clause),
fail.

This clausebacktracksrepeatedly(becauseof the fail ) until no morepartialexecu-
tions of programclausesarepossible. This methodfor cycling throughsolutionsis
known asa failure-drivenloop. As a side e� ect, it assertsall of the partial execu-
tions into thePrologdatabase.TheProloginterpreter, processingqueriesusingthese
assertedclauses,is executingacompiledform of theobjectlanguage.

As an example,we build a compiler for DCGs. We merely separatethe DCG
interpreterinto a singleprogramclause

program_clause( ( parse(NT, P_0, P) :-
(NT ---> Body),
parse(Body, P_0, P) )).

andseveralauxiliaryclauses,treatingparse and---> asauxiliarypredicates.
Supposethe DCG of Program3.11 is compiledusing this compiler, that is, the

compiler and the DCG (encodedusing the operator---> ) are loadedinto Prolog,
andthecompile predicateis invoked. Onepossiblepartialexecutionof theprogram
clauseinvolvesresolvingtheliteral NT ---> Bodyagainstthe �rst rule of thegram-
mar. Thisresolutionrequirestheunifying substitutionNT = s(s(NP,VP)), Body =

(np(NP),vp(VP)). The body of the unit clauseis just true . The partial execution
of parse((np(NP), vp(VP)), P0, P) resultsin theconjunctionparse(np(NP),
P0, P1), parse(vp(VP), P1, P). Conjoiningthiswith thebodyof theunit clause
expandingthe�rst literal leavestheformerunchanged.Thusthefull partialexecution
of theprogramclauseis, in this instance,

parse(s(s(NP,VP )), P0, P) :-
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parse(np(NP), P0, P1),
parse(vp(VP), P1, P).

Clearly, thisis acompilationof theDCGruleinto Prolog,albeitslightly morecomplex
thanthestandardcompilation,namely

s(s(NP,VP), P0, P) :-
np(NP, P0, P1),
vp(VP, P1, P).

The full text of thecompiler, including theprogramfor partialexecutionandthe
encodingof theinterpreteris givenin AppendixA. This versionaddsa rewriting step
to convert literalsof theform

parse(nt(...), Pi, Pj)

to literalsof themorefamiliar form

nt(..., Pi, Pj) .

A samplerunof thecompilerusingthegrammarof Program3.11is asfollows:

?- compile.
Asserting "s(s(NP,VP),P0,P):-

np(NP,P0,P1),vp(VP,P1,P)."

Asserting "np(np(Det,N,Rel),P0,P):-

det(Det,P0,P1),

n(N,P1,P2),

optrel(Rel,P2,P)."

Asserting "np(np(PN),P0,P):-pn(PN,P0,P)."

Asserting "vp(vp(TV,NP),P0,P):-

tv(TV,P0,P1),np(NP,P1,P)."

Asserting "vp(vp(IV),P0,P):-iv(IV,P0,P)."

Asserting "optrel(rel(epsilon),P0,P):-true."

Asserting "optrel(rel(that,VP),P0,P):-

connects(that,P0,P1),

vp(VP,P1,P)."

Asserting "pn(pn(terry),P0,P):-

connects(terry,P0,P)."

Asserting "pn(pn(shrdlu),P0,P):-

connects(shrdlu,P0,P)."

Asserting "iv(iv(halts),P0,P):-

connects(halts,P0,P)."

Asserting "det(det(a),P0,P):-

connects(a,P0,P)."

Asserting "n(n(program),P0,P):-

connects(program,P0,P)."

Asserting "tv(tv(writes),P0,P):-

connects(writes,P0,P)."
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Asserting "connects(Word,[Word|Rest],Rest):-true."

no

?- s(Tree, [terry,writes,a, pr ogram,th at ,h alt s] , []).
Tree = s(np(pn(terry)),

vp(tv(writes),

np(det(a),

n(program),

rel(that,

vp(iv(halts))))))

yes

Comparethis behavior with thatof theoriginalDCGasdescribedin Section3.7.1.

6.4.3 Generality of the Method

Thetechniqueusedhereto build theDCGcompileris quitegeneral.Thecompile and
partially_execut epredicatescanbethoughtof togetherasametacompiler,in that
they will convertanyinterpreterfor a languagewritten in pureProloginto a compiler
for the samelanguage. Sincethe only operationsperformedon the interpreterare
resolutions,the compiler therebyderived is guaranteedto be soundwith respectto
the interpreter. And sinceall possibleresolutionsaredone,thecompileris complete
aswell. Thuspartial executionprovidesa way of generatingcorrectcompilersfor a
languagegivenaninterpreterfor thelanguage.

Furthermore,by adjustingwhichclausesareprogramclauseswhosepartialexecu-
tionswill remainin thecompiledversionandwhichareauxiliaryclausesthatareto be
“compiledaway”, thedegreeof compilationcanbetuned.By increasingthenumber
of auxiliary clauses,moreof the work is doneat compile time andfastercompiled
grammarsarederived. However, therearelimits to this process.If too muchwork is
attemptedat compiletime, thecompile-timestepmaynot terminate,or thecompiled
grammarmaygrow explosively in size.Thegeneralityof thismethodallowssolutions
to suchtrade-o� s to bedevelopedexperimentally.

Anothermethodfor evenmore�nely tuningthepartialexecutor, beyondtheabil-
ity to make clausesprogramor auxiliary clauses,is to predicatepartial executionon
variousconditionsspeci�edin theantecedentof auxiliary literals.For instance,we
couldrequirethatliteralsof agivenauxiliarypredicatebepartiallyexecutedonlywhen
the literal is of a certainmodeor its argumentsareof a certainform. An especially
interestingconditiononpartialexecutionis thattheliteral matchexactlyoneclausein
thedatabase.Underthis requirement,partialexecutionwill only remove literals that
canberesolveddeterministically. Many otherpossibilitiesfor controlling thepartial
executorcouldbeeasilyimplementedin thisway.

Exercise 6.7 Write a compiler which compilesDCGs into Prolog programs that
parsesentenceswhilebuilding parsetreesfor themsimultaneouslyandautomatically.
Youmaywantto usethesolutionto Exercise6.5.

Exercise 6.8 SupposewecompilethepurePrologprogramfor conc givenin Program
3.3into Prolog usinga compilergeneratedfromtheProlog interpreterof Program6.1.
WhatdoesProgram3.3compileto?
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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-down parsingalgorithmsof this kind will loop on
left-recursive rules(cf. theexampleof Program2.3). Althoughtechniquesareavail-
able to remove left recursionfrom context-free grammars,thesetechniquesare not
readily generalizableto DCGs,and furthermorethey can increasegrammarsizeby
largefactors.

As an alternative, we may considerimplementinga bottom-upparsingmethod
directly in Prolog. Of thevariouspossibilities,we will considerherethe left-corner
methodin oneof its adaptationsto DCGs.

For programmingconvenience,the input grammarfor the left-cornerDCG inter-
preteris representedin aslight variationof theDCGnotation.Theright-handsidesof
rulesaregivenaslists ratherthanconjunctionsof literals. Thusrulesareunit clauses
of theform, e.g.,

s ---> [np, vp].

or

optrel ---> [].

Terminalsareintroducedby dictionaryunit clausesof theform

word(w,PT).

in whichPTis thepreterminalcategoryof terminalw. As anexample,thegrammarof
Program3.11wouldbeencodedin 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(IV)) ---> [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))).

Beforewediscussleft-cornerparsing,weneedto introducesometerminology. The
left-cornerof a phraseis theleftmostsubconstituentof thatphrase.Similarly, theleft
cornerof a rule is the �rst elementon theright-hand-sideof the rule. Oftenwe will
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refer to the transitive closureof the left-cornerrelationusingthe term left corner as
well, lettingcontext determinetheparticularsensewemean.Thus,in theparsetreeof
Figure2.4,NP is theleft cornerof S, but Det andS areleft cornersof S aswell.

Thebasicideaof left-cornerparsingis to key eachruleo� of its left corner. When
a phraseis found,rulesthathave thatphrasetypeastheir left corneraretried in turn
by looking for phrasesthatspantherestof the right-hand-sideof therule. If therest
of a rule is satis�ed, the left-handsideis usedto iteratetheprocessby picking rules
with thatphrasetype asleft corner. Parsingthusproceedsbottom-upby looking for
phraseswhoseleft-mostsubphrasehasalreadybeenfound. Theentireprocessbegins
with asubphrasethatis guaranteedto bea left cornerof thewholeexpression,namely,
the leftmost leaf of the parsetree. To parsean expressionasbeingof type Phrase,
we take thenext potentialleaf in theexpressionandprovethatit is a left cornerof the
phrase.

parse(Phrase) -->
leaf(SubPhrase),
lc(SubPhrase, Phrase).

Terminalsymbolsareobviously candidateleavesof the parsetree. We usethe
binarypredicateword(Word, Cat) to encodethelexicon.

leaf(Cat) --> [Word], {word(Word,Cat)}.

In addition,a category canbeconsidereda leaf if thereis a rule admittingit with an
emptyright-handside.

leaf(Phrase) --> {Phrase ---> []}.

The proof that some subconstituentof type SubPhrase is a left corner of a
SuperPhrase involvesparsingthe part of SuperPhrase to the right of the left cor-
ner. Thelc(SubPhrase, SuperPhrase) literal thuscoversall of theSuperPhrase
exceptfor its left cornerSubPhrase. The basecasefor proving the left cornerrela-
tionshipfollows from any phrasebeinga left cornerof itself.

lc(Phrase, Phrase) --> [].

Otherwise,we caninfer that SubPhraseis a left cornerof SuperPhrase if we can
�nd arulethatSubPhraseis aleft cornerof andparsetheremainderof therule,�nally
proving thattheleft-handsideof therule is itself a left cornerof SuperPhrase.

lc(SubPhrase, SuperPhrase) -->
{Phrase ---> [SubPhrase|Rest ]},
parse_rest(Rest) ,
lc(Phrase, SuperPhrase).

Parsingtherestof theright-handsideinvolvesa standardlist recursion.

parse_rest([]) --> [].
parse_rest([Phr ase|Phr ases] ) -->

parse(Phrase),
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parse_rest(Phras es) .

As an exampleof the operationof the left-cornerparserinterpretinga grammar,
we will considerthesentence“a programhalts” parsedwith thegrammarabove. The
initial queryis

?- parse(s(Tree), [a, program, halts], []).

To prove this is a grammaticalS, we �nd a leaf and prove 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 lc(det(det(a)), s(Tree)) . Sincethe two
argumentsarenot uni�able, the �rst lc rule is not appropriate.Instead,the second
rule is invoked.We must�nd a rulewith adeterminerasits left corner, namely

np(np(Det,N,Rel )) --->
[det(Det), n(N), optrel(Rel)].

Using this rule, we mustparsethe restof 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 doessucceed,covering the string
“program” and instantiatingN to n(program) andRel to rel(epsilon) . Finally,
we mustprove that the 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 generatedthe
smallertaskof proving thattheNP is.

TheNP is theleft cornerof S by virtueof therule

s(s(NP,VP)) ---> [np(NP), vp(VP)].

But two subgoalsare requiredto be proved. First, we must parsethe rest of the
right-handside,theVP. Again, we will omit details,but notethat thegoalsucceeds
bindingVPto vp(iv(halts)) . Thenwe mustprove that s(...) is a left cornerof
s(s(Tree)) . This succeedsby the�rst lc clause,bindingTree to theparsetreefor
theentiresentence,namely

s(np(det(a),
n(program),
rel(epsilon))

vp(iv(halts)))

This completestheproofsof thevariouspendinglc goalsandtheoriginal query
itself.

6.5.1 Linking

In the previous discussion,we glossedover a problem in the directednessof the
left-cornerparser. The parser, in choosingamongpossiblegrammarrulesor leaves
makesno useof informationconcerningwhat type of expressionit is attemptingto
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parse. For instance,in the discussionof the choicebetweenleaf(det(det(a)) )
andleaf(optrel(rel( epsil on) )) at thestartof the parse,we merelynotedthat
the former was correct. Of course,if the parserhad chosento pursuethe latter, it
would eventuallydiscover that it hadfolloweda blind alley andbacktrackto thecor-
rectchoice.But a considerablymoree� cientway of eliminatingthelatterpossibility
is to notice(by inspectionof thegrammar)thatanoptrel of anysortcannever bea
left cornerof ans.

Supposewetabulatesomeverygeneralconstraintsof thissortconcerningpossible
left corners,using(for historicalreasons)thepredicatelink .

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 any nonterminalis a left cornerof itself.) We canusethe
informationasaninexpensivetestof whetherabranchin theparsingsearchspacecan
at leastpotentiallyyield a solution.For example,theparse clausecouldbechanged
to makeuseof thelink tableasfollows:

parse(Phrase) -->
leaf(SubPhrase),
{link(SubPhrase, Phrase)},
lc(SubPhrase, Phrase).

With this modi�ed de�nition, the leaf(optrel(rel( epsil on))) would fail the
linking test; consequentlyno further computationwould be expendedon that possi-
bility.

Similarly thesecondrule for lc couldbechangedto

lc(SubPhrase,Su perPhra se) -->
{Phrase ---> [SubPhrase|Rest ],
link(Phrase, SuperPhrase)},

right(Rest),
lc(Phrase, SuperPhrase).

to limit rule choiceto thosewhich could at leastpotentially be left cornersof the
SuperPhrase beinglookedfor.

The modi�cation of the left-cornerparserusing linking informationprovidesan
elementof top-down�ltering into theparsingprocess.Suchaparserdoesnot follow a
purelybottom-upor a purelytop-down regimen,but usesbothkindsof informationin
�nding a parse.
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We will not pursuefurther here the questionof �nding good link de�nitions.
Clearly, however, we would want to useautomaticmethodsfor developingthe link
tables,ratherthanthehandcodingusedin thissection.

6.5.2 Compiling DCGs into Left-Corner Parsers

Usingthetechniquesof Section6.4.2,wecanwrite aDCGcompilerthatconvertsDCG
grammarsencodedasfor theleft-cornerinterpreterinto left-cornerPrologparsers.The
programclausesare thosethat actually interpretthe partsof the encodedgrammar:
thetwo leaf clausesandthetwo lc clauses.In addition,thesingleclausesde�ning
connects andparse areaddedasprogramclausessothatthey will bepassedthrough
unchangedinto the compiledstate,just asthe connects clausewasin the previous
compiler.

Therestof theclauses(including thoseembodyingtheDCG itself) areauxiliary
clausesde�ning theauxiliarypredicates---> , word, andparse_rest .

Exercise 6.9 Modify the DCG compilergivenin AppendixA as describedabove so
that it constitutesa program to compileDCGs into left-corner parsers. The �nal
rewriting stepshouldberemoved.

Executingthecompileron theencodedgrammarof Program3.11yields the fol-
lowing behavior.

?- compile.
Asserting "connect(Word,[Word|Rest],Rest) :- true."

Asserting "parse(Phrase,P0,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)),P0,P) :-

connect(shrdlu,P0,P)."

Asserting "leaf(iv(iv(halts)),P0,P) :-

connect(halts,P0,P)."

Asserting "leaf(det(det(a)),P0,P) :-

connect(a,P0,P)."

Asserting "leaf(n(n(program)),P0,P) :-

connect(program,P0,P)."

Asserting "leaf(tv(tv(writes)),P0,P) :-

connect(writes,P0,P)."

Asserting "leaf(relpro,P0,P) :-

connect(that,P0,P)."

Asserting "leaf(optrel(rel(epsilon)),P0,P0):-true."

Asserting "lc(Phrase,Phrase,P0,P0) :- true."

Asserting "lc(np(NP),SuperPhrase,P0,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,P0,P) :-

lc(np(np(PN)),SuperPhrase,P0,P)."

Asserting "lc(tv(TV),SuperPhrase,P0,P) :-

parse(np(NP),P0,P1),

lc(vp(vp(TV,NP)),SuperPhrase,P1,P)."

Asserting "lc(iv(IV),SuperPhrase,P0,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],
[]).

Tree = s(np(pn(terry)),

vp(tv(writes),

np(det(a),

n(program),

rel(that,

vp(iv(halts))))))

yes

The �rst two rulesarecopiesof the de�nitions for parse andconnects . The next
six arethecompiledversionof thelexicon; thesearefollowedby thesinglecompiled
epsilonrule. Finally, thecompiledversionsof theothergrammarrulesaregenerated.
Again, the compiledgrammarcomputesthe samelanguageand treesas if directly
interpretedby Prolog. However, Prolog's top-down control strategy in executing
the compiledgrammarproducesthe samebehavior asthat of the left-cornercontrol
strategy in executingtheoriginal DCG. Furthermore,becausethegeneralleft-corner
interpreterhasbeenreplacedby specializedrules,theresultingprogramwill runmuch
fasterthantheinterpreteroperatingover theoriginalgrammar.

6.6 Tabular Parsing

6.6.1 Inefficiencies of Backtracking

As we have seen,Prologusesstrict chronologicalbacktrackingto searchfor a proof
of agoal. If aparticularsubgoalcannotberesolved,all thework sincethemostrecent
resolvedgoal for which therearestill alternative clauseswill beundone.Intuitively,
this is the reasonfor the worst-caseexponentialcost of backtracksearch(Aho and
Ullman, 1972). In practicalapplicationsthis theoreticalworst casemay not matter,
becausetheremaybepracticalboundson input length(e.g.,typicalEnglishsentences
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areshort)andthee� ciency of Prologmayo� setthepotentialgainsof moresophisti-
catedsearchproceduresfor practicallyoccurringinputs.Nevertheless,it is worthwhile
to look at theissuein moredetailto getagoodunderstandingof thetradeo� sinvolved.

Wewill startwith averysimpleexample.A ditransitiveverblikegivecanbeused
in two ways.

Alfred gavea bookto everystudent
Alfred gaveeverystudentabook

An obviouswayof coveringthesetwo constructionsis to usethetwo rules

vp --> dv, np, pp(to).
vp --> dv, np, np.

Now supposethat we are using theseDCG rules to analyzethe verb phrasein
the secondsentenceabove, andthat we have appropriaterules for the nounphrase,
prepositionalphrase,and ditransitive verb. Prolog will �rst try the earlier vp rule.
The word gavewill be assignedto the category dv and the phraseevery studentto
thecategory np. Theparserwill look next for a prepositionalphrasebeginningwith
theprepositionto. However, thenext word is a, soPrologbacktracks.Assumingno
morechoicesin theanalysisof “every student”asa nounphraseor in theassignment
of theditransitive verbcategory to gave, Prologwill have to undotheseintermediate
analysesandtry thenext alternative rule for verbphrase,thesecondrule above. This
rule will immediatelygo on to reassignthecategory dv to gaveandreanalyze“every
student”asnp, eventhoughthis analysishadalreadybeendonewhenattemptingthe
�rst rule.

Theredundancy just describedis not restrictedto top-down parsingmethods.The
sameargumentwould show similar redundanciesin using the left-corneralgorithm
discussedearlier. In fact,thesituationhereis evenworsebecausetheleft-corneralgo-
rithm haslesstop-down guidance.

6.6.2 Tabular Parsing in the Abstract

In tabular parsersfor context-freegrammars,theredundancy justdescribedis avoided
by storingphrasesjustrecognizedin aphrasetable(alsocalledachart or well-formed-
substringtable) indexedby thestartandendpositionsof thephrasesin theinputstring.

In general,at any point in its executiona parserwill be looking for phrasesof
sometypeN startingin a certainrangeof positionsS and�nishing in a certainrange
of positionsE in the input string. In the discussionthat follows, we will represent
theseconstraintson what the parseris looking for by the expressionN(S; E). The
connectionof this notationwith the mappingfrom nonterminalsto predicatesin a
DCG is no coincidence,aswe shall see.For themoment,we will take a phrasetype
asrepresentingsomesetof acceptablenonterminalsanda positionrangeasdenoting
somesetof stringpositions.

Thus,whenlooking for sometypeof phraseN(S; E), thephrasetableis consulted
for phrasesp(i; j) satisfyingN(S; E), that is, with p 2 N, i 2 S and j 2 E. There
is a crucial subtletyhere. If the tabledoesnot alreadycontainall possiblephrases
satisfyingN(S; E), theparserwill notknow whetherto usesomephrasefrom thetable
or to try and recognizealternative phrasessatisfyingN(S; E) using the rules in the
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grammar. But the latteroption is just ascostlyaslooking for phrasesafreshwithout
thephrasetable.Thusthephrasetableis usableonly if all phrasesof a giventypeare
storedin thetablebeforeany attemptis madeto usethetableto look for phrasesof that
type. Consequently, theremustbea way of recognizingwhetherthetableis complete
for a certaintype.We call thisconstrainton tableentriesthecompletenesscondition.3

In tabular context-freeparsers,completenessis achievedby looking only for certain
speci�c phrasetypesandbuilding thetablein a certainorderthatguaranteesa phrase
typewill beconsultedonly afterit is completed.

For instance,the generalizedCocke-Kasami-Younger(CKY) bottom-upcontext-
freeparsercanbe thoughtof in this way. In theCKY algorithm,smallerphrasesare
alwaysaddedto thetablebeforelargerphrases.Thephrasetypesunderconsideration
by the algorithm are of the form V(i; j) whereV standsfor the set of all grammar
symbols(terminalsandnonterminals)andi and j arespeci�c stringpositions.Since
the tableis completefor all substringsof thestringbetweeni and j, we merelyneed
to checkeachrule,say, A ! B1 � � � Bn in G, andlook for n + 1 positionsk0 throughkn

suchthat i = k0 andkn = j andeachki is greaterthanki� 1, andsuchthat the Bm are
in thetableunderV(km� 1; km). If sucha setof positionsexists,thenA canbeaddedto
thetableunderV(i; j). By performingthesearchfor rulesandpositionsin all possible
ways,we cancompletethe tablefor V(i; j), in which caselargerstringscanthenbe
analyzed.

Thusthe CKY parsingalgorithmbuilds the tableby looking for phrasesof type
V(i; j) for largerandlarger j � i.

6.6.3 Top-Down Tabular Parsing

In top-down parsing,on the otherhand,thealgorithmwill in generalbe looking for
phrasesof a giventypet startingat a givenpositioni but with unknown endposition
(symbolicallyt(i; f jj j � ig)). Thusthealgorithmwill have to produceandstorein the
tableall possiblet phrasesstartingat i beforemoving on. If the analysislater fails
andthesamephrasetype is lookedfor at thesameposition,therewill beno needto
usethe grammar, all possiblerelevantphraseswill alreadybe in the table. In terms
of thepreviousexample,all nounphrasesstartingwith theword everywill have been
storedwhenthe�rst verbphraserule looksfor a nounphraseafter theverb,sowhen
thesecondrule looks for a nounphraseat thesamepositiontheanalyzednp will be
immediatelyfound.

With the de�nite-clauseencodingof grammars,a phrasetable is just a storeof
lemmas, that is, consequencesof the grammaraxiomsthat have beenrecordedfor
futureuse.Theexistenceof anounphrasebetweenpositions2 and4 of aninputstring
canberepresentedby thelemmaexpressedasa unit clause

np(2, 4).

Actually, for easeof accessby an interpreter, 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 phrasetablemaybebuilt by assertingappropriatefactsasthey
areproved. We canchangethePrologtop-down parserto keepsucha tableby modi-
fying theDCG interpreterof Program6.4. We will assumeat �rst thatgrammarsare
context-free, that is, that all nonterminalsareatomic,andalsothat the initial string
positionfor theanalysisis given.As theanalysisproceedsfrom left to right, theinitial
positionof any phrasebeingsoughtwill thusbe known. Theserestrictionswill be
lifted later.

The interpreterusesthe predicateknown_phrase(Type, P0, P) to storeprevi-
ously proved lemmasthat a phraseof type Type exists betweenpositionsP0 andP
andthepredicatecomplete(Type, P0) to indicatethat theknown_phrasetableis
completefor the phrasetype Type startingat the string position P0. The predicate
nonterminal identi�es thenonterminalsin thespeci�c grammarbeinginterpreted.4

Muchof theinterpreteris identicalto themeta-circularDCGinterpreterit is mod-
eledon. In fact, the interpreterdi� ersonly on the�rst clausefor parse . This clause
checksthat its argumentNT is a nonterminaland then calls find_phrase to �nd
phrasesof typeNT.

parse(NT, P0, P) :-
nonterminal(NT) ,
find_phrase(NT, P0, P).

Theremainingclausesfor theparse predicatearerepeatedheremerelyfor com-
pleteness.

parse((Body1, Body2), P0, P) :-
parse(Body1, P0, P1),
parse(Body2, P1, P).

parse([], P, P).
parse([Word|Res t], P0, P) :-

connects(Word, P0, P1),
parse(Rest, P1, P).

parse({Goals}, P, P) :- call(Goals).

Thepredicatefind_phrase �rst checksto seeif thetableis completefor phrases
of type NTstartingat P0, and if so, usesit to pick up appropriatephrasesthat have
beenpreviouslycomputedandstoredin theknown_phrasetable.Thecut guarantees
thatonly thetableis usedandno recomputationof phrasesis performedif thetableis
complete.

find_phrase(NT, P0, P) :-
complete(NT, P0), !,
known_phrase(NT, P0, P).

Otherwise,if thetablehasnotbeencompletedfor thatphrasetype,grammarrulesare
usedto �nd remainingphrasesof typeNT, andeachsuchphraseis assertedasaknown

4Thiscouldbeavoidedat thecostof makingthecodesomewhatmoreconvoluted.
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phrase.As we aretrying to constructthetableof all phrasesof typeNTstartingat P0,
we do not restrict rule expansionto phrasesterminatingwith P, but ratherleave the
checkfor a phrase's �nal positionuntil afterassertingthata phrasehasbeenfound.

find_phrase(NT, P0, P) :-
(NT ---> Body),
parse(Body, P0, P1),
assert(known_phr ase(NT, P0, P1)),
P1 = P.

Finally, whenno remainingalternative waysof �nding a phraseof typeNTstartingat
P0exist, thetableis markedascompletefor thatphrasetypeat thatstartingposition,
andthebranchof computationthatrequiredmorealternativesis failed. If someother
branchof thecomputationlater requiresthat sametype of constituentstartingat the
sameposition,only the�rst clauseof find_phrase will beused.

find_phrase(NT, P0, _) :-
assert(complete( NT, P0)),
fail.

We have usedherethenullary predicatefail , which is alwaysfalse,that is, always
fails.

It is clear that find_phrase above hasbeendesignedfor its side-e� ectsrather
thanits logical content.This is commonpracticein building interpreters:To achieve
the appropriatebehavior in an interpreterfor a declarative language,onehasto deal
with proceduralissuessuchasthesequencingof operations.

Checking Nonterminal Status

Thede�nition of thenonterminal predicatecanproceedin severalways.Firstof all,
extensionalde�nition is possibleby merelylisting all thepossiblenonterminalterms,
e.g.,

nonterminal(s(_ )).
nonterminal(np( _)) .
nonterminal(det (_) ).
...

Alternatively, thede�nition canbemadeintensionally. Wecande�ne nonterminals
asthosetermswhichoccuron theleft-handsideof somerule.

nonterminal(LHS ) :-
\+ \+ (LHS ---> _Body).

Thedoublenegationis usedasusualto preventbindingsfrom theparticularrule that
licensesthe terminalfrom a� ectingthe term. This de�nition thusworks in thesame
wayasthematch_exists predicateof Program6.6.

Henceforth,we will assumetheformermethod.
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6.6.4 Subsumption

The interpreterin the previoussectionworks correctlyonly for atomicnonterminals
andan instantiatedinitial string positionfor any phrasebeingsought.Theserestric-
tions wereneededto ensurethat the completenessconstraintis obeyed. To seewhy
this is so,considerthefollowing trivial grammar:

s ---> t.

t ---> x(a, X).
t ---> x(Y, b).

x(W, W) ---> [W].

nonterminal(s).
nonterminal(t).
nonterminal(x(_ , _)).

asusedto parse(asans) theinputb encodedas

connects(b, 0, 1).

(Froma practicalpoint of view, whenbuilding tabularparsersit is moreconvenientto
have input stringsrepresentedby factsandstringpositionsby constants.In this way,
thenew factsassertedby theparserwill nothaveto includethepossiblylong lists that
encodestringpositionsin thelist representationof input strings.)

At somepoint in executingthe queryparse(s, 0, 1) , find_phrase will be
calledto �nd phrasesx(a, X) startingat 0. Clearly thereareno suchphrases,so a
singleclausewill beaddedto thedatabase.

complete(x(a, X), 0).

Laterin theexecution,find_phrase will becalledfor phrasesof typex(Y, b) start-
ing at 0. As this matchesthe complete fact in the database,find_phrase will go
on to call known_phrase(x( a, b), 0, P) which will immediatelyfail. Thus,the
overall analysiswill fail, eventhoughthegivenstring is in the languageacceptedby
thegrammar.

The problemhereis that the interpreteris not careful enoughin implementing
the notion of “being completefor a given phrasetype”. With atomicnonterminals
andground�rst argument,thereis noproblembecauseuni�cation in the�rst clauseof
find_phrase is justdoinganidentitycheck.But in thegeneralcase,uni�cation is the
wrongoperationto use.Thepresenceof thefactcomplete(x(a, X), 0) indicates
thattheparserhasfoundall phrasesx(a, t) startingatposition0 for sometermt. The
phrasesthatcansatisfyx(Y, b) atposition0 mayincludesomethatsatisfyx(a, X),
namelyany phrasesthat satisfytheuni�cation x(a, b) of the two phrasetypes,but
will in generalalsocontainothers, suchasthesolutionx(b, b) , thatdo not satisfy
x(a, X).

Thecorrectcheckfor completenessof a phrasetypeis thusnot uni�cation, which
correspondsto intersectionof thecorrespondingsolutionsets,but subsumptionor in-
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stantiation(Section3.5.1),which correspondsto containmentof solutionsets.More
speci�cally, wecanconsiderthephrasetablecompletefor acertainphrasetypet only
if it containsall phrasessatisfyingt or any other type t0 that subsumest. Thuswe
shouldmodify the�rst clauseof find_phrases to be

find_phrase(NT, P0, P) :-
complete(General NT, GeneralP0),
subsumes((GeneralNT,Genera lP0), (NT, P0)), !,
known_phrase(NT, P0, P).

The subsumption test subsumes((GeneralNT, GeneralP0), (NT, P0))
checkswhetherthenonterminal-positionpair(NT, P0) is aspecialcaseof analready
completedphrasetype(GeneralNT, GeneralP0) .

In general,thesubsumptionchecksubsumes(t, t0) shouldtestwhetherthereis a
substitution� for variablesin t suchthat[t]� = t0. This is clearlyameta-level facility,
asit is sensitive to theparticularstateof instantiationof terms.Thustheimplementa-
tion of subsumesin Prologrequirestheuseof othermeta-level facilities. Oneof the
easiestmethodsof implementationis basedontheobservationthatt subsumest0 if and
only if t is uni�able with t00, wheret00 is obtainedfrom t0 by replacingeachdistinct
variablein t0 with adistinctconstanttermnotoccurringin t. Equivalently, t subsumes
t0 if andonly if themostgeneraluni�er of t andt0 doesnotbindany variablein t0.

Exercise 6.10 Provetheaboveassertions.

Supposewe have an extralogical predicatemake_groundwhich instantiatesall
the variablesin its argumentto distinct new constants.It would thenseemthat the
following is a reasonableimplementationof subsumes:

subsumes(General, Specific) :-
make_ground(Specifi c) ,
General = Specific.

However, this program has the unwanted side-e� ect of binding the variablesin
Specific to constantsand also possibly instantiatingGeneral . This observation
leadsto a revision of the implementationof the subsumptiontestmakinguseof the
propertiesof doublenegationdiscussedin Section6.4.1.5

subsumes(General, Specific) :-
\+ \+ ( make_ground(Specif ic ),

General = Specific ).

Finally, it remainsto seehow the predicatemake_groundis implemented.The
predicatenumbervars( t, m, n) , available in many Prolog systems,instantiates
eachof then � m distinctvariablesof termt to a distinct termof theform f (i) where
m � i < n. (Thefunctor f is implementation-dependentchosensoasnot normallyto
occurin userprograms.)We couldthusimplementmake_groundasfollows:

5However, this versionof subsumes is only correct if the variablesin General and Specific are
disjoint. Otherwise,theexecutionof make_ground will inapproriatelybindvariablesin General.
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make_ground(Term) :-
numbervars(Term, 0, _).

Alternatively, wecouldimplementthevariablenumberingschemedirectly.

make_ground(Term) :-
make_ground(Term,0, _).

make_ground(Term, M, N) :- var(Term), !,
Term = 'A-Var'(M), N is M + 1.

make_ground(Term, M, M) :- atomic(Term), !.
make_ground('A- Var'( _) , M, M) :- !.
make_ground(Term, M, N) :-

Term =.. [_Functor|Args],
make_ground_list (Ar gs, M, N).

make_ground_lis t([ ], M, M).
make_ground_lis t([ Term|Te rms], M, N) :-

make_ground(Term, M, K),
make_ground_list (Terms, K, N).

Here,we assumethatno termof theform 'A-Var'( i) appearsin therestof thepro-
gram. (SeeSection5.1.6 for descriptionsof the variousbuilt-in predicatesusedin
make_ground.)

6.6.5 The Top-Down Tabular Parser in Action

We now show how thetop-down tabularparseravoidstheredundanciesof backtrack-
ing in theexampleof Section6.6.1. To avoid clutteringtheexample,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) ---> [P], {p(P)}.
p(to).

Theexampleverbphraseis

0 gave 1 every 2 student3 a 4 book5
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We will examinea traceof theexecutionof thegoal

?- parse(vp, 0, 5).

whichaskswhetherthegivenstringis averbphrase.
The main predicatesof interest in understandingthe parser's execution are

find_phrase , complete andknown_phrase. The �rst attemptto prove the goal
above involves the �rst vp rule. This leadsto the following sequenceof calls to
find_phrase andassertions,6 wheretheassertionsareindicatedby messagesof 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(np,1,P_2)

(63) 8 Call: find_phrase(det,1,P_3)

Asserted known_phrase(det,1,2)

(63) 8 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(np,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)

At this point, theparserhasrecognizedthe verbandthenounphrasethat follows it,
and hasjust failed to �nd a prepositionalphraseas the secondcomplementof the
verb. The recognizedverb,determiner, nounandnounphrasehave beenassertedas
known_phrase lemmas. The failed searchfor a prepositionalphraseat position 3
led to the assertionof complete factsfor the prepositionalphraseand its starting
preposition,meaningthatno phrasesof thosetypesareavailableat position3. Notice
thatnocomplete factshavebeenassertedyet for thephrasesrecognizedsofar, since
theparserhasnot yet triedotheralternativesfor thosephrases.

The executioncontinuesby failing backinto the alreadyrecognizedphrasesand
trying to �nd themin alternativeways.Whentheseattemptsfail, complete assertions
aremadefor thefailedphrases.

Asserted complete(n,2)

(87) 8 Fail: find_phrase(n,2,P_4)

6Theinvocationnumbersarenotconsecutive becauseweareomitting thetracemessagesfor othercalls.
Also, Redoports(Section2.4.1)arenot shown.
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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 has failed and we have completeinformation for all the
phrasestheparserattemptedto �nd during that rule's execution. Theexecutionnow
movesto thesecondvp 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 phrasesof type dv is completeat position0, so the lemmasstoredin
known_phrasecanbeusedinsteadof therulesfor dv. Thesituationis similar for the
�rst np complementof thevp, therebysavinga reparseof thatnounphrase.

(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(np,1,3)

Theanalysisthenproceedsasnormaluntil theoriginalgoalis proved.

(273) 5 Call: find_phrase(np,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(np,3,5)

Assert known_phrase(vp,0,5)

(6) 1 Exit: find_phrase(vp,0,5)

6.6.6 General Tabular Parsing

The phrasetablefor top-down parsingthatwe have just discussedimprovestheper-
formanceof top-down parsingby stoppingredundantreanalyses,but it doesnot do
anything to alleviate a muchmoreseriousredundancy, the redundancy of top-down
computationthatleadsto nonterminationin grammarswith left-recursiverules.

As wehaveseen,atop-downparsermayfail to terminatewhengivenleft-recursive
rulesbecauseit worksby guessing(or predicting) thataphraseof sometypeX occurs
andthentrying all waysof building an X. If oneof thosewaysinvolveslooking for
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anX to startwith, theproceduregetsinto apredictionloopandnever terminates.One
wayof dealingwith this problemis to avoid it totally by usingabottom-upalgorithm,
asdescribedin Section6.5. Unfortunately, this is achievedby losingtheaccuratetop-
down predictionsavailablein a top-down parser. Techniquessuchastheuseof linking
informationdiscussedin Section6.5.1canalleviatethisproblem,but in theworstcase
even a left-cornerparserwith linking information will generatemany unextensible
partialanalysesthata top-down parserwould neverattempt.

At �rst sight,it might appearasif theleft-recursionproblemfor top-down parsers
hasa solutionanalogousto that for the redundancy problemwhich we have just dis-
cussed.What would be neededis to recordthe fact that the parserhaspredicteda
phraseof typeX startingat somepositioni sothattheparsercanrecognizewhenit is
aboutto get into a predictionloop. However, it is not immediatelyclearwhatshould
occurwhena predictionloop is recognized.Clearly, for thepredictionto beful�lled
thereshouldbesomephraseof typeX at i, sowe cannotjust giveup looking for anX
at i. Furthermore,we cannotdecidein advancehow many X phrasesstartat i, ascan
beseenby consideringtherules

X ! X a
X ! b

appliedto stringsban for di� erentvaluesof n. Finally, a predictionloop may occur
with ruleswith apparentlynon-left-recursiverulessuchas

X ! Y X b
Y ! �

becausea pre�x of the body of a rule may cover the emptystring, aswith Y in the
rulesabove. Thus,in generalloop detectionis neededwhenforming predictionson
thebasisof any symbolin a rulebody.

The above problemscan be solved by splitting the operationof the parserinto
two alternatingphases,predictionandresolution, dealingrespectively with top-down
predictionsandbottom-upruleapplications.7

To explain the processin more detail, we will not work in termsof DCG rules
but ratherin termsof the correspondingde�nite clauses.From a deductive point of
view, predictionselectsinstancesof rulesthatmayapplyto resolveagainstaparticular
literal (nonterminal).For instance,supposewe areparsinganexpressionaccordingto
theDCGencodedin Program2.4andrepeatedherefor reference.

s(P0, P) :- np(P0, P1), vp(P1, P).
np(P0, P) :- det(P0, P1), n(P1, P2), optrel(P2, P).
np(P0, P) :- pn(P0, P).
vp(P0, P) :- tv(P0, P1), np(P1, P).
vp(P0, P) :- iv(P0, P).
optrel(P, P).
optrel(P0, P) :- connects(that, P0, P1), vp(P1, P).

pn(P0, P) :- connects(terry, P0, P).
pn(P0, P) :- connects(shrdlu, P0, P).

7Earley usedthetermcompletionfor whatwecall resolution.



168

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

Chapter 6. Interpreters

iv(P0, P) :- connects(halts, P0, P).
det(P0, P) :- connects(a, P0, P).
n(P0, P) :- connects(program, P0, P).
tv(P0, P) :- connects(writes, P0, P).

Startingwith a queryof theform

:- s(0, 2)

thePrologproofprocedurewill predictthatthe�rst rule in thegrammaris applicable.
Unifying thegoalliteral with theprediction,wehave thenew clause

s(0, 2) :- np(0, P1), vp(P1, 2).

This clauseis aninstanceof the�rst rule anda consequenceof thegrammartogether
with the initial goal. Selectingthe �rst literal in this new rule, we might thenpredict
thesecondor third rule, in thelattercaseyielding

np(0, P) :- pn(0, P). ,

from whichcanbepredicted

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).

Theresolventis formedby removing thematchedliteral.

pn(0, 1).

Now this clausecanbeusedto resolveagainstanotherclauseforming theresolvent

np(0, 1). ,

which resolvesagainsttheoriginalprediction.

s(0,2) :- vp(1,2).

Now theprocesscanstartover, this time predictingtherulesfor verbphrases.Even-
tually, if averbphraseis foundbetweenpositions1 and2, theclause

vp(1,2).

will begenerated,whichcanresolve thepreviousclauseto

s(0, 2).

The existenceof this clauseformedby alternatelypredictingandresolvingdemon-
stratesthattheinitial goalhasbeenproved.
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Thusthe normalPrologproof procedurecanbe seenasoperatingby prediction
andresolution,andthe resultsof predictionandresolution(the derivedclauses) are
lemmas,logical consequencesof theprogram.Theinsightof methodsof parsingand
deductionbasedonEarley'salgorithmis thatthisgeneral�o w of controlcanbemade
into a tabular parsingmethodby storingeachlemmain a table,andonly forming a
new predictedor resolvedclauseif thetabledoesnotalreadycontainit (or onewhich
is moregeneral).

We now describetheextendedalgorithmmoreprecisely.
The predictor operateson clauseswith nonemptyantecedents,what we have in

thepastcalledrules, but will call activeclausesby analogywith theuseof the term
activeedge in the parsingliterature. A literal is selectedfrom the antecedentof the
active clauseanda matchingprogramclauseis found. The clauseinstanceformed
by unifying theselectedliteral andthematchingclauseis thenaddedasa lemma. In
general,this new clausewill beactive.

Theresolveroperatesonclauseswith emptyantecedents,whatwehavein thepast
calledunit clausesor facts, but will call passiveclauseswithin thediscussionof Earley
deduction. An active clauseis chosenwhoseselected(leftmost) literal matchesthe
passive clause8 andtheresolventof thetwo, which maybeeitheractive or passive, is
addedasa lemma.Newly derivedclauseshaveonelessliteral in their bodiesthanthe
activeclausefrom which they wereformedsothatrepeatedresolutionwill eventually
createnew derivedpassiveclauses.

In eachcase,additionof the lemmaoccursonly if no subsumingclauseexists in
thetable.

Thepredictorandtheresolver interactasfollows. Theproof processis seto� by
calling thepredictoron thegoal to beproved—inthecaseat hand,thegrammarstart
symbolwith appropriatestring argumentsfor DCGs. Eachtime an active clauseis
addedto thetable,thepredictoris calledon theselectedliteral of theactive clauseto
createnew rule instances.Eachtimeapassiveclauseis addedto thetable,theresolver
is calledto resolve thepassiveclauseagainstappropriateactiveclauses.

We canseenow how the loop checkon predictionsis implemented.Top-down
predictionfrom a literal X createsrule instancesthatmay be usedto concludean X.
The predictoris recursively appliedon the selectedliterals of the newly addedrule
instances.If thispredictionprocessleadsto anotherattemptto predictfrom X because
of left recursion,thepotentialderivedruleinstancesfor X will havealreadybeenadded
to thelemmatablefor theearlierinstanceof X, andthepredictionwill stop.

Thefamily of proofproceduresbasedon themethodjustdescribedhasbeengiven
the collective nameof Earley deductionbecauseof its closeconnectionto Earley's
parsingalgorithmfor CFGs.However, themorespeci�c constraintsof CF parsingal-
low asimpli�cation thatwecannottakeadvantageof here,andthatweglossedoverin
theabovedescription.In Earley'salgorithm,derivedclausecreationproceedsstrictly
from left to right. Therefore,any passiveclauseneededto resolveagainstsomeactive

8This leftmost-literalselectionrule is thesameonethatProloguses.Otherselectionrulesarepossible,
leadingto differentparsingalgorithms.For example,onecouldhave a notionof headfor rulesandalways
startby resolvingheadliterals. It is a commonmistake to assumethatit is necessaryto try resolutionswith
all body literals, ratherthan just with the onegiven by the selectionfunction. However, resolutiononly
againsttheselectedliteral is sufficient,becauseif a resolutionstepwith someotherbodyliteral is required
in aproof,any selectionfunctionwill sooneror later(maybein®nitely many stepslater)cometo selectthat
literal. This is becauseresolutionremovesa literal from thebody, sothat theselectionfunctionhasfewer
andfewer literalsfrom which to select.
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clauseis guaranteedto beconstructedafter theactive clauseis created.Thus,to per-
form all the pertinentresolutions,the algorithmneedonly look for active clausesat
thetimewhenapassiveclauseis created.A generalEarley deductionproofprocedure
cannotguaranteethis, so in generalit is necessaryto run the resolver not only when
passiveclausesareadded,but alsowhenactiveclausesareaddedaswell.

We will now presenta de�nite clauseinterpreterthat operatesaccordingto the
Earley deductionmethod.Turningthemethodinto aspeci�c procedurerequiresspec-
ifying a literal selectionfunction (we will assumethe Prolog one) and a particular
interleaving of predictionand resolutionsteps. Thereis also room for ingenuity in
choosinga representationfor thetableof derivedclausesthatwill speedup thesearch
for resolvingderivedclauses.Theimplementationbelow doesnot usesuchmethods,
however, sinceit is intendedto illustratethebasicalgorithmascleanlyaspossible.

In this implementation,user-suppliedclauses(i.e., theprogramto be interpreted)
and derived clauses(the results of prediction and resolution) are representedas
P <= [ P1, : : :, Pn] and P <*= [ P1, : : :, Pn] respectively, where<= and <*=
areappropriatelydeclaredin�x operators.

Thetableof lemmaswill beimplementedby asserting<*= clausesinto theProlog
database.However, we will needa temporarystoragefor clausesthat the predictor
andresolver produce. This will storeclausesthat have beenaddedto the tablebut
have not yet beenprocessedto seewhat furtherclausesthey engender(by prediction
or resolution).For thispurpose,weaddanagendaof derivedclausesthatremainto be
processed,which we will encodeasa Prologlist. Themainpredicateof theprogram
takestheinitial goal,usesthepredictorto �nd all thepredictedclausestherebyforming
the initial agenda,andprocesseseachderivedclause.If the passive clauseencoding
thegoalcanbeprovedby thisprocess,thegoalitself hasbeenproved.

prove(Goal) :-
predict(Goal, Agenda),
process(Agenda),
Goal <*= [].

The agendaof derived clauses is processedone by one by the predicate
process_one. If thelist is empty, all consequencesof theaxiomsrelevantto proving
the initial goalhave beenalreadyderived. Otherwise,the�rst clausein theagendais
considered,leadingto somesetSubAgendaof new derivedclausesto consider, which
is combinedwith therestof themainagendaandgivento process . Herewe areac-
tually addingthenew derivedclausesto thefront of themainagenda;thatis, we have
a stackratherthana queuedisciplineandconsequentlya kind of depth-�rst search.If
thenew clauseswereappendedto thebackof theagendainstead(asin a queue),the
searchwouldbebreadth-�rst.

process([]).
process([Head <*= Body | OldAgenda]) :-

process_one(Head, Body, SubAgenda),
conc(SubAgenda, OldAgenda, Agenda),
process(Agenda).

Eachnew derivedclauseis processedaccordingto its form. If thederivedclause
bodyis empty, wehaveapassiveclausethatshouldbegivento theresolver.
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process_one(Head, [], Agenda) :-
resolve_passive( Head, Agenda).

If thederivedclauseis active, thepredictorhasto be calledwith theclause's se-
lectedliteral, the �rst body literal in this implementation. Furthermore,as we ob-
served earlier it may be that somepassive clauseswereaddedbeforeactive clauses
they shouldresolve with, so thereis a supplementarycall to resolve to dealwith
thosebelatedresolutions.Theclausesetsresultingfrom predictionandresolutionare
combinedto give thesetof clausesnewly derivedfrom theclausebeingconsidered.

process_one(Head, [First|Body], Agenda) :-
predict(First, Front),
resolve_active(H ead <*= [First|Body], Back),
conc(Front, Back, Agenda).

Thepredictor, thepassiveclauseresolver, andtheactiveclauseresolverareall very
similar. They usethemeta-predicateall_solutions( x, g, l) to �nd thelist l of all
instantiationsof x suchthatg holds. This is de�ned to be just like themetapredicate
bagof (Section5.1.4),exceptthatit returnstheemptylist wheng hasnosolutionsand
doesnotbacktrackfor alternativeinstantiationsof freevariables.As canbeseenin the
clausebelow, in all callsof all_solutions all variablesareeitherboundin x or in
anexistentialquanti�er, so therewill beno freevariablesto instantiatein alternative
waysin any case.

A predictionissimplytheinstantiationof 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 resolver for passive clausestakes a derived passive clauseFact and �nds
activederivedclauseswhoseselectedliteral uni�es with Fact , returningtheresultsof
thecorrespondingresolutions.

resolve_passive (Fact , Agenda) :-
all_solutions(Cl ause,

Fact^p_resolution (Fact , Clause),
Agenda).

p_resolution(Fa ct, Goal <*= Body) :-
Goal <*= [Fact|Body],
store(Goal <*= Body).
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The resolver for active clausesworks the oppositeway to the one for passive
clauses:it takesan active clauseClause and�nds passive clauseswhoseheaduni-
�es with theselectedliteral 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 subsumedby an existing
derivedclause.

store(Clause) :-
\+subsumed(Clause),
assert(Clause).

subsumed(Clause) :-
GenHead<*= GenBody,
subsumes(GenHead<*= GenBody, Clause).

Finally, theimplementationof all_solutions is simply:

all_solutions(V ar, Goal, Solutions) :-
bagof(Var, Goal, Solutions) -> true ; Solutions = [].

As we saw in Section3.8.2, the Prolog proof procedureloops on left-recursive
rulessuchasthosefor theEnglishpossessiveconstruction.

NP! Det N
DET! NP 's

However, our new proof procedurewill copewith ruleslike the above. The clauses
below encodeanextensionof Program3.11to coverthepossessiveconstructionin the
formatrequiredby theEarley deductioninterpreter.

s(s(NP,VP), P0, P) <=
[np(NP, P0, P1), vp(VP, P1, P)].

np(np(Det,N,Rel ), P0, P) <=
[det(Det, P0, P1),
n(N, P1, P2),
optrel(Rel, P2, P)].

np(np(PN), P0, P) <= [pn(PN, P0, P)].
det(gen(NP), P0, P) <=

[np(NP, P0, P1), connects('''s', P1, P)].
det(Det, P0, P) <= [art(Det, P0, P)].
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vp(vp(TV,NP), P0, P) <=
[tv(TV, P0, P1), np(NP, P1, P)].

vp(vp(IV), P0, P) <= [iv(IV, P0, P)].
optrel(rel(epsi lon ), P, P) <= [].
optrel(rel(that ,VP), P0, P) <=

[connects(that, P0, P1), vp(VP, P1, P)].

pn(pn(terry), P0, P) <= [connects(terry, P0, P)].
pn(pn(shrdlu), P0, P) <= [connects(shrdlu , P0, P)].
iv(iv(halts), P0, P) <= [connects(halts, P0, P)].
art(art(a), P0, P) <= [connects(a, P0, P)].
n(n(program), P0, P) <= [connects(program , P0, P)].
tv(tv(writes), P0, P) <= [connects(writes , P0, P)].

To show theoperationof thealgorithm,weusetheinput sentence

Terry'sprogramhalts.

encodedas

connects(terry, p0, p1) <= [].
connects('''s', p1, p2) <= [].
connects(progra m, p2, p3) <= [].
connects(halts, p3, p4) <= [].

The listing below shows the derived clausesgeneratedby the algorithmin orderof
derivation. To unclutterthe listing, we have replacedby ellipsesthe derivedclauses
usedin recognizingpreterminalsymbols(art , pn, n, iv andtv ).

(1) s(s(B,C),p0,p4) <*= [np(B,p0,D),vp(C,D,p4)].

(2) np(np(B,C,D),p0,E) <*=

[det(B,p0,F),n(C,F,G),optrel(D,G,E)].

(3) np(np(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),p0,p1) <*= [].

(11) np(np(pn(terry)),p0,p1) <*= [].

(12) s(s(np(pn(terry)),B),p0,p4) <*= [vp(B,p1,p4)].

(13) det(gen(np(pn(terry))),p0,B) <*=

[connects(’s,p1,B)].

(14) vp(vp(B,C),p1,p4) <*= [tv(B,p1,D),np(C,D,p4)].

(15) vp(vp(B),p1,p4) <*= [iv(B,p1,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) <*=

[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))),

p0,p4) <*= [].

Derivedclause(4) is theinstantiationof theleft-recursivedeterminerrule thatthePro-
log proof procedurecannothandle.It is easyto seethat thepredictionsfrom the�rst
literal in that clauseareinstancesof derivedclauses(2) and(3), so the subsumption
checkwill avoid theloop.

6.6.7 Earley Deduction and Earley’s CF Parsing Algorithm

We have alreadyinformally indicatedthe connectionbetweenEarley deductionand
Earley's context-free parsingalgorithm. For readerswho are familiar with Earley's
algorithm, it may be useful to describethe relationshipmore speci�cally. We will
make theconnectiona bit moreprecisehereby consideringtheapplicationof Earley
deductionto thede�nite-clauserepresentationof a context-freegrammar. In Earley's
parsingalgorithm,thestateof theparserat input position j is representedby a collec-
tion of dotteditemsI = [X ! � � �; i], whereX !  is somegrammarrule,  = �� ,
andi is aninput positionwith i � j. It is veryeasyto interprettheseitemsin termsof
ourde�nite-clauserepresentation.If � is empty, theitem I aboveis calledacompleted
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itemandrepresentstheunit derivedclauseX(i; j). If  = Y1 � � � Ym and� = Yk � � � Ym,
item I representsthederivedclause

X(i; p) ( Yk( j; pk) ^ � � � ^ Ym(pm� 1; p) .

6.6.8 Limitations of Tabular Parsers

We have just seenhow loops and redundantanalysesare avoided by using a tabu-
lar parserratherthana depth-�rst backtrackingone. However, theseadvantagesare
boughtat thecostof having to storedotteditemsto representintermediatestatesof the
analysisexplicitly. For context-freegrammars,tabular parsershave anoverwhelming
advantagebecausedotteditemscanbee� cientlyencodedastriplesof a rule number,
positionof thedotwithin therule,anditemstartposition.In contrast,storinga lemma
(derivedclauses)requiresstoringthebindingsfor thevariablesin theclauseor clauses
from which the lemmawasderived. The Prologproof procedureavoids thesecosts
by consideringonly onealternative analysisat a time, but thewholepoint of tabular
parsingandtabular proof proceduresis to beableto uselemmasfrom onealternative
proofpathin otherproofpaths.In ourexampleinterpretersabove,weusetheimplicit
copyingprovidedby assert to storelemmaswith theircorrespondingbindings.More
sophisticatedschemesareavailablethatmayreducetheoverhead,but in theworstcase
tabularparsingfor DCGsis asymptoticallyasbadastop-down backtrackparsing,and
substantiallyworseif oneconsidersconstantfactors.On thewhole, thedecisionbe-
tweentabular algorithmsandPrologfor DCG parsingcanonly be doneempirically
with particularclassesof grammarin mind.

Similar observationsapply to the questionof termination. Even thoughEarley
deductionterminatesfor a largerclassof programsthanProlog,it is easyto construct
programsfor whichEarley deductionloops,suchasthefollowing DCG:

P(succ(x))! P(x) a
P(0) ! b

Our Earley deductionprocedureappliedto the de�nite-clauserepresentationof this
grammarwill loop in thepredictorfor any startsymbolmatchingP(succn(0)) for in-
�nitely many valuesof n. This is becausethe subsumptionteston derived clauses
stopsloopsin which theclauseor a moregeneralonealreadyexists in the table,but
this grammarpredictsevermorespeci�c instancesof the�rst rule.

Exercise 6.11 Check thatEarley deductionloopson thisgrammar.

6.7 Problem Section: DCG Inter preters and Compil-
ers

Problem 6.12 ExtendtheDCG interpreterof Section6.3.1to handletheintersection
operator asde�nedin Problem2.13.

Problem 6.13 Write a compilerfor theextendedlanguageof thepreviousproblem.
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Problem 6.14 The DCG compiler given by the combination of compile ,
partially_execut e, andparse (theDCG interpreter)compilesa grammarby us-
ing thepartial executorto interpret theDCG interpreter. Thisprocesscouldbemade
more e� cient by partially executingthe partial executorwith respectto the parse
predicate, akin to compilingtheDCG interpreter. Performthis compilationto yield a
moree� cientDCGcompiler. Whatis lost in this process?

FG-DCG Analyses

Topicalizationis a constructionin Englishin which a �ller constituentis pre�xed to
a sentencewith a gapof the appropriatetype. For the purposesof this problem,we
will assumethat the �ller is always an NP. The following sentencesexemplify the
topicalizationconstruction:

Thisbook,Bertrandgaveto Gottlob.
Theprofessorthatwrotethis book,Alfred met.

TheEnglishleft dislocationconstructionis a similar construction,exceptthat instead
of theemptystringin thepositionassociatedwith the�ller , thereis a pronoun(called
a resumptivepronoun) �lling thatposition,e.g.,

Thisbook,Bertrandgave it to Gottlob.
Theprofessorthatwrotethis book,Alfred mether.

Problem 6.15 AddFG-DCGrulesto Program6.5to handletheEnglishtopicalization
andleft dislocationconstruction.Becareful to avoidtheungrammatical

*Bill readthebookthatAlfredwroteit.

Extending Earley Deduction with Restriction

In Section6.6.8,we mentionedthatevenwith theadvantagesof tabularparsingin be-
ing ableto parseleft-recursiveandothergrammarsnotparsableby othermeans,there
are still problematicgrammarsfor the methodsoutlined. The subsumptiontest for
stoppingpredictionloopsrequiresthateventuallyanew entrywill benomorespeci�c
thananexistingone.But thesamplegrammargivenin thatsectionpredictsruleswith
ever largerterms.Onemethodfor solvingthisproblemis to limit theamountof struc-
ture thatcanbepassedin thepredictionprocess,usinga techniquecalledrestriction.
Whena literal G is to bepredicted,we look for rulesthatmight beusefulin resolving
againstG. But insteadof performingthis testby unifying G itself with theheadof the
rule, we �rst restrictG to G0 by eliminatingall but a �nite amountof structurefrom
G. TherestrictedversionG0 is thenmatchedagainstpossiblerules.Sincetheamount
of informationin G0 canbe bounded,thenonterminationproblemdisappearsfor the
problematiccasesdiscussedin Section6.6.8.

Therearemany possiblewaysof restrictingatermto only a�nite amountof struc-
ture.Wemightreplaceall subtermsbelow agivendepth(say2) by variables.Thenthe
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termf(g(h(a), s(b)), c) would berestrictedto f(g(X, Y), c) . Anotheralter-
nativeis to de�ne restrictiontemplatesthateliminatecertaininformation.For instance,
theunit clause

restrict(f(g(A, B), c) , f(g(X,Y),c)).

canbeusedto statethe relationshipbetweenthesampleterm (andtermslike it) and
therestrictedform.

Problem 6.16 ModifytheEarleydeductionprogramto performrestrictionbeforepre-
dicting using either of the methodsof restricting terms. Test it on the problematic
grammarof Section6.6.8to demonstratethat thealgorithmnowterminates.

6.8 Bibliographic Notes

Interpretersfor Prolog-like languagesin Prologhave beenusedsincethe early days
of Prologasa meansto explore di� erentexecutionregimesfor de�nite clausesand
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L. M. Pereira,1982; Mukai, 1985). Oneof the advantagesof this approachis that
it is not necessaryto constructan interpreterfor all the featuresof thenew language
becausetheaspectsnot beinginvestigatedarejust absorbedby theunderlyingProlog
implementation.
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of Aho andUllman's textbook(1972).RosenkrantzandLewis introduceanalgorithm
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for de�nite-clausegrammars(Matsumoto,et al., 1983)usesa similar technique,ex-
cept that the nonterminalpairs are instantiatedat run time rather than at grammar
compilationtime. The link relation(Section6.5.1)givesa �nite approximationof
the in generalin�nite setof DCG nonterminalsthat would be the resultof applying
theRosenkrantzandLewis processto a DCG.Pratt(1985)developeda tabularparser
basedonsimilarnotions.
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Tabular parsersfor context-free languagesare the result of the applicationof
“divide-and-conquer”,dynamic-programmingmethodsto the context-free parsing
problemto avoid theexponentialcostsof backtracking(Aho andUllman,1972).The
Cocke-Kasami-Younger(CKY) algorithmis the �rst of these,but it doesnot useany
top-down predictionssoit will generatemany uselesssubphrases.Earley's algorithm
(1970; Aho andUllman, 1972)usesleft-context to its full extent so that any recog-
nizedsubphraseis guaranteedto �t into ananalysisof asentencehaving asapre�x all
theinput symbolsseensofar. Thealgorithmof Graham,Harrison,andRuzzo(1980;
Harrison,1978)combinesa generalizationof theCKY algorithmwith preconstructed
top-down predictiontablesto achieve thebestpracticalperformanceknown sofar for
a generalcontext-freeparsingalgorithm.

TheEarley deductionproofprocedureisdueto D. H. D. Warren(1975),but the�rst
publisheddiscussionof theprocedureandits applicationin natural-languageparsing
is givenby PereiraandWarren(1983).Thetrade-o� sbetweenterminationanddetail
of top-downpredictionarediscussedby Shieber(1985c)for aclassof formalismswith
similar propertiesto de�nite-clausegrammars.A furtherdi� culty with theextended
Earley's algorithmis the costof maintainingrule instantiations,which doesnot oc-
cur in theoriginal algorithmbecausegrammarsymbolsareatomic.Boyer andMoore
inventedaninstantiation-sharingmethodfor clausaltheoremprovers(1972).Thespe-
cial constraintsof parsingallow somefurtheroptimizationsfor their method(Pereira,
1985).

The ideaof parsingfrom theheadsof phrasesoutwardshasoftenattractedatten-
tion, eventhoughits computationalmeritsarestill to beproven.Instancesof this idea
areMcCord's slot grammars(1980)andhead-drivenphrase-structuregrammar(Sag
andPollard,1986),andtheuseof ahead-selectionrulefor DCGs(PereiraandWarren,
1983).

Topicalizationandleft dislocationarediscussedby Ross(1967).
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This appendixincludescommentedlistings of the talk programdevelopedin
Chapter5 and the DCG compiler of Chapter6. Besidescombiningall of the bits
of codethatweredistributedthroughoutthatandotherchapters,this listing provides
anexampleof onecommentingstylefor Prolog.

A.1 A Noteon Programming Style

We have adoptedthefollowing stylistic conventionsin theprogramsin this appendix
andelsewherein thebook. Althoughtheseparticularconventionsarenot sacrosanct,
adherenceto somesetof uniform conventionsin Prologprogramming(and,indeed,
for programmingin any language)is desirable.

We attemptedto use variable namesthat are long enough to provide some
mnemonicpower. Predicatenameswerechosento beas“declarative” in toneaspossi-
ble (withoutsacri�cing appropriateness).Thus,weusedthenameconc (for “concate-
nation”) ratherthanthe morecommon,proceduralterm append. Of course,certain
predicateswhich rely on side-e� ectsaremoreappropriatelynamedwith procedural
termssuchasread_word or print_reply .

Conventionally, thewordsin multi-wordvariablenamesaredemarcatedby capital-
izationof the�rst letter, e.g.,VariableName. Multiple wordsin functorsymbols,on
theotherhand,areseparatedwith underbar, e.g.,multiple_word . Theseconventions
arerelatively widespreadin Prologculture.

As mentionedin Section3.4, we usethe Prolognotationalconventionof giving
a namebeginningwith anunderbarto variableswhoserole is not to passa valuebut
merelyto beaplaceholder.Anonymousvariables(notatedwith asingleunderbar)are
usedfor place-holdervariablesfor thoserareoccasionsin which namingthevariable
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would detractfrom programreadability. Suchoccasionsoccurredonly in two areas:
in specifyingthe tablesfor lexical entriesand in listing genericforms for auxiliary
literals.

Despitestatementsto thecontrary, noprogramminglanguageis self-documenting.
Sincethe sampleprogramspresentedin the text have beensurroundedby a discus-
sionof their operation,no commentswereinterspersed.However, thecommentingof
programsis animportantpartof programming.

Thecommentingstyleusedhereincludesanintroductorydescriptionof eachpred-
icatede�ned, includinga descriptionof its arguments.Thenormalmodeof execution
of thepredicateis conveyedby thedirectionof arrows(==>or <==) for eachargument.
In addition,theindividualclausesarecommentedwhenappropriate.

It is usually preferableto place commentspertainingto a particular literal on
the sameline as the literal as is done, for instance,in the commentedversionof
main_loop below. Unfortunately, pagewidth limitations necessitatedinterleaving
thesecommentsin many cases.

In general,cuts,asserts,andsimilar metalogicaloperationsaresuspectin Prolog
code. In the programsthat follow, cuts are usedonly to encodeconditionals. The
conditionalconstruct,thoughtypicallypreferred,wasnotusedin severalcasesbecause
it wasdeemedlessreadablethantheversionusingthecut. Assertsin theseprograms
arenotusedaspartof theprogram'scontrolstrategy, but rather, astheoutputof meta-
programs.

A.2 The TALK Program

/****************************** **** ***** **** ***** **** **

TALKProgram

******************************* **** ***** **** ***** **** */

/*=====================================================
Operators

=====================================================*/

:- op(500,xfy,&).
:- op(510,xfy,=>).
:- op(100,fx,`).

/*=====================================================
Dialogue Manager

=====================================================*/

%%%main_loop
%%%=========

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

%%%talk(Sentence, Reply)
%%%=====================
%%%
%%% Sentence ==> sentence to form a reply to
%%% Reply <== appropriate reply to the sentence

talk(Sentence, Reply) :-
%parse the sentence
parse(Sentence, LF, Type),
%convert the FOL logical 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')).

%%%reply(Type, FreeVars, Clause, Reply)
%%%====================================
%%%
%%% 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't.
(setof(Answer, FreeVars^Condition, Answers)

-> Reply = answer(Answers)



182

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

Appendix A. Listing of Sample Programs

; (Answer = []
-> Reply = answer([none])
; Reply = answer([no]))), !.

%Replying to an assertion.
reply(assertion, _FreeVars,

Assertion, asserted(Assertion)) :-
%assert the assertion and tell user what we asserted
assert(Assertion), !.

%Replying to some other type of sentence.
reply(_Type, _FreeVars, _Clause, error('unknown type')).

%%%print_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).

%%%print_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(', '),
print_answers(Rest).

%%%parse(Sentence, LF, Type)
%%%=========================
%%%
%%% 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

=====================================================*/

%%%clausify(FOL, Clause, FreeVars)
%%%===============================
%%%
%%% FOL ==> FOLexpression 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(F0,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(C0,C).

%Note that conjunctions and existentials are
%disallowed, since they can't form Horn clauses.

%%%clausify_antecedent(FOL, Clause, FreeVars)
%%%==========================================
%%%
%%% FOL ==> FOLexpression 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(L0,L,[]) :- clausify_literal(L0,L).
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%Conjunctions: each conjunct is clausified separately.
clausify_antecedent(E0&F0,(E,F) ,V) :-

clausify_antecedent(E0,E,V0),
clausify_antecedent(F0,F,V1),
conc(V0,V1,V).

%Existentials: variable is left implicitly scoped.
clausify_antecedent(exists(X,F0 ),F, [X|V] ) :-

clausify_antecedent(F0,F,V).

%%%clausify_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) Form1-Form2

where Form1 is form of embeddedVP
Form2 is form of verb itself)

2. FOL logical 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, X^S, 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, GapInfo) -->
np(VP^S, nogap),
vp(finite, VP, GapInfo).

%%% Inverted Sentences

sinv(S, GapInfo) -->
aux(finite/Form, VP1^VP2),
np(VP2^S, nogap),
vp(Form, VP1, GapInfo).

%%% 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)) --> [].

%%% Verb Phrases

vp(Form, X^S, GapInfo) -->
tv(Form, X^VP),
np(VP^S, GapInfo).

vp(Form, VP, nogap) -->
iv(Form, VP).

vp(Form1, VP2, GapInfo) -->
aux(Form1/Form2, VP1^VP2),
vp(Form2, VP1, GapInfo).
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vp(Form1, VP2, GapInfo) -->
rov(Form1/Form2, NP^VP1^VP2),
np(NP, GapInfo),
vp(Form2, VP1, nogap).

vp(Form2, VP2, GapInfo) -->
rov(Form1/Form2, NP^VP1^VP2),
np(NP, nogap),
vp(Form1, VP1, GapInfo).

vp(finite, X^S, GapInfo) -->
[is],
np((X^P)^exists(X,S&P), GapInfo).

%%% Relative Clauses

optrel((X^S1)^(X^(S1&S2))) -->
relpron, vp(finite,X^S2, nogap).

optrel((X^S1)^(X^(S1&S2))) -->
relpron, s(S2, gap(np, X)).

optrel(N^N) --> [].

/*=====================================================
Dictionary

=====================================================*/

/*----------------------------- ---- ----- ---- ----- ---- --
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(IV, _, _, _, _, LF)}.
iv(finite, LF) --> [IV], {iv(_, IV, _, _, _, LF)}.
iv(finite, LF) --> [IV], {iv(_, _, IV, _, _, LF)}.
iv(past_participle, LF) --> [IV], {iv(_, _, _, IV, _, LF)}.
iv(pres_participle, LF) --> [IV], {iv(_, _, _, _, IV, LF)}.
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tv(nonfinite, LF) --> [TV], {tv(TV, _, _, _, _, LF)}.
tv(finite, LF) --> [TV], {tv(_, TV, _, _, _, LF)}.
tv(finite, LF) --> [TV], {tv(_, _, TV, _, _, LF)}.
tv(past_participle, LF) --> [TV], {tv(_, _, _, TV, _, LF)}.
tv(pres_participle, LF) --> [TV], {tv(_, _, _, _, TV, LF)}.

rov(nonfinite /Requires, LF)
--> [ROV], {rov(ROV, _, _, _, _, LF, Requires)}.

rov(finite /Requires, LF)
--> [ROV], {rov(_, ROV, _, _, _, LF, Requires)}.

rov(finite /Requires, LF)
--> [ROV], {rov(_, _, ROV, _, _, LF, Requires)}.

rov(past_participle/Requires, LF)
--> [ROV], {rov(_, _, _, ROV, _, LF, Requires)}.

rov(pres_participle/Requires, LF)
--> [ROV], {rov(_, _, _, _, ROV, LF, Requires)}.

/*----------------------------- ---- ----- ---- ----- ---- --
Lexical Items

------------------------------- ---- ----- ---- ----- ---- */

relpron( that ).
relpron( who ).
relpron( whom).

whpron( who ).
whpron( whom).
whpron( what ).

det( every, (X^S1)^(X^S2)^ all(X,S1=>S2) ).
det( a, (X^S1)^(X^S2)^exists(X,S1&S2) ).
det( some, (X^S1)^(X^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) ).
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tv( write, writes, wrote,
written, writing, X^Y^ `writes(X,Y) ).

tv( meet, meets, met,
met, meeting, X^Y^ `meets(X,Y) ).

tv( concern, concerns, concerned,
concerned, concerning, X^Y^ `concerns(X,Y) ).

tv( run, runs, ran,
run, running, X^Y^ `runs(X,Y) ).

rov( want, wants, wanted,
wanted, wanting,
% semantics is partial execution of
% NP ^ VP ^ Y ^ NP( X^want(Y,X,VP(X)) )
((X^ `want(Y,X,Comp))^S) ^ (X^Comp) ^ Y ^ S,
% form of VP required:
infinitival).

aux( to, infinitival/nonfinite, VP^ VP ).
aux( does, finite/nonfinite, VP^ VP ).
aux( did, finite/nonfinite, VP^ VP ).

/*=====================================================
Auxiliary Predicates

=====================================================*/

%%%conc(List1, List2, List)
%%%========================
%%%
%%% List1 ==> 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).

%%%read_sent(Words)
%%%================
%%%
%%% Words ==> set of words read from the
%%% standard input
%%%
%%% Words are delimited by spaces and the
%%% line is ended by a newline. Case is not
%%% folded; punctuation is not stripped.

read_sent(Words) :-
get0(Char), %prime the lookahead
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read_sent(Char, Words). % get the words

%Newlines end the input.
read_sent(C, []) :- newline(C), !.

%Spaces are ignored.
read_sent(C, Words) :- space(C), !,

get0(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

%%%read_word(Chars)
%%%================
%%%
%%% 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, [], C) :- newline(C), !.

%All other chars are added to the list.
read_word(Char, [Char|Chars], Last) :-

get0(Next),
read_word(Next, Chars, Last).

%%%space(Char)
%%%===========
%%%
%%% Char === the ASCII code for the space
%%% character

space(32).

%%%newline(Char)
%%%=============
%%%
%%% Char === the ASCII code for the newline
%%% character

newline(10).
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A.3 The DCG Compiler

/****************************** **** ***** **** ***** **** **

DCGCompiler

******************************* **** ***** **** ***** **** */

/*=====================================================
Operator Declarations

=====================================================*/

:- op(1200,xfx,--->).

%%%These declarations are required by certain Prolog
%%%systems for predicates that are to be asserted
%%%at run-time. Predicates are specified by terms
%%%of the form name/arity.
:- dynamic (--->)/2, parse/3, connect/3.

/*======================================================
Compiler Driver

======================================================*/

%%%compile
%%%=======
%%%
%%% 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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%%%add_rule(Clause)
%%%================
%%%
%%% 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)).

%%%rewrite(Term, NewTerm)
%%%======================
%%%
%%% 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(...,...)

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

=====================================================*/

%%%partially_execute(Term, NewTerm)
%%%================================
%%%
%%% 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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/*----------------------------- ---- ----- ---- ----- ---- --
Utilities

------------------------------- ---- ----- ---- ----- ---- */

%%%conc(List1, List2, List)
%%%========================
%%%
%%% List1 ==> 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).

%%%conjoin(Conjunct1, Conjunct2, Conjunction)
%%%==========================================
%%%
%%% Conjunct1 ==> two terms to be conjoined
%%% Conjunct2 ==>
%%% Conjunction <== result of the conjunction

%Conjoining a conjunction works just like
%concatenation (conc).
conjoin((A,B), C, ABC) :- !,

conjoin(B, C, BC),
conjoin(A, BC, ABC).

%Conjoining true and anything leaves the other
%conjunct unchanged.
conjoin(true, A, A) :- !.
conjoin(A, true, A) :- !.

%Otherwise, use the normal commaconjunction
%operator.
conjoin(A, C, (A,C)).
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%%%aclause(Clause)
%%%===================
%%%
%%% 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

=====================================================*/

/*----------------------------- ---- ----- ---- ----- ---- --
Control Information for Partial Executor

------------------------------- ---- ----- ---- ----- ---- */

aux_literal( (_ ---> _) ).
aux_literal( parse(_, _, _) ).

/*----------------------------- ---- ----- ---- ----- ---- --
DCGMetainterpreter to be Partially Executed

Encoded form of program in Section 6.3.1
------------------------------- ---- ----- ---- ----- ---- */

program_clause(( parse(NT, P_0, P) :-
(NT ---> Body),
parse(Body, P_0, P) )).

program_clause(( connect(Word, [Word|Rest], Rest) :-
true )).
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clause(( parse((Body1, Body2), P_0, P) :-
parse(Body1, P_0, P_1),
parse(Body2, P_1, P) )).

clause(( parse([], 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

=====================================================*/

/*----------------------------- ---- ----- ---- ----- --
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(IV)) ---> 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] )).



196

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

Appendix A. Listing of Sample Programs



A.3. The DCG Compiler

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

197



198

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

Appendix A. Listing of Sample Programs



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

Bibliography

Abelson,Harold andGeraldJaySussmanwith Julie Sussman.1985. Structure and
Interpretationof ComputerPrograms. Cambridge,Massachusetts:MIT Press.

Abramson,Harvey. 1984.De�nite clausetranslationgrammars.In Proceedingsof the
1984InternationalSymposiumon Logic Programming, 233–240.Silver Springs,
Maryland:IEEE ComputerSocietyPress.

Ades,Anthony E. andMark J. Steedman.1982. On theorderof words. Linguistics
andPhilosophy, 4(4):517–558.

Aho, Alfred V. 1968. Indexed grammars—anextensionof context-free grammars.
Journalof theACM, 15(4):647–671.

Aho, Alfred V. andJe� rey D. Ullman. 1972. TheTheoryof Parsing, Translationand
Compiling. Volume1. EnglewoodCli� s,New Jersey: Prentice-Hall.

———. 1977. Principlesof CompilerDesign. Reading,Massachusetts:Addison-
Wesley.

Andreka,H. and I. Nemeti. 1976. The Generalized Completenessof Horn Predi-
cateLogic asa ProgrammingLanguage. DAI Report21,Departmentof Arti�cial
Intelligence,Universityof Edinburgh,Edinburgh,Scotland.

Andrews, PeterB. 1986. An Introductionto MathematicalLogic and TypeTheory:
to Truth ThroughProof. ComputerScienceandApplied MathematicsSeries.Or-
lando,Florida:AcademicPress.

Apt, Kristo� R. andMaartenH. van Emden. 1982. Contributionsto the theoryof
logic programming.Journalof theACM, 29(3):841–862.

Backus,John. 1978. Canprogrammingbe liberatedfrom the von Neumannstyle?
Communicationsof theACM, 21(8):613–641.

Baker, Carl L. 1978. Introductionto Generative-TransformationalSyntax. Engle-
woodCli� s,New Jersey: Prentice-Hall.

Balbin, IsaacandKoenraadLecot. 1985. Logic Programming:A Classi�ed Bibliog-
raphy. Victoria,Australia:WildgrassBooks.

199



200

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

Appendix A. Listing of Sample Programs

Ballard,BruceW. andDouglasE. Stumberger. 1986. Semanticacquisitionin TELI:
a transportable,user-customizednaturallanguageprocessor. In Proceedingsof
the24thAnnualMeetingof theAssociationfor ComputationalLinguistics, 20–29.
ColumbiaUniversity, New York, New York.

Bar-Hillel, Yehoshua.1964. Language and Information. Reading,Massachusetts:
Addison-Wesley.

Bates,Madeleine. 1978. The theoryandpracticeof augmentedtransitionnetwork
grammars. In Natural Language Communicationwith Computers. New York,
New York: Springer-Verlag.

Boolos,GeorgeS. andRichardC. Je� rey. 1980. ComputabilityandLogic. Second
edition. Cambridge,England:CambridgeUniversityPress.

Bowen, David L., LawrenceByrd, FernandoC. N. Pereira,Lu�́s M. Pereira,and
David H. D. Warren. 1982. DECsystem-10Prolog User's Manual. Occasional
Paper27, Departmentof Arti�cial Intelligence,University of Edinburgh, Edin-
burgh,Scotland.

Bowen,KennethA., Kevin A. Buettner, IlyasCicekli,andAndrew K. Turk. 1986.The
designandimplementationof a high-speedincrementalportablePrologcompiler.
In EhudShapiro,ed.,Proceedingsof theThird InternationalConferenceon Logic
Programming, 650–655.Berlin, Germany: Springer-Verlag.

Bowen, KennethA. andRobertA. Kowalski. 1981. AmalgamatingLanguage and
Metalanguagein Logic Programming. TechnicalReport,Schoolof Computerand
InformationScience,SyracuseUniversity, Syracuse,New York.

Bowen,KennethA. andTobiasWeinberg. 1985.A meta-level extensionof Prolog. In
Proceedingsof the1985Symposiumon Logic Programming, 48–53.Washington,
D.C.: IEEE ComputerSocietyPress.

Boyer, RobertS. andJ. StrotherMoore. 1972. The sharingof structurein theorem-
proving programs.In BernardMeltzerandDonaldMichie, eds.,MachineIntelli-
gence7, 101–116.New York, New York: JohnWiley andSons.

Brachman,RonaldJ. andHectorJ. Levesque,eds. 1985. Readingsin Knowledge
Representation. LosAltos, California:MorganKaufmann.

Buchberger, Bruno. 1985. Basic features and development of the critical-
pair/completionprocedure.In Jean-PierreJouannaud,ed.,Rewriting Techniques
andApplications, 1–45.Berlin, Germany: Springer-Verlag.

Burstall,RodM. andJohnDarlington.1977.A transformationsystemfor developing
recursiveprograms.Journalof theACM, 24(1):44–67.

Byrd, Lawrence.1980. Understandingthecontrol �o w of Prologprograms.In Sten-
Åke Tärnlund,ed.,Proceedingsof the Logic ProgrammingWorkshop, 127–138.
Debrecen,Hungary.

Chomsky, Noam. 1956. Threemodelsfor thedescriptionof language.In IRE Trans.
InformationTheoryIT-2, 113–124.



Bibliography

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

201

Church,KennethA. 1980. On MemoryLimitations in Natural Language Process-
ing. Master's thesis,MassachusettsInstituteof Technology. PublishedasReport
MIT/LCS/TR-245.

Church,KennethA. andRameshPatil. 1982.Copingwith syntacticambiguityor how
to put theblock in thebox on the table. ComputationalLinguistics, 8(3-4):139–
149.

Clark, Keith L. 1978. Negationasfailure. In H. GallaireandJ. Minker, eds.,Logic
andDataBases. New York, New York: PlenumPress.

Clark, Keith L. andFrankMcCabe.1981. Thecontrol facilitiesof IC-PROLOG. In
DonaldMichie, ed.,ExpertSystemsin theMicro Electronic Age, 122–149.Edin-
burgh,Scotland:EdinburghUniversityPress.

Clark, Keith L. andSharonSickel. 1977. Predicatelogic: a calculusfor deriving
programs.In Proceedingsof the 5th InternationalJoint Conferenceon Arti�cial
Intelligence, 419–420. Departmentof ComputerScience,Carnegie-Mellon Uni-
versity, Pittsburgh,Pennsylvania.

Clark, Keith L. andSten-Åke Tärnlund. 1977. A �rst ordertheoryof dataandpro-
grams.In Proceedingsof theIFIP-77 Congress. Amsterdam,Netherlands:North-
Holland.

Clocksin, William F. and ChristopherS. Mellish. 1981. Programmingin Prolog.
Berlin, Germany: Springer-Verlag.

Colmerauer, Alain. 1970. Les Syst�emes-Qou un Formalismepour Analyseret
Synth́etiser desPhrasessur Ordinateur. Internal Publication43, Département
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