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Foreword

Prologwasconceivedin theearly1970sby Alain Colmerauerandhis colleagues
at the Universityof Marseille. It wasthe first practicalembodimentof the con-
ceptof logic programming,dueto RobertKowalski. The key ideabehindlogic
programmingis thatcomputationcanbeexpressedascontrolleddeductionfrom
declarativestatements.Althoughthefield hasdevelopedconsiderablysincethose
earlydays,Prologremainsthemostfundamentalandwidely usedlogic program-
minglanguage.

Thefirst implementationof Prologwasaninterpreterwritten in Fortranby mem-
bersof Colmerauer’s group.Althoughin somewaysquitecrude,this implemen-
tation wasa milestonein several ways: it establishedthe viability of Prolog, it
helpedto disseminatethe language,andit laid the foundationsof Prologimple-
mentationtechnology. A latermilestonewasperhapstheDEC-10Prologsystem
developedat theUniversityof Edinburgh by myselfandcolleagues.This system
built on the Marseille implementationtechniquesby introducingthe notion of
compilingProloginto a low-level language(in this caseDEC-10machinecode),
aswell asvariousimportantspace-saving measures.I laterrefinedandabstracted
theprinciplesof theDEC-10Prologimplementationinto what is now known as
theWAM (WarrenAbstractMachine).

The WAM is an abstractmachineconsistingof a memoryarchitectureand in-
structionsettailoredto Prolog. It canbe realisedefficiently on a wide rangeof
hardware,andservesasa targetfor portablePrologcompilers.It hasnow become
acceptedasa standardbasisfor implementingProlog.This is personallygratify-
ing, but somewhatembarrassingin thattheWAM is perhapstoo readilyaccepted
asthestandard.AlthoughtheWAM is a distillation of a long line of experience
in Prologimplementation,it is by no meansthe only possiblepoint to consider
in thedesignspace.For example,whereastheWAM adopts“structurecopying”
to representPrologterms,the“structuresharing”representationusedin theMar-
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HassanA ÏT-KACI Reprintedfrom MIT Press xi



WARREN’ S ABSTRACT MACHINE

seille andDEC-10implementationsstill hasmuchto recommendit. Be that as
it may, I believe theWAM is certainlya goodstartingpoint for studyingProlog
implementationtechnology.

Regrettably, until now, therehasnot beena goodsourcefor gettingacquainted
with theWAM. My original technicalreportis noteasilyaccessible,andcontains
only a“barebones”definitionof theabstractmachine,writtenfor anexpertreader.
Otherworkshave discussedtheWAM from variouspointsof view, but therehas
continuedto bea lackof agoodtutorial introduction.

It is thereforea greatpleasureto seetheemergenceof this excellenttutorial by
HassanAı̈t-Kaci. Thebookis a delight to read. It explainstheWAM with great
clarity andelegance.I believe readerswith an interestin computersciencewill
find thisbookprovidesastimulatingintroductionto thefascinatingsubjectof Pro-
log implementation.I ammostgratefulto Hassanfor makingmy work accessible
to awideraudience.

DavidH. D. Warren
Bristol, UK

February1991
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HassanA ÏT-KACI Reprintedfrom MIT Press xiii



WARREN’ S ABSTRACT MACHINE

As thePRL reportwasbeingdisseminated,I beganreceiving feedbackfrom at-
tentive readers.Someof themcaughta few seriousbugs that remainedin that
reportmakingsomematerial,aspresentedthere,insidiouslyincorrect.Naturally,
all thosemistakeshave now beencorrectedin thismonograph,and,whereappro-
priate,mentionis madeof thosewho broughtto my attentionmy erroneousac-
count.Nevertheless,I wouldlike to expressheremy gratitudeto thosewhokindly
reportedbugs,madeinsightful comments,gave disturbingcounter-examples,or
proposedbetterexplanations.They are:ChristophBeierle,André Bolle, Damian
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Nobodytold themwhat it was. The thing wasgoingvery
slowly. I saidthatthefirst thingtherehasto beis thatthese
technicalguysknow what we’re doing. ... I couldgive a
nice lectureaboutwhat we weredoing,andthey wereall
excited ... They understoodeverything;... andall thathad
to bedonewasto tell themwhatit was.

RICHARD P. FEYNMAN
SurelyYou’re Joking,Mr. Feynman
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Chapter 1

Intr oduction

In 1983,David H. D. Warrendesignedan abstractmachinefor theexecutionof
Prologconsistingof a memoryarchitectureandan instructionset[War83]. This
designbecameknown astheWarrenAbstractMachine(WAM) andhasbecome
the de facto standardfor implementingPrologcompilers. In [War83], Warren
describesthe WAM in a minimalist’s style,makingunderstandingvery difficult
for the averagereader, even with a foreknowledgeof Prolog’s operations.Too
muchis left untold,andvery little is justified in clearterms.1 This hasresulted
in a very scantnumberof WAM aficionadoswho couldboastunderstandingthe
detailsof its workings.Typically, thesehave beenPrologimplementorswho de-
cidedto investthe necessarytime to learnby doingandto reachenlightenment
painstakingly.

1.1 Existing literatur e

Witnessto this lack of understandingis the fact that in six yearstherehasbeen
little publishedthatwould teachtheWAM, let aloneformally justify its correct-
ness.Indeed,besidesWarren’s original hermeticreport[War83], therehasbeen
virtually no official publicationon theWAM. A few yearsago,onecould come
acrossa draft authoredby a groupat ArgonneNationalLaboratory[GLLO85].
But, to behonest,we foundthatmanuscriptevenharderto understandthanWar-
ren’s report.Theflaw wasthatit insistedin presentingthecompleteWAM asis,

1David H. D. Warren’s confidesprivatelythathe“felt [that theWAM] wasimportant,but [its]
detailsunlikely to beof wide interest.Hence,[heuseda] ‘personalnotes’style.”

3
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ratherthanasa graduallytransformedandoptimizeddesign.

A gradualrefinementstylehasin factbeenusedbyDavid MaierandDavid S.War-
ren2 in [MW88]. There,onecanfind a descriptionof techniquesof Prologcom-
pilation akin to theWAM’ s.3 However, we believe thatthis otherwisequitecom-
mendableeffort still suffers from a few drawbacksasa definitive tutorial. First,
it describesa closevariantof theWAM ratherthan,strictly speaking,theWAM
itself. Thatis, notall of theWAM’ s featuresarecovered.Moreover, explanations
arelimited to illustrative examplesandseldommakeexplicitly andexhaustively
clear the specificcontext in which someoptimizationsapply. Second,the part
devoted to compilationof Prologcomesvery late in the book—in the penulti-
matechapter—relying,for implementationdetails,onoverly detailedPascalpro-
ceduresanddatastructuresincrementallyrefinedover thepreviouschapters.We
feel that this sidetracksreadingand obfuscatesto-the-pointlearningof the ab-
stractmachine.Finally, althoughit presentsa seriesof graduallyrefineddesigns,
their tutorialdoesnotseparateorthogonalpiecesof Prologin theprocess.All the
versionspresentedarefull Prologmachines.As a result,the readerinterestedin
picking andchoosingpartialtechniquesto adaptsomewhereelsecannotdiscrim-
inateamongtheseeasily. Now, in all fairness,Maier andWarren’s bookhasthe
differentambitionof beinga first coursein logic programming.Thus,it is actu-
ally a feat that its authorswereableto cover so muchmaterial,both theoretical
andpractical,andgosofar asto includealsoPrologcompilingtechniques.More
important,their book is the first availableofficial publicationto containa (real)
tutorial on theWAM techniques.

After the preliminaryversionof this book hadbeencompleted,anotherrecent
publicationcontaininga tutorial on theWAM wasbroughtto this author’s atten-
tion. It is abookdueto PatriceBoizumault[Boi88] whoseChapter9 is devotedto
explainingtheWAM. Thereagain,its authordoesnot usea gradualpresentation
of partialPrologmachines.Besides,it is written in French—asomewhatrestric-
tivetrait asfar asits readershipis concerned.Still, Boizumault’sbookis verywell
conceived,andcontainsa detaileddiscussiondescribinganexplicit implementa-
tion techniquefor thefreezemeta-predicate.4

2A differentpersonthantheWAM’ s designer, for whoseresearchtheWAM hasbeenof great
inspiration.In turn,interestinglyenough,David H. D. Warrenhaslatelybeenworkingonaparallel
architecturefor Prologwhoseabstractmodelsharesits essencewith someideasindependently
conceivedby David S.Warren.

3Op.Cit., Chapter11.
4Op.Cit., Chapter10.
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Evenmorerecently, a formal verificationof thecorrectnessof a slightsimplifica-
tionof theWAM wascarriedoutby David Russinoff [Rus89].Thatworkdeserves
justifiedpraiseasit methodicallycertifiescorrectnessof mostof theWAM with
respectto Prolog’s SLD resolutionsemantics.However, it is definitelynot a tu-
torial, althoughRussinoff definesmostof thenotionsheusesin orderto keephis
work self-contained.In spiteof this effort, understandingthe detailsis consid-
erablyimpededwithout working familiarity with theWAM asa prerequisite.At
any rate,Russinoff ’s contribution is neverthelessa premìere ashe is the first to
establishrigorouslysomethingthathadbeentakenfor grantedthusfar. Needless
to say, thatreportis not for thefainthearted.

1.2 This tutorial

1.2.1 Disclaimer and motivation

Thelengthof thismonographhasbeenkeptdeliberatelyshort.Indeed,thisauthor
feels that the typical expectedreaderof a tutorial on the WAM would wish to
get to the heartof the matterquickly andobtaincompletebut shortanswersto
questions. Also, for reasonspertainingto the specificity of the topic covered,
it waspurposefullydecidednot to structureit asa real textbook,with abundant
exercisesandlengthycomments.Ourpoint is to maketheWAM explicit asit was
conceivedby David H. D. Warrenandto justify its workingsto the readerwith
convincing,albeit informal, explanations.Thefew proposedexercisesaremeant
moreasanaid for understandingthanasfoodfor furtherthoughts.

Thereadermayfind, at points,thatsomedesigndecisions,clearlycorrectasthey
maybe,appeararbitrarilychosenamongpotentiallymany otheralternatives,some
of whichheor shemightfavor overwhatis described.Also,onemayfeelthatthis
or thatdetailcouldbe“simplified” in somelocal or globalway. Regardingthis,
wewishto underscoretwopoints:(1) wechoseto follow Warren’soriginaldesign
andterminology, describingwhathedid asfaithfully aspossible;and,(2)wewarn
againstthecasualthinking up of alterationsthat,althoughthatmayappearto be
“smarter”from a localstandpoint,will generallybearsubtleglobalconsequences
interferingwith otherdecisionsor optimizationsmadeelsewherein the design.
This beingsaid,we did departin somemarginal way from a few original WAM
details.However, whereourdeviationsfrom theoriginalconceptionareproposed,
anexplicit mentionwill bemadeanda justificationgiven.

Copyright c
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Our motivationto besoconservative is simple:our goalis not to teachtheworld
how to implementPrologoptimally, nor is it to provide a guideto the stateof
the art on the subject. Indeed,having contributed little to the craft of Prolog
implementation,this authorclaimsglaring incompetencefor carrying out such
a task. Rather, this work’s intention is to explain in simpler terms,and justify
with informal discussions,David H. D. Warren’s abstractmachinespecifically
andexclusively. Oursourceiswhathedescribesin [War83, War88]. Theexpected
achievementis merelythelongoverduefilling of agapsofar existingfor whoever
maybecuriousto acquirebasicknowledgeof Prologimplementationtechniques,
aswell asto serve asa springboardfor theexperteagerto contributefurther to
this field for which the WAM is, in fact, just the tip of an iceberg. As such,it
is hopedthat this monographwould constitutean interestingandself-contained
complementto basictextbooksfor generalcoursesonlogic programming,aswell
asto thoseoncompilerdesignfor moreconventionalprogramminglanguages.As
a stand-alonework, it couldbeaquick referencefor thecomputerprofessionalin
needof directaccessto WAM concepts.

1.2.2 Organizationof presentation

Our styleof teachingtheWAM makesa specialeffort to considercarefullyeach
featureof theWAM designin isolationby introducingseparatelyandincremen-
tally distinct aspectsof Prolog. This allows us to explain as limpidly as pos-
sible specificprinciplesproperto each. We thenstitch andmerge the different
patchesinto larger pieces,introducingindependentoptimizationsoneat a time,
convergingeventuallyto thecompleteWAM designasdescribedin [War83] or as
overviewedin [War88]. Thus,in Chapter2, we considerunificationalone.Then,
we look atflat resolution(thatis, Prologwithoutbacktracking)in Chapter3. Fol-
lowing that,we turn to disjunctive definitionsandbacktrackingin Chapter4. At
thatpoint,wewill haveacomplete,albeitnäıve, designfor pureProlog.In Chap-
ter5, thisfirst-cutdesignwill besubjectedto aseriesof transformationsaimingat
optimizing its performance,theendproductof which is thefull WAM. We have
alsopreparedan index for quick referenceto mostcritical conceptsusedin the
WAM, somethingwithoutwhichno (real)tutorialcouldpossiblybecomplete.

It is expectedthatthereaderalreadyhasa basicunderstandingof theoperational
semanticsof Prolog—inparticular, of unificationandbacktracking.Nevertheless,
to makethis work also profitableto readerslacking this background,we have
provided a quick summaryof the necessaryProlognotionsin AppendixA. As
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for notation,we implicitly usethesyntaxof so-calledEdinburgh Prolog(see,for
instance,[CM84]), which we alsorecall in that appendix.Finally, AppendixB
containsa recapitulationof all explicit definitionsimplementingthe full WAM
instructionsetandits architecturesoasto serve asa completeandconcisesum-
mary.
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Chapter 2

Unification—Pureand Simple

Recallthata (first-order)termis eithera variable(denotedby a capitalizediden-
tifier), a constant(denotedby an identifierstartingwith a lower-caseletter)or a
structure of theform �!��T ' 
F�I�F�F
�T�UV� where � is a symbolcalleda functor(denoted
asaconstant),andthe T�W ’sarefirst-orderterms—theterm’ssubterms. Thenumber
of subtermsfor a given functorsymbolis predeterminedandcalledits arity. In
orderto allow a symbol to be usedwith possiblydifferentarities,we shall use
theexplicit notation‘ �XM;Y ’ whenreferringto thefunctorconsistingof thesymbol� andarity Y . Hence,two functorsareequalif andonly if they have the same
symbolandarity. Letting Y1Z>[ , aconstantis seenasaspecialcaseof astructure.
Thus,a constantG will bedesignatedasthefunctor GFM;[ .
We considerhere � � , a very simplelanguageindeed. In this language,onecan
specifyonly two sortsof entities:aprogramtermandaqueryterm.Bothprogram
andqueryarefirst-ordertermsbut not variables.Thesemanticsof � � is simply
tantamountto computingthemostgeneralunifier of theprogramandthequery.
As for syntax, �\� will denotea programas T anda queryas ?- T where T is a
term. Thescopeof variablesis limited to a program(resp.,a query)term. Thus,
themeaningof a program(resp.,a query)is independentof its variables’names.
An interpreterfor ��� will disposeof somedatarepresentationfor termsanduse
a unificationalgorithmfor its operationalsemantics.We next describe� � Z]H^ � 
�_ �X` , anabstractmachinedesignfor � � consistingof a datarepresentation^ � acteduponby a set_ � of machineinstructions.

The ideais quite simple: having defineda programterm � , onecansubmitany
query?- 3 andexecutioneitherfails if � and 3 do not unify, or succeedswith a

9
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bindingof thevariablesin 3 obtainedby unifying it with � .

2.1 Term representation

Let usfirst defineaninternalrepresentationfor termsin � � . We will usea global
blockof storagein theform of anaddressableheapcalledHEAPwhichis anarray
of datacells.A heapcell’saddressis its index in thearrayHEAP.

It will besufficient, in orderto representarbitrarytermsin HEAP, to encodevari-
ablesand‘structures’ of theform �!�	a ' 
F�I�F�

)abU7� where �cM;Y is a functorandtheadW ’sarereferencesto theheapaddressesthe Y subterms.Thus,therearetwo sorts
of datato be storedin the arrayHEAP: variablesandstructures.Explicit tags,
appearingaspartof the format of someheapcells, will be usedto discriminate
betweenthesetwo sortsof heapdata.

A variablewill beidentifiedto a referencepointerandrepresentedusinga single
heapcell. Thus,weshallspeakof variablecells. A variablecell will beidentified
by thetagREF, asdenotedas

]fehg7i 
;j ` where j is a storeaddress;i.e., anindex
into HEAP. This convenienceis meantto facilitatevariablebindingby establish-
ing a referenceto the term the variableis to be boundto. Thus,uponbinding
a variable,the addresspartof the REFcell that representsit will be setaccord-
ingly. Theconventionfor representinganunboundvariableis to settheaddress
partof theREFcell to containits own address.Thereforeanunboundvariableis
a self-referentialREFcell.

Structuresarenon-variableterms.Thus,theheapformatusedfor representinga
structure�!�0T�'F
I�F�F�)
�T U � will consistof YlkBm heapcells.Thefirst two of theseYlkBm
cellsarenot necessarilycontiguous.In effect, thefirst of thetwo actsasa sorted
referencepointer to the second,itself usedto representthe functor �XM;Y . (The
reasonfor this apparentlyoddindirectionis to accommodatestructuresharingas
will becomeclearshortly.) The Y othercellsaredestinedto containreferencesto
therootsof the Y subtermsin properorder. Morespecifically, thefirst of the YlkBm
cellsrepresenting�!��T ' 
F�F�F�F
%T	U7� is formattedasa taggedstructure cell, denotedas]4npo4e 
Vj ` , containingthetagSTRandtheaddressj where(therepresentationof)
thefunctor �cMqY is stored.Thiscell is calleda functorcell and,quiteimportantly, it
is alwaysimmediatelyfollowedby asequenceof Y contiguouscells,onefor each
subtermT�W , respectively. That is, if HEAP[ j ] Z(�XM;Y thenHEAP[ jDksr ] will
referto thefirst subterm��T ' � , ... HEAP[ jtkuY ] to the Y -th (andlast)subterm��T�U7� .
PAGE 10 OF 129 Reprintedfrom MIT Press Copyright c

�
HassanA ÏT-KACI
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v wHxVy zz {$|I}} yV~7� }� yV~7� �� wHxVy �� ��|pz� yV~7� �� wHxVy �� �-|I�� yV~7� }z)v wHxVy zz;z wHxVy �

Figure2.1: Heaprepresentationof ���	��

���	��

����
����	�������
For example,a possibleheaprepresentationof the term ���	��

���	��
)�*��
��!�������
startsat address7 in the heapshown in Figure2.1. Note that only oneoccur-
renceof agivenvariableis representedby anunboundREFcell, whereasits other
occurrencesareREFcellscontainingtheheapaddressof thefirst occurrence.Ob-
serve alsothat,althoughit is true that thestructurecellsat addresses0, 4, and7
docontiguouslyprecedetheir respective functorcells,suchis not thecasefor the
structurecellsataddress10,and11.

2.2 Compiling � [ queries

Accordingto ��� ’s operationalsemantics,the processingof a queryconsistsof
preparingonesideof anequationto besolved. Namely, a queryterm 3 is trans-
lated into a sequenceof instructionsdesignedto build an exemplarof 3 on the
heapfrom 3 ’s textual form. Hence,dueto thetreestructureof a termandmulti-
ple occurrencesof variables,it is necessary, while processinga partof the term,
to save temporarilysomeplacepiecesof termsyet to be processedor a variable
thatmayoccuragainlater in the term. For this purpose,� � is endowedwith a
sufficientnumberof (variable)registersX r , Xm , etc.,to beusedto storeheapdata
temporarilyas termsarebeingbuilt. Thus,the contentsof sucha registerwill
have the format of a heapcell. Thesevariableregistersareallocatedto a term
ona leastavailableindex basissuchthat(1) registerX r is alwaysallocatedto the
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outermostterm,and(2) thesameregisteris allocatedto all theoccurrencesof a
given variable. For example,registersareallocatedto the variablesof the term���	��
)������

����
��!���*�%� asfollows:

X rtZ���� Xm-
 XNC
 X�4�
Xm&Z��
XN&Z���� Xm-
 X���
X��Zs��� X�4�
X�&Z��+�

This amountsto sayingthata termis seenasa flattenedconjunctive setof equa-
tionsof theform � W Z�� or � W Z��!�0� W�� 
F�F�I�

�� W�� � , ��Y���[�� wherethe � W ’s are
all distinctnew variablenames.Therearetwo consequencesof registerallocation:
(1) externalvariablenames(suchas � and � in ourexample)canall beforgotten;
and,(2)aquerytermcanthenbetransformedinto its flattenedform, asequenceof
registerassignmentsonly of theform X��Z���� X��')
F�F�F�F
 X� U � . This form is whatis
to guidethebuilding of theterm’sheaprepresentation.Thus,for left-to-rightcode
generationto bewell-founded,it is necessaryto orderaflattenedquerytermsoas
to ensurethata registernamemaynotbeusedin theright-handsideof anassign-
ment(viz., asa subterm)beforeits assignment,if it hasone(viz., beingtheleft-
handside). For example,theflattenedform of queryterm ���	��

���	��

����
����	�����
is thesequenceXN�Z���� Xm-
 X��� , X�&Zs��� X�4� , X rDZ���� Xm-
 XNC
 X�4� .
Scanninga flattenedqueryterm from left to right, eachcomponentof the form
X��Z���� X� ' 
I�F�F�)
 X��U7� is tokenizedasa sequenceX�,Z��cMqY , X� ' , �F�F� , X�0U ; that is,
a registerassociatedwith an Y -ary functor followedby exactly Y registernames.
Therefore,in a streamof suchtokensresultingfrom tokenizinga full flattened
term,therearethreekindsof itemsto process:

1. a registerassociatedwith a structurefunctor;

2. a registerargumentnotpreviouslyencounteredanywherein thestream;

3. a registerargumentseenbeforein thestream.

From this stream,a token-drivenheaprepresentationof the term is easyto ob-
tain. To build it, theactionsto be takenfor eachof thethreesortsof tokensare,
respectively:

1. pusha new STR (andadjoiningfunctor) cell onto the heapandcopy that
cell into theallocatedregisteraddress;

PAGE 12 OF 129 Reprintedfrom MIT Press Copyright c
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A TUTORIAL RECONSTRUCTION

2. pusha new REFcell onto theheapcontainingits own address,andcopyit
into thegivenregister;

3. pusha new cell ontotheheapandcopyinto it theregister’svalue.

Eachof thesethreeactionsspecifiesthe effect of respective instructionsof the
machine� � thatwenote:

1. put structure �cMqY!
 X�
2. set variable X�
3. set value X�

respectively.

Fromtheprecedingconsiderations,it hasbecomeclearthattheheapis implicitly
usedas a stack for building terms. Namely, term partsbeing constructedare
incrementallypiled on top of what alreadyexists in the heap. Therefore,it is
necessarytokeeptheaddressof thenext freecell in theheapsomewhere,precisely
as for a stack.1 Adding to � � a global register H containingat all times the
next availableaddresson the heap,thesethreeinstructionsaregiven explicitly
in Figure2.2. For example,given that registersareallocatedas above, the
sequenceof instructionsto build thequeryterm ������

������

����
��!�	���%� , is shown
in Figure2.3.

Exercise2.1 Verify thattheeffectof executingthesequenceof instructionsshown
in Figure2.3 (startingwith H � v ) doesindeedyield a correctheaprepresentation
for theterm

�-�	 ¢¡�{-��  ¡�£s¤%¡����#£s¤	¤
—theoneshown earlierasFigure2.1,in fact.

2.3 Compiling � [ programs

Compilinga programterm � is just a bit trickier, althoughnot by much.Observe
thatit assumesthataquery?- 3 will have built a termon theheapandsetregister
X r to containits address.Thus,unifying 3 to � canproceedby following theterm
structurealreadypresentin X r aslong asit matchesfunctorfor functorthestruc-
tureof � . Theonly complicationis thatwhenanunboundREFcell is encountered

1As a matterof fact, in [War83],Warrenrefersto theheapastheglobal stack.
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put structure
��|I¥�¡

X¦¨§ HEAP[H] ©«ª wHxpyD¡ H ¬ zX­�®
HEAP[H ¬ z ] © ��|I¥�®
X¦!© HEAP[H]

®
H © H ¬ }7®

set variable X¦ § HEAP[H] ©«ª yV~f�b¡ H ­%®
X¦!© HEAP[H]

®
H © H ¬ z;®

set value X¦ § HEAP[H] © X¦ ®
H © H ¬ z;®

Figure2.2: � � machineinstructionsfor queryterms

put structure
{-|F}7¡

X
�

% ?-X
� � {

set variable X
}

%
��  ¡

set variable X
�

%
£¯¤%¡

put structure
��|pz;¡

X
�

% X
� � �

set value X
�

%
�#£¯¤%¡

put structure
�-|I��¡

X
z

% X
z � �

set value X
}

%
�	 ¢¡

set value X
�

% X
�7¡

set value X
�

% X
�7¤%°

Figure2.3: Compiledcodefor � � query?- ������

���	��

����
����	�������
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in thequerytermin theheap,thenit is to beboundto a new termthatis built on
theheapasanexemplarof thecorrespondingsubtermin � . Therefore,an ��� pro-
gramfunctionsin two modes:a read modein whichdataontheheapis matched
against,anda write modein which a term is built on theheapexactly asis a
queryterm.

As with queries,registerallocationprecedestranslationof the textual form of a
programterm into a machineinstructionsequence.For example,the following
registersareallocatedto programterm ���#�!���+��

���#�,
�����"-����
��2� :

X rlZu��� XmC
 XN4
 X�4�
Xm�Z¯�!� X�7�
XN�Z���� X�-
 X±7�
X�.Z¯�
X��Z²�
X±�Z¯�!� X³p�
X³´Z¯"��

Recall that compiling a querynecessitatesorderingits flattenedform in sucha
way asto build a term onceits subtermshave beenbuilt. Here,the situationis
reversedbecausequerydatafrom theheapareassumedavailable,evenif only in
theform of unboundREFcells. Hence,a programterm’s flattenedform follows
a top-down order. For example,theprogramterm ������������

����� 
��!�#"$�%��
��2� is put
into theflattenedsequence:X rµZ���� Xm-
 XN4
 X�C� , Xm¶Z·�!� X�7� , XN¶Z¸��� X�-
 X±7� ,
X±�Z²�!� X³7� , X³tZ>" .
As with querycompiling,theflattenedform of a programis tokenizedfor left-to-
right processingandgeneratesthreekindsof machineinstructionsdependingon
whetheris met:

1. a registerassociatedwith a structurefunctor;

2. afirst-seenregisterargument;or,

3. analready-seenregisterargument.

Theseinstructionsare,

1. get structure �cMqY!
 X�
2. unify variable X�
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get structure
�-|I��¡

X
z

% X
z � �

unify variable X
}

%
�
X
}�¡

unify variable X
�

% X
�7¡

unify variable X
�

% ¹ ¤%¡
get structure

��|pz;¡
X
}

% X
} � �

unify variable X
�

%
�0º1¤%¡

get structure
{-|F}7¡

X
�

% X
� � {

unify value X
�

%
� ¹ ¡

unify variable X
�

% X
�V¤%¡

get structure
��|pz;¡

X
�

% X
� � �

unify variable X
�

%
�
X
�;¤%¡

get structure » |Iv7¡ X� % X
� �¼» °

Figure2.4: Compiledcodefor � � program���#�!�0����
)���#�,
��!��"-����
��.���
3. unify value X�

respectively.

Taking for examplethe programterm �����!�0����

����� 
��!�#"$�%��
��2� , the � � machine
instructionsshown in Figure2.4 aregenerated. Eachof the two unify in-
structionsfunctionsin two modesdependingon whethera termis to bematched
from, or beingbuilt on, the heap. For building (write mode),the work to be
doneis exactly thatof thetwo set queryinstructionsof Figure2.2.For matching
(read mode),theseinstructionsseekto recognizedatafrom the heapasthose
of thetermatcorrespondingpositions,proceedingif successfulandfailing other-
wise. In � � , failureabortsall furtherwork. In read mode,theseinstructionsset
a global registerS to containat all timestheheapaddressof thenext subtermto
bematched.

Variable binding createsthe possibility that referencechainsmay be formed.
Therefore,dereferencingis performedby a functionderef which, whenapplied
to a storeaddress,followsapossiblereferencechainuntil it reacheseitheranun-
boundREFcell or a non-REFcell, theaddressof which it returns.Theeffect of
dereferencingis noneotherthancomposingvariablesubstitutions.Its definition
is givenin Figure2.5.WeshallusethegenericnotationSTORE[" ] to denotethe
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function deref
� »´½ address

¤ ½ address
®

beginª tag
¡
value

­ © STORE[» ] ®
if
�
tag � yp~7�7¤�¾&� value ¿�À» ¤

then return deref Á valueÂ
elsereturn Ã

endderef Ä

Figure2.5: Thederef operation

contentsof a term datacell at addressÅ (whetherheap,X register, or any other
globalstructure,yet to be introduced,containingterm datacells). We shall use
specificareanotation(e.g., HEAP[ Å ] ) whenever we want to emphasizethat the
addressÅ mustnecessarilylie within thatarea.

Mode is setby get structure ÆXÇ;È�É XÊ asfollows: if the dereferencedvalue
of XÊ is anunboundREFcell, thenit is boundto a new STRcell pointingto ÆXÇ;È
pushedonto theheapandmodeis set to write ; otherwise,if it is an STRcell
pointing to functor ÆcÇqÈ , thenregisterS is setto theheapaddressfollowing that
functorcell’s andmodeis setto read . If it is not an STRcell or if the functor
is not ÆXÇ;È , theprogramfails. Similarly, in read mode,unify variable XÊ
setsregisterXÊ to thecontentsof theheapat addressS; in write mode,a new
unboundREFcell is pushedon theheapandcopiedinto XÊ . In bothmodes,S is
thenincrementedby one.As for unify value XÊ , in read mode,thevalueof
XÊ mustbeunifiedwith theheaptermataddressS; in write mode,anew cell is
pushedontotheheapandsetto thevalueof registerXÊ . Again, in eithermode,S
is incremented.All threeinstructionsareexpressedexplicitly in Figure2.6.

In thedefinitionof get structure ÆXÇ;È�É XÊ , we write bindË addrÉ HÌ to effec-
tuatethebindingof theheapcell ratherthanHEAP[addr] Í Î REF É H Ï for rea-
sonsthatwill becomeclearlater. Thebind operationis performedon two store
addresses,at leastoneof which is that of an unboundREF cell. Its effect, for
now, is to bind the unboundoneto the other—i.e., changethe datafield of the
unboundREFcell to containtheaddressof theothercell. In thecasewhereboth
areunbound,the bindingdirectionis chosenarbitrarily. Later, this will change
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get structure Ñ�ÒIÓ�Ô XÕ¨Ö addr × deref Á XÕ�Â%Ä
caseSTORE[addr] ofØFÙVÚfÛ Ô ÜÞÝ HEAP[H] × Ø;ß;àVÙ Ô H á+âcÜ�Ä

HEAP[H á+â ] ×ãÑ�ÒIÓ�Ä
bindÁ addrÔ HÂ%Ä
H × H áBä7Ä
mode × write ÄØ;ßHàpÙ Ô�Ã Ü�Ý if HEAP[Ã ] åÀÑ�ÒIÓ

then
begin

S ×ãÃæá+â;Ä
mode × read

end
elsefail × true Ä

other Ý fail × true Ä
endcaseÄ

unify variable XÕ Ö casemodeof
read Ý XÕX× HEAP[S] Ä
write Ý HEAP[H] × ØHÙpÚ7Û Ô H Ü�Ä

XÕX× HEAP[H] Ä
H × H á+â;Ä

endcaseÄ
S × S á+â;Ä

unify value XÕ Ö casemodeof
read Ý unifyÁ XÕ�Ô SÂ%Ä
write Ý HEAP[H] × XÕ	Ä

H × H á+â;Ä
endcaseÄ
S × S á+â;Ä

Figure2.6: ç9è machineinstructionsfor programs
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as a correctness-preservingmeasurein order to accommodatean optimization.
Also, we will seethat bind is the logical place,whenbacktrackingneedsto be
considered,for recordingeffectsto be undoneuponfailure (seeChapter4, and
appendixSectionB.2 onPage113). If wished,bind mayalsobemadeto perform
theoccurs-check testin orderto prevent formationof cyclic terms(by failing at
thatpoint). However, theoccurs-checktestis omittedin mostactualPrologim-
plementationsin ordernot to impedeperformance.

We mustalsoexplicatetheunify operationusedin thematchingphase(in read
mode).It is a unificationalgorithmbasedon theUNION/FIND method[AHU74],
wherevariablesubstitutionsarebuilt, applied,andcomposedthroughdereference
pointers. In ç9è (and in all later machinesthat will be consideredhere), this
unificationoperationis performedon a pair of storeaddresses.It usesa global
dynamicstructure,anarrayof storeaddresses,asa unificationstack(calledPDL,
for Push-Down List). Theunificationoperationis definedasshown in Figure2.7,
whereempty, push, andpoparetheexpectedstackoperations.

Exercise2.2 Give heaprepresentationsfor theterms Ñ�Á0éQÔ�ê-Á0éëÔ�Ã7Â�Â and ÑLÁ�ìFÔ�íDÂ .
Let Ãpî and ÃVï be their respective heapaddresses,andlet ÃHð and ÃHñ be the heap
addressescorrespondingto variablesé and í , respectively. Tracethe effectsof
executingunifyÁ�Ã î Ô%Ã ï Â , verifying thatit terminateswith theeventualdereferenced
bindingsfrom ÃHð and ÃHñ correspondingto éòå¼ì and í�åóêhÁ�ìFÔ%Ã�Â .
Exercise2.3 Verify thattheeffectof executingthesequenceof instructionsshown
in Figure2.4rightafterthatin Figure2.3producestheMGU of thetermsô$Á�õ Ô%ö-Á	õ¢Ô�÷sÂ�Ô%Ñ�Á0÷sÂ�Â
andô-Á#Ñ�Á0é1Â%Ô%ö$Á0í�Ô�ÑLÁ�Ã7Â�Â%Ô�íbÂ . Thatis, the(dereferenced)bindingscorrespondingto÷øå¼Ñ�Á#Ã7Â , éùå¼Ñ�Á#Ã�Â , í�å¼Ñ�Á#Ñ�Á#Ã�Â�Â , õ+å¼Ñ�Á#Ñ�Á#Ã�Â�Â .
Exercise2.4 Whataretherespective sequencesof úùè instructionsfor û�è query
term?- ô-Á#Ñ�Á0é1Â%Ô�ö-Á0í�Ô�Ñ�Á#Ã7Â	ÂüÔ	í�Â andprogramterm ô-Á	õ¢Ô�ö-Á�õ Ô�÷sÂ%Ô�Ñ�Áý÷¯Â�Â ?
Exercise2.5 After doingExercise2.4, verify that the effect of executingthese-
quenceyouproducedyieldsthesamesolutionasthatof Exercise2.3.

2.4 Ar gument registers

Sincewe have in mind to useunificationin Prologfor procedureinvocation,we
canintroduceadistinctionbetweenatoms(termswhosefunctorisapredicate)and
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procedure unifyÁ#ÃpîFÔ�Ãpï,Ý addressÂ%Ä
pushÁ#ÃVîFÔ�þVÿ���Â%Ä pushÁ#ÃVï)Ô	þpÿ��7Â%Ä
fail × falseÄ
while �XÁ emptyÁ0þVÿ��7Â�� fail Â do

begin� î�× deref Á popÁ�þpÿ��7Â�Â%Ä � ï�× deref Á popÁ0þVÿ��7Â	Â%Ä
if
� î ¿å � ï then
beginØ�� î�Ô
	Fî�Ü�× STORE[

� î ] Ä Ø�� ï�Ô�	Iï�Ü�× STORE[
� ï ] Ä

if Á � î,å ÙVÚfÛ Â��&Á � ï�å ÙVÚfÛ Â
then bindÁ � î
Ô � ï�Â
else

beginÑ î ÒIÓ î × STORE[	 î ] Ä�Ñ ï ÒIÓ ï × STORE[	 ï ] Ä
if Á#ÑFî�å¼ÑFï
Â�
�Á�Óhî,å¼Ó-ï
Â

then
for ÕX× â to Ó-î do

begin
pushÁ�	Fî!áBÕ�Ô	þpÿ��VÂ%Ä
pushÁ�	Fï!áBÕ�Ô	þpÿ��VÂ

end
elsefail × true

end
end

end
endunifyÄ

Figure2.7: Theunifyoperation
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terms(argumentsto a predicate).We thusextend � è into a language� î similar
to � è but whereaprogrammaybeasetof first-orderatomseachdefiningatmost
onefactperpredicatename.Thus,in thecontext of sucha program,executionof
aqueryconnectsto theappropriatedefinitionto usefor solvingagivenunification
equation,or fails if noneexistsfor thepredicateinvoked.

Thesetof instructions�¨î containsall thosein ��è . In ç(î , compiledcodeis stored
in a codearea (CODE), an addressablearray of datawords,eachcontaininga
possiblylabeledinstructionoveroneor morememorywordsconsistingof anop-
codefollowed by operands.For convenience,the size of an instructionstored
at addressÅ (i.e., CODE[Å ] ) will be assumedgiven by the expressioninstruc-
tion sizeË�Å-Ì . Labelsaresymbolicentrypointsinto thecodeareathatmaybeused
asoperandsof instructionsfor transferringcontrolto thecodelabeledaccordingly.
Therefore,thereis no needto storea procedurenamein theheapasit denotesa
key into a compiledinstructionsequence.Thus,a new instructioncall ��ÇqÈ can
be usedto passcontrol over to the instructionlabeledwith ��ÇqÈ , or fail if none
suchexists.

A global registerP is alwayssetto containtheaddressof thenext instructionto
execute(an instructioncounter).Thestandardexecutionorderof instructionsis
sequential.Unlessfailure occurs,mostmachineinstructions(like all thoseseen
before)are implicitly assumed,to incrementP by an appropriateoffset in the
codeareaasanultimateaction.Thisoffsetis thesizeof theinstructionataddress
P. However, someinstructionshave for purposeto breakthesequentialorderof
executionor to connectto someotherinstructionat theendof a sequence.These
instructionsarecalledcontrol instructionsasthey typicallysetP in anon-standard
way. This is thecaseof call ��ÇqÈ , whoseexplicit effect,in themachineç(î , is:

call ��Ç;È�� P Í �ÞË���Ç;ÈXÌ��
wherethenotation �@Ë���ÇqÈcÌ standsfor theaddressin thecodeareaof instruction
labeled�LÇ;È . If theprocedure��Ç;È isnotdefined(i.e., if thataddressisnotallocated
in thecodearea),a unificationfailureoccursandoverall executionaborts.

Wealsointroduceanothercontrolinstruction,proceed , whichindicatestheend
of a fact’s instructionsequence.Thesetwo new control instructions’effectsare
trivial for now, andthey will be elaboratedlater. For our presentpurposes,it is
sufficient that proceed be construedasa no-op (i.e., just a codeterminator),
andcall ��Ç;È asanunconditional“jump” to thestartaddressof the instruction
sequencefor programtermwith functor ��ÇqÈ .
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Having eliminatedpredicatesymbolsfrom theheap,theunificationproblembe-
tweenfact and query termsamountsto solving, not one, but many equations,
simultaneously. Namely, thereareasmany termrootsin a givenfact or queryas
thereareargumentsto thecorrespondingpredicate.Therefore,we mustorganize
registersquitespecificallysoasto reflectthis situation.As we privilegedX � be-
fore to denotethe(single)termroot,we generalizetheconventionto registersX �
to XÈ whichwill now alwaysreferto thefirst to È -th argumentsof a factor query
atom. In otherwords,registersX �VÉ������FÉ XÈ aresystematicallyallocatedto term
rootsof an È -arypredicate’sarguments.To emphasizethis,weuseaconspicuous
notation,writing a registerAÊ ratherthanXÊ whenit is beingusedasanargument
of an atom. In that case,we refer to that registerasan argumentregister. Oth-
erwise,whereregisterXÊ is not usedasanargumentregister, it is written XÊ , as
usual.Notethatthis is just notationastheAÊ ’s arenot new registersbut thesame
old XÊ ’s usedthusfar. For example,registersarenow allocatedfor thevariables
of theatom��Ë���É
��Ë���É� �Ì�É�Æ!Ë� *Ì%Ì asfollows:

A �"!#�
A$%!#��Ë A �VÉ X&CÌ
A'%!>Æ�Ë X&CÌ
X&(!# )�

Observe alsothat a new situationarisesnow asvariablescanbe argumentsand
thusmustbe handledasroots. Therefore,provision mustbe madefor variables
to be loadedinto, or extractedfrom, argumentregistersfor queriesand facts,
respectively. As before,thenecessaryinstructionscorrespondto whena variable
argumentis afirst or lateroccurrence,eitherin aqueryor a fact. In aquery,

1. the first occurrenceof a variablein Ê -th argumentpositionpushesa new
unboundREFcell ontotheheapandcopiesit into thatvariable’sregisteras
well asargumentregisterAÊ ; and,

2. a lateroccurrencecopiesits valueinto argumentregisterAÊ . Whereas,in a
fact,

3. thefirst occurrenceof avariablein Ê -thargumentpositionsetsit to thevalue
of argumentregisterAÊ ; and,

4. a lateroccurrenceunifiesit with thevalueof AÊ .
Thecorrespondinginstructionsare,respectively:
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put variable XÓXÔ AÕ�Ö HEAP[H] × ØFÙpÚ7Û Ô H Ü�Ä
XÓ × HEAP[H] Ä
AÕ�× HEAP[H] Ä
H × H á+âHÄ

put value XÓ�Ô AÕ Ö AÕ�× XÓ
get variable XÓXÔ AÕ�Ö XÓ × AÕ
get value XÓ�Ô AÕ Ö unifyÁ XÓcÔ AÕ�Â

Figure2.8: ç(î instructionsfor variablearguments

1. put variable XÈ!É AÊ
2. put value XÈ!É AÊ
3. get variable XÈ!É AÊ
4. get value XÈ!É AÊ

andaregivenexplicitly in Figure2.8. For example,Figure2.9showscodegener-
atedfor query?- ��Ë���É
��Ë���É� �Ì�É�Æ!Ë� *Ì%Ì�� , andFigure2.10thatfor fact ��Ë�Æ�Ë+*+Ì�É���Ë-, É�Æ�Ë�Å-Ì�Ì�É.,2Ì .

Exercise2.6 Verify that theeffect of executingthe sequenceof úãî instructions
shown in Figure2.9producesthesameheaprepresentationasthatproducedby theú è codeof Figure2.3(seeExercise2.1).

Exercise 2.7 Verify that the effect of executing the sequenceof úãî instruc-
tions shown in Figure 2.10 right after that in Figure 2.9 producesthe MGU of
thetermsô-Á�õ Ô%ö$Á�õ Ô%÷¯Â%Ô�Ñ�Á#÷sÂ	Â and ô-Á#Ñ�Á0é1Â%Ô%ö$Á0í�Ô�ÑLÁ�Ã7Â�Â�Ô	í�Â . That is, thebinding÷øå¼Ñ�Á#Ã7Â , éùå¼Ñ�Á#Ã�Â , í�å¼Ñ�Á#Ñ�Á#Ã�Â�Â , õ+å¼Ñ�Á#Ñ�Á#Ã�Â�Â .
Exercise2.8 Whataretherespective sequencesof úãî instructionsfor û î query
term?- ô-Á#Ñ�Á0é1Â%Ô�ö-Á0í�Ô�Ñ�Á#Ã7Â	ÂüÔ	í�Â and û�î programterm ô$Á�õ Ô%ö-Á	õ¢Ô�÷sÂ�Ô�ÑLÁ�÷sÂ�Â ?
Exercise2.9 After doingExercise2.8, verify that the effect of executingthese-
quenceyouproducedyieldsthesamesolutionasthatof Exercise2.7.
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put variable X/CÔ A â % ?- ô-Á�õ Ô
put structure ö-ÒIä7Ô Aä % ö
set value X/ % Á�õ Ô
set variable X0 % ÷sÂ�Ô
put structure ÑLÒVâ;Ô A1 % Ñ
set value X0 % Á#÷sÂ
call ô-Ò�1 % Â32

Figure2.9: Argumentregistersfor ��î query?- ��Ë���É���Ë���É� �Ì�É�Æ�Ë� �Ì�Ì.�

ô-Ò�1 Ý get structure Ñ�Òpâ;Ô A â % ô$Á#Ñ
unify variable X/ % Á0é1Â%Ô
get structure ö$ÒIä7Ô Aä % ö
unify variable X0 % Á0í�Ô
unify variable X4 % X4VÂ�Ô
get value X0�Ô A1 % ítÂ%Ô
get structure Ñ�Òpâ;Ô X4 % X4lå¼Ñ
unify variable X5 % Á X5;Â%Ô
get structure Ã�Ò�67Ô X5 % X5bå¼Ã
proceed % 2

Figure2.10:Argumentregistersfor ��î fact ��Ë�Æ�Ë+*�Ì�É���Ë-, É�Æ!Ë#Å$Ì%Ì�É�,2Ì.�
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Chapter 3

Flat Resolution

We now extend the language� î into a language� ï whereproceduresare no
longerreducedonly to factsbut mayalsohave bodies.A bodydefinesa proce-
dureasa conjunctive sequenceof atoms. Saidotherwise,��ï is Prologwithout
backtracking.

An ��ï program is a setof proceduredefinitionsor (definite)clauses, at mostone
perpredicatename,of theform ‘ Å7è :- ÅCî
É������
É�Å879� ’ whereÈ;:=< andthe Å8> ’s are
atoms.As before,when È;!=< , theclauseis calleda fact andwrittenwithout the
‘ :- ’ implicationsymbol. When È@?A< , the clauseis calleda rule, the atom Å7è
is calledits head, the sequenceof atoms ÅCî
É������
É�Å87 is calledits bodyandatoms
composingthis bodyarecalledgoals. A rulewith exactlyonebodygoalis called
a chain (rule). Other rules arecalleddeeprules. ��ï queriesaresequencesof
goals,of theform ‘?- BfîFÉ������FÉ�BDCE� ’ where FG:H< . When FI!J< , thequeryis called
theemptyquery. As in Prolog,thescopeof variablesis limited to theclauseor
queryin which they appear.

Executingaquery‘?- BfîFÉ������IÉ�BDCE� ’ in thecontext of a programmadeupof asetof
procedure-definingclausesconsistsof repeatedapplicationof leftmostresolution
until the empty query, or failure, is obtained. Leftmost resolutionamountsto
unifying the goal Bfî with its definition’s head(or failing if noneexists) and, if
this succeeds,executingthe query resultingfrom replacing Bfî by its definition
body, variablesin scopebearingthe binding side-effects of unification. Thus,
executinga queryin ��ï eitherterminateswith success(i.e., it simplifiesinto the
emptyquery),or terminateswith failure,or never terminates.The“result” of an
��ï querywhoseexecutionterminateswith successis the (dereferenced)binding
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of its originalvariablesaftertermination.

Notethata clausewith a non-emptybodycanbeviewedin fact asa conditional
query. Thatis, it behavesasaqueryprovidedthatits headsuccessfullyunifieswith
a predicatedefinition. Factsmerelyverify this condition,addingnothingnew to
thequerybut acontingentbindingconstraint.Thus,asafirst approximation,since
an ��ï query(resp.,clausebody) is a conjunctive sequenceof atomsinterpreted
asprocedurecalls with unificationasargumentpassing,instructionsfor it may
simply be the concatenationof the compiledcodeof eachgoal asan ��î query
makingit up. As for a clausehead,sincethesemanticsrequiresthat it retrieves
argumentsby unificationasdid factsin ��î , instructionsfor ��î ’s fact unification
areclearlysufficient.

Therefore,ç î unificationinstructionscanbeusedfor � ï clauses,but with two
measuresof caution:oneconcerningcontinuationof executionof agoalsequence,
andonemeantto avoid conflictinguseof argumentregisters.

3.1 Facts

Let usfirst only consider� ï facts.Notethat � î is all containedin � ï . Therefore,
it is naturalto expectthattheexactsamecompilationschemefor factscarriesover
untouchedfrom � î to � ï . This is trueup to a weedetailregardingtheproceed
instruction. It mustbe madeto continueexecution,after successfullyreturning
from a call to a fact, backto the instructionin the goal sequencefollowing the
call. To do thiscorrectly, wewill useanotherglobalregisterCP, alongwith P, set
to containtheaddress(in thecodearea)of thenext instructionto follow up with
uponsuccessfulreturnfrom acall (i.e., setto P KMLON8P
Q�R�S9T�Q�LOUVN P�LXWZYpË PÌ atprocedure
call time). Then,having exited thecalledprocedure’s codesequence,execution
couldthusberesumedasindicatedby CP. Thus,for ��ï ’s facts,we needto alter
theeffectof ç(î ’scall ��ÇqÈ to:

call �LÇ;È�� CP Í P K@LON8P
Q�R
S[T�Q�LOUVN P�LXWZY;Ë PÌ.�
P Í �ÞË\�LÇ;ÈXÌ��

andthatof proceed to:

proceed � P Í CP�
As before,whentheprocedure��ÇqÈ is notdefined,executionfails.
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In summary, with thesimpleforegoingadjustment,� ï factsaretranslatedexactly
aswere � î facts.

3.2 Rulesand queries

We now mustthink abouttranslatingrules. A queryis a particularcaseof a rule
in the sensethat it is onewith no head. It is translatedexactly the sameway,
but without theinstructionsfor themissinghead.Theideais to use ��î ’s instruc-
tions, treatingtheheadasa fact, andeachgoal in thebodyasan ��î queryterm
in sequence;that is, roughly translatea rule ‘ �Cè;Ë]������Ì :- �-îFË3�����<Ì�É������
É��[7-Ë3�����<Ì�� ’
following thepattern:

getargumentsof � è
put argumentsof �hî
call �hî

...
put argumentsof �97
call �97

Here,in additionto ensuringcorrectcontinuationof execution,we mustarrange
for correctuseof argumentregisters.Indeed,sincethesameregistersareusedby
eachgoal in a queryor body sequenceto passits argumentsto the procedureit
invokes,variablesthatoccurin many differentgoalsin thescopeof thesequence
needto beprotectedfrom thesideeffectsof put instructions.For example,con-
sidertherule ‘ ��Ë+*BÉ�,2Ì :- ^4Ë+*BÉ��DÌ�É�_7Ë���É�,.Ì.� ’ If thevariables, É�� wereallowed
to beaccessibleonly from anargumentregister, no guaranteecouldbemadethat
they still wouldbeafterperformingtheunificationsrequiredin executingthebody
of � .
Therefore,it is necessarythat variablesof this kind be saved in an environment
associatedwith eachactivationof theprocedurethey appearin. Variableswhich
occurin morethanonebodygoalaredubbedpermanentasthey have to outlive
theprocedurecall wherethey first appear. All othervariablesin a scopethatare
notpermanentarecalledtemporary. We shalldenotea permanentvariableasYÊ ,
anduseXÊ asbeforefor temporaryvariables.To determinewhethera variableis
permanentor temporaryin a rule, the headatomis consideredto be part of the
first bodygoal.This is becauseget andunify instructionsdonot loadregisters
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for furtherprocessing.Thus,thevariable* in theexampleabove is temporaryas
it doesnotoccurin morethanonegoalin thebody(i.e., it is notaffectedby more
thanonegoal’sput instructions).

Clearly, permanentvariablesbehave like conventionallocal variablesin a proce-
dure. Thesituationis thereforequite familiar. As is customaryin programming
languages,we protecta procedure’s local variablesby maintaininga run-time
stackof procedureactivationframesin which to save informationneededfor the
correctexecutionof whatremainsto bedoneafterreturningfrom aprocedurecall.
Wecall sucha frameanenvironmentframe. Wewill keeptheaddressof thelatest
environmenton topof thestackin a globalregisterE.1

As for continuationof execution,the situationfor rulesis not assimpleas that
for facts. Indeed,sincea rule servesto invokefurtherproceduresin its body, the
valueof the programcontinuationregisterCP, which wassaved at the point of
its call, will be overwritten. Therefore,it is necessaryto preserve continuation
informationby saving thevalueof CPalongwith permanentvariables.

Let usrecapitulate:ç(ï is anaugmentationof ç(î with theadditionof anew data
area,alongwith theheap(HEAP), thecodearea (CODE), andthepush-downlist
(PDL). It is calledthestack (STACK) andwill containprocedureactivationframes.
Stackframesarecalledenvironments. An environmentis pushedonto STACK
upon a (non-fact)procedureentry call, and poppedfrom STACKupon return.
Thus,an allocate /deallocate pair of instructionsmustbracketthe code
generatedfor a rule in orderto createanddiscard,respectively, suchenvironment
frameson the stack. In addition,deallocate beingthe ultimate instruction
of the rule, it must connectto the appropriatenext instructionas indicatedby
thecontinuationpointerthathadbeensaveduponentryin theenvironmentbeing
discarded.

Sincethe size of an environmentvarieswith eachprocedurein function of its
numberof permanentvariables,the stackis organizedasa linked list througha
continuationenvironmentslot; i.e., a cell in eachenvironmentframebearingthe
stackindex of theenvironmentpreviouslypushedontothestack.

To sumup, two new �Xï instructionsfor ç(ï areaddedto theoneswe definedfor
�Xî :

1. allocate

1 In [War83], this stackis called the local stack to distinguishit from the global stack(see
Footnote1 at thebottomof Page13).
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2. deallocate

with effect,respectively:

1. to allocateanew environmenton thestack,settingits continuationenviron-
mentfield to thecurrentvalueof E, andits continuationpoint field to that
of CP; and,

2. to remove the environmentframe at stacklocationE from the stackand
proceed,resettingP to thevalueof its CPfield andE to thevalueof its CE
field.

To have propereffect,anallocate instructionneedsto have accessto thesize
of thecurrentenvironmentin orderto incrementthevalueof E by theright stack
offset.Thenecessarypieceof informationis a functionof thecallingclause(i.e.,
thenumberof permanentvariablesoccurringin thecalling clause).Therefore,it
is easilystaticallyavailableat thetimethecodefor thecallingclauseis generated.
Now, the problemis to transmitthis informationto the calledprocedurethat, if
definedas a rule (i.e., startingwith an allocate ), will needit dynamically,
dependingon which clausecalls it. A simplesolutionis to save this offsetin the
callingclause’s environmentframefrom whereit canberetrievedby acalleethat
needsit. Hence,in ç(ï , anadditionalslot in anenvironmentis setby allocate
to containthenumberof permanentvariablesin theclausein question.

Summingupagain,an ç ï stackenvironmentframecontains:

1. the addressin the codeareaof the next instructionto executeupon(suc-
cessful)returnfrom theinvokedprocedure;

2. thestackaddressof thepreviousenvironmentto reinstateuponreturn(i.e.,
whereto popthestackto);

3. theoffsetof this frameon the stack(the numberof permanentvariables);
and,

4. asmany cells astherearepermanentvariablesin thebody of the invoked
procedure(possiblynone).

Suchan ç(ï environmentframepushedon topof thestacklooksthus:
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E CE Ë continuationenvironmentÌ
E K`� CP Ë continuationpointÌ
E Ka$ È Ë numberof permanentvariablesÌ
E Ka' Y � Ë permanentvariable1Ì

...
E KuÈbKa$ YÈ Ë permanentvariable ÈcÌ

This necessitatesgiving allocate an explicit argumentthat is the numberof
permanentvariablesof theruleat hand,suchthat,in ç(ï :

allocate cd� newE Í E K STACK[E Ke$ ] Ka'[�
STACK[newE] Í E �
STACK[newE Kf� ] Í CP�
STACK[newE Ke$ ] Ígc;�
E Í newE�
P Í P K instructionsizeË PÌ.�

Similarly, theexplicit definitionof ç(ï ’s deallocate is:

deallocate � P Í STACK[E K`� ] �
E Í STACK[E] �

With thisbeingsetup, thegeneraltranslationschemeinto ç(ï instructionsfor an
��ï rule ‘ �Cè;Ë]������Ì :- �-îFË]�����<Ì�É������FÉ-�[7CË3����� Ì.� ’ with c permanentvariableswill follow
thepattern:

� èih allocate c
getargumentsof �Cè
putargumentsof �-î
call �-î

...
putargumentsof �[7
call �[7
deallocate

For example,for ��ï clause‘ ��Ëj*1É.,2Ì :- ^4Ëj*1É��5Ì�É�_7Ë���É�,.Ì.� ’, the correspondingç(ï codeis shown in Figure3.1.
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ô-ÒIä Ý allocate ä % ô
get variable X17Ô A â % Á�éëÔ
get variable Y â;Ô Aä % í@Â :-
put value X17Ô A â % kHÁ0éëÔ
put variable Yä7Ô Aä % õ
call kHÒIä % Â%Ô
put value Yä7Ô A â % lHÁ�õ Ô
put value Y â;Ô Aä % í
call lHÒIä % Â
deallocate % 2

Figure3.1: ç(ï machinecodefor rule ��Ë+*BÉ�,2Ì :- ^CË+*BÉ��DÌ�É._�Ë���É�,&Ì��
Exercise3.1 Give ú ï codefor û ï factskHÁ#Ã4Ô%ì
Â andlHÁ#ìFÔ3m
Â andû ï query?- ô$Á3n�Ô]obÂ ,
thentracethe codeshown in Figure3.1 andverify that the solutionproducedisn�å�ÃCÔ]osåpm .
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Chapter 4

Prolog

The language�rq (resp.,the machineçdq ) correspondsto pureProlog,asit ex-
tendsthe language��ï (resp.,the machineç(ï ) to allow disjunctive definitions.
As in ��ï , an � q programis a setof proceduredefinitions. In � q , a definition is
an orderedsequenceof clauses(i.e., a sequenceof factsor rules)consistingof
all andonly thosewhoseheadatomssharethesamepredicatename.Thatname
is thenameof theprocedurespecifiedby thedefinition. � q queriesarethesame
as thoseof ��ï . The semanticsof � q operatesusing top-down leftmost resolu-
tion, anapproximationof SLD resolution.Thus,in � q , a failureof unificationno
longeryields irrevocableabortionof executionbut considersalternative choices
of clausesin theorderin whichthey appearin definitions.Thisis doneby chrono-
logicalbacktracking;i.e., thelatestchoiceat themomentof failureis reexamined
first.

It is necessaryto alter ç(ï ’s designsoasto save thestateof computationat each
procedurecall offering alternativesto restoreuponbacktrackingto this point of
choice. We call sucha statea choicepoint. We thusneedto analyzewhat in-
formationmustbe saved asa choicepoint in orderto createa record(a choice
point frame)wherefroma correctstateof computationcanbe restoredto offer
anotheralternative, with all effectsof the failed computationundone.Note that
choicepoint framesmustbeorganizedasastack(just like environments)in order
to reflectthecompoundingof alternativesaseachchoicepointspawnspotentially
morealternativesto try in sequence.

To distinguishthetwo stacks,let uscall theenvironmentstacktheAND-stack and
the choicepoint stackthe OR-stack. As with the AND-stack,we organizethe
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OR-stackasa linked list. The headof this list alwayscorrespondsto the latest
choicepoint, andwill bekept in a new global registerB, suchthatuponfailure,
computationis madeto resumefrom the staterecoveredfrom the choicepoint
frame indicatedby B. When the latestframe offers no more alternatives, it is
poppedoff theOR-stackby resettingB to its predecessorif oneexists,otherwise
computationfails terminally.

Clearly, if adefinitioncontainsonly oneclause,thereis noneedto createachoice
point frame,exactly aswasthecasein ç(ï . For definitionswith morethanone
alternative, a choicepoint frameis createdby thefirst alternative; then,it is up-
dated(asfar aswhich alternative to try next) by intermediate(but nonultimate)
alternatives;finally, it is discardedby thelastalternative.

4.1 Envir onmentprotection

Beforewego into thedetailsof whatexactlyconstitutesa choiceframe,wemust
pondercarefully the interactionbetweenthe AND-stackand the OR-stack. As
long aswe considered(deterministic)� ï programdefinitions,it wasclearlysafe
to deallocatean environmentframeallocatedto a rule after successfullyfalling
off theendof therule. Now, thesituationis not quitesostraightforwardaslater
failure may forcereconsideringa choicefrom a computationstatein themiddle
of arulewhoseenvironmenthaslongbeendeallocated.Thiscaseis illustratedby
thefollowing exampleprogram:

Å :- sIË+*+Ì�É�t;Ë+*+Ì��
sIË+*+Ì :- upË+*+Ì��
t;Ë]�;Ì��
upËj*�Ì :- Æ�Ë+*�Ì.�
upËj*�Ì :- B�Ëj*�Ì��
Æ�Ë-$7Ì��
B�Ë3�HÌ.�

Executing ‘?- Å�� ’ allocatesan environmentfor Å , then calls s . Next, an envi-
ronmentfor s is allocated,and u is called. This createsa choicepoint on the
OR-stack,andanenvironmentfor u is pushedontotheAND-stack.At this point
thetwo stackslook thus:1

1In thesediagrams,thestacksgrow downwards;i.e., thestacktop is thelowerpart.
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...
Environmentfor Å
Environmentfor s

E v Environmentfor u
...

B v Choicepoint for u

Thefollowing call to Æ succeedsbinding * to $ . Theenvironmentfor u is deallo-
cated,thentheenvironmentfor s is alsodeallocated.This leadsto stackslooking
thus:

...
E v Environmentfor Å

...
B v Choicepoint for u

Next, the continuationfollows up with executionof Å ’s body, calling t , which
immediatelyhits failure. The choicepoint indicatedby B shows an alternative
clausefor u , but at this point s ’s environmenthasbeenlost. Indeed,in a more
involvedexamplewheret proceededdeeperbeforefailing, theold stackspacefor
s ’senvironmentwouldhavebeenoverwrittenby furthercallsin t ’sbody.

Therefore,to avoid this kind of misfortune,a setupmust be found to prevent
unrecoverabledeallocationof environmentframeswhosecreationchronologically
precedesthat of any existing choicepoint. The idea is that every choicepoint
must“protect” from deallocationall environmentframesalreadyexisting before
its creation. Now, sincea stackreflectschronologicalorder, it makessenseto
usethesamestackfor bothenvironmentsandchoicepoints.A choicepoint now
capsall olderenvironments.In effect,aslongasit is active, it forcesallocationof
furtherenvironmentson top of it, preventingtheolderenvironments’stackspace
to be overwritten even thoughthey may explicitly be deallocated.This allows
theirsaferesurrectionif neededby comingbackto analternativefrom thischoice
point.Moreover, this“protection”lastsjustaslongasit is neededsinceassoonas
thechoicepoint disappears,all explicitly deallocatedenvironmentscanbesafely
overwritten.

Hence,thereis noneedto distinguishbetweentheAND-stackfrom theOR-stack,
calling thesingleonethestack.Choicepoint framesarestoredin thestackalong
with environments,andthusB’s valueis anaddressin thestack.

Goingbackto ourexampleabove,thesnapshotof thesinglestackatthesamefirst
instantlooksthus:
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...
Environmentfor Å
Environmentfor s

B v Choicepoint for u
E v Environmentfor u

andat thesamesecondinstantasbefore,thestackis suchthathaving pushedon
it thechoicepoint for u protectss ’s deallocatedenvironment(which maystill be
neededby futurealternativesgivenby u ’schoicepoint), lookingthus:

...
E v Environmentfor Å

Deallocatedenvironmentfor s
B v Choicepoint for u

Now, the computationcan safely recover the statefrom the choicepoint for u
indicatedby B, in which the saved environmentto restoreis the onecurrentat
the time of this choicepoint’s creation—i.e., that (still existing) of s . Having no
morealternative for u after the secondone, this choicepoint is discardedupon
backtracking,(safely)endingtheprotection.Executionof the lastalternative for
u proceedswith a stacklooking thus:

B v
...

Environmentfor Å
Environmentfor s

E v Environmentfor u

4.2 What’s in a choicepoint

When a chosenclauseis attemptedamongthoseof a definition, it will create
sideeffectson thestackandtheheapby bindingvariablesresidingthere.These
effectsmustbeundonewhenreconsideringthechoice.A recordmustbekeptof
thosevariableswhich needto be resetto ‘unbound’ uponbacktracking.Hence,
we provide, alongwith the heap,the stack,the codearea,andthe PDL, a new
(andlast!) dataareacalledthe trail (TRAIL ). This trail is organizedasanarray
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of addressesof those(stackor heap)variableswhich mustberesetto ‘unbound’
uponbacktracking.Notethat it alsoworksasa stack,andwe needa new global
registerTRalwayssetto containthetopof thetrail.

It is importantto remarkthatnot all bindingsneedto berememberedin thetrail.
Only conditionalbindingsdo. A conditionalbinding is oneaffectinga variable
existingbeforecreationof thecurrentchoicepoint. To determinethis,wewill use
anew globalregisterHBsettocontainthevalueof Hatthetimeof thelatestchoice
point.2 Henceonly bindingsof heap(resp.,stack)variableswhoseaddressesare
lessthanHB(resp.,B) needberecordedin thetrail. We shallwrite trail Ë�Å-Ì when
that this operationis performedon storeaddressÅ . As mentionedbefore,it is
doneaspartof thebindoperation.

Letusnow thinkaboutwhatconstitutesacomputationstateto besavedin achoice
point frame.Uponbacktracking,thefollowing informationis needed:

w TheargumentregistersA � , ...,AÈ , where È is thearity of theprocedureoffering
alternativechoicesof definitions.This is clearlyneededastheargumentregisters,
loadedby put instructionswith thevaluesof argumentsnecessaryfor goalbeing
attempted,areoverwrittenby executingthechosenclause.w Thecurrentenvironment(valueof registerE), to recover asa protectedenviron-
mentasexplainedabove.w Thecontinuationpointer (valueof registerCP), asthecurrentchoicewill over-
write it.w Thelatestchoicepoint (valueof registerB), whereto backtrackin caseall alter-
nativesofferedby thecurrentchoicepoint fail. This actsasthe link connecting
choicepointsasalist. It is reinstatedasthevalueof theB registerupondiscarding
thechoicepoint.w Thenext clause, to try in this definition in casethe currentlychosenonefails.
This slot is updatedat eachbacktrackingto this choicepoint if morealternatives
exist.w Thecurrenttrail pointer(valueof registerTR), whichis neededastheboundary
whereto unwindthe trail uponbacktracking.If computationcomesbackto this
choicepoint, this will be theaddressin thetrail down to which all variablesthat
mustberesethave beenrecorded.w Thecurrenttopofheap(valueof registerH), whichisneededto recover(garbage)
heapspaceof all thestructuresandvariablesconstructedduringthefailedattempt

2Strictly speaking,registerHBcanin fact bedispensedwith since,aswe seenext, its valueis
thatof Hwhichwill have beensavedin thelatestchoicepoint frame.
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which will haveresultedin comingbackto this choicepoint.

In summary, a choicepoint frameis allocatedon thestacklooking thus:3

B È Ë numberof argumentsÌ
B Kf� A � Ë argumentregister �;Ì

...
B K�È AÈ Ë argumentregister ÈXÌ

B K�ÈbKf� CE Ë continuationenvironmentÌ
B K�ÈbKe$ CP Ë continuationpointerÌ
B K�ÈbKe' B Ë previouschoicepointÌ
B K�ÈbKp& BP Ë next clauseÌ
B K�ÈbKex TR Ë trail pointerÌ
B K�ÈbKey H Ë heappointerÌ

Notein passingthat ç(ï ’sexplicit definitionfor allocate c mustbealteredin
orderto work for ç q . Thisisbecausethetopof stackisnow computeddifferently
dependingon whetheran environmentor choicepoint is the latestframeon the
stack.Namely, in çdq :

allocate cd� if E ? B
then newE Í E K STACK[E Ka$ ] Ka'
elsenewE Í B K STACK[B] K{zV�

STACK[newE] Í E �
STACK[newE Kf� ] Í CP�
STACK[newE Ke$ ] Ígc)�
E Í newE�
P Í P K instructionsizeË PÌ��

To work with the foregoing choicepoint format, threenew � q instructionsare
addedto thosealreadyin �¨ï . They areto dealwith thechoicepointmanipulation

3In [War83],David Warrendoesnot includethearity in a choicepoint,aswedohere.Hesets
up thingsslightly differentlysothatthis numbercanalwaysbequickly computed.Hecando this
by makingregisterB (andthepointerslinking thechoicepoint list) referenceachoicepoint frame
at its end, ratherthanits start asis the casefor environmentframes. In otherwords,registerB
containsthe stackaddressimmediatelyfollowing the latestchoicepoint frame,whereasregister
E containsthe addressof the first slot in the environment. Thus, the arity of the latestchoice
point predicateis alwaysgivenby |~} B � STACK[B ��� ] ��� . For didacticreasons,we chose
to handleE andB identically, judging that saving onestackslot is not really worth the entailed
complicationof thecodeimplementingtheinstructions.
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neededfor multipleclausedefinitions.Asexpected,theseinstructionscorrespond,
respectively, to (1) a first, (2) an intermediate(but nonultimate),and(3) a last,
clauseof a definition.They are:

1. try me else �
2. retry me else �
3. trust me

where � is an instructionlabel (i.e., anaddressin thecodearea).They have for
effect,respectively:

1. to allocateanew choicepoint frameonthestacksettingits next clausefield
to � andtheotherfieldsaccordingto thecurrentcontext, andsetB to point
to it;

2. having backtrackedto the currentchoicepoint (indicatedby the current
valueof the B register),to resetall the necessaryinformationfrom it and
updateits next clausefield to � ; and,

3. having backtrackedto the currentchoicepoint, to resetall the necessary
informationfrom it, thendiscardit by resettingB to its predecessor(the
valueof thelink slot).

With this setup,backtrackingis effectively handledquiteeasily. All instructions
in which failure may occur(i.e., someunificationinstructionsandall procedure
calls)mustultimatelytestwhetherfailurehasindeedoccurred.If suchis thecase,
they mustthensetthe instructioncounteraccordingly. That is, they performthe
following operation:

��� T��ZQ�R � T��I� P Í STACK[B K STACK[B] K�& ] �
asopposedto having P be unconditionallyset to follow its normal(successful)
course.Naturally, if no morechoicepoint exists on thestack,this is a terminal
failureandexecutionaborts.All theappropriatealterationsof instructionsregard-
ing thisprecautionaregivenin AppendixB.

Thethreechoicepointinstructionsaredefinedexplicitly in Figures4.1,4.2,and4.3,
respectively. In the definition of try me else � , we use a global variable
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numof args giving the arity of the currentprocedure. This variableis set by
call thatwemustaccordinglymodify for çdq from its ç ï form asfollows:4

call �LÇ;È�� CP Í P K@LON8P
Q�R
S[T�Q�LOUVN P�LXWZY;Ë PÌ.�
numof args Í È��
P Í �ÞË\�LÇ;ÈXÌ��

As we just explained,we omit treatingthecaseof failure (andthereforeof back-
tracking)where ��ÇqÈ is not definedin this explicit definition of call �LÇ;È . Its
obvious completeform is, asthoseof all instructionsof the full WAM, given in
AppendixB.

Finally, thedefinitionsof retry me else � andtrust me, usean ancillary
operation,unwind trail, to resetall variablessincethelastchoicepoint to anun-
boundstate.Its explicit definitioncanbefoundin AppendixB.

In conclusion,therearethreepatternsof codetranslationsfor a proceduredefini-
tion in � q , dependingon whetherit hasone,two, or morethantwo clauses.The
codegeneratedin thefirst caseis identicalto whatis generatedfor an ��ï program
on ç(ï . In thesecondcase,thepatternfor a procedure�LÇ;È is:

�LÇ;È : try me else �
codefor first clause

� : trust me
codefor secondclause

andfor thelastcase:

4As for num of args, it is legitimate to askwhy this is not a global register like E, P, etc.,
in thedesign.In fact, theexact mannerin which thenumberof argumentsis retrievedat choice
point creationtime is not at all explainedin [War83, War88]. Moreover, uponprivateinquiry,
David H. D. Warrencouldnot rememberwhetherthatwasanincidentalomission.Sowechoseto
introducethisglobalvariableasopposedto aregisterasnosuchexplicit registerwasspecifiedfor
theoriginalWAM.
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try me else � Ö if E � B
then newB × E á STACK[E áBä ] á�1
elsenewB × B á STACK[B] á�5pÄ

STACK[newB] × numof argsÄÓQ× STACK[newB] Ä
for Õ!×«â to Ó do STACK[newB á¶Õ ] × AÕ	Ä
STACK[newB áBÓ@á+â ] × E Ä
STACK[newB áBÓ@áBä ] × CPÄ
STACK[newB áBÓ@á�1 ] × B Ä
STACK[newB áBÓ@áG/ ] ×�� Ä
STACK[newB áBÓ@á�0 ] × TRÄ
STACK[newB áBÓ@á�4 ] × HÄ
B × newBÄ
HB × HÄ
P × P á instructionsizeÁ PÂ%Ä

Figure4.1: ç q choicepoint instructiontry me else

retry me else �óÖ Ó2× STACK[B] Ä
for ÕX×«â to Ó do AÕX× STACK[B áóÕ ] Ä
E × STACK[B áóÓtá�â ] Ä
CP × STACK[B áBÓ�áBä ] Ä
STACK[B áBÓ´á�/ ] ×A� Ä
unwindtrail Á STACK[B áóÓ´á�0 ] Ô TRÂ%Ä
TR × STACK[B áBÓ�á�0 ] Ä
H × STACK[B áóÓtá�4 ] Ä
HB × HÄ
P × P á instructionsizeÁ PÂ%Ä

Figure4.2: çdq choicepoint instructionretry me else
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trust me Ö ÓQ× STACK[B] Ä
for Õ!×«â to Ó do AÕ!× STACK[B áBÕ ] Ä
E × STACK[B áBÓ�á+â ] Ä
CP × STACK[B áóÓtáBä ] Ä
unwindtrail Á STACK[B áóÓtá�0 ] Ô TRÂ�Ä
TR × STACK[B áóÓtá�0 ] Ä
H × STACK[B áBÓ�á�4 ] Ä
B × STACK[B áBÓ�á�1 ] Ä
HB × STACK[B áóÓtá�4 ] Ä
P × P á instructionsizeÁ PÂ%Ä

Figure4.3: ç q choicepoint instructiontrust me

�LÇ;È : try me else � î
codefor first clause

� î : retry me else � ï
codefor secondclause

...
��C���î : retry me else ��C

codefor penultimateclause
��C : trust me

codefor last clause

whereeachclauseis translatedasit would beasa single � ï clausefor ç ï . For
example,çdq codefor thedefinition:

��Ëj*1É�Å$Ì.�
��Ë�sFÉ3*�Ì��
��Ëj*1É.,2Ì :- ��Ëj*1É�Å-Ì�É���Ë�sIÉ�,&Ì��

is givenin Figure4.4.

Exercise4.1 Tracetheexecutionof û q query?- ô-Á�mFÔ � Â with codein Figure4.4,
giving all thesuccessivestatesof thestack,theheap,andthetrail.
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ô$ÒIä Ý try me else �!î % ô
get variable X1�Ô A â % Á0éëÔ
get structure Ã7Ò�67Ô Aä % Ã�Â
proceed % 2

�!î Ý retry me else �!ï % ô
get structure ì
Ò�67Ô A â % Á#ìFÔ
get variable X1�Ô Aä % éBÂ
proceed % 2

�!ï Ý trust me %
allocate â % ô
get variable X1�Ô A â % Á0éëÔ
get variable Y âHÔ Aä % í@Â :-
put value X17Ô A â % ô-Á0éQÔ
put structure Ã7Ò�67Ô Aä % Ã
call ô-ÒIä % Â%Ô
put structure ì
Ò�67Ô A â % ô-Á#ìFÔ
put value Y â;Ô Aä % í
call ô-ÒIä % Â
deallocate % 2

Figure4.4: çdq codefor a multipleclausedefinition
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Exercise4.2 It is possibleto maintainseparateAND-stackandOR-stack.Discuss
the alterationsthat would be neededto the foregoing setupto do so, ensuringa
correctmanagementof environmentsandchoicepoints.
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Chapter 5

Optimizing the Design

Now thatthereaderis hopefullyconvincedthatthedesignwehavereachedforms
anadequatetarget languageandarchitecturefor compilingpureProlog,we can
begin transformingit in orderto recover Warren’smachineasanultimatedesign.
Therefore,sinceall optimizationsconsideredherearepartof thedefinitivedesign,
weshallnow referto theabstractmachinegraduallybeingelaboratedastheWAM.
In theprocess,weshallabideby afew principlesof designpervasively motivating
all theconceptionfeaturesof theWAM. Wewill repeatedlyinvoketheseprinciples
in designdecisionsasweprogresstowardthefull WAM engine,asmoreevidence
justifying themaccrues.

WAM PRINCIPLE 1 Heapspaceis to beusedassparinglyaspossible,asterms
built on theheapturn out to berelativelypersistent.

WAM PRINCIPLE 2 Registersmustbe allocatedin such a way as to avoid un-
necessarydatamovement,andminimizecodesizeaswell.

WAM PRINCIPLE 3 Particular situationsthatoccurveryoften,eventhoughcor-
rectly handledby general-caseinstructions,are to be accommodatedby special
onesif spaceand/ortimemaybesavedthanksto their specificity.

In thelight of WAM Principles1, 2, and3, wemaynow improveon ç q .
45
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6 ö$ÒIäâ ÙVÚ7Û âä ÙVÚ7Û ä1 Ñ�Òpâ/ ÙVÚ7Û ä0 ô-Ò�14 ÙVÚ7Û â5 ßHàVÙ 6� ßHàVÙ 1

Figure5.1: Betterheaprepresentationfor term ��Ë���É���Ë���É� �Ì�É�Æ�Ë� �Ì�Ì
5.1 Heaprepresentation

As many readersof [AK90] did, this readermay have wonderedaboutthe ne-
cessityof theextra level of indirectionsystematicallyintroducedin the heapby
an STR cell for each functor symbol. In particular, FernandoPereira[Per90]
suggestedthatinsteadof thatshown in Figure2.1onPage11,amoreeconomical
heaprepresentationfor ��Ë���É���Ë���É� �Ì�É�Æ�Ë� �Ì�Ì oughtto bethatof Figure5.1,where
referenceto thetermfrom elsewheremustbefrom a store(or register)cell of the
form Î[���9�ÞÉ�x,Ï . In otherwords,thereis actuallynoneedto allot asystematicSTR
cell beforeeachfunctorcell.

As it turnsout,only onetiny modificationof oneinstructionis neededin orderto
accommodatethis morecompactrepresentation.Namely, theput structure
instructionis simplifiedto:

put structure ÆcÇ;È�É XÊ�� HEAP[H] Í ÆcÇ;È��
XÊ Í Î[���9�@É H Ï.�
H Í H K`���

Clearly, this is notonly in completecongruencewith WAM Principle1,but it also
eliminatesunnecessarylevelsof indirectionandhencespeedsupdereferencing.

The main reasonfor our not having usedthis betterheaprepresentationin Sec-
tion 2.1 wasessentiallydidactic,wishing to avoid having to mentionreferences
from outsidetheheap(e.g., from registers)beforeduetime. In addition,we did
not botherbringingup this optimizationin [AK90] aswe aredoinghere,aswe
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hadnot realizedthatsolittle wasin factneededto incorporateit.1

5.2 Constants,lists, and anonymousvariables

To be fully consistentwith thecompleteWAM unificationinstructionsetandin
accordancewith WAM Principle3, we introducespecialinstructionsfor thespe-
cific handlingof < -arystructures(i.e., constants),lists,andvariableswhichappear
only oncewithin a scope—so-calledanonymousvariables.Theseenhancements
will alsobein thespirit of WAM Principles1 and2 assavingsin heapspace,code
size,anddatamovementwill ensue.

Constantsand lists are,of course,well handledby the structureorientedget ,
put , andunify instructions.However, work andspacearewastedin the pro-
cess,thatneednot really be. Considerthecaseof constantsas,for instance,the
codein Figure2.10,onPage24. There,thesequenceof instructions:

unify variable Xz
get structure Å-ÇZ<4É Xz

simply bindsa registerandproceedsto checkthepresenceof, or build, thecon-
stant Å on theheap.Clearly, oneregistercanbesavedanddatamovementopti-
mizedwith onespecializedinstruction: unify constant Å . Thesamesitua-

1After direreflectionseededby discussionswith FernandoPereira,weeventuallyrealizedthat
thisoptimizationwasindeedcheap—afact thathadescapedourattention.Wearegratefulto him
for pointingthisout. However, hehimselfwarns[Per90]:

“Now, this representation(which, I believe, is the oneusedby Quintus,SICStus
Prolog,etc.) hasindeedsomedisadvantages:

1. If therearen’t enoughtagsto distinguishfunctor cells from the othercells,
garbagecollectionbecomestrickier, becausea pointed-tovaluedoesnot in
generalidentify its own type(only thepointerdoes).

2. If you wantto use[theHuet-Fages]circulartermunificationalgorithm,redi-
rectingpointersbecomesmessy, for the[same]reason...

In fact, what [the termrepresentationin Section2.1 is] doing is enforcinga con-
ventionthatmakesevery functorapplicationtaggedassuchby theappearanceof a
STRcell justbeforethefunctorword.”
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HassanA ÏT-KACI Reprintedfrom MIT Press PAGE 47 OF 129



WARREN’ S ABSTRACT MACHINE

tion in aquerywouldsimplify a sequence:

put structure tqÇ�<4É XÊ
set variable XÊ

into onespecializedinstructionset constant t . Similarly, put andget in-
structionscanthusbespecializedfrom thoseof structuresto dealspecificallywith
constants.Thus,wedefineanew sortof datacellstaggedCON, indicatingthatthe
cell’s datumis a constant.For example,a heaprepresentationstartingat address��< for thestructureÆ�Ë�sIÉ�B�Ë�Å-Ì�Ì couldbe:

� ê-Òpâ� �V��� Ãâ
6 ÑLÒFäâ;â �V��� ìâ)ä ß;àVÙ �

Exercise 5.1 Could the following (smaller)heaprepresentationstartingat ad-
dressâ
6 beanalternative for thestructureÑ�Á#ìFÔüêhÁ#Ã�Â�Â ? Why?

â�6 Ñ�ÒIäâHâ �8��� ìâ
ä êhÒVââ�1 �8��� Ã
Heapspacefor constantscanalsobesavedwhenloadingaregisterwith, or bind-
ing a variableto, a constant.Ratherthansystematicallyoccupyinga heapcell
to reference,a constantcanbesimply assignedasa literal value. The following
instructionsarethusaddedto ��è :

1. put constant t;É XÊ
2. get constant t;É XÊ
3. set constant t
4. unify constant t

andareexplicitly definedin Figure5.2.

Programmingwith linear lists beingso privileged in Prolog, it makessenseto
tailor thedesignfor this specificstructure.In particular, non-emptylist functors
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put constant mFÔ XÕ�Ö XÕX× Ø �8��� Ô
m�Ü�Ä
get constant mFÔ XÕ�Ö addr × deref Á XÕ�Â%Ä

caseSTORE[addr] ofØFÙpÚ7Û Ô Ü¼Ý STORE[addr] × Ø �V��� Ô�m�Ü�Ä
trail Á addrÂ%ÄØ �V��� Ô.m]�
Ü Ý fail × Á�m ¿å�m]� Â%Ä

other Ý fail × true Ä
endcaseÄ

set constant m Ö HEAP[H] × Ø �8��� Ô
m¨ÜüÄ
H × H á+â;Ä

unify constant mQÖ casemodeof
read Ý addr × deref Á SÂ%Ä

caseSTORE[addr] ofÁ3�
��� Â endcaseÄ
write Ý HEAP[H] × Ø �V��� Ô
m�Ü�Ä

H × H á¼â;Ä
endcaseÄ

Figure5.2: Specializedinstructionsfor constants
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put list XÕcÖ XÕX× Ø �9� ß Ô H ÜüÄ
get list XÕcÖ addr × deref Á XÕ�Â�Ä

caseSTORE[addr] ofØFÙVÚfÛ Ô Ü@Ý HEAP[H] × Ø �9� ß Ô H á+âXÜ�Ä
bindÁ addrÔ HÂ%Ä
H × H á+âHÄ
mode × write ÄØ �[� ß Ô�Ã,Ü�Ý S ×ãÃ4Ä
mode × read Ä

other Ý fail × true Ä
endcaseÄ

Figure5.3: Specializedinstructionsfor lists

neednotberepresentedexplicitly ontheheap.Thusagain,wedefineafourthsort
for heapcellstaggedLIS , indicatingthat thecell’s datumis theheapaddressof
thefirst elementof a list pair. Clearly, to respectthesubtermcontiguityconven-
tion, thesecondof thepair is alwaysat theaddressfollowing thatof thefirst. The
following instructions(definedexplicitly in Figure5.3)arethusaddedto ��è :

1. put list XÊ
2. get list XÊ

For example,thecodegeneratedfor query?- ��Ë���ÉZ ¡��É� @¢�É�Æ�Ë� �Ì�Ì.� , usingProlog’s
notationfor lists, is shown in Figure5.4 andthatfor fact ��Ë#Æ!Ëj*�Ì�É� £, É�Æ!Ë#Å$Ì�¢�É�,&Ì�� ,
in Figure5.5.Notethehiddenpresenceof theatom  ¤¢ aslist terminator.

Of course,having introducedspeciallytaggeddatacells for constantsandnon-
emptylistswill requireadaptingaccordinglythegeneral-purposeunificationalgo-
rithm givenin Figure2.7.Thereaderwill find thecompletealgorithmin appendix
SectionB.2, onPage117.

Exercise5.2 In [War83],Warrenalsousesspecialinstructionsput nil XÕ , get nil XÕ ,
andto handlethe list terminatorconstantÁ3¥§¦ Â . Definethe effect of theseinstruc-
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put list X0 % ?- X0Då{¥
set variable X4 % ÷#¨
set constant ¥§¦ % ¥§¦©¦�Ô
put variable X/CÔ A â % ô-Á�õ Ô
put list Aä % ¥
set value X/ % õª¨
set value X0 % X0�¦0Ô
put structure Ñ�Òpâ;Ô A1 % Ñ
set value X4 % Á#÷¯Â
call ô-Ò�1 % Â32

Figure5.4: Specializedcodefor query?- ��Ë���ÉZ ¡��É� @¢�É�Æ�Ë� �Ì�Ì.�

ô-Ò�1 Ý get structure ÑLÒVâ;Ô A â % ô-Á�Ñ
unify variable X/ % Á0é1Â%Ô
get list Aä % ¥
unify variable X0 % í«¨
unify variable X4 % X4�¦0Ô
get value X07Ô A1 % íÞÂ�Ô
get list X4 % X4bå{¥
unify variable X5 % X5D¨
unify constant ¥§¦ % ¥§¦X¦0Ô
get structure ÑLÒVâ;Ô X5 % X5�å¼Ñ
unify constant Ã % Á#Ã�Â
proceed % 2

Figure5.5: Specializedcodefor fact ��Ë#Æ!Ë+*+Ì�ÉZ ¬,,É�Æ!Ë�Å-Ì-¢#É�,.Ì.�
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tions,andgive explicit pseudo-codeimplementingthem. Discusstheir worth be-
ing providedasopposedto usingput constant ¥§¦�Ô XÕ , get constant ¥§¦0Ô XÕ ,
set constant ¥§¦ , andunify constant ¥§¦ .

Lastin therubricof specializedinstructionsis thecaseof single-occurrencevari-
ablesin non-argumentpositions(e.g., * in Figure2.4onPage16,Figure2.10on
Page24, andFigure5.5 on Page51). This is worth giving specializedtreatment
insofarasno registerneedbe allocatedfor these. In addition, if many occurin
a row as in Æ!Ë É É Ì , say, they canbe all be processedin oneswoop,saving in
generatedcodesizeandtime. Weintroducetwo new instructions:

1. set void È
2. unify void È

whoseeffect is, respectively:

1. to pushÈ new unboundREFcellson theheap;

2. in write mode,to behaveasset void È and,in read mode,to skipthe
next È heapcellsstartingat locationS.

Thesearegivenexplicitly in Figure5.6.

Notefinally, thatananonymousvariableoccurringasanargumentof theheadof
a clausecanbesimply ignored.Thenindeed,thecorrespondinginstruction:

get variable XÊ�É AÊ
is clearlyvacuous.Thus,suchinstructionsaresimply eliminated.The codefor
fact ��Ë É�B�Ëj*�Ì�É�Æ!Ë É�, É Ì�Ì.� , for example,shown in Figure5.7,illustratesthispoint.

Exercise 5.3 What is the machinecodegeneratedfor the fact ô-Á Ô Ô Â32 ? What
aboutthequery?- ô-Á Ô Ô Â32 ?

5.3 A noteon set instructions

Defining the simplistic language��è hasallowed us to introduce,independently
of other Prolog considerations,all WAM instructionsdealingwith unification.
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set void Ó Ö for ÕX× H to H áBÓ(­óâ do
HEAP[Õ ] × ØFÙVÚ7Û Ô�Õ�ÜüÄ

H × H áBÓ�Ä
unify void Ó.Ö casemodeof

read Ý S × S áBÓ�Ä
write Ý for Õc× H to H á¶Ó%­óâ do

HEAP[Õ ] × ØFÙVÚfÛ Ô)Õ�Ü�Ä
H × H áBÓ�Ä

endcase

Figure5.6: Anonymousvariableinstructions

ô-Ò�1 Ý get structure ê-Òpâ;Ô Aä % ô$Á Ôüê
unify void â % Á�éBÂ�Ô
get structure Ñ�Ò�17Ô A1 % Ñ
unify void 1 % Á Ô�í�Ô Â
proceed % Â32

Figure5.7: Instructionsfor fact ��Ë É�B�Ë+*�Ì�É�Æ!Ë É�, É Ì%Ì��
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Strictly speaking,theset instructionswe have definedarenot partof theWAM
asdescribedin [War83] or in [War88]. There,onewill find that thecorrespond-
ing unify instructionsaresystematicallyusedwherewe useset instructions.
The reasonis, as the readermay have noticed,that indeedthis is possiblepro-
videdthattheput structure andput list instructionssetmodetowrite .
Then,clearly, all set instructionsareequivalentto unify instructionsin write
mode. We choseto keeptheseseparateasusingset instructionsafter put in-
structionsis moreefficient(it savesmodesettingandtesting)andmakesthecode
more perspicuous.Moreover, theseinstructionsaremorenatural,easierto ex-
plainandmotivateasthedatabuilding phaseof unificationbeforematchingwork
comesinto play.

Incidentally, theseinstructionstogetherwith theirunify homologues,make“on-
the-fly” copyingpart of unification, resultingin improved spaceand time con-
sumption,asopposedto themorenäıvesystematiccopyingof rulesbeforeusing
them.

5.4 Registerallocation

As in conventionalcompilertechnology, thecodegeneratedfrom thesourcemay
give riseto obviouslyunnecessarydatamovements.Suchcanbesimplifiedaway
by so-called“peep-hole”optimization.This appliesto this designaswell. Con-
siderfor examplethenäıvetranslationof thefact ‘concË. ¤¢#É���É���Ì�� ’:

concÇZ' h get constant  §¢�É A � % concË. ¤¢#É
get variable X&hÉ A$ % ��É
get value X&hÉ A' % ��Ì
proceed % �

Now, thereis clearlyno needto allocateregisterX& for variable � sinceits only
useis toserveastemporaryrepository—butsocanA$ . Thus,theget variable
becomesget variable A$CÉ A$ , andcanbeeliminatedaltogether, yieldingbet-
tercode:

concÇZ' h get constant  ¤¢#É A � % concË� ¤¢#É
get value A$4É A' % ��É���Ì
proceed % �

Moregenerally, sinceargumentandtemporaryvariableregistersarethesame,the
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ô-ÒIä Ý allocate ä % ô
get variable Y â;Ô Aä % Á�éëÔ	íDÂ :-
put variable Yä7Ô Aä % kHÁ0éëÔ õ
call kHÒIä % Â%Ô
put value Yä7Ô A â % lHÁ�õ Ô
put value Y â;Ô Aä % í
call lHÒIä % Â
deallocate % 2

Figure5.8: Betterregisterusefor ��Ë+*BÉ�,2Ì :- ^CË+*BÉ��DÌ�É�_7Ë���É.,.Ì��
following instructionsarevacuousoperations:

get variable XÊ	É AÊ
put value XÊ�É AÊ

andcanbeeliminated.For example,looking backat theexampleshown in Fig-
ure3.1on Page31,we realizethatthetemporaryvariable* is thefirst argument
in theheadaswell asthefirst atomin thebody. Therefore,allocatingregisterX'
to thevariable * is clearlysilly asit hasfor consequencetheuselessmovement
of thecontentsof registerA � to X' , thenback,aswell astwo moreinstructions
increasingthecodesize. Thus,with this observation, it makessenseto allocate
registerA � to * andapply theabove vacuousoperationelimination,resultingin
theobviouslybetterinstructionsequenceshown in Figure5.8.

Registerallocationmusttry to takeadvantageof thisfactby recognizingsituations
whenappropriateargumentregistersmayalsosafelybeusedastemporaryvari-
ables.Algorithmsthatdo this well canbequiteinvolved. A generalmethoddue
to Debray[Deb86]workswell in reasonabletime. A moresophisticatedbut more
(compile-time)expensive techniqueusingDebray’s methodcombinedwith a re-
orderingof unificationinstructionscanbefoundin [JDM88]. Registerallocation
is really auxiliary to the WAM designandcanbe performedby an independent
modulein thecompiler.

In thesequel,weshallimplicitly usethisoptimizationwheneverbetterthannäıve
registerallocationcanbeobviously inferredby thereader.
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5.5 Last call optimization

The refinementthat we introducenext is a generalizationof tail-recursionopti-
mization,theeffectof which is to turnsomerecursive proceduresinto equivalent
iterative forms. It is calledherelast call optimization(LCO), asit is appliedsys-
tematicallywith or without recursion. If the last procedurecall happensto be
recursive, thenit doesamountto tail recursionoptimization.However, it is more
generalasa stackframerecovery process.

Theessenceof LCO residesin thefactthatpermanentvariablesallocatedto arule
shouldnolongerbeneededby thetimeall theput instructionsprecedingthelast
call in thebodyarepassed.Hence,it is safeto discardthecurrentenvironment
before calling thelastprocedureof therule’s body. This couldbeachievedquite
simply by swappingthe call , deallocate sequencethatalwaysconcludea
rule’s instructionsequence(i.e., into deallocate , call ).

A consequenceof this is thatdeallocate is neverthelastinstructionin arule’s
instructionsequenceas it usedto be for ç(ï and ç q . Therefore,it must be
modifiedaccordingly. Namely, it mustresetCP, ratherthanP, to thevalueof the
continuationslotof thecurrentenvironmentbeingdiscarded,andsetP to continue
in sequence.Thus,

deallocate � CP Í STACK[E K`� ] �
E Í STACK[E] �
P Í P K instructionsizeË PÌ

But then,call beingnow the last instruction,thereis no needfor it to setCP.
As a matterof fact, it would be wrong if it did sincethe right continuationwill
now havebeenseta priori by deallocate . A simplesettingof P to thecallee’s
addressis all that is needed.We shallnot modify call , sinceit workscorrectly
for non-ultimateprocedurecalls. Rather, we introduceexecute ��Ç;È , defined
as:

execute �LÇ;È®� numof args Í È��
P Í¯�ÞË���Ç;ÈXÌ��

to be usedsystematicallyfor the last call in a rule insteadof call . To see
an example,considerthe rule ‘ ��Ëj*1É.,2Ì :- ^CË+*BÉ��DÌ�É�_7Ë���É.,2Ì�� ’ whose“last call
optimized”codeis shown in Figure5.9.

Theeffect of LCO is subtlerthanit first appearsdueto the interleaving of envi-
ronmentandchoicepoint frameson thesamestack. Thus,if the topmostframe
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ô-ÒIä Ý allocate ä % ô
get variable Y â;Ô Aä % Á�éëÔ	íDÂ :-
put variable Yä7Ô Aä % kHÁ0éëÔ õ
call kHÒIä % Â%Ô
put value Yä7Ô A â % lHÁ�õ Ô
put value Y â;Ô Aä % í
deallocate % Â
execute lHÒIä % 2

Figure5.9: ç(ï codefor ��Ë+*BÉ�,2Ì :- ^4Ëj*1É��5Ì�É�_7Ë���É�,.Ì.� , with LCO

on the stackis the currentenvironmentandnot the currentchoicepoint (i.e., if
E ? B), its spacecanthenbere-usedin thenext stackallocation(e.g., allocate
or try me else ). This slows downsgrowth of thestackconsiderably. On the
otherhand,if thetopof thestackis achoicepoint,LCO doesnothave immediate
effect on thestackdueto environmentprotection.In thecasewherethelastcall
of thelastrule is a recursivecall, thestackdoesnotgrow atall, re-usingover and
over theexactsamespacefor successive activationframesof thesameprocedure,
resultingin aniterative loop.2

5.6 Chain rules

A consequenceof LCO is that thegeneratedcodetranslatingchainrulescanbe
greatly simplified. Indeed,the generictranslationof a chain rule of the form
‘ ��Ë3�����<Ì :- ^CË]������Ì.� ’:

2In pure °²± , thiswouldof coursebeof little interestsinceany recursiveprogramwouldalways
eitherfail or loop indefinitelyanyway—albeitwith a smallstack!At any rate,LCO is nonetheless
an interestingoptimizationof executionof (non-recursive) °²± programsasit keepsstackspace
well utilized.
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� h allocate c
getargumentsof �
putargumentsof ^
call ^
deallocate

is transformedby LCO into:

� h allocate c
getargumentsof �
putargumentsof ^
deallocate
execute ^

Now, notethatall variablesin a chainrule arenecessarilytemporary. Hence,the
only informationwhich is savedon thestackby aninitial allocate is thecon-
tinuationregisterCP. But this effect of allocate is undonebeforeexecute
by deallocate . Therefore,this is totally wastedwork, andbothallocate
anddeallocate canbeeliminated.Thus,LCO allows translationof thechain
rule ‘ ��Ë]����� Ì :- ^4Ë]�����<Ì�� ’ simply into:

� h getargumentsof �
putargumentsof ^
execute ^

Thatis, chainrulesneedno run-timeactivationframeon thestackat all!

5.7 Envir onment trimming

The correctnessof LCO hingeson having observed that permanentvariablesin
the currentenvironmentareneededonly aslong asall the put instructionsfor
the lastcall’s argumentsarenot yet done.This observationcanbesharpenedby
noticingthata permanentvariableis in factno longerneededafterthearguments
of its ultimateoccurrence’s goalhave all beenloadedby put instructions.This
entailsa naturalgeneralizationof LCO to allow maximalreuseof stackspaceat
each(i.e., not only the last) call in thebodyof the rule. More specifically, each
permanentvariablein the environmentcanbeassociatedwith thegoal in which
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it is usedlast,andthereforecansafelybedisposedof beforeperformingthecall.
Theintendedeffect of sucha processis to makethecurrentenvironmentframe’s
sizeon thestackshrinkgradually, until it eventuallyvanishesaltogetherby LCO,
this latteroptimizationbeingsimply thespecialcaseof thelastgoal.

This gradualenvironmenttrimming canbemadeto work automaticallyby care-
fully orderingthe variablesin their environmentso asto reflectthe orderingof
their associatedlast occurrencegoals. Namely, the later a permanentvariable’s
last occurrence’s goal is in the body, the lower its offset in the currentenviron-
mentframeis. Thus,thecall instructionis givena secondargumentcounting
thenumberof variablesstill neededin theenvironmentafterthepointof call. This
countallows laterstackallocatinginstructionsto computea lower topof stack,if
possible.Namely, if the topmostframeon the stackis the currentenvironment
(i.e., if E ? B).

Note that the explicit definition of allocate againneedsto be changedfrom
whatit wasfor ç q . In orderto reflectacorrectvalueatall times,theoffsetthatit
getsfrom theprecedingenvironmentmustbeupdatedby eachtrimmingcall . In
fact,suchupdatesarenotneeded.Sinceamorepreciseenvironmentstackoffsetis
now explicitly passedasanargumentto call ’s,theargumentof allocate be-
comessuperfluous.Indeed,theoffsetcanbedynamicallyretrievedbyallocate
(andtry me else ) asaconsequenceof thefollowing fact: thecontinuationslot
of the latest environmentframe,STACK[E Kf� ] , alwayscontainsthe address
of the instructionimmediatelyfollowing the appropriatecall ³\É�c instruction
where c is preciselythe desired offset. Hence,allocate no longertakesan
argument,andanenvironmentframeno longerneedsanoffsetslot. Instead,the
right offsetis calculatedby allocate asCODE[STACK[EKf� ] ´{� ] .3

With thissimplification,anenvironmentframeontopof thestacknow looksthus:

E CE (continuationenvironment)
E K`� CP (continuationpoint)
E Ka$ Y � (permanentvariable � )

...

3Recallthatby CODE[µ ] , we meanthecontentsof STORE[µ ] in thecodeareaat addressµ .
Thisworksunderthe(reasonable)assumptionthatanintegeroccupiesonememoryword.
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andthe(now definitive)definitionof allocate is:4

allocate � if E ? B
then newE Í E K CODE[STACK[EK`� ] ´`� ] Ka$
elsenewE Í B K STACK[B] K¶zD�

STACK[newE] Í E�
STACK[newE K`� ] Í CP�
E Í newE�
P Í P K instructionsizeË PÌ��

Therule‘ ��Ë+*BÉ�, É��DÌ :- ^CË�·\É�¸ É� �Ì�É�_7Ë-, É���É�·tÌ�É�¹7Ë�·\É� �Ì�É]º)Ë+*BÉ�¸tÌ�� ’, for example,
is onein which all variablesarepermanent.The last occurrence’s goal of each
variableis givenin thefollowing table,alongwith aconsistentorderingassigning
to eacha YÊ indexedby its offsetin theenvironmentframe:

Variable Lastgoal Offset
* º Y �
, _ Yx
� _ Yy
· ¹ Y'
¸ º Y$
 ¹ Y&

Thatis, aftertheCEandCPslots, *BÉ�¸ É�·\É� +É�, É�� comein this orderin theenvi-
ronment.Environmenttrimmingcodefor this rule is shown in Figure5.10.

5.8 Stackvariables

Recall that, accordingto WAM Principle 1, allocationof heapspaceis to be
avoided whenever possible. Thus, we may go even farther in optimizing aus-
terity in thecaseof a permanentvariablewhich first occursin thebodyof a rule
asagoalargument.Fromwhatwehaveseen,suchavariableYÈ is initializedwith
a put variable YÈ�É AÊ whichsetsboththeenvironmentslot YÈ andargument
registerAÊ to pointto anewly allocatedunboundREFheapcell (seeFigure2.8,on
Page23). Now, sinceYÈ is to betreatedasa local variable,it hasbeenallocated

4Note incidentally, that a similar alterationmustbe donefor try me else . The definitive
versionfor thatinstructionis givenin AppendixB.
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ô-Ò�1 Ý allocate % ô
get variable Y â;Ô A â % Á0éQÔ
get variable Y07Ô Aä % í Ô
get variable Y47Ô A1 % õ�Â :-
put variable Y17Ô A â % kHÁ3n�Ô
put variable Yä7Ô Aä % o�Ô
put variable Y/CÔ A1 % ÷
call k;Ò�17Ô34 % Â�Ô
put value Y07Ô A â % lHÁ0í Ô
put value Y47Ô Aä % õ Ô
put value Y17Ô A1 % n
call l;Ò�17Ô�/ % Â%Ô
put value Y17Ô A â % »FÁ3n!Ô
put value Y/CÔ Aä % ÷
call »FÒIä7Ô�ä % Â%Ô
put value Y â;Ô A â %

� Á0éQÔ
put value Yä7Ô Aä % o
deallocate % Â
execute

� ÒIä % 2

Figure5.10:Environmenttrimmingcode
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a cell in the environmentwhich is to exist during this rule’s body execution—
assuming,for the time being, that environmenttrimming or LCO are not per-
formed. So why not save, ratherthan systematicallywaste,that (global) heap
cell? More specifically, a moreappropriatesemanticsfor the put variable
instruction,whenusedon apermanentvariable,oughtto be:

put variable YÈ!É AÊ¼� addr Í E K�ÈIK`���
STACK[addr] Í ÎE�¾½V¿@É addr Ï
�
AÊ�Í STACK[addr] �

Thatis, it shouldnotallocatea heapcell asdonefor a temporaryregister.

Unfortunately, thereareratherinsidiousconsequencesto this apparentlyinnocu-
ouschangeasit interfereswith environmenttrimmingandLCO. Thetroublethen
is thatenvironmentvariablesmaybedisposedof while still unbound.Therefore,
any referenceto anunboundstackvariablerunstherisk of potentialcatastrophe,
becominga danglingreferenceuponcarelessdiscardingof thevariable.As a re-
sult, it is no longercorrectto let thebindoperationsetanarbitrarydirectionwhen
establishingareferencebetweentwo unboundvariables.Morepathologically, the
following instructionshave now becomeincorrectif usedblindly in somesitua-
tions:put value andset value (thusalsounify value in write mode).

The following threesubsectionstreateachproblemby (1) first giving a correct
bindingconvention,then(2)analyzingwhatmaygowrongwith put value , and
(3) with set value andunify value , explaininghow to repairthetrouble.

5.8.1 Variable binding and memory layout

Threecasesof variable-variablebindingsarepossible:(1) heap-heap,(2) stack-
stack,and(3) heap-stack.In Case(1), asalludedto beforeon Page17,whenthe
bind operationis performedon two unbound(heap)addresses,which of thetwo
is madeto referencethe otherdoesnot affect correctness.However, makingan
arbitrarychoicedoesaffect performanceasit mayleadto muchmorework than
necessaryby causingmore variabletrailing andresettingthanmay be needed.
Considerfor exampletwo heapvariables,onebeforeHBandtheotherafterHB.
Making thefirst referencethesecondrequirestrailing it (andits potentialsubse-
quentresetting)while thecontraryis unconditionalandrequiresnone.

In Cases(2) and (3), the symptomsare quite more seriousas which direction
thebindingoccurscanbeincorrectdueto potentialdiscardingof stackvariables.
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For example,therule ‘ ÁÃÂ+Ä�Å]Ä;Æ :- Ç[ÂjÄ;Æ.Å�ÈVÂ+Ä;Æ.É ’ invokedwith ‘?- ÁÊÂ-Ë�Å�Ì"Æ.É ’ will
not work correctlyif Ë is boundto Ä since Ç8ÍDÎ mayleave thestackvariable Ä
unbound.Theotherdirectionis theonly correctone.As it turnsout,mostcorrect
bindingscanbeensuredfollowing a simplechronologicalreferencerule:

WAM BINDING RULE 1 Alwaysmakethevariableof higheraddressreference
thatof loweraddress.

In otherwords,anolder(lessrecentlycreated)variablecannotreferenceayounger
(morerecentlycreated)variable.

Let us examinewhat is gained. In Case(1), asexplainedabove, unconditional
bindingsare thus favored over conditionalones,avoiding unnecessarytrailing
andresultingin swift heapspacerecoveryuponbacktracking.

In Case(2), WAM BindingRule1 rule is alsoclearlybeneficialfor thesamerea-
sonsas for Case(1). It happensto be alsoconsistentwith the orderingamong
variableswithin asingleenvironmentsetup to allow environmenttrimming. This
is all thebetter. Unfortunately, this rule is notsufficient to preventdanglingrefer-
encesin astack-stackbindingaswill beseenin thenext subsection.

In Case(3), the problem(asexposedin the next two subsections)is that stack
spaceis volatile while heapspaceis persistent,making referencesto the stack
potentiallydangerous.Clearly, it wouldbeasourceof complicationever to estab-
lish a binding from theheaptowardthe stack,whereasthe contrarypresentsno
problem.Therefore,theWAM enforcesthefollowing:

WAM BINDING RULE 2 Heapvariablesmustneverbesetto a referenceinto the
stack.

To suit this, the WAM organizesits memorylayout specificallyso that WAM
BindingRule1 is naturallyconsistentwith:

WAM BINDING RULE 3 Thestack mustbe allocatedat higher addressesthan
theheap,in thesameglobaladdressspace.

This mustbe done,of course,allowing sufficient slack for growth of the heap.
Thisruleentailsforbiddingtheparticipationof stackvariablesin areferencechain
in any way other thangroupedasa subchainprefix. That is, a referencechain
containingany stackvariablesat all will have themall appearcontiguouslyand
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Ï[ÐrÑ�Ò�Ó�Ô Õ
allocate %

ÒÏ�Ô�Ñ
get variable Y

ÔZÖ
A
Ô

% ×+Ø�Ù :-Ï[ÚrÑ
put variable Y

ÚVÖ
A
Ô

% ÛE×jÜ ÖÏ[ÝrÑ
put value Y

ÔZÖ
A
Ú

% ØÏ8ÞßÑ
call Û Ó�ÚVÖ]Ú % Ù ÖÏ[àrÑ
put value Y

ÚVÖ
A
Ô

% áE×jÜ ÖÏ[ârÑ
put value Y

ÔZÖ
A
Ú

% ØÏäã�Ñ
deallocate % ÙÏ[årÑ
execute á Ó�Ú % æ

Figure5.11:Unsafecodefor ÁÊÂjÄ;Æ :- Ç9Â-Ë�Å]Ä;Æ.Å�ÈVÂ-Ë�Å]Ä;Æ.É

early in thechain. Then,discardinga stackvariablecannotbreaka chain. (This
is guaranteedin thesubchainprefixof stackvariablesby WAM BindingRule1.)

However, weseenext thatthisrule is violatedby someinstructions(put value ,
set value , andunify value ). We presentlyexaminethis andadaptthede-
signsothatno incorrectbindingmayever occur.

5.8.2 Unsafevariables

A stackvariableis discardedbeforecalling the goal in which it last occursal-
thoughit maystill beunboundor boundto anotherunboundpermanentvariablein
thesame(current)environment(i.e., onewhichis to bealsodisposedof). Clearly,
thedangeris thenthat thecall mayrefer to thediscardedvariables.For this rea-
son,a permanentvariablewhich is initialized by a put variable (i.e., which
first occursastheargumentof abodygoal)is calledanunsafevariable.

Let ustakeanexamplewith therule ‘ ÁÃÂ+Ä)Æ :- Ç9Â-Ë�Å]Ä;Æ.Å�ÈVÂ-Ë�Å]Ä;Æ.É ’ in which both
Ä and Ë arepermanentvariables,but only Ë is unsafe.This is becauseË is ini-
tializedwith aput variable (sinceits first occurrenceis in abodygoal)while
Ä , first occurringin thehead,is initialized with a get variable . Figure5.11
shows the(incorrect)translationasit is donein our currentsetting.Let us trace
whathappenswhenput value Yç9Å A Î is usedon Line 5. Let usassumethat Á
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is calledwith anunboundvariable;that is, with thesequenceof theform:

put variable Xè3Å A Î
execute Á�ÍVÎ

Thus,at the point right beforeLine 0, A Î points to the heapaddress(say, 36)
of an unboundREF cell at the top of the heap. Then, allocate createsan
environmenton the stack(where,say, Y Î is at address77 andYç at address78
in the stack). Line 1 setsSTACK[ é�é ] to ê REF Å 36 ë , andLine 2 setsA Î (and
STACK[ éZì ] ) to ê REF Å 78 ë . Line 3 setsAç to the valueof STACK[ é�é ] ; that
is, ê REF Å 36 ë . Let us assumethat the call to Ç on Line 4 doesnot affect these
settingsatall (e.g., thefact Ç9Â Å Æ is defined).Then,(thewrong)Line 5 wouldset
A Î to ê REF Å 78 ë , andLine 6 setsAç to ê REF Å 36 ë . Next, deallocate throws
awaySTACK[ é�é ] andSTACK[ éZì ] . Supposenow thatthecodefor È startswith
anallocate re-usingstackspace77and78 then,lo!, theget instructionsof È
will find nonsensicaldatain A Î .
Notehowever thatanunsafevariable’sbindingcaneasilybecheckedat run-time
so that troublemaybeavertedon thefly by takingappropriatemeasuresonly if
needed.Let usreflecton thepossiblesituationsof a givenunsafevariableYí in
thelastgoalwhereit occurs.Therearetwocasesthatwill needattention:(1)when
Yí appearsonly asanargumentof its lastgoal;and,(2) whenYí appearsin that
goal nestedin a structure,whetheror not it is alsoan argument. We will treat
later thesecondcase,asit interactswith a moregeneralsourceof unsafetythat
weshallanalyzeaftertreatingthefirst case.

So let us considerfor now the casewhereall occurrencesof unsafeYí arear-
gumentsof the last goal whereYí appears. That is, all thesecorrespondto
put value Yí¼Å Aè instructions. As explained, it is desirableto ensurethat a
run-time checkbe carriedout verifying that no referencechain leadingto Yí
eventuallypointsto anunboundslot in theenvironment.Thesolutionis to usea
modificationof the effect of put value Yí�Å Aè to ascertainthis. More specif-
ically, let us call this modifiedinstructionput unsafe value Yí�Å Aè . It be-
havesexactly like put value Yí�Å Aè if the referencechain from Yí doesnot
leadto an unboundvariablein the currentenvironment. Otherwise,this altered
instructionbindsthereferencedstackvariableto anew unboundREFcell pushed
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on theheap,andsetsAè to point to thatcell. Explicitly,5

put unsafe value Yí�Å Aè¼î addr ï deref Â E ðaíbð`ÎZÆ�ñ
if addr ò E

then Aè�ï STORE[addr]
else

begin
HEAP[H] ï êEó¾ô8õ�Å H ë
ñ
bindÂ addrÅ HÆ�ñ
Aè�ï HEAP[H] ñ
H ï H ðfÎ

endñ

Looking backat the exampleof Figure5.11, if Line 5 is not as shown but re-
placedwith put unsafe value Yç�Å A Î , then HEAP[ öVé ] is createdand set
to ê REF Å 37 ë , STACK[ éZì ] and A Î are set to ê REF Å 37 ë , then Aç is set to
ê REF Å 36 ë (thevalueof STACK[ é�é ] ) onthefollowingline. DiscardingSTACK[ é�é ]
andSTACK[ é�ì ] is now quitesafeasexecuting È will getcorrectvaluesfrom A Î
andAç .
The questionstill remainingis to decidewhich amongseveral occurrencesof
put value Yí¼Å Aè must be replacedwith the safetycheckmodificationfor a
givenunsafeYí . In fact, it is sufficient to replaceonly oneof them,althoughnot
an arbitraryonebut, quite importantly, thefirst occurrencein this last goal. To

5Note incidentallythat having a globaladdressspacewith the relative memorylayoutof the
stackbeingallocatedat higheraddressesthantheheaphasasa niceconsequenceto makeit quite
easyto testwhetherY÷ ’s valueis an unboundvariablein the currentenvironmentwith a mere
comparisonof memoryaddresses.Strictly speaking,this test is not quite correctbecausederef
mayactuallyyield theaddressof anX registercontaininga literal constant.To preventthis trivial
pointfromcomplicatingmattersunnecessarily, wemayassumethatX registersconvenientlyreside
at thehighestendof theglobalstore.
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seethisonanexample,considertheclause:6

Á :- Ç[Â+Ä)Æ�Å�ÈVÂjÄ�Å]Ä)Æ�É
If thesafetycheckis donelast,asin:

Á�Í�øbù allocate
put variable Y ÎVÅ A Î
call Ç8ÍDÎ�Å�Î
put value Y Î�Å A Î
put unsafe value Y Î�Å Aç
deallocate
execute È�ÍZç

thenargumentregisterwill still containa referenceto thediscardedenvironment
when ÈDÍ�ç is called.Therefore,thefollowing is theonly possiblecorrectcode:

Á�Í�øbù allocate
put variable Y ÎVÅ A Î
call Ç8ÍDÎ�Å�Î
put unsafe value Y Î�Å A Î
put value Y Î�Å Aç
deallocate
execute È�ÍZç

It hastheeffectof “globalizing” thevalueof Y Î soasto guaranteethatit maybe
discardedwithout leaving anonsensicalreferencein A Î .

5.8.3 Nestedstack references

Whenanunsafevariableoccursin its lastgoal nestedin a structure(i.e., with a
correspondingset value or aunify value ), thesituationpertainsto amore

6This exampleis due to Michael Hanus[Han90] and, independently, to Pascalvan Henten-
ryck [vH90]. Both pointedout to this authorthe incorrectreplacementrule described(asthatof
the last occurrenceof an unsafevariable)in [AK90]. In fact, the incorrectrule in [AK90] had
beensimply inheritedverbatimfrom Warren’soriginal report[War83] (Page14,Line 3), andlater
explainedby him asfollows[War90]:

“I agreethat this is ambiguousor misleading. I think it may be partly explained
by the fact that thememo(tacitly?) assumesthatgoalargumentsarecompiledin
reverseorderandthereforethelastargumentswill becompiledfirst!”

Copyright c
À
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generalpathologywhich may affect temporaryvariablesaswell. Considerthe
rule ‘ ú�Â+Ä)Æ :- û�Â-ü�Â+Ä)Æ]Æ�É ’ for example.As we have it, this is translatedthus:

ú�ÍVÎ#ù get variable Xç�Å A Î
put structure üýÍDÎ�Å A Î
set value Xç
execute û�ÍDÎ

Let usconsidernow thequery‘?- ú�Â+Ä)Æ�Å�þZÂ+Ä)Æ�É ’ beingtranslatedas:

allocate
put variable Y Î�Å A Î
call ú�ÍVÎ�Å�Î

...

andlet usexaminein detailwhathappensduringexecution.Beforethecall to ú�ÍVÎ ,
a stackframecontainingthe variableY Î is allocatedandinitialized to unbound
by put variable Y Î�Å A Î . The codeof ú�ÍVÎ begins by settingXç to reference
thatstackslot (thevalueof A Î ), andpushesthe functor üýÍVÎ on theheap.Then,
behold!, set value Xç pushesthe value of Xç onto the heap,establishinga
referencefrom the heapto the stack. This violatesWAM Binding Rule 2 and
createsa sourceof disasterwhenY Î is eventuallydiscarded.

Of course,thesameill-fatedbehavior plaguesunify value asits write mode
semanticsis identicalto set value ’s. Then,the questionis: Whencanit be
staticallyguaranteedthatset value (resp.,unify value ) will not createan
unwantedheap-to-stackreference?Theansweris: Any time its argumenthasnot
beenexplicitly initialized to be on the heapin the given clause. Then indeed,
thefirst set value (resp.,unify value ) performedonit maycausepotential
havoc. Specifically, set value Ví (resp.,unify value Ví ) is unsafewhen-
ever thevariableVí hasnot beeninitialized in this clausewith set variable
or unify variable , nor, if Ví is temporary, with put variable .

Again, the cureamountsto performingappropriaterun-timecheckswhich can
triggerdynamicglobalizingof a guilty stackvariablewhenever needed.Namely,
thefirst set value (resp.,unify value ) instructionof theclauseto beper-
formedonavariablewhichis notguaranteedto leadto theheap(i.e., meetingthe
explicit conditionsdescribedin the previous paragraph),mustbe replacedwith
a new one,set local value (resp.,unify local value , behaving like
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unify value in read mode),which testswhetherthedereferencedvaluere-
sidesin the heapor in the stack. If the dereferencedvalueis an unboundheap
address,it behavesasset value (resp.,asunify value in write mode);
i.e., it pushesit ontheheap.If thedereferencedvalueis anunboundstackaddress,
it pushesanew unboundheapcell andbindsthestackvariableto it. Explicitly,7

set local value Víÿî addr ï deref Â VíýÆ.ñ
if addr ò H

then HEAP[H] ï HEAP[addr]
else

begin
HEAP[H] ï ê�ó�ôVõ%Å H ë.ñ
bindÂ addrÅ HÆ

endñ
H ï H ð`Î�ñ

An explicit expressionfor unify local value is readily derived from the
definitionof unify value (given in Figure2.6, on Page18) by replacingthe
bodyof thewrite modecasewith theabove code.

If set local value Xç replacesset value Xç in theexampleabove,it will
realizethat thevalueof Xç is a stackaddressandthenbind it to a new unbound
cell on the heap. This maintainsa stack-to-heapreference,andWAM Binding
Rule2 is respected.

As a final observation, let us considerthe particularcasewherean unsafevari-
ableYí occursbothasanargumentof its lastgoalandalsonestedin a structure
somewherein thesameclause.Then,it is only necessaryto maketheappropriate
changetowhicheverinstructioncomesfirstbetweenthelastgoal’sput value Yí�Å Aè ’s
andtheclause’s set value Yí ’s (resp.,unify value Yí ’s). This is because
changingthefirst suchinstructionwill ensurethatthevariableis safelyglobalized
for theother, makingtherun-timecheckunnecessaryat thatlaterpoint.

5.9 Variable classificationrevisited

At this point, thetime is ripe for settingthingsright aboutthedefinitionof tem-
porary and permanentvariables. In our opinion, the way the WAM classifies

7SeeFootnote5 at thebottomof Page66.
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variablesis perhapsthemostpuzzlingitem to justify for the learningreader. In-
deed,althoughthe definition we have usedthusfar is correctasgiven, it is not
exactly thatgivenandusedin [War83]or [War88]. We presentlyanalyzethisdis-
crepancy anddiscussin particularthe motivation,aswell assomerathersubtle
consequences,of theoriginalWAM designer’sdefinition.

In fact,ourdefinitionandjustificationof variableclassificationtakeDavid H. D. War-
ren’s actualconceptionbackto front. In his view, a permanentvariableis simply
a conventionallocal variable.Therefore,all variablesappearingin a clausearea
priori permanentvariables;i.e., local variablesto beallocatedon thestack.This
is becausealocalvariable’slifetime oughtto bethatof theactivationof theclause
in which it occurs. On the otherhand,allocatinga variableon the heapwould
entailmakingit a globalvariableinsofarascomputationdoesnot backtrackto a
previouschoicepoint. However, somevariablesin a clauseneednotbeallocated
onthestack,eitherbecausethey areinitializedwith previouslyexistingdataor be-
causethey mustbepartof astructureontheheap.Obviously, theseconsiderations
call for a carefulreformulationof variableclassification.

Warren’soriginaldefinitionis asfollows:

Warren’s variable classification A temporaryvariableis onewhich
doesnotoccurin more thanonebodygoal (countingtheheadaspart
of thefirst bodygoal)andfirst occursin thehead,or in a structure,or
in thelastgoal. A permanentvariableis onewhich is not temporary.

First of all, let usobserve thatbothour andWarren’s classificationconsiderper-
manentany variableoccurringin morethanonebodygoal.However, whereasthis
criterion is a necessaryandsufficient characterizationof permanentvariablesby
ourdefinition,it is only asufficientonefor Warren’s. Now, from ourpresentation,
let ustry to recover andjustify Warren’svariableclassification.

The point is to restrictour definition of temporaryvariables(andthusbroaden
that of permanentvariables)to minimize heapallocation,andconsequentlythe
size of global data. As we saw, local variablesare quite thriftily managedby
environmenttrimming andLCO, and thereforeoffer a preferablealternative to
X registerswheneverpossible.Therefore,in orderto abideby Warren’s view, we
mustcompletelychangeourperspectiveandconsiderthata variableispermanent
by defaultunlessit is requiredto beexplicitly allocatedon theheap.

Thequestionnow, is: Whendoesa non-void variableoriginally deemedtempo-
rary in ourdefinition(i.e., occurringin nomorethanonebodygoal)really require
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to besystematicallyallocatedin theheap?Memoryallocationfor a variablehap-
pens,if at all, at its first occurrencein theclause.Let usnow analyzeall possible
situationsof first occurrence.

If thefirst occurrenceis in theheadof the rule, thenthevariableis eitheranar-
gument,andthereforeboundto analreadyexisting cell on theheap,or deeperin
thestack;or, it is nestedin a structureandhencewill necessarilybeallocatedon
theheapby theunificationinstructions.This is thecasebecausetheconventionis
thata functorcell on theheapmustbefollowedby asmany cellsasits arity dic-
tates.As aresult,aheadvariableneverrequiresstackspaceallocation.Therefore,
it is sufficient to manipulateit throughanX register; i.e., treatit asa temporary
variable.

For thesamereasons,if thefirst occurrenceisnestedinsideastructurein thebody,
thena heapcell will necessarilybeallocatedfor it by theunificationinstructions.
Soit mightaswell betreatedasa temporaryvariable,saving a stackslot.

Anotherclearcaseis whenthefirst occurrenceof thevariableis asanargumentin
thelastbodygoal.Thenindeed,sinceperformingLCOwill requiresystematically
globalizingit anyway, it makesmoresenseto treatit asa temporaryvariable.

The foregoing situationscover all thosein Warren’s definition of a temporary
variable.Therefore,thecriteriafor thatpartof thedefinitionwhich characterizes
a temporaryvariablearejustifiablysound.But is this truefor Warren’s definition
of a permanentvariable? Indeed,thereis onelast situationnot coveredby our
foregoinganalysis;namely, thecaseof avariableoccurringonly in onebodygoal
which is neitherthefirst nor thelastgoal.As it turnsout,unfortunately, Warren’s
variableclassificationis inconsistentwith environmenttrimming,evenwith the
setupof run-timechecksthatwehaveexplainedin theprevioussections.

Let us argue with a specificexample.8 Considerthe rule ‘ ú :- û�Â+Ä�Å]Ä;Æ.Å�þZÉ ’.
Accordingto our definition, Ä is treatedas a temporaryvariable. This results
in the compiledcodeshown asFigure5.12,where Ä is correctlyhandledasa
temporaryvariable,admittedlyat theexpenseof systematicallyallocatinga heap
slot for it.

Ontheotherhand,accordingto Warren’svariableclassification,thevariableÄ is
apermanentvariable. Therefore,following thecompilationrulesdescribedin the
previoussections,thegeneratedcodewouldbethatshown in Figure5.13. Now,
observewhathappenswhencalling ú with theinstructionsequenceof Figure5.13.

8Thelamebehavior of thisexamplewaspointedoutto theauthorby DamianChu[Chu90] and
MichaelHanus[Han90].
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� Ó�Ð Õ
allocate % � :-
put variable A

ÔZÖ
A
Ú

%
� ×jØ Ö Ø

call
� Ó�ÚVÖ3Ð

% Ù Ö
deallocate % �
execute � Ó�Ð % æ

Figure5.12:Codefor ú :- û�Â+Ä�Å]Ä;Æ.Å�þZÉ , by ourclassification

� Ó�Ð Õ
allocate % � :-
put variable Y

ÔEÖ
A
Ô

%
� ×+Ø Ö

put unsafe value Y
ÔZÖ

A
Ú

% Ø
call

� Ó�ÚVÖ]Ð
% Ù Ö

deallocate % �
execute � Ó�Ð % æ

Figure5.13:Codefor ú :- û�ÂjÄ�Å]Ä)Æ�Å�þZÉ , by Warren’sclassification
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� Ó�Ð Õ
allocate % � :-
put variable Y

ÔZÖ
A
Ô

%
� ×jØ Ö

put value Y
ÔEÖ

A
Ú

% Ø
call

� Ó�ÚVÖ
Ô
% Ù Ö

deallocate % �
execute � Ó�Ð % æ

Figure5.14:Delayedtrimming for ú :- û�ÂjÄ�Å3Ä;Æ�Å.þEÉ
A stackslot is allocatedfor Y Î , thenregisterA Î is madeto pointto thatslot. Then,
arun-timecheckiscarriedoutbecauseY Î is unsafeandit is foundthatY Î mustbe
globalized.This is done,makingbothY Î andAç point to a new heapcell. Then,
û�Í�ç is calledaftertrimmingY Î out of theenvironment.However, registerA Î still
pointsto thediscardedslot! It is thereforeclearthatfor Warren’sclassificationto
becorrect,somethingmustbedoneto preventthis particularailment.

As far as this authorcould read, it hasnot beenexplainedanywhere(includ-
ing in [War83, War88]) how to prevent incorrectcodeasthat of Figure5.13 to
be generatedbecauseof Warren’s classification,let alonewhat correctcodeto
producewith that classification.Upon privateinquiry, this is what Warrenpro-
poses[War90]:

“The generalprincipleis thatoneshouldmakevariablespermanentif at all
possible,anduseput variable X� Ö A� only asa last resort. The prob-
lem is what to do aboutvariableswhich occur in only one goal. If it is
the last call, one hasno (real) option but to globalisethe variableusing
put variable X� Ö A� . If it is otherthanthelastcall, thenonecaneither
globalisethevariablein thesameway, or avoid trimmingthevariableat the
immediatelyfollowing call, but rathertrim it at thenext call, by which time
it is certainlysafeto doso(providedvariable-variablebindingsalwayspoint
to the‘last-to-die’variableandthevariableto betrimmedis allocatedasthe
‘first to die’ in thenext call).”

Warrengoeson to illustrate how, for our specificexample,delayedtrimming
would repair the codeof Figure5.13 to that of Figure5.14 whereY Î is kept
in theenvironmentuntil thetimewhenexecutionreturnsfrom û
ÍZç , atwhichpoint
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� Ó�Ð Õ
allocate % � :-
put variable Y

ÔEÖ
A
Ô

%
� ×+Ø Ö

put unsafe value Y
ÔZÖ

A
Ú

% Ø
call

� Ó�ÚVÖ�Ô
% Ù Ö

deallocate % �
execute � Ó�Ð % æ

Figure5.15:Uselessdelayedtrimming for ú :- û�Â+Ä�Å]Ä;Æ.Å�þZÉ

it is discarded.9

Somecommentsare in order regardingthis fix. First, Warren’s last (cryptic)
parentheticalcommentsimply recallsthe proviso that is alreadyensuredby our
variable-variablebindingconventionfrom higherto loweraddresses(WAM Bind-
ing Rule1) andtheconventionsetupfor environmenttrimmingallocatingperma-
nentvariablesin theenvironmentsoasto put the“last-to-die”first (i.e., atsmaller
addresses)—asexplainedin Section5.7.

Second,onemustconvinceone’sself thatdelayedtrimmingis indeedsafesoasto
warrantthesimplerput value Y Î�Å Aç insteadof theexpectedput unsafe value Y Î�Å Aç ,
as prescribedfor unsafevariables. For clearly, if ratherthan the codeof Fig-
ure5.14,we hadto generatethatshown in Figure5.15, thenthewholecompli-
cationwould beuseless.Indeed,Y Î would still be globalizedon theheap,with
the additionalpenaltyof theuntrimmedstackslot—notto mentionthe run-time
check.Thesimplercodeof Figure5.12wouldthusbeclearlysuperior. Therefore,
for thecodein Figure5.14to beof any value,it mustbeguaranteedthatdelay-
ing trimming Y Î makesit no longerunsafe,even thoughit hasbeeninitialized
with put variable Y Î�Å A Î . Suchis thecase,of course,astheunsafetyof Y Î
would only becausedpreciselyby trimming it by thecall to its lastgoal. That it
is safeto trim it at thefollowing call is clearundertheprovisoof ourbindingand
stack-allocationconventions.

In view of the foregoing considerations,the readermay now understandwhy

9This solution using delayedtrimming was also pointed out to this author by Michael
Hanus[Han90]whoapparentlyfiguredit out for himself,probablylike many otherswho worked
out a WAM implementation.
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we did not start out with Warren’s definition for variableclassification. Our
reasonsare quite deliberate. Firstly, in the gradualconstructionof our partial
machines,Warren’s definition is unjustifiablebefore the environmentstackor
LCO areconsidered.Secondly, althoughhistorically, David H. D. Warrenmade
put variable Xí¼Å Aè systematicallyallocatea heapcell asa patchto accom-
modateLCO,10 this instructioncan be justified otherwise,as we have indeed
shown, asevolvedfrom thesimpleunificationmachine��� . Lastly, we favor our
a posteriori approachratherthanWarren’s sincestartingwith a suboptimal,but
simplerto understand,variableclassificationconstitutesagreatertutorialvalueas
it focusesthe reader’s attentionon mechanismsthat arenot affectedby the fine
pointsof this issue.

In conclusion,althoughWarren’s variableclassificationis historically the origi-
nal definitionusedin theWAM asit wasconceived,andcanbeexplainedasan
optimization—withtheneedof delayedenvironmenttrimmingto becorrect—this
authorfinds his own variableclassificationsomewhat lesscontrived andsurely
mucheasierto justify.

5.10 Indexing

Thethreechoicepointmanipulationinstructionsimposeastrictlysequentialsearch
over the list of clausesmakingup a definition. If all the argumentsof a calling
predicateareunboundvariables,thenthereis clearlynobettermannerto proceed.
Ontheotherhand,whensomeof theargumentsareat leastpartially instantiated,
thatinformationcanbeusedto accessunifiableclauseheadsmoredirectly. In the
caseswherethenumberof clausesconstitutinga definition is large (asis not so

10Hestates[War89]:

“The put variable X÷	� A
 instructionis a kind of hack which exists only to
takecareof theproblemsof a variablethat is boundto beunsafeat LCO, namely
a variablewhich hasits first occurrencein the lastcall andisn’t otherwisebound.
ThisspecialinstructionshouldNOT beusedfor any otherpurpose.

Variablesoccurringonly asargumentsto thelastgoalcannotbetreatedas[perma-
nentvariables]sincethey areboundto beunsafe,andwould necessarilybeglob-
alisedby theput unsafe value Y÷�� A
 instructionif they weretreatedthisway.
To avoid this round-aboutapproachof creatinga permanentvariableonly to then
globaliseit, the put variable X÷�� A
 instructionis introduced,andthesevari-
ablesareinsteadtreatedas[temporaryvariables].”
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rarelythecasefor facts),this is clearlydesirable.Ideally, thisrequiresatechnique
for partially interleaving unificationwith search.Indeed,if it canbe decidedat
theoutsetthataclauseheadwill unify exclusively with a categoryof data,all the
moreselective the searchcodewill be. On the otherhand,it may be impossi-
ble in general,or very costlyat best,to generateanoptimaldiscriminationfilter
basedon the patternsof all arguments. Fortunately, a suboptimalcompromise
turnsout to be quite reasonablein practice. SincePrologprogrammershave a
naturaltendency to write codein adatastructure-directedmannerusingdiscrimi-
natingpatternsasfirst argument,it is quiteacceptableto limit indexing to key on
thefirst argumentonly. TheWAM usesthis ideaasa basisfor optimizingclause
selection.Naturally, this appliesonly to proceduredefinitionsthatcontainmore
thanoneclauses.In whatfollows,we referto a clausehead’s first argumentasits
(indexing) key.

First,notethatany clauseheadwhosekey is avariablecreatesasearchbottleneck
in a proceduredefinition in which it appears.Indeed,that key will unify with
anything and thus its clausemust be explored in all cases. For this reason,a
procedureÁ definedby the sequenceof clauses��
�Å�É�É�É
Å���� is partitionedas a
sequenceof subsequences� 
 Å�É�É�É�Å���� , whereeach ��� is either a single clause
with a variablekey, or a maximalsubsequenceof contiguousclauseswhosekeys
arenotvariables.For example,thefollowingdefinitionis partitionedinto thefour
subsequences� 
 , ��� , ��� , and ��� , asshown:11

��

�������� �������

call ÂjÄ or Ë Æ :- call ÂjÄ;Æ�É
call Â traceÆ :- traceÉ
call ÂjÄ or Ë Æ :- call Â�Ë Æ�É
call Â notraceÆ :- notraceÉ
call Â nl Æ :- nl É� � � call ÂjÄ;Æ :- builtin Â+Ä)Æ�É� � � call ÂjÄ;Æ :- externÂ+Ä)Æ�É

� �
����� ���� call Â call ÂjÄ;Æ]Æ :- call Â+Ä;Æ.É

call Â repeatÆ.É
call Â repeatÆ :- call Â repeatÆ�É
call Â trueÆ�É

As expected,the generaltranslatingschemefor a procedureÁ with a definition
thuspartitionedinto subsequences��
�Å�É�É�É�Å S� , where "!#Î , is:

11Thisexampleis aslightmodificationof thatgivenin [War83]. The(admittedlysilly) splitting
of thetwo #%$'&�( clausesis only to illustratethatthiswill notaffectperformancethanksto indexing.
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Á : try me else � �
codefor subsequence��
� � : retry me else � �
codefor subsequence� �

...� � : trust me
codefor subsequence� �

whereretry me else is necessaryonly if  ! ç . If  ) Î , noneof the
above is neededandthetranslationboils down only to thecodenecessaryfor the
singlesubsequencechunk.Furthermore,thesimplercasewherethesubsequence
is reducedto a singlevariable-key clausedegeneratesinto the expectedsimpler
translationpatternrequiringnothingmorethanwe hadbefore.Thus,thecodefor*'+-,., ÍVÎ above lookslike:

call ÍVÎ : try me else � � %
indexedcodefor ��
 %� � : retry me else � � % call Â+Ä)Æ
execute builtin ÍVÎ % :- builtin ÂjÄ;Æ�É� � : retry me else � � % call Â+Ä)Æ
execute externÍDÎ % :- externÂjÄ;Æ�É� � : trust me %
indexedcodefor � � %

Let usthenfocuson indexing within anonvariable-key subsequence.

Thetechniqueof clauseindexing for a subsequenceusesoneor two levelsof dis-
patchingaccordingto therun-timesortof thecalling procedure’s first argument,
andpossiblya third level consistingof sequentialthreadingtogethersomeprese-
lectedclauses.A first level of dispatchingis performeddependingonwhetherthe
dereferencedvalueof A Î is avariable,aconstant,a (non-empty)list, or a general
structure.In eachcase,control is to jump to a (possiblyvoid) bucketof clauses.
Respectively, thecodebucketof a variablecorrespondsto full sequentialsearch
throughthe subsequence(thus, it is never void), that of a constant(resp.,of a
structure)correspondsto a furtherdispatchinglevel discriminatingamongdiffer-
entconstants(resp.,differentstructures),andthatof a list correspondseitherto
thesingleclausewith a list key or to a linked list of all thoseclausesin thesub-
sequencewhosekeysarelists. For thoseconstants(or structures)having multiple
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clauses,apossiblethird level bucketcorrespondsto thelinkedlist of theseclauses
(just like thepossiblesecondlevel for lists).

Hence,thegeneralindexing codepatternfor asubsequenceis of theform:

first level indexing;
secondlevel indexing;
third level indexing;
codeof clausesin subsequenceorder;

wheresecondandthird levelsareonly necessaryasdictatedby whatsortof keys
arepresentin thesubsequenceandin whatnumber. In particular, they maybeal-
togethereliminatedasappropriatein thedegeneratecases.Thelastpartfollowing
thedispatchingcodeis simply theregularsequentialchoicecontrolconstruction.
For example,thesubsequence��
 of call ÍVÎ is translatedthus:

first level indexing for ��

secondlevel indexing for ��

third level indexing for ��
��
/
 : try me else ��
 �
codefor ‘call ÂjÄ or Ë(Æ :- call Â+Ä)Æ�É ’��
 � : retry me else ��
 �
codefor ‘call Â traceÆ :- traceÉ ’��
 � : retry me else ��
 �
codefor ‘call ÂjÄ or Ë(Æ :- call Â-Ë(Æ�É ’��
 � : retry me else ��
/0
codefor ‘call Â notraceÆ :- notraceÉ ’� 
/0 : trust me
codefor ‘call Â nl Æ :- nl É ’

Therefore,weneedinstructionsfor eachdispatchinglevel in thegeneralcase.

First level dispatchingis donewith theswitch on term 1 Å�� Å'2ßÅ�� instruction
whoseeffect is to makecontrol jump to the instructionlabeled,respectively, 1 ,� , 2 , or � , dependingon whetherthe dereferencedvalueof A Î is a variable,a
constant,a non-emptylist, or a structure,respectively.

Secondlevel dispatchingfor 3 distinctconstants(having realizedthatA Î derefer-
encestoone)isdonewith switch on constant 3GÅ'4 , where4 is ahash-table
of size 3 of theform 5Zþ � ù6287:9/;=<�?> 
 associatingto eachdistinctconstantþ � usedas
a key in thesubsequencea label 2�7:9 wherecontrolmustjump when þ � is passed
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asfirst argument.If theconstantfoundin A Î is notonein thetable,backtracking
occurs. The similar instructionswitch on structure 3 Å@4 doesthe same
for all distinct (non-constantnon-list) functorsin thesubsequence.Secondlevel
list indexing is really third level indexing on list structures,thesecondlevel being
skippedby specialhandlingof lists in thespirit of WAM Principle3.

Third level indexing correspondsto threadingtogethermultiple (but not neces-
sarily contiguous)clauseswhosekeys arelists, or a sameconstantor structure.
Sincethe codeof all clausesin the subsequenceare alreadyso-threadedby a
try me else , (retry me else ) trust mechoicecontrol construction,its
clausecodesubsequencerelevantonly to the recognizedkey at hand(be it list,
constant,or structure)mustbeaccessedexplicitly with analternativechoicecon-
trol construction.This is achievedby usingthreeinstructions,try 2 , retry 2 ,
trust 2 . Thesearealmostidenticalto try me else 2 , retry me else 2 ,
and trust me, respectively. The only differenceis that they usethe specified
label 2 for theinstructionto jump to, saving thenext onein sequenceasthenext
clausealternativein thechoicepoint (exceptfor trust , of course).

Thecompleteindexing codefor subsequence��
 of the call ÍDÎ exampleis given
in Figure 5.16, and that for subsequence� � is given in Figure 5.17. The
completeindexing codefor call ÍVÎ canthusbe patchedtogetherfrom theseand
the partitionedschemefor ��
 , � � , � � , and � � given earlier. An illustrationof a
degeneratecasewhereall threelevels of indexing arenot necessaryis given in
Figure5.18 for thefamiliar concdefinitionfor concatenatingtwo lists:

concÂ'ACB-Å'2ßÅ'2rÆ�É
concÂ'AEDGFC4HB-Å@2 ÅIAJDGF KLB+Æ :- concÂM4ßÅ'2ßÅ'K~Æ.É

It is interestingto observe that whenthe concÍZö procedureis calledwith an in-
stantiatedfirst argument,no choicepoint framefor it is ever needed.As a matter
of fact,usingindexing hasamajorincidentalbenefitasit substantiallyreducesthe
creationandmanipulationof choicepoint frameson thestack.This hasascorol-
lary thatit alsoreducestheeffectsof environmentprotection,andthusmagnifies
thegainof LCO andenvironmenttrimming. For example,let usassumethata list
processingprocedurelp is definedas:

lp Â@AJDGF 4NBjÆ :- processÂMD�Æ�Å lp ÂM4"Æ�É
lp Â@AOB+Æ.É

Someprogrammershave indeedtakenthehabitof specifyingthe AOB -clauselastus-
ing Prologinterpreters.They reasonthatsincetherearemany more A F B ’s in a list
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get constant trace

Ö
A
Ô

% × traceÙ
execute trace

Ó�Ð
% :- traceæPQ
 � Õ

retry me else P�
 � % callPQ
/7 Õ
get structure or

Ó�Ú8Ö
A
Ô

% × or
unify void

Ô
% ×jØ Ö

unify variable A
Ô

% Ü~Ù�Ù
execute call

Ó�Ô
% :- call ×jÜ Ù]æPQ
 � Õ

retry me else P�
/0 % callP 
/W Õ
get constant notrace

Ö
A
Ô

% × notraceÙ
execute notrace

Ó�Ð
% :- notraceæPQ
/0 Õ

trust me % callP 
/X Õ
get constant nl

Ö
A
Ô

% × nl Ù
execute nl

Ó�Ð
% :- nl æ

Figure5.16:Indexing codefor subsequence��
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P � switch on term P � 
 ÖSR � Ö fail
ÖST � %

Ô
st leveldispatch for P �R � Õ

switch on constant
ÝVÖ'U

repeat
Õ[R � 
 Ö

true
Õ P	� W Y %

Ú
nd level for constantsT � Õ

switch on structure
ÔZÖ'U

call
Ó�ÔßÕ P � 
ZY %

Ú
nd level for structuresR � 
 Õ

try P � V %
Ý
rd level for ‘repeat’

trust P	� 7 %P � 
 Õ
try me else P �]� % callP � \ Õ
get structure call

Ó�ÔZÖ
A
Ô

% × call
unify variable A

Ô
% ×jØ�Ù�Ù

execute call
Ó�Ô

% :- call ×jØ�Ù3æP �S� Õ
retry me else P �^� % callP	� V Õ
get constant repeat

Ö
A
Ô

% × repeatÙ
proceed % æP �/� Õ
retry me else P �^� % callP � 7 Õ
get constant repeat

Ö
A
Ô

% × repeatÙ
put constant repeat

Ö
A
Ô

% :- call × repeatÙ
execute call

Ó�Ô
% æP �/� Õ

trust me % callP	� W Õ
get constant true

Ö
A
Ô

% × trueÙ
proceed % æ

Figure5.17: Indexing codefor subsequence� �
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conc
Ó�Ý Õ

switch on term
R 
/\ Ö]R 
 ÖSR � Ö fail %R 
/\ Õ

try me else
R � \ % concR 
 Õ

get constant _C` Ö A Ô % ×S_O` Ö
get value A

ÚVÖ
A
Ý

% a Ö a�Ù
proceed % æR � \ Õ
trust me % concR � Õ
get list A

Ô
% ×S_

unify variable X
Þ

% bdc
unify variable A

Ô
% e�` Ö a Ö

get list A
Ý

% _
unify value X

Þ
% bdc

unify variable A
Ý

% fg` Ù
execute conc

Ó�Ý
% :- conc×he Ö a Ö f Ù3æ

Figure5.18:Encodingof concÍZö
thanthesinglefinal ACB , this procedure,wheninvokedwith aninstantiatedfirst ar-
gument,will backtrackonly onceat theendof list beforereachinginitial success.
However, with a compilerusingLCO but no clauseindexing, this will annihilate
all effectsof LCO becausea choicepoint will systematicallycover every recur-
sive call’s environmentto lp with a non-emptylist in thekey position. Whereas,
for suchcallsclauseindexing will eliminateall choicepointsandtransformeither
orderingof thetwo clausesinto fastiterativecode.

All explicit definitionsfor theindexing instructionsaregivenin AppendixB.

Exercise5.4Theeffectof theswitch on constant instructiondescribedabove
is that givenoriginally by Warrenin [War83]. However, it doesuselesswork as
it eventuallyleadsto aget constant instructionthatredundantlytestswhether
registerA

Ô
containsthatverysameconstantthatwasseenin A

Ô
byswitch on constant .

Canyou proposea simpleoptimizationto avoid this redundancy? [Hint: Beware
of intermediatelevelsof indexing.]

Exercise5.5 If youcouldfigureoutasolutionfor Exercise5.4,canit alsowork or
beadaptedtoavoidaredundantA

Ô
checkbyget structure afterswitch on structure ?

[Hint: Beware of thesettingof theS registerandthatof read /write mode.]
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5.11 Cut

In this lastsection,we explain how thedesignobtainedafterthecompoundingof
all the foregoingoptimizationscanbeaugmentedto accommodateimplementa-
tion of the Prologcut. The treatmentof cut wasnot part of the original WAM
report [War83]. The materialwe presenthere is extrapolatedfrom what was
sketchedin [War88] andsuggestionsfrom DeanRosenzweig[Ros91].

As is well-known, the cut predicate(noted‘ i ’) is an extra-logicalcontrol anno-
tation that helpsthe Prologprogrammertrim the searchspace.Theoperational
semanticsof ‘ i ’ is simply to succeedwith a sideeffect on backtrackinginforma-
tion; namely, oncepassed,it makescontrol forgetany otherpotentialalternative
for the procedurein whoseclauseit appearsas well as any other arising from
precedingbodygoals.

In termsof themachinearchitectureat hand,this effect is obtainedby discarding
all choicepoint framesthat werecreatedafter the choicepoint framethat was
currentright beforethe call of the procedurecontainingthe cut. Let us assume
thattheappropriatechoicepoint whereto returnuponbacktrackingover a cut is
maintainedin a global registercalledthecut registerandnotedB0. Clearly, the
valueof B0 mustbesetto theaddressof thechoicepointthatis currentatthetime
a procedurecall is made.This is achieved by alteringthe call andexecute
instructionsto setB0 to thevalueof thecurrentvalueof B. In thisway, executing
acutamountsessentiallyto resettingB to thevalueof B0.

Therearereally two sortsof cutsto consider:shallowanddeepcuts. A shallow
cut is onelocatedbetweentheheadandthebodyof therule immediatelyafterthe
‘ :- ’ symbol(thusalsocalledneck cut—somewhateuphemistically),asin:j

:- i\Å�û@
�Å�É�É�É�Å�ûS�9É
while adeepcut is any other, of theform:j

:- É�É�É�Å�û � Åki\Å�É�É�É�Å�ûS�9É Â]Îml@ènl@íýÆ�É
Beforelooking at eachcasein detail, let us first makean importantobservation
regardingthecreationof choicepoints. While it is easyto seethatclauseindex-
ing maybypasscreatinga choicepoint for a multiple-clauseprocedure,it is per-
hapslessimmediateto realizethatindexing mayalsocausecreatinganadditional
choicepointfor suchaprocedure.For instance,referto the *'+-,., ÍVÎ proceduregiven
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HassanA ÏT-KACI Reprintedfrom MIT Press PAGE 83 OF 129



WARREN’ S ABSTRACT MACHINE

on Page76. Its instructionsequence(Page77)startswith:*'+-,., ÍDÎ ù try me else � �
which createsonechoicepoint for *'+-,., ÍVÎ . Furtherdown in that procedure’s in-
structionsequence,what constitutessubsequence��
 (given as Figure 5.16 on
Page80)containstheinstruction:o


/
¶ù try ��
/\
thatwill createasecondchoicepoint for *'+-,p, ÍVÎ if executed.12

Letusfirstconsiderthesimplercasewheretheclausecontainingthecut,beit shal-
low or deep,is the first (not necessarilyin sequencethanksto indexing) among
thoseof the calledprocedure’s to beexecuteduponenteringthe procedurewith
call or execute . We shall seelaterwhat to do in theothercasewhereback-
trackingoccurredsincetheoriginalcall.

Uponstartingexecutingtheinstructionsequenceof theclausecontaininga shal-
low cut, B0 is eitherequalto B (sinceindexing could have bypassedcreatinga
choicepoint for the procedurecontainingthe rule), or equalto oneof the two
previouschoicepointsprecedingB. If B0 andB areequal,thereis no actionto
be takenby thecut sincethis call doesnot have alternativesanyway. Otherwise
(B ! B0), theshallow cut mustdiscardany (oneor two) choicepointsfollowing
B. This actionis the samein eithercase(i.e., B ï B0 Å HB ï B ÉH). This is the
maineffectof thenew instructionneck cut into whichashallow cutoccurrence
is translated.For instance,thebodyof:

ú :- i�Å�û�É
is compiledinto:

neck cut
execute û
ÍZø

The resettingof B andHB is not quiteall thatmay bedoneupona cut. Indeed,
discardingachoicepointmaychangethestatusof somebindingsrecordedascon-
ditional in the trail which will have becomeunconditionalfor thoseheap(resp.,

12This fact wasbroughtto our attentionby DeanRosenzweig[Ros91] who noticedthat the
schemegivenin [AK90] waserroneous.We gratefullyacknowledgehis suggestingthecorrected
schemewedescribenext.
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stack)variableswhoseaddresseswill now begreaterthanHB (resp.,B). There-
fore,thiscallsfor aclean-upof thetrail up to thetrail addressindicatedby there-
instatedchoicepoint frame.This amountsto removing theappropriateaddresses
from the trail andtampingit down to eliminatethe holesthis mayhave created
in it. (This operationis given asan ancillary operationcalled tidy trail in Ap-
pendixB.)

Regardingdeepcuts,thecomplicationis that thecalls to interveningbodygoals
will overwrite thecut registerB0 betweenthe time theclausecontainingthecut
is enteredandthetime thecut is executed.However, all choicepointscreatedbe-
tweenthesettingof B0 uponcallingthisclause’sprocedureandthisdeepcutmust
bediscarded.Therefore,in exactly thesamewayasfor CP, it will benecessaryto
save B0 furtheraspartof thecut clause’s environment.Fortunately, it is not nec-
essaryto do sosystematicallyfor all clausessincemostdonot containdeepcuts.
Thus,ratherthanextendingtheformatof anenvironmentframewith aspecialslot
for B0 aswedid for CP, it is preferableto save it asapseudopermanentvariable.
The situationthen is to assimilatea deepcut occurrenceas i\Â-Ë(Æ , where Ë is a
permanentvariabledistinctfrom all othervariablesin theclause.Thisvariableis
allocatedin thecurrentenvironmentto accommodateenvironmenttrimming just
like the otherreal permanentvariables(i.e., its offset is greaterthanthe subse-
quentgoal’s andlessthattheprecedinggoal’s). With this,we only needtwo new
instructions: Â]ÎZÆ get level Yí

Â-çVÆ cut Yí
suchthat(1) get level Yí alwaysappearimmediatelyafterallocate in the
clause,having for effect to setYí to containthe currentvalueof B0; whereas,
(2) cut Ë%í discardsall (if any) choicepointsafter that indicatedby Yí , and
cleansupnew unconditionalbindingsfrom thetrail upto thatpoint. For example,

ú :- û�Å=i\Å�þZÉ
is compiledinto:

allocate
get level Y Î
call û
ÍZø9Å�Î
cut Y Î
deallocate
execute þ�ÍZø
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Note now that the presenceof a deepcut in a rule that would otherwisebe a
chainrule (e.g., ú :- û�Å=i�É ) makesit a deeprule requiringenvironmentallocation.
However, thisnot thecasewhenashallow cutoccursin rule thatwouldotherwise
bea chainrule. A neckcut doesnot makesucha rule a deeprule,eventhoughit
mightbeconstruedashaving two bodygoals.

Theschemejust describeddealscorrectlywith cutsin thecasewheretheclause
in questionis thefirst executedamongthoseof thecalledprocedure.However, it
is not quite completeasgiven to be correctif theclauseis executedafter back-
trackingwithin thesameprocedure.Then,thereis yet theproblemof restoringa
correctvaluefor B0. For example,considerthefollowing pattern:

ú :- û�Å�þEÉ
ú :- i\Å@q�É
ú :- É�É�É

At the time ú is called,B0 is set to the currentchoicepoint. When the clause
ú :- û�Å�þZÉ is executed,the call to û overwritesB0. Now, if the call to û fails,
backtrackingto the following clausewill executethe shallow cut andresetB to
thespuriousvalueleft in B0 by thefailedcall to û .
This simpleexampleillustratestheneedfor restoringB0 to a correctvalueupon
backtracking.But what(andwhere)is this correctvalue?It wouldnot becorrect
to resetB0 to thechoicepoint precedingthecurrentB since,asobservedbefore,
indexing may have createdtwo choicepoints for the procedureandthereis no
simple way to detectthis. The solution that we adopthereis simple. (More
efficientbutmorecomplicatedalternativescanbedevised—e.g., seeExercise5.6.)
Namely, thevalueof thecutregisterB0 is systematicallysavedaspartof achoice
point at its creationandrestoreduponbacktrackingfrom that informationsaved
in thecurrentchoicepoint. Accordingly, theformatof achoicepoint framegiven
on Page38 is extendedwith anadditionalslot for this purpose(asshown in the
completelayout on Page117)andthe try me else and try instructionsare
modifiedappropriately. (Soisallocate sinceit mustaccountfor thisadditional
slot spacewhenB is thetopof thestack.)

We now have a completeandcorrectschemefor handlingcut. All themachinery
we just presentedis takeninto accountin theexplicit definitionsof thecomplete
WAM instructionsgivenin AppendixB.

Exercise5.6 Thefollowing is suggestedby [Ros91]. Theproblemof knowing to
which valueB0 mustberestoreduponbacktrackingmaybesolvedin abetterway
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thansystematicallysaving it aspart of a choicepoint. It is possibleto usetwo
slightly differentversionsfor retry me else (resp.,retry ) dependingon the
level of indexing they areusedfor. An “outer” version,sayretry me else 1
(resp.,retry 1) wouldresetB0 to thepreviouschoicepoint,andaninnerversion
, say retry me else 2 (resp.,retry 2) would resetB0 to the choicepoint
precedingthepreviousone. Give a correcttranslationschemeandall appropriate
modificationsneededin the explicit definitionsof AppendixB to implementthis
solution.

Exercise5.7 Referto theremarkmadein Footnote3 on Page38. Giveall appro-
priatemodificationsneededin thepseudo-codegivenin AppendixB definingthe
WAM instructionsandancillaryoperationsin orderto eliminatethearity slot from
choicepoint frames.
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Chapter 6

Conclusion

In this tutorial, we have conductedan exhaustive reconstructionof an abstract
machinearchitecturefor Prologascompletelyasit hasbeenconceivedby David
H. D. Warren.Startingfrom a merefirst-ordertermunificationmachine,wehave
elaboratedits designgradually, introducingeachneededconceptasdidactically
aswe thoughtpossible.Doing so,we have strivento justify every singledesign
decision,explicatingoftensubtleinterplaysasthey arose.

Obviously, the designthat we have attainednecessarilydoesnot containall the
tools neededfor constructinga completeProlog compiler and run-time envi-
ronment. Namely, many detailsregardingother interestingPrologcontrol con-
structs(e.g., conditional,freeze,etc.), extra-logicalandbuilt-in procedures(e.g.,
assert/retract,setof,etc.), input/outputfacilities, etc., are yet to be spelledout.
However, all this is clearly beyond the scopeof this tutorial. Theseadditional
features,aswell asany other operationallywell-definedinterestingextensions,
canbeintegratedinto thepureWAM designwehavepresentedwithoutexcessive
labor.

For thoseinterestedin moreadvancedmaterialusingWAM ideas,someworksare
worthmentioningfor furtherreading.In particular, themannerin whichtheWAM
regardsunificationhasa strongrelationwith partialevaluationtechniquesasex-
plainedin particularin [Kur87]. Also, sincecompilationasdoneby the WAM
treatseachprocedureindependentlyof the restof the program,global analysis
techniquescan thereforebe consideredas in [Mel85, DW86a, DW86b, Deb89,
DW89, vR90,vRD90]. Finally, onewill find copiousmaterialaboutimproving
backtrackingin Prologin [PP82, BP84, Cox84,CCF88,ZTU90, Zho90].
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At any rate, we hopeto have contributed to give the readera rapid and clear
understandingwith thorough,if not formal, justificationof all the detailsof the
essentialabstractmachine. Our aim hasbeento leave as little unexplainedas
possible,openingupWarren’soriginaldesign.Seenthusdecomposedandrecon-
structedfrom its logical components,theWAM’ s organizationandworkingslose
all mystery. Yet, far from lesseningits designer’s credit,understandingtheWAM
canmakeoneappreciateall themoreDavid H. D. Warren’s feat,asheconceived
thisarchitecturein hismindasonewhole.Wearepleasedto havesharedwith the
readerouradmirationfor his contribution’sadequacy andelegance.
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Appendix A

Prolog in a Nutshell

We first presentbasicnotionsfor first-ordertermsandsubstitutions.Then,we
describea non-deterministicunificationalgorithmasa setof solution-preserving
transformationsonasetof equationsdueto Herbrand[Her71] (cf., Page148)and
rediscoveredby Martelli-Montanari[MM82]. Then,we summarizethe essence
of Prolog’soperationalsemantics.

Termsand substitutions

Let 5-r � ; �ts6� beanindexedfamily of mutuallydisjointsetsof (function)symbols
of arity í . Let ru) v �[sw� r � be the set of all function symbols. Let x be a
countablyinfinite setof variables. By convention,variableswill be capitalized
not to confusethemwith constantsin r�� .
Let y bethesetof (first-order)termsdefinedasthesmallestsetsuchthat:z if Ä {|x then Ä {}y ;z if ú~{�r�� then ú�{"y ;z if ü�{�r�� , Â-íd�#ÎZÆ , and � � {"yGÅ�Â3Îmliènl@í Æ , then ü¼Âh�]
�Å�É�É�É
Å]�/�8Æ�{"y .

For example,given the signaturer suchthat Á { r � , j { r � , ü { r�
 ,
and ú { r � , andgiven that � , Ä , Ë , and Ì arevariablesin x , the terms
ÁÊÂ�Ì Å j Â�Ì Å��HÆ�Å�ü�Â^�HÆ]Æ and ÁÊÂ�ü¼Â+Ä)Æ�Å j Â�Ë Å�ü�Â-ú�Æ]Æ.Å�ËbÆ arein y .

A substitutionis a finitely non-identicalassignmentof termsto variables;i.e., a
function � from x to y suchthattheset 5�Ä {ux�F�Ä �) ��Â+Ä)Æ'; is finite. This
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setis calledthedomainof � anddenotedby dom ÂM�¼Æ . Sucha substitutionis also
writtenasa setsuchas ��)�5=�/�+Í�Ä��/; ���> 
 wheredom ÂM�¼Æ/)�5�Ä��/; ��?> 
 and ��ÂjÄ��+Æ�)��/�
for è�)HÎ to í .

A substitution� is uniquelyextendedto a function � from y to y asfollows:z ��ÂjÄ;Æ�)���Â+Ä)Æ , if Ä {�x ;z ��Â�úäÆn) ú , if ú�{�r�� ;z ��Â�ü¼Â��S

Å�É�É�É�ÅS�^�VÆ3Æ8)fü¼Â ��Â��S
�Æ.Å�É�É�É�Å �¼Âh�^�VÆ3Æ , if ü�{�r�� , � � {}yGÅ�Â3Î�lfè8l`í Æ .
Sincethey coincideon x , andfor notationconvenience,wedeliberatelyconfusea
substitution� andits extension� . Also,ratherthanwriting ��Â���Æ , weshallwrite �S� .
Given two substitutions�G)�5=� � Í�Ä � ; ��?> 
 and ��)�5[����Í9Ë��k; �� > 
 , their composition��� is thesubstitutionwhich yieldsthesameresultonall termsasfirst applying �
thenapplying � on theresult.Onecomputessuchacompositionastheset:

����) Ân5=�S�8Í�Ä F=��Í�Ä {��n;�� 5�ÄIÍ�Ä FZÄ { dom ÂM�¼ÆS;~Æ� Â���� 5[��Í9Ë�F�Ë { dom ÂM�¼Æ'; Æ�É
For example,if ��)�5Zü¼Â�ËbÆ]Í�Ä�Å��ßÍ�1 ; and � )�5�û
Í�Ä�Å�ü�Â-ú�Æ]Í9Ë�Å�1�Í-�¡; , thencom-
posing � and � yields ���¢)£5Zü¼Â�ü¼Â�úäÆ3Æ]Í�Ä�Å�ü�Â-ú�Æ]Í9Ë�Å�1�Í-�¡; , while composing� and� gives �-��)�5�û
Í�Ä�Å�ü�Â-ú�Æ]Í9Ë�Å��ßÍ-1¤; .
Compositiondefinesa preorder(i.e., a reflexive andtransitive relation)onsubsti-
tutions. A substitution� is more general thana substitution� if f thereexists a
substitution¥ suchthat �d)���¥ . For example, 5Zü¼Â�ËbÆ]Í�Ä¦; is moregeneralthan5Zü�Â-ü¼Â�úäÆ3Æ]Í�Ä�Å�ü�Â-ú�Æ]Í9Ë§; .
Unification algorithm

An equationis a pair of terms,written ��)�� . A substitution� is a solution(or a
unifier) of a setof equations5[� � )�� � ; ��?> 
 if f � � �¦)¨� � � for all èg) Î�Å�É�É�É�Å�í . Two
setsof equationsareequivalentif f they bothadmitall andonly thesamesolutions.
Following [MM82], we definetwo transformationson setsof equations—term
decompositionandvariableelimination. They bothpreserve solutionsof setsof
equations.

Term Decomposition If a set © of equationscontainsan equationof the formª�«M¬[­=®=¯=¯=¯k®'¬=°²±d³´ª�«hµ]­=®k¯=¯=¯�®]µ/°²±
, where

ª ¶ ·�°	®=«¹¸�º »²±
, then the set ©m¼ ³
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©¨¾À¿ ª�«¹¬ ­ ®=¯=¯=¯=®@¬ ° ±�³�ª�«�µ ­ ®=¯k¯=¯=®]µ ° ±'ÁHÂ ¿ ¬=Ã�³�µ/ÃhÁ °Ã?Ä ­ is equivalentto © .1

Variable Elimination If a set © of equationscontainsan equationof the formÅ ³~µ
where

µ Æ³ Å
, thenthe set ©m¼ ³�« ©¨¾�¿ Å ³Çµ�Á-±/È�Â ¿ Å ³�µ�Á

whereÈÉ³ ¿ µ%Ê Å Á , is equivalentto © .

A setof equations© is partitionedinto twosubsets:its solvedpartanditsunsolved
part. Thesolvedpart is its maximalsubsetof equationsof theform

Å ³�µ
such

that
Å

occursnowherein thefull setof equationsexceptastheleft-handsideof
thisequationalone.Theunsolvedpartis thecomplementof thesolvedpart.A set
of equationsis saidto be fully solvedif f its unsolvedpartis empty.

Following is a unificationalgorithm. It is a non-deterministicnormalizationpro-
cedurefor agivenset © of equationswhichrepeatedlychoosesandperformsone
of thefollowing transformationsuntil noneappliesor failureis encountered.«MË�¯.Ì[±

Selectany equationof the form
µ§³ Å

where
µ

is not a variable,and
rewrite it as

Å ³Çµ
.«MË�¯ÎÍw±

Selectany equationof theform
Å ³ Å

anderaseit.«MË�¯ÎÏw±
Selectany equationof the form

ª�«¹¬ ­ ®k¯=¯=¯=®'¬ ° ±¦³ÑÐ�«hµ ­ ®k¯=¯=¯�®]µ/ÒN±
whereª ¶ · °

and
Ð ¶ ·�ÒÓ®=«M¸�®'Ô ºÕ»²±

; if
ª Æ³ Ð

or
¸ Æ³ Ô

, stop
with failure;otherwise,if

¸�³Ö»
erasetheequation,else

«¹¸dº×Ìt±
replace

it with
¸

equations
¬IÃ�³�µ/Ãh®=«¹ØZ³ÖÌ-®=¯k¯=¯=®'¸�±

.«MË�¯JÙ	±
Selectany equationof the form

Å ³Úµ
where

Å
is a variablewhich

occurssomewhereelsein the setof equationsandsuchthat
µ Æ³ Å

.
If
µ

is of the form
ª�«hµS­=®=¯=¯=¯�®]µ/°w±

, where
ª ¶ ·�°

, andif
Å

occursin
µ
,

thenstopwith failure;otherwise,let
Èd³ ¿ µ'Ê Å Á andreplaceeveryother

equationÛ ³�Ü by Û È�³�Ü[È .

If this procedureterminateswith success,thesetof equationswhich emergesas
theoutcomeis fully solved. Its solvedpartdefinesa substitutioncalledthemost
general unifier (MGU) of all thetermsparticipatingassidesof equationsin © . If
it terminateswith failure, thesetof equations© is unsatisfiableandnounifier for
it exists.

Theset © ³ ¿'Ý «^Þß®�à�«^Þß®�á�±'®'ª�«^á�±]±â³ Ý «¹ª�« Å ±'®�àã«¹ä8®@ª�«Må�±]±@®'äæ±'Á , for example,
is normalizedasfollows:

1If çâè�é , theequationis simplydeleted.
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¿ Þ�³�ª�« Å ±�®Hàã«/ÞH®�á�±�³¨à�«Mä�®'ª�«Må�±]±�®�ª�«/áê±�³�äëÁ [by
«MË�¯ÎÏw±

]¿ Þ�³�ª�« Å ±�®Hàã«¹ª�« Å ±'®�áê±�³¨à�«¹ä8®'ª�«Må�±]±�®�ª�«/á�±8³ìäæÁ [by
«MË�¯JÙ	±

]¿ Þ�³�ª�« Å ±�®�ª�« Å ±g³íä�®Ná ³íª�«¹åî±�®�ª�«/áê±�³�äëÁ
[by

«MË�¯ÎÏw±
]¿ Þ�³�ª�« Å ±�®�äï³ìª�« Å ±�®Ná ³íª�«¹åî±�®�ª�«/áê±�³�äëÁ

[by
«MË�¯.Ì[±

]¿ Þ�³�ª�« Å ±�®�äï³ìª�« Å ±�®Ná ³íª�«¹åî±�®�ª�«/áê±�³�ª�« Å ±'Á
[by

«MË�¯JÙ	±
]¿ Þ�³�ª�« Å ±�®�äï³ìª�« Å ±�®Ná ³íª�«¹åî±�®�ª�«¹ª�«Må�±]±�³�ª�« Å ±'Á

[by
«MË�¯JÙ	±

]¿ Þ�³�ª�« Å ±�®�äï³ìª�« Å ±�®Ná ³íª�«¹åî±�®�ª�«¹åî±�³ Å Á
[by

«MË�¯ÎÏw±
]¿ Þ�³�ª�« Å ±�®�äï³ìª�« Å ±�®Ná ³íª�«¹åî±�® Å ³�ª�«¹åî±@Á

[by
«MË�¯.Ì[±

]¿ Þ�³�ª�«¹ª�«¹åî±S±g®�ä×³�ª�«Mª�«Må�±]±�®Ná ³�ª�«Må�±g® Å ³�ª�«¹åî±@Á
[by

«MË�¯JÙ	±
]

producingthesubstitution
ÈÉ³ ¿ ª�«Mª�«Må�±]±SÊ�Þß®'ª�«¹åî±SÊ-áð®'ª�«Mª�«¹åî±S±]Ê	ä�®'ª�«Må�±]Ê Å Á which

is theMGU of Ý «^ÞH®�àã«/ÞH®�á�±@®'ª�«/áê±S± and Ý «Mª�« Å ±@®�à�«Mä�®'ª�«¹åî±S±'®'äæ± andbothyield
the sameterm Ý «Mª�«Mª�«¹åî±S±'®�à�«¹ª�«Mª�«Må�±]±@®'ª�«¹åî±S±'®'ª�«Mª�«¹åî±S±]± whenappliedthe substitu-
tion

È
.

Prolog

Logic programming,of which Prologis the canonicallanguage,expressespro-
gramsasrelationalrulesof theform:Ü�ñ[«�òµ/ñ�±

:-
Ü ­ «�òµ ­ ±'®k¯=¯=¯�®'Ü ° «�òµ ° ±@¯

wherethe
Ü Ã

’s arerelationalssymbolsandthe
òµ Ã
’s aretuplesof first-orderterms.

Onereadssucha rule as: “For all bindingsof their variables,theterms
òµ ñ

are in
relation

Ü ñ
if theterms

òµS­
are in relation

Ük­
and... theterms

òµ/°
are in relation

Ü�°
.”

In thecasewhere
¸À³�»

, the rule reducesto thesimpleunconditionalassertion,
or fact,

Ü�ñ[«�òµ^ñ�±
that theterms

òµ/ñ
arein relation

Ü�ñ
. A fact will bewritten omitting

the :- symbol.Theserulesarecalleddefiniteclauses; expressionssuchas
Ü�ÃM«�òµ^Ã:±

arecalledatoms; theheadof a definiteclauseis theatomon theleft of the :-
symbol,andits bodyis theconjunctionof atomson its right.

For example,thefollowing aretwo definiteclauses,thefirst onebeinga fact:

conc
«'óOô¹®'õH®'õg±'¯

conc
«Mö§¯Î÷H®'õH®'ö§¯Îø�±

:- conc
«M÷H®'õH®'ø�±@¯
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where‘
óCô
’
¶�·�ñ

is a constantandthefunctionsymbol‘
¯
’
¶�·�ù

is written in infix
notation.Thismaybeusedasa programto concatenatetwo listswhere

óCô
is used

asa list terminator.2

A queryis aclauseof theform:

:- ú ­ « ò¬ ­ ±'®k¯=¯=¯�® ú Òû« ò¬=ÒH±'¯
A queryasshown abovemayberead:“Doesthereexistsomebindingof variables
such that the terms ò¬t­ are in relation ú ­ and ... ò¬ Ò are in relation ú Ò ?” To em-
phasizethatthis is interpretedasa question,thesymbol:- is thenwritten?- as
in:

?- ú ­�« ò¬[­�±'®=¯k¯=¯�® ú Ò « ò¬ Ò ±'¯
SLD resolutionis a non-deterministicdeductionrule by which queriesaretrans-
formed. It owes its origins to AutomaticTheoremProving basedon the Res-
olution Principle discoveredby J. A. Robinson[Rob65] and was proposedby
R. A. Kowalski [Kow79] asa computationrule. Technically, it is characterizedas
linearresolutionover definiteclauses,usinga selectionfunction. Linear resolu-
tion is a particularrestrictionof thenon-deterministicapplicationof thegeneral
deductionrule definedin [Rob65] so that one single fixed clausekeepsbeing
transformedby resolvingit againstotherclausesin a given set. SLD resolution
is a further restrictionof linear resolutionwhere(1) the fixed clauseis a query,
(2) clausesin thesetaredefinite,and(3) anoracularfunctionselectswhich atom
in thequeryto resolve on andwhich definiteclausein thesetto resolve against.
Thus,the letters“SLD” standrespectively for “Selection,” “Linear,” and“Defi-
nite.”

More specifically, using the above Prolog notationfor queriesand rules, SLD
resolutionconsistsin choosinganatom ú Ã « ò¬ Ã ± in thequery’s bodyanda definite
clausein thegivensetwhosehead

Ü ñ « òµ ñ ±
unifieswith ú Ã « ò¬ Ã ± thanksto a variable

substitution
È

(i.e., ú Ã « ò¬ Ã ±/È�³�Ü ñ «�òµ ñ ±/È ), thenreplacingit by thebodyof thatclause
in thequery, applyingsubstitution

È
to all thenew query. Thatis,

?- ú ­�« ò¬[­�±/È�®=¯=¯=¯�® ú Ã.ü ­=« ò¬ Ã.ü ­�±ýÈã®'Ü=­�«�òµS­%±ýÈã®=¯=¯=¯k®'Ü�°	«�òµ/°w±/Èã® ú Ã?þ ­�« ò¬ Ã?þ ­�±ýÈã®=¯=¯=¯k® ú Ò « ò¬ Ò ±/Èã¯
The processis repeatedandstopswhenandif the query’s body is empty(suc-
cess)or no rule headunifieswith theselectedatom(failure). Therearetwo non-
deterministicchoicesmadein theprocess:oneof anatomto rewrite in thequery

2For example, ÿ�� � ������� � is alist. EdinburghPrologsyntaxuses� 	�
 �
� insteadof 	�� � ; it alsouses
asimplifiedvariantto expressa list in extenso, allowing writing [1,2,3] ratherthan � ÿ�
�� � 
�� ��
�� ������� .
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andoneamongthepotentiallymany ruleswhoseheadto unify with this atom.In
any case,SLD resolutionis sound(i.e., it doesnot derive wrongsolutions)and,
providedthesechoicesaremadeby a fair non-deterministicselectionfunction,it
is alsocomplete(i.e., it derivesall solutions).

Prolog’scomputationrule is aparticulardeterministicapproximationof SLD res-
olution. Specifically, it is a flatteningof SLD resolutionemulatinga depth-first
search. It seesa programasan ordered setof definiteclauses,anda queryor
definiteclausebody asanordered setof atoms.Theseordersaremeantto pro-
vide a rigid guide for the two choicesmadeby the selectionfunction of SLD
resolution.Thus,Prolog’s particularcomputationstrategy transformsa queryby
rewriting thequeryattemptingto unify its leftmostatomwith theheadof thefirst
rule accordingto theorderin which they arespecified.If failure is encountered,
a backtrackingstepto the latestrule choicepoint is made,andcomputationre-
sumedtherewith the next alternative givenby the following rule. For example,
if the two clausesfor predicateconcaregiven asabove, thenthe Prologquery
‘?- conc

«SÌ-¯ Í�¯Î÷H®'Ï	¯JÙQ¯:óOô¹®'õg±'¯
’ succeedswith thesubstitution

÷ê³ óOô¹®'õÀ³�Ì-¯ Í�¯ Ï�¯JÙQ¯:óCô
,

while thequery‘?- conc
«SÌ-¯ Í�¯:óCôM® Å ®'Ï	¯Îä¢±'¯

’ fails.

Strategiesfor choiceof whereto applylinearresolutionareall logically consistent
in the sensethat if computationterminates,the variablebinding exhibited is a
legitimatesolutionto theoriginalquery. In particular, like non-deterministicSLD
resolution,Prologresolutionis sound. However, unlike non-deterministicSLD
resolution,it is incomplete. Indeed,Prolog’s particularstrategy of doing linear
resolutionmaydivergealthoughfinitely derivablesolutionsto a querymayexist.
For example,if the definiteclausesfor concaregiven in a differentorder(i.e.,
first therule, thenthefact), thenthequery‘?- conc

« Å ®'ä8®�Þâ±'¯
’ never terminates

althoughit has(infinitely many) finitely derivablesolutions!
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Appendix B

The WAM at a glance

B.1 WAM instructions

We summarizeherefor quick referenceall theinstructionsof theWAM. In some
instructions,weusethenotationV̧ to denoteavariablethatmaybeindifferently
temporaryor permanent.
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The completeset:

Put instructions

put variable X��� A�
put variable Y��� A�
put value V��� A�
put unsafe value Y��� A�
put structure ��� A�
put list A�
put constant ��� A�

Get instructions

get variable V��� A�
get value V��� A�
get structure ��� A�
get list A�
get constant ��� A�

Set instructions

set variable V�
set value V�
set local value V�
set constant �
set void �

Unify instructions

unify variable V�
unify value V�
unify local value V�
unify constant �
unify void �

Control instructions

allocate
deallocate
call �
���
execute �
proceed

Choice instructions

try me else  
retry me else  
trust me
try  
retry  
trust  

Indexing instructions

switch on term !
��"#�$ %�'&
switch on constant ���)(
switch on structure �*�$(

Cut instructions

neck cut
get level Y�
cut Y�
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Put instructions

put variable X�+� A�
Pusha new unboundREFcell onto the
heapand copy it into both register X�
andregisterA� . Continueexecutionwith
thefollowing instruction.

HEAP[H] ,.-�/�0213� H 4$5
X�6, HEAP[H] 5
A��, HEAP[H] 5
H , H 798�5
P , P 7 instructionsize: P;�5

put variable Y�+� A�
Initialize the � -th stackvariablein the
current environment to ‘unbound’ and
let A� point to it. Continueexecution
with thefollowing instruction.

<�=�=?> , E 7@�A7B8�5
STACK[ <�=�=�> ] ,.-�/�0C1#� <�=�=?> 4D5
A��, STACK[ <�=�=?> ] 5
P , P 7 instructionsize: P;�5

put value V��� A�
Placethecontentsof V� into registerA� .
Continueexecutionwith the following
instruction.

A��, V��5
P , P 7 instructionsize: P;�5

put unsafe value Y��� A�
If thedereferencedvalueof Y� is notan
unboundstackvariablein thecurrenten-
vironment,setA� to that value. Other-
wise,bind thereferencedstackvariable
to a new unboundvariablecell pushed
on the heap,andsetA� to point to that
cell. Continueexecutionwith the fol-
lowing instruction.

<�=�=?> , =�E�>FEHG : E 7I�A7B8�;D5JLK <�=?=�>NM EO�PRQ�S
A�T, STORE[<�=�=�> ]Q2UWVXQ

Y Q�Z J S
HEAP[H] ,.-�/�0213� H 4�5[X\W] = : <�=�=?> � H;D5
A�T, HEAP[H] 5
H , H 7B8Q�S_^ 5

P , P 7 instructionsize: P;�5
Copyright c

½
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put structure ��� A�
Pusha new functor cell containing �
onto the heapand set register A� to an
STR cell pointing to that functor cell.
Continueexecutionwith the following
instruction.

HEAP[H] ,`�bac�+5
A�T,.-�d?ef/g� H 4$5
H , H 798�5
P , P 7 instructionsize: P;�5

put list A�
Set register A� to contain a LIS cell
pointing to the currenttop of the heap.
Continueexecutionwith the following
instruction.

A�T,.-�h�ijd#� H 4$5
P , P 7 instructionsize: P;�5

put constant ��� A�
Placea constantcell containing � into
registerA� . Continueexecutionwith the
following instruction.

A�T,.-�kmlcng���+4$5
P , P 7 instructionsize: P;�5

Get instructions

get variable V��� A�
Place the contentsof register A� into
variableV� . Continueexecutionwith
thefollowing instruction.

V�o, A�$5
P , P 7 instructionsize: P;�5

get value V�+� A�
Unify variable V� and register A� .
Backtrackon failure, otherwisecon-
tinue execution with following in-
struction.

p ]�\ Grq : V�+� A�F;�5
if fail

then backtrack
elseP , P 7 instructionsize: P;�5
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get structure ��� A�
If the dereferencedvalue
of register A� is an un-
boundvariable,thenbind
thatvariableto anew STR
cell pointing to � pushed
on theheapandsetmode
to write ; otherwise,if it
is a STR cell pointing to
functor � , thensetregister
S to theheapaddressfol-
lowing that functor cell’s
and set mode to read .
If it is not a STR cell or
if the functor is different
than � , fail. Backtrack
on failure, otherwisecon-
tinue execution with fol-
lowing instruction.

<�=�=?> , =�E�>FEHG : A�s;�5t�u V'Q STORE[<�=?=�> ] v K
-�/f021#� 4xw HEAP[H] ,.-�d?e�/y� H 7N8�4$5

HEAP[H 7N8 ] ,z��5[X\W] = : <?=�=�> � H;�5
H , H 7I{25|g}�=�E , write 5

-�d�e�/g��~�4�w JLK HEAP[~ ] ���O�PRQ�S
Y Q�Z J S

S ,`~�7N8�5|y}�=�E , readQ�S_^
Q2UWVXQ Gr< \�� , O��?��Q 5

v O�PRQC� w GX< \�� , O��?�RQ 5Q�S_^ t�u VXQ 5
if fail

then backtrack
elseP , P 7 instructionsize: P;�5

get list A�
If the dereferencedvalue
of register A� is an un-
boundvariable,thenbind
thatvariableto anew LIS
cell pushedon the heap
and set modeto write ;
otherwise,if it is a LIS
cell, thensetregisterS to
the heap addressit con-
tains and set mode to
read . If it is not a
LIS cell, fail. Backtrack
on failure, otherwisecon-
tinue execution with fol-
lowing instruction.

<�=�=?> , =�E�>FEHG : A�s;�5t�u V'Q STORE[<�=?=�> ] v K
-�/f021#� 4xw HEAP[H] ,.-�h�i�d3� H 7N8�4$5[X\W] = : <?=�=�> � H;�5

H , H 798�5|g}�=�E , write 5
-�h�i�d#��~�4�w S ,�~�5|g}�=�E , read 5
v O�PRQC� w GX< \�� , O��?�RQ 5Q�S_^ t�u VXQ 5

if fail
then backtrack
elseP , P 7 instructionsize: P;�5
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get constant ��� A�
If the dereferencedvalue
of register A� is an un-
boundvariable,bind that
variable to constant � .
Otherwise,fail if it is not
the constant� . Backtrack
on failure,otherwisecon-
tinue execution with fol-
lowing instruction.

<�=�=�> , =�E�>FEHG : A�F;�5t�u VXQ STORE[<�=�=�> ] v K
-?/f021�� 49w STORE[<�=?=�> ] ,�-�k2l�n3����4�5� >F< \W� : <�=�=?> ;�5
-�k2l�n3��� ¼ 4�w GX< \W� ,�:������� ¼ ;�5
v O�P�Q2� w GX< \W� , O����RQ 5Q�S�^ tju VXQ 5

if fail
then backtrack
elseP , P 7 instructionsize: P;D5

Setinstructions

set variable V�
Pusha new unboundREFcell onto the
heapandcopyit into variableV� . Con-
tinue execution with the following in-
struction.

HEAP[H] ,.-�/�0C1#� H 4�5
V�o, HEAP[H] 5
H , H 798�5
P , P 7 instructionsize: P;�5

set value V�
PushV� ’svalueontotheheap.Continue
executionwith thefollowinginstruction.

HEAP[H] , V��5
H , H 798�5
P , P 7 instructionsize: P;�5
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set local value V�
If the dereferencedvalueof V� is an
unboundheapvariable,pusha copy
of it onto the heap. If the derefer-
encedvalueis an unboundstackad-
dress,pusha new unboundREFcell
ontotheheapandbind thestackvari-
ableto it. Continueexecutionwith the
following instruction.

<�=�=?> , =�E�>FEHG : V�b;�5JLK <�=?=�>NM HO�PRQ�S
HEAP[H] , HEAP[ <�=?=�> ]Q2UWVXQ

Y Q�Z J S
HEAP[H] ,.-�/�0213� H 4$5[X\W] = : <?=�=�> � H;Q�S_^ 5

H , H 7B8?5
P , P 7 instructionsize: P;�5

set constant �
Pushtheconstant� ontotheheap.Con-
tinue execution with the following in-
struction.

HEAP[H] ,.-�kml�ny����4�5
H , H 798�5
P , P 7 instructionsize: P;�5

set void �
Push� new unboundREFcellsontothe
heap. Continueexecutionwith the fol-
lowing instruction.

K v � ��, H
O v H 7I����8 ^ v

HEAP[� ] ,.-�/�0213���m4$5
H , H 7I�+5
P , P 7 instructionsize: P;�5

Unify instructions

unify variable V�
In read mode,placethecontentsof
heapaddressS into variableV� ; in
write mode,pusha new unbound
REF cell onto the heapandcopy it
into X� . In eithermode,incrementS
by one.Continueexecutionwith the
following instruction.

t�u VXQ |g}�=?E v K
read w V�6, HEAP[S] 5
write w HEAP[H] ,.-�/�0213� H 4$5

V�6, HEAP[H] 5
H , H 798�5Q�S�^ t�u VXQ 5

S , S 798�5
P , P 7 instructionsize: P;�5
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unify value V�
In read mode,unify variableV� and
heapaddressS; in write mode,push
thevalueof V� ontotheheap.In either
mode,incrementS by one.Backtrack
on failure, otherwisecontinueexecu-
tion with following instruction.

t�u V'Q |y}�=�E v K
read w p ]�\ GXq : V��� S;�5
write w HEAP[H] , V��5

H , H 798?5Q�S_^ t�u V'Q 5
S , S 798�5
if fail

then backtrack
elseP , P 7 instructionsize: P;�5

unify local value V�
In read mode, unify
variable V� and heap
addressS. In write
mode, if the derefer-
encedvalueof V� is an
unboundheapvariable,
pusha copy of it onto
the heap. If the deref-
erencedvalueis anun-
bound stack address,
push a new unbound
REFcell onto the heap
andbind thestackvari-
able to it. In either
mode, incrementS by
one. Backtrackon fail-
ure,otherwisecontinue
execution with follow-
ing instruction.

tju VXQ |g}�=�E v K
read w p ]�\ Grq : V�+� S;D5
write w <�=?=�> , =�E�>FE�G : V�b;�5JLK <?=�=�>NM HO�P�Q�S

HEAP[H] , HEAP[ <?=�=�> ]QCUWVXQ
Y Q�Z J S

HEAP[H] ,�-�/f0213� H 4�5[X\W] = : <�=�=�> � H;Q�S�^ 5
H , H 7N8�5Q�S�^ t�u V'Q 5

S , S 798?5
if fail

then backtrack
elseP , P 7 instructionsize: P;�5
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unify constant �
In read mode,dereferencetheheapaddressS. If theresultis anunboundvari-
able,bind thatvariableto theconstant� ; otherwise,fail if theresultis different
thanconstant� . In write mode,pushtheconstant� ontotheheap.Backtrack
on failure,otherwisecontinueexecutionwith following instruction.

t�u VXQ |g}�=?E v K
read w <�=�=�> , =�E�>FEHG : S;�5t�u VXQ STORE[<�=�=�> ] v K

-�/�0213� 49w STORE[<�=?=�> ] ,.-�k2l�n3����4�5� >F< \W� : <�=�=?> ;�5
-�kml�ny��� ¼ 4�w GX< \W� ,�:������� ¼ ;�5
v O�P�Q2� w GX< \W� , O����RQ 5Q�S�^ tju VXQ 5

write w HEAP[H] ,.-�kml�ny�X�+4$5
H , H 7B8�5Q�S�^ t�u VXQ 5

if fail
then backtrack
elseP , P 7 instructionsize: P;�5

unify void �
In write mode, push � new
unbound REF cells onto the
heap. In read mode,skip the
next � heapcellsstartingat lo-
cation S. Continueexecution
with thefollowing instruction.

tju VXQ |g}�=�E v K
read w S , S 7I��5
write w K v � ��, H

O v H 7��x�98 ^ v
HEAP[� ] ,.-�/�0C1#���m4�5

H , H 7I��5Q�S�^ t�u V'Q 5
P , P 7 instructionsize: P;�5
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Control instructions

allocate

Allocate a new environmenton the stack,settingits continuationenvironment
andcontinuationpoint fieldsto currentE andCP, respectively. Continueexecu-
tion with thefollowing instruction.

J�K
E � BO�PRQ�S

newE , E 7 CODE[STACK[E 7N8 ] �@8 ] 7�{Q2U�V'Q
newE , B 7 STACK[B] 7I�25

STACK[newE] , E 5
STACK[newE 798 ] , CP5
E , newE5
P , P 7 instructionsize: P;D5

deallocate

Remove theenvironmentframeat stack
locationE from thestackby resettingE
to thevalueof its CEfield andthecon-
tinuationpointerCP to the valueof its
CP field. Continueexecutionwith the
following instruction.

CP , STACK[E 798 ] 5
E , STACK[E] 5
P , P 7 instructionsize: P;�5

call �
�D�
If � is defined,then save the cur-
rent choice point’s addressin B0
and the value of currentcontinua-
tion in CP, andcontinueexecution
with instructionlabeled � , with �
stackvariablesremainingin thecur-
rent environment;otherwise,back-
track.

J�K =�E�� ] ED= :F�#;O�PRQ�S
Y Q�Z J S

CP , P 7 \�]m� � >Dpf  � \ } ] �X\�¡ E : P;�5] pf| }FG <?>£¢ � , <�> \ � q :��#;D5
B0 , B 5
P ,�¤�:��#;Q�S_^

Q2U�V'Q
backtrack 5
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execute �
If � s defined, then save the current
choicepoint’s addressin B0 and con-
tinueexecutionwith instructionlabeled
� ; otherwise,backtrack.

JLK =�E�� ] E�= :��#;O�PRQ�S
Y Q�Z J S
] p�| }�G <�>H¢ � , <�> \ � q :F�#;�5
B0 , B 5
P ,¥¤�:��#;Q�S_^

Q2UWVXQ
backtrack 5

proceed

Continueexecutionat instructionwhose
addressis indicatedby thecontinuation
registerCP.

P , CP5
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Choiceinstructions

try me else  
Allocatea new choicepoint frameon thestacksettingits next clausefield to  
and the other fields accordingto the currentcontext, and setB to point to it.
Continueexecutionwith following instruction.

J�K
E � BO�PRQ�S

newB , E 7 CODE[STACK[E 7N8 ] �@8 ] 7�{Q2U�V'Q
newB , B 7 STACK[B] 7I�25

STACK[newB] , ] p�| }FG <?>£¢ � 5
��, STACK[newB] 5K v � ��,.8 O v¦� ^ v STACK[newB 7�� ] , A�)5
STACK[newB 7I�A7B8 ] , E 5
STACK[newB 7I�A7�{ ] , CP5
STACK[newB 7I�A7�§ ] , B 5
STACK[newB 7I�A7I¨ ] ,` %5
STACK[newB 7I�A7�© ] , TR5
STACK[newB 7I�A7�ª ] , H5
STACK[newB 7I�A79« ] , B0 5
B , newB5
HB , H5
P , P 7 instructionsize: P;D5

retry me else  
Having backtrackedto thecur-
rent choicepoint, resetall the
necessaryinformation from it
andupdateits next clausefield
to  . Continueexecutionwith
following instruction.

�6, STACK[B] 5K v � ��,�8 O v¦� ^ v A�T, STACK[B 7I� ] 5
E , STACK[B 7��A798 ] 5
CP , STACK[B 7��A7�{ ] 5
STACK[B 7��A7¬¨ ] ,` �5p ]�­�\W] = � >F< \W� : STACK[B 7��A7�© ] � TR;�5
TR , STACK[B 7��A7�© ] 5
H , STACK[B 7��A7Iª ] 5
HB , H5
P , P 7 instructionsize: P;�5
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trust me

Having backtrackedto thecur-
rent choicepoint, resetall the
necessaryinformation from it,
thendiscardit by resettingB to
its predecessor. Continueexe-
cution with following instruc-
tion.

�6, STACK[B] 5K v � ��,.8 O v¦� ^ v A�T, STACK[B 7I� ] 5
E , STACK[B 7@��7N8 ] 5
CP , STACK[B 7I�A7@{ ] 5p ]�­�\�] = � >F< \W� : STACK[B 7��A7�© ] � TR;�5
TR , STACK[B 7I�A7@© ] 5
H , STACK[B 7@��7@ª ] 5
B , STACK[B 7@��7@§ ] 5
HB , STACK[B 7I�A7@ª ] 5
P , P 7 instructionsize: P;�5

try  
Allocateanew choicepoint frameon thestacksettingits next clausefield to the
following instructionandthe otherfields accordingto the currentcontext, and
setB to point to it. Continueexecutionwith instructionlabeled .

J�K
E � BO�PRQ�S

newB , E 7 CODE[STACK[E 7B8 ] �@8 ] 7I{Q2U�V'Q
newB , B 7 STACK[B] 7@�25

STACK[newB] , ] p�| }�G <�>H¢ � 5
�6, STACK[newB] 5K v � ��,�8 O v®� ^ v STACK[newB 7I� ] , A�$5
STACK[newB 7I�¦798 ] , E 5
STACK[newB 7I�¦7I{ ] , CP5
STACK[newB 7I�¦7I§ ] , B 5
STACK[newB 7I�¦7¬¨ ] , P 7 \W]2� � >�p�  � \ } ] �X\�¡ E : P;�5
STACK[newB 7I�¦7I© ] , TR5
STACK[newB 7I�¦7Iª ] , H5
STACK[newB 7I�¦7@« ] , B0 5
B , newB5
HB , H5
P ,` %5
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retry  
Having backtracked
to the current choice
point, reset all the
necessaryinformation
from it and updateits
next clause field to
following instruction.
Continue execu-
tion with instruction
labeled .

�6, STACK[B] 5K v � ��,`¯ O v®�®�@8 ^ v A�T, STACK[B 7I� ] 5
E , STACK[B 7��A798 ] 5
CP , STACK[B 7��A7�{ ] 5
STACK[B 7��A7¬¨ ] , P 7 \W]2� � >Dpf  � \ } ] �X\L¡ E : P;�5p ]�­�\W] = � >F< \�� : STACK[B 7@�A7�© ] � TR;�5
TR , STACK[B 7��A7�© ] 5
H , STACK[B 7��A7Iª ] 5
HB , H5
P ,` �5

trust  
Having backtrackedto thecur-
rentchoicepoint, resetall nec-
essaryinformationfromit, then
discardit by resettingB to its
predecessor. Continueexecu-
tion with instructionlabeled .

�6, STACK[B] 5K v � ��,�8 O v¦� ^ v A�T, STACK[B 7I� ] 5
E , STACK[B 7��A798 ] 5
CP , STACK[B 7��A7�{ ] 5p ]�­�\W] = � >F< \W� : STACK[B 7��A7�© ] � TR;�5
TR , STACK[B 7��A7�© ] 5
H , STACK[B 7��A7Iª ] 5
B , STACK[B 7��A7I§ ] 5
HB , STACK[B 7��A7�ª ] 5
P ,z %5

Indexing instructions

switch on term !
��"#�� %�D&
Jumpto the instructionlabeled,respec-
tively, ! , " ,  , or & , dependingon
whetherthedereferencedvalueof argu-
mentregisterA 8 isavariable,aconstant,
a non-emptylist, or a structure,respec-
tively.

tju VXQ STORE[=�E�>FEHG : A 8j; ] v K
-�/�0C1#� 4°w P ,`!x5
-�kmlcng� 4°w P ,`"�5
-�h�ijd#� 4°w P ,` %5
-�d?ef/g� 4°w P ,¥&±5Q�S�^ t�u V'Q 5
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switch on constant �*�$(
Thedereferencedvalueof register
A 8 being a constant,jump to the
instructionassociatedto it in hash-
table ( of size � . If theconstant
foundin A 8 is notonein thetable,
backtrack.

- � <�¢ �?² < � 4�, STORE[=�E�>FE�G : A 8�; ] 5
- GX}�p ] = � \W]2� � 4±, ¢�E � ³ < � ³ :�² < � �)(´�D�¬;D5J�K GX}�p ] =O�P�Q�S

P , \�]m� �
QCUWVXQ

backtrack 5

switch on structure ���)(
Thedereferencedvalueof register
A 8 beinga structure,jump to the
instructionassociatedto it in hash-
table ( of size � . If thefunctorof
thestructurefoundin A 8 isnotone
in thetable,backtrack.

- � <�¢ �?² < � 4�, STORE[=�E�>FE�G : A 8�; ] 5
- GX}�p ] = � \W]2� � 4±, ¢�E � ³ < � ³ :�² < � �)(´�D�¬;D5J�K GX}�p ] =O�P�Q�S

P , \�]m� �
QCUWVXQ

backtrack 5

Cut instructions

neck cut

If thereis a choicepoint after that in-
dicatedby B0, discardit and tidy the
trail up to that point. Continueexecu-
tion with following instruction.

JLK
B � B0O�PRQ�S
Y Q�Z J S

B , B0 5� \ =�q � >�< \��Q�S_^ 5
P , P 7 instructionsize: P;�5

get level Y�
SetY� to thecurrentvalueof B0. Con-
tinue executionwith following instruc-
tion.

STACK[E 7I{µ7I� ] , B0 5
P , P 7 instructionsize: P;�5

Copyright c
½
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cut Y�
Discardall (if any) choicepoints after
thatindicatedbyY� , andtidy thetrail up
to that point. Continueexecutionwith
following instruction.

JLK
B � STACK[E 7@{¶7I� ]O�PRQ�S
Y QfZ J S

B , STACK[E 7I{¶7@� ] 5� \ =�q � >F< \W�Q�S�^ 5
P , P 7 instructionsize: P;�5

B.2 WAM ancillary operations

· � v t QC^��_��Q [ <� X¸ � >�<? X¸ 5Y Q�Z J S
JLK

B � [ } �H� }�| }FG � � <? X¸O�PRQ�S GX< \W� < ] = EX¹ \ � º >�}D¢�>F<�|Q2U�V'Q
Y QfZ J S

B0 , STACK[B 7 STACK[B] 7@« ] 5
P , STACK[B 7 STACK[B] 7°¨ ]Q�S�^

Q�S_^ [ <? X¸ � >F<� '¸ 5

The backtrack operation
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K �+S t O J v S =�E�>FEHG :�~Aw <�=�=�>FE �D� ;±w <�=?=�>FE �D� 5Y Q�Z J S
- � <�¢ �?² < � p�E 4�, STORE[~ ] 5J�K : � <�¢ �9/f021�;�»*:�² < � p�E ���~m;O�P�Q�S_��Q�O��_�?S =�E�>FEHG :�² < � pfE ;QCUWVXQ2��QfO����?S ~Q�S�^ =�E�>FEHG 5

The deref operation

· � v t Q2^�����Q ['\�] = :�~ ­ �D~ ù w <�=?=�>FE �D� ;D5
-�¼ ­ � 4�, STORE[~ ­ ] 5%-�¼ ù � 4�, STORE[~ ù ] 5JLK :½¼ ­ �9/�0C1m;®»¾:$:s¼ ù ���/�021�;�¿�:F~ ù M ~ ­ ;);O�P�Q�S

Y QfZ J S
STORE[~ ­ ] , STORE[~ ù ] 5 � >F< \W� :�~ ­ ;Q�S�^

QCUWVXQ
Y QfZ J S

STORE[~ ù ] , STORE[~ ­ ] 5 � >F< \W� :�~ ù ;Q�S�^
Q�S�^ ['\�] = 5

The bind operation
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· � v t QC^�����Q � >F< \�� :�~Aw <�=�=�>FE ��� ;D5J�K :�~ M HB;�¿¾:): H M ~2;�»®:F~ M B ;);O�P�Q�S
Y Q�Z J S

TRAIL[TR ] ,`~�5
TR , TR 798Q�S_^

Q�S�^ � >F< \W� 5

The trail operation

· � v t QC^��_��Q p ]�­�\W] = � >�< \�� :�~ ­ �D~ ù w <�=�=�>FE ��� ;D5K v � ��,`~ ­ O v¦~ ù �@8 ^ v
STORE[TRAIL[ � ] ] ,�-�/�0C1�� TRAIL[ � ] 4�5Q�S_^ p ]�­�\W] = � >�< \�� 5

The unwindtrail operation
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· � v t Q2^�����Q � \ =�q � >F< \W� 5
��, STACK[B 7 STACK[B] 7I© ] 5À P J U�Q � M TR

^ vJ�K : TRAIL[ � ] M HB;®¿¾:$: H M TRAIL[ � ] ;�»®: TRAIL[ � ] M B;$;O�P�Q�S ��,`�R798QCUWVXQ
Y Q�Z J S

TRAIL[ � ] , TRAIL[TR �98 ] 5
TR , TR �@8Q�S_^

Q�S�^ � \ =�q � >F< \W� 5

The tidy trail operation
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· � v t QC^��_��Q p ]�\ Grq :�~ ­ ��~ ù w <�=�=�>FE ��� ;�5º p � ³ :�~ ­ �$Á�Âfh2;D5 º p � ³ :�~ ù �)ÁfÂ�h�;�5GX< \�� , K u U�V'Q 5À P J ULQxÃ : E�| º�� q :½Á�Â�h2;�¿ GX< \�� ; ^ vY Q�Z J S
Ä ­ , =�E�>FE�G : º } º :½Á�Âfhm;$;�5 Ä ù , =�E�>FE�G : º } º :½Á�Âfhm;$;�5JLK Ä ­ �� Ä ù O�PRQ�S
Y QfZ J S
-�¼ ­ ��Å ­ 4±, STORE[

Ä ­
] 5%-�¼ ù ��Å ù 4
, STORE[

Ä ù
] 5JLK ¼ ­ �@/�0C1 O�PRQ�S [X\W] = : Ä ­ � Ä ù ;QCUWVXQ

t�u VXQ ¼ ù v K
/�0C1Æw [X\W] = : Ä ­ � Ä ù ;�5
kmlcnÇw GX< \�� ,¥:½¼ ­ ���kmlcnm;�¿®:�Å ­ ���Å ù ;�5
h�ijdÆw JLK ¼ ­ ���h�ijd O�P�Q�S Gr< \W� , O��?��Q

Q2U�V'Q
Y QfZ J S
º p � ³ :�Å ­ �)ÁfÂ�h2;�5 º p � ³ :�Å ù �)ÁfÂ�h2;�5º p � ³ :�Å ­ 7N8��$Á�Âfh�;�5 º p � ³ :�Å ù 7N8��$Á�Â�hf;Q�S�^ 5

d?ef/Çw JLK ¼ ­ ���d?ef/ O�P�Q�S Gr< \W� , O��?��Q
Q2U�V'Q
Y QfZ J S
� ­ ac� ­ , STORE[Å ­ ] 5D� ù ac� ù , STORE[Å ù ] 5JLK :�� ­ ���� ù ;b¿�:�� ­ ���� ù ; O�P�Q�S Gr< \�� , O��?��Q
QCUWVXQ
K v � ��,.8 O v¦� ­ ^ vY Q�Z J S

º p � ³ :�Å ­ 7��$�)ÁfÂ�h�;�5 º p � ³ :�Å ù 7I�)�$Á�Âfh�;Q�S_^
Q�S�^

Q�S�^ tju VXQQ�S�^
Q�S�^

Q�S_^ p ]�\ Grq 5

The completeunifyoperation
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B.3 WAM memory layout and registers

Argument Registers:

A 8�� A{���È�È�È$� A����È�È�È
Registers:

P
CP

S

HB

H

B0

B

E

TR

(low)

CodeAr ea

Heap

Stack

choicepoint

environment

Trail

PDL
(high)

Y� ° th local variable

...

Y 8 ­ st local variable

CPcont.code

CEcont.environment

Environment frame:

B0 cutpointer

H heappointer

TR trail pointer
BPnextclause

B previouschoicept.
CPcont.code

CEcont.environment

A� ° th argument

...

A 8 ­ stargument

� arity

Choice point frame:

É É É É É É É

Ê Ê Ê Ê Ê Ê Ê

Ë Ë Ë Ë Ë Ë Ë
Ì Ì
Ì Ì
Ì Ì
Ì Ì
Ì Ì
Ì Ì
Ì Ì

Í

Í

Í
Í

Í
Í
Í

ÍÍ
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A register, 22
allocate , 28

example,31, 43, 55, 57, 61, 64,
72–74

explicit definition
for ÏÑÐ , 30
for Ï�Ò , 38
for WAM, 60,106

AND-stack,33
argumentregisters,19,22
arity, 9

B register, 34
backtrack operation,39
backtrack operation,112
backtracking,6, 19,25,36

chronological,33
bind operation,113
binding,10,16,17

conditional,37,63
convention,62
rule,63,64,68,69
side-effect,25,36
trailing,37
unconditional,63

B0 register, 83
Boizumault,Patrice,4

call , 21,59
example

with environmenttrimming,61,
64,68,72–74,85

withoutenvironmenttrimming,
24,31,43,51,55,57

explicit definition
for ÏÑÓ , 21
for Ï Ð , 26
for Ï�Ò , 40
for WAM, 106

chain
reference,16,63,65
rule,25,57,86

choicepoint,33
contents,36
discarding,34,36,37,39,83–85

Chu,Damian,71
codearea,21,26,28,36,39
constant,9

cell, 48
CPregister, 26
cut,83

deep,83,85
neck,84
semantics,83
shallow, 83,84

cut , 85
explicit definition,112

cut register, 83

deallocate , 29
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example,31, 43, 55, 57, 61, 64,
72–74

explicit definition
for ÏÑÐ , 30
for WAM, 56,106

deep
cut,83,85
rule,25,86

delayedtrimming,73
deref operation,113
dereferencing,16

E register, 28
environment,27

allocation,29
discarding,56
frame,28
protection,34,35,57,79
trimming, 58–62,64, 68,70–74,

85
magnificationof, 79

execute , 56
example,57, 61, 64, 72–74,80–

82
explicit definition,56

for WAM, 107

fact,21
compilation,22,26

failure,16,19,25,33–35
flattenedform, 12

of program,15
of query, 12
tokenized,12,15

functor, 9

get constant , 48
example,80–82
explicit definition,49

for WAM, 102
get level , 85

explicit definition
for WAM, 111

get list , 50
example,51,82
explicit definition,50

for WAM, 102
get nil , 50
get structure , 15

example,16, 24, 43, 51, 53, 80,
81

explicit definition,18
for WAM, 101

get value , 23
example,24,51
explicit definition,23

for WAM, 101
get variable , 23

example,31, 43, 53, 55, 57, 61,
64

explicit definition,23
for WAM, 100

H register, 13
Hanus,Michael,67
HBregister, 37
heap,10

pointer, 38
Ô�Õ

, 9, 48,50Ô Ó , 28Ô Ð , 28,38Ô Ò , 38

Kowalski,RobertA., 95
Ö Õ

, 9, 21
abstractmachine,9
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interpreter, 9
program,9

compiling,13,16
query, 9

compiling,11,14
semantics,9, 11
syntax,9
termrepresentation,10Ö Ó , 21,24,25Ö Ð , 25
program,25
query, 25
semantics,25Ö Ò , 33
program,33
query, 33
semantics,33

lastcall optimization,56
LCO, 56,57,62,70,71

correctness,58
effect,56,57,82
generalization,58
interference,62
magnification,79
patch,75

list, 50

Ï Õ
, 9, 11,19,75
instructions,13,16

for programs,18
for queries,14

ÏÑÓ , 21
augmentation,28
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