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Foreword

Prologwasconcevedin theearly1970sby Alain Colmeraueandhis colleagues
at the University of Marseille. It wasthe first practicalembodimenbf the con-
ceptof logic programmingdueto RobertKowalski. The key ideabehindlogic
programmings thatcomputationcanbe expressedscontrolleddeductionfrom
declaratve statementsAlthoughthefield hasdevelopedconsiderablysincethose
earlydays,Prologremainghe mostfundamentahndwidely usedogic program-
minglanguage.

Thefirstimplementatiorof Prologwasaninterpretemrittenin Fortranby mem-
bersof Colmerauess group. Althoughin somewaysquite crude,this implemen-
tation wasa milestonein several ways: it establishedhe viability of Prolog, it
helpedto disseminatehe languageandit laid the foundationsof Prologimple-
mentationtechnology A latermilestonewasperhapghe DEC-10Prologsystem
developedat the University of Edinturgh by myselfandcolleaguesThis system
built on the Marseille implementationtechniquesy introducingthe notion of
compiling Prologinto alow-level languag€in this caseDEC-10machinecode),
aswell asvariousimportantspace-sang measuresl laterrefinedandabstracted
the principlesof the DEC-10Prologimplementatiorinto whatis now known as
theWAM (WarrenAbstractMachine).

The WAM is an abstractmachineconsistingof a memoryarchitectureandin-
structionsettailoredto Prolog. It canbe realisedefficiently on a wide rangeof
hardwareandsenesasatargetfor portablePrologcompilers.lt hasnow become
acceptedhsa standardasisfor implementingProlog. This is personallygratify-
ing, but somavhatembarrassing thatthe WAM is perhapgoo readilyaccepted
asthe standard.Althoughthe WAM s a distillation of a long line of experience
in Prologimplementationijt is by no meansthe only possiblepoint to consider
in the designspace.For example,whereaghe WAM adopts‘structurecopying”
to represenPrologterms,the “structuresharing’representationsedin the Mar-

Copyright(© HassamiT-KAcl  Reprintedrom MIT Press Xi
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seille and DEC-10implementationstill hasmuchto recommendt. Be thatas
it may, | believe the WAM is certainlya goodstartingpoint for studyingProlog
implementatiortechnology

Reayrettably until now, therehasnot beena good sourcefor getting acquainted
with theWAM. My originaltechnicalreportis not easilyaccessibleandcontains
only a“barebones’definitionof theabstractachinewrittenfor anexpertreader

Otherworkshave discussedhe WAM from variouspointsof view, but therehas

continuedo bealackof agoodtutorialintroduction.

It is thereforea greatpleasureo seethe emegenceof this excellenttutorial by
Hassamit-Kaci. Thebookis adelightto read. It explainsthe WAM with great
clarity andelegance.| believe readerswith aninterestin computersciencewill
find thisbookprovidesa stimulatingintroductionto thefascinatingsubjectof Pro-
log implementation] ammostgratefulto Hassarfor makingmy work accessible
to awideraudience.

DavidH. D. Warren

Bristol, UK
February1991

Xii Reprintedrom MIT Press Copyright© HassamiT-KAcCI
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Nobodytold themwhatit was. The thing wasgoing very
slowly. | saidthatthefirst thingtherehasto beis thatthese
technicalguysknow whatwe're doing. ... | couldgive a
nice lectureaboutwhat we weredoing, andthey wereall

excited... They understoodverything;... andall thathad
to bedonewasto tell themwhatit was.

RICHARD P. FEYNMAN
Suely You're Joking,Mr. Feynman
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Chapter 1

Intr oduction

In 1983,David H. D. Warrendesignedan abstractmachinefor the executionof
Prologconsistingof a memoryarchitectureandaninstructionset[War83. This
designbecameknown asthe WarrenAbstractMachine(WAM) andhasbecome
the de facto standardfor implementingProlog compilers. In [War83, Warren
describeghe WAM in a minimalist’s style, makingunderstandingery difficult
for the averagereadey even with a foreknavledgeof Prolog’s operations. Too
muchis left untold, andvery little is justifiedin clearterms! This hasresulted
in avery scantnumberof WAM aficionadoswvho could boastunderstandinghe
detailsof its workings. Typically, thesehase beenPrologimplementorsvho de-
cidedto investthe necessaryime to learnby doing andto reachenlightenment
painstakingly

1.1 Existing literatur e

Witnessto this lack of understandings the fact thatin six yearstherehasbeen
little publishedthatwould teachthe WAM, let aloneformally justify its correct-
ness.Indeed,besidesNVarrens original hermeticreport[War83, therehasbeen
virtually no official publicationon the WAM. A few yearsago,onecould come
acrossa draft authoredby a group at ArgonneNational Laboratory[GLLOS85].
But, to be honestwe foundthatmanuscripeven harderto understandhanWar-
ren’sreport. Theflaw wasthatit insistedin presentinghe completeWAM asis,

David H. D. Warrens confidesprivatelythathe “felt [thatthe WAM] wasimportant,but [its]
detailsunlikely to be of wide interest.Hence [he useda] ‘personalnotes’style”

3
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ratherthanasa graduallytransformedandoptimizeddesign.

A graduakefinemenstylehasin factbeenusedoy David MaierandDavid S.War-
rer? in [MW88]. There,onecanfind a descriptionof techniquesf Prologcom-
pilation akin to the WAM’ s3 However, we believe thatthis otherwisequite com-
mendableeffort still suffers from a few dravbacksasa definitive tutorial. First,
it describes closevariantof the WAM ratherthan, strictly speakingthe WAM
itself. Thatis, notall of the WAM’ s featuresarecovered.Moreover, explanations
arelimited to illustrative examplesandseldommakeexplicitly andexhaustvely
clearthe specificcontext in which someoptimizationsapply Secondthe part
devotedto compilationof Prolog comesvery late in the book—in the penulti-
matechapter—relying, for implementatiordetails,on overly detailedPascalpro-
ceduresanddatastructuresncrementallyrefinedover the previous chapters We
feel that this sidetracksreadingand obfuscatego-the-pointlearningof the ab-
stractmachine.Finally, althoughit presents seriesof graduallyrefineddesigns,
their tutorialdoesnot separat@rthogonapiecesof Prologin the processAll the
versionspresentedrefull Prologmachines.As aresult,thereaderinterestedn
picking andchoosingpartialtechniqueso adaptsomeavhereelsecannotdiscrim-
inateamongtheseeasily Now, in all fairness,Maier andWarrens book hasthe
differentambitionof beinga first coursein logic programming.Thus,it is actu-
ally a featthatits authorswereableto cover so muchmaterial,both theoretical
andpractical,andgo sofar asto includealsoPrologcompilingtechniqguesMore
important,their book s the first available official publicationto containa (real)
tutorialonthe WAM techniques.

After the preliminary versionof this book had beencompleted,anotherrecent
publicationcontaininga tutorial on the WAM wasbroughtto this authors atten-
tion. It isabookdueto PatriceBoizumauliBoi88] whoseChapte is devotedto
explainingthe WAM. Thereagain,its authordoesnot usea gradualpresentation
of partial Prologmachines Besidesit is writtenin French—asomevhatrestric-
tive trait asfar asits readerships concernedStill, Boizumaultsbookis very well
conceved,andcontainsa detaileddiscussiordescribingan explicit implementa-
tion techniquefor thefreezemeta-predicaté.

2A differentpersorthanthe WAM'’ s designerfor whoseresearchhe WAM hasbeenof great
inspiration.In turn,interestinglyenoughPavid H. D. Warrenhaslately beenworkingonaparallel
architecturefor Prologwhoseabstractmodel sharedts essencavith someideasindependently
concevedby David S. Warren.

30p.Cit., Chapterl1.

40p. Cit., Chapter10.
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Evenmorerecently aformal verificationof the correctnessf a slight simplifica-
tion of theWAM wascarriedoutby David Russinof [Rus89]. Thatwork deseres
justified praiseasit methodicallycertifiescorrectnes®f mostof the WAM with
respecto Prolog’s SLD resolutionsemantics However, it is definitely not a tu-
torial, althoughRussinof definesmostof the notionshe usesin orderto keephis
work self-contained.In spite of this effort, understandinghe detailsis consid-
erablyimpededwithout working familiarity with the WAM asa prerequisite At
ary rate, Russinof’s contrikution is neverthelessa premere ashe s the first to
establislrigorouslysomethinghathadbeentakenfor grantedthusfar. Needless
to say thatreportis notfor thefainthearted.

1.2 This tutorial

1.2.1 Disclaimer and motivation

Thelengthof thismonograpthasbeenkeptdeliberatelyshort.Indeed this author
feelsthat the typical expectedreaderof a tutorial on the WAM would wish to
getto the heartof the matterquickly and obtaincompletebut shortanswergo
guestions. Also, for reasongertainingto the specificity of the topic covered,
it waspurposefullydecidednot to structureit asa realtextbook, with albundant
exercisesandlengthycommentsOur pointis to makethe WAM explicit asit was
conceved by David H. D. Warrenandto justify its workingsto the readerwith
corvincing, albeitinformal, explanations.The few proposedexercisesaremeant
moreasanaid for understandinghanasfood for furtherthoughts.

Thereademayfind, at points,thatsomedesigndecisionsgclearly correctasthey
maybe,appeaarbitrarilychoseramongpotentiallymary otheralternatves,some
of whichheor shemightfavor overwhatis describedAlso, onemayfeelthatthis
or thatdetail could be “simplified” in somelocal or globalway. Regardingthis,
wewishto underscoréwo points: (1) we choseo follow Warrensoriginaldesign
andterminology describingvhathedid asfaithfully aspossibleand,(2) wewarn
againsthe casualthinking up of alterationghat, althoughthat may appeaitto be
“smarter’from alocal standpointwill generallybearsubtleglobalconsequences
interferingwith otherdecisionsor optimizationsmadeelsavherein the design.
This beingsaid,we did departin somemaiginal way from a few original WAM
details.However, whereour deviationsfrom theoriginalconceptiorareproposed,
anexplicit mentionwill bemadeanda justificationgiven.

Copyright(© HassamiT-KAcl  Reprintedrom MIT Press PAGE 5 OF 129
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Our motivationto be so consersative is simple: our goalis not to teachtheworld
how to implementProlog optimally, nor is it to provide a guideto the stateof
the art on the subject. Indeed, having contrituted little to the craft of Prolog
implementation this authorclaims glaring incompetencédor carrying out such
a task. Rather this work’s intentionis to explain in simplerterms,and justify
with informal discussionsPavid H. D. Warrens abstractmachinespecifically
andexclusively Oursourcas whathedescribesn [War83 War8g. Theexpected
achiezementis merelythelongoverduefilling of agapsofar existing for whoever
may be curiousto acquirebasicknowledgeof Prologimplementatiortechniques,
aswell asto sene asa springboardfor the experteagerto contribute furtherto
this field for which the WAM s, in fact, just the tip of anicebeg. As such,it
is hopedthatthis monographwould constitutean interestingand self-contained
complemento basictextbooksfor generakoursesnlogic programmingaswell
asto thoseon compilerdesignfor morecorventionalprogrammindanguagesAs
astand-alonevork, it couldbeaquickreferencdor thecomputermprofessionain
needof directaccesso WAM concepts.

1.2.2 Organizationof presentation

Our style of teachingthe WAM makesa specialeffort to considercarefully each
featureof the WAM designin isolationby introducingseparatelyandincremen-
tally distinct aspectsof Prolog. This allows us to explain as limpidly as pos-
sible specificprinciplesproperto each. We thenstitch and memge the different
patchednto larger pieces,introducingindependenbptimizationsone at a time,

converging eventuallyto thecompletd VAM designasdescribedn [War83 or as
overvievedin [War8g. Thus,in Chapter2, we considerunificationalone.Then,
we look atflat resolution(thatis, Prologwithout backtracking)n Chapter3. Fol-

lowing that, we turn to disjunctve definitionsandbacktrackingn Chapter4. At

thatpoint,wewill have acompletealbeitnaive, designfor pureProlog.In Chap-
ter5, thisfirst-cutdesignwill besubjectedo a seriesof transformationgimingat
optimizingits performancethe endproductof which is the full WAM. We have

alsopreparedan index for quick referenceo mostcritical conceptausedin the
WAM, somethingwvithoutwhich no (real)tutorial could possiblybe complete.

It is expectedthatthereaderalreadyhasa basicunderstandingf the operational
semantic®f Prolog—inparticular of unificationandbacktracking Nevertheless,
to makethis work also profitableto readerdacking this backgroundwe have
provided a quick summaryof the necessaryrolognotionsin AppendixA. As

PAGE 6 OF 129 Reprintedrom MIT Press Copyright@© HassamiT-KAcCI



A TUTORIAL RECONSTRUCTION

for notation,we implicitly usethe syntaxof so-calledEdinburgh Prolog(see for
instance[CM84]), which we alsorecallin thatappendix. Finally, AppendixB
containsa recapitulationof all explicit definitionsimplementingthe full WAM

instructionsetandits architecturesoasto serne asa completeandconcisesum-
mary.

Copyright(© HassamiT-KAcl  Reprintedrom MIT Press PAGE 7 OF 129
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Chapter 2

Unification—Pure and Simple

Recallthata (first-order)termis eitheravariable (denotedoy a capitalizedden-
tifier), a constant(denotedby anidentifier startingwith a lower-caseletter) or a
structue of theform f(¢4,...,t,) wheref is asymbolcalleda functor(denoted
asaconstant)andthet, s arefirst-orderterms—thderm’s subtermsThenumber
of subtermdor a given functor symbolis predetermined@nd calledits arity. In

orderto allow a symbolto be usedwith possiblydifferentarities, we shall use
theexplicit notation‘ f/rn’ whenreferringto thefunctorconsistingof the symbol
f andarity n. Hence,two functorsareequalif andonly if they have the same
symbolandarity. Lettingn = 0, aconstants seenasa specialcaseof astructure.
Thus,aconstant will bedesignate@sthe functorc/0.

We considermereL,, a very simplelanguagendeed. In this languagepnecan
specifyonly two sortsof entities:aprogramtermandaqueryterm. Both program
andqueryarefirst-ordertermsbut not variables. The semanticof £, is simply
tantamounto computingthe mostgeneralunifier of the programandthe query
As for syntax, £, will denotea programast¢ anda queryas ?- ¢t wheret is a
term. The scopeof variabless limited to a program(resp.,a query)term. Thus,
themeaningof a program(resp.,a query)is independendf its variables’names.
An interpreterfor £, will disposeof somedatarepresentatiofor termsanduse
a unification algorithmfor its operationalsemantics.We next describeM, =
(Dy , I, ), anabstracimachinedesignfor £, consistingof a datarepresentation
D, acteduponby a setZ, of machinenstructions.

Theideais quite simple: having defineda programterm p, one cansubmitary
query?- ¢ andexecutioneitherfails if p andg do not unify, or succeedsvith a
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bindingof thevariablesn ¢ obtainedby unifying it with p.

2.1 Term representation

Let usfirst defineaninternalrepresentatiofor termsin £,. We will useaglobal
block of storagen theform of anaddressableeapcalledHEAPwhichis anarray
of datacells. A heapcell’'saddresss its index in thearrayHEAR

It will besufficient,in orderto represenarbitrarytermsin HEAR to encodevari-

ablesand’structures’ of theform f(@,,...,@,) wheref/n is a functorandthe

@,’sarereferenceso theheapaddressethern subtermsThus,therearetwo sorts
of datato be storedin the array HEAP variablesand structures. Explicit tags

appearingaspartof the format of someheapcells, will be usedto discriminate
betweerthesetwo sortsof heapdata.

A variablewill beidentifiedto areferenceointerandrepresentedsingasingle
heapcell. Thus,we shallspeakof variablecells A variablecell will beidentified
by thetagREF, asdenotedas( REF , k) wherek is astoreaddressi.e., anindex
into HEAR This cornveniencds meantto facilitate variablebinding by establish-
ing a referenceto the term the variableis to be boundto. Thus, uponbinding
a variable,the addresgart of the REFcell thatrepresents will be setaccord-
ingly. The corventionfor representingin unboundvariableis to setthe address
partof the REFcell to containits own addressThereforeanunboundvariableis
aself-referentiaREFcell.

Structuresarenon-variableterms. Thus,the heapformatusedfor representing
structuref (4, ..., t,) will consistof » 4 2 heapcells. Thefirst two of thesen + 2
cellsarenot necessarilyontiguous.In effect, thefirst of thetwo actsasa sorted
referencepointerto the second,jtself usedto representhe functor f/n. (The
reasorfor this apparentlyoddindirectionis to accommodatstructuresharingas
will becomeclearshortly) Then othercellsaredestinedo containreferenceso
therootsof thern subtermsn properorder More specifically thefirst of thern + 2
cellsrepresenting (4, . .., t,) is formattedasa taggedstructue cell, denotedas
(STR, k), containingthetag STRandtheaddress: where(therepresentationf)
thefunctor f /n is stored.Thiscellis calledafunctorcell and,quiteimportantly it
is alwaysimmediatelyfollowedby asequencef n contiguousells,onefor each
subtermi;, respectiely. Thatis, if HEAP[k] = f/n thenHEAP[k + 1] will
referto thefirstsubterm(t, ), ... HEAP[k + n] tothenr-th (andlast)subterm(,,).

PAGE 10 oF 129 Reprintedrom MIT Press Copyright© HassamiT-KAcCI
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STR| 1
h]2
REF | 2
REF | 3
STR | 5
i7i
REF | 3
STR | 8
p/3
REF
STR
STR

_— O O 00~ TR W = O

—_ =
O = N

Figure2.1: Heaprepresentatioof p(Z, h(Z, W), f(W)).

For example, a possibleheaprepresentatiorof the term p(Z, h(Z, W), f(W))

startsat address/ in the heapshavn in Figure2.1. Note thatonly oneoccur

renceof agivenvariableis representetly anunboundREFcell, whereasts other
occurrenceareREFcellscontainingtheheapaddres®f thefirst occurrenceOb-
sere alsothat, althoughit is true thatthe structurecells at addresse®, 4, and7
do contiguouslyprecedeheir respectre functor cells,suchis notthe casefor the
structurecellsataddres4.0,and11.

2.2 Compiling £, queries

Accordingto L,’s operationalsemanticsthe processingof a query consistsof

preparingonesideof anequationto be solved. Namely a querytermyg is trans-
latedinto a sequencef instructionsdesignedo build an exemplarof ¢ on the
heapfrom ¢’s textual form. Hence,dueto thetreestructureof atermandmulti-

ple occurrence®f variables;t is necessarywhile processing part of the term,
to save temporarilysomeplaceiecesof termsyet to be processedr a variable
thatmay occuragainlaterin theterm. For this purpose,M, is endaved with a
sufficientnumberof (variable)registersXl1, X2, etc.,to beusedto storeheapdata
temporarilyastermsare being built. Thus,the contentsof sucha registerwill

have the format of a heapcell. Thesevariableregistersare allocatedto a term
onaleastavailableindex basissuchthat(1) registerXl is alwaysallocatedo the
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outermostterm, and(2) the sameregisteris allocatedto all the occurrencesf a
givenvariable. For example,registersare allocatedto the variablesof the term
p(Z,h(Z, W), f(W)) asfollows:

X1 = p(X2, X3, X4)

X2 =7

X3 = h(X2, X5)
X4 = f(X5)

X5 = W.

This amountgo sayingthatatermis seenasa flattenedconjunctve setof equa-
tionsof theform X; = X or X; = f(X,,,..., X;,), (n > 0) wherethe X;’s are
all distinctnew variablenames.Therearetwo consequenced registerallocation:
(1) externalvariablenamegsuchasZ andiW in ourexample)canall beforgotten;
and,(2) aquerytermcanthenbetransformednto its flattenedorm, asequencef
registerassignmentenly of theform X: = f(Xi1, ..., X:,). Thisformis whatis
to guidethebuilding of theterm’s heaprepresentationThus,for left-to-rightcode
generatiorio bewell-founded,|t is necessaryo orderaflattenedquerytermsoas
to ensurghataregisternamemaynotbeusedin theright-handsideof anassign-
ment(viz, asa subterm)beforeits assignmentif it hasone(viz, beingtheleft-
handside). For example,the flattenedform of querytermp(Z, h(Z, W), f(W))
is thesequenc&3 = h(X2,X5), X4 = f(X5), X1 = p(X2, X3, X4).

Scanninga flattenedqueryterm from left to right, eachcomponenof the form
Xi = f(Xiq,...,Xi,) istokenizedasasequence: = f/n, Xiy, ..., Xi,; thatis,
aregisterassociatedavith ann-ary functorfollowedby exactly » registernames.
Therefore,in a streamof suchtokensresultingfrom tokenizinga full flattened
term,therearethreekindsof itemsto process:

1. aregisterassociateavith a structuregfunctor;
2. aregisterargumentnot previously encounterednywherein the stream;
3. aregisteragumentseenbeforein thestream.

From this stream,a token-drven heaprepresentatiownf the termis easyto ob-
tain. To build it, the actionsto be takenfor eachof thethreesortsof tokensare,
respectrely:

1. pusha new STR (andadjoiningfunctor) cell onto the heapand copy that
cellinto theallocatedregisteraddress;
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2. pushanew REFcell ontothe heapcontainingits own addressandcopyit
into thegivenregister;

3. pushanew cell ontotheheapandcopyinto it theregistersvalue.

Eachof thesethreeactionsspecifiesthe effect of respectre instructionsof the
machineM, thatwe note:

1. put _structure  f/n,X:
2. set variable X

3. set value X:

respectrely.

Fromthe precedingconsiderationst hasbecomeclearthatthe heapis implicitly

usedas a stackfor building terms. Namely term partsbeing constructedare
incrementallypiled on top of what alreadyexists in the heap. Therefore,it is

necessaro keeptheaddressf thenext freecellin theheapsomavhere precisely
asfor a stack! Adding to M, a global register H containingat all times the
next available addresson the heap,thesethreeinstructionsare given explicitly

in Figure2.2. For example, given that registersare allocatedas abore, the
sequencef instructionsto build the querytermp(Z, h(Z, W), f(W)), is shavn

in Figure2.3.

Exercise2.1 Verify thatthe effect of executingthe sequencef instructionsshovn
in Figure2.3 (startingwith H = 0) doesindeedyield a correctheaprepresentation
for thetermp(Z, h(Z, W), f(W'))—theoneshavn earlierasFigure2.1,in fact.

2.3 Compiling £, programs

Compilinga programterm p is justa bit trickier, althoughnot by much.Obsere
thatit assumesghata query?- ¢ will have built atermontheheapandsetregister
X1 to containits addressThus,unifying ¢ to p canproceedy following theterm
structurealreadypresenin X1 aslong asit matchedunctorfor functorthe struc-
tureof p. Theonly complicationis thatwhenanunboundREFcell is encountered

1As amatterof fact,in [War83], Warrenrefersto the heapasthe global stad.
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put _structure  f/n,Xi = HEAP[H < (STR,H+ 1);
HEAP[H+ 1] < f/n;

Xi — HEAP[H ;

H— H+ 2;

set _variable X:

set _value Xi

HEAP[H — (REF ,H);

Xi — HEAP[H] ;
H— H+ 1;

HEAP[H — Xi;

H— H+ 1;

Figure2.2: M, machineanstructiondfor queryterms

put _structure
set _variable

set _variable

put _structure
set _value X5
put _structure
set _value X2
set _value X3
set _value X4

h/2,X3 % ?-X3=h

X2 %
X5 %
FI1, %4 %
%

p/3, Xl %
%

%

%

(Z7
I/I/)7
X4 =f
(W),
Xl=p
(Z7
X3,

Figure2.3: Compiledcodefor £, query?- p(Z, h(Z, W), f(W)).
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in thequerytermin theheap,thenit is to beboundto a new termthatis built on

theheapasanexemplarof thecorrespondingubtermn p. Thereforean £, pro-

gramfunctionsin two modes:aread modein whichdataontheheapis matched
againstandawrite  modein which atermis built on the heapexactly asis a

queryterm.

As with queries registerallocationprecedegranslationof the textual form of a
programterm into a machineinstructionsequence For example,the following
registersareallocatecdto programtermp( f(X), (Y, f(a)),Y):

X1 = p(X2, X3, X4)

X5)

I [
3

%
E

XRRZEE
Il

D b D
X
=

Recallthat compiling a query necessitatesrderingits flattenedform in sucha
way asto build a term onceits subtermshave beenbuilt. Here,the situationis
reversedoecausejuerydatafrom the heapareassumeavailable,evenif only in
the form of unboundREFcells. Hence,a programterm’s flattenedform follows
atop-davn order For example,the programtermp(f(X), h(Y, f(a)),Y) is put
into the flattenedsequenceXl = p(X2,X3,X4), X2 = f(X5), X3 = h(X4, X6),
X6 = f(X7), X7 = a.

As with querycompiling, theflattenedform of a programis tokenizedor left-to-
right processingandgenerateshreekinds of machineinstructionsdependingon
whetheris met:

1. aregisterassociatedavith a structurefunctor;
2. afirst-seermregisterargument;or,

3. analready-seenegisterargument.
Thesenstructionsare,

1. get _structure  f/n,X:

2. unify _variable X
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get _structure  p/3, X1 % Xl =p

unify _variable X2 % (X2,

unify _variable X3 % X3,
unify _variable X4 % Y),
get _structure  f/1,X2 % X2=f

unify _variable X5 % (X),

get _structure  h/2,X3 % X3=h

unify _value X4 % (Y,

unify _variable X6 % X6),
get _structure  f/1,X6 % X6 = f

unify _variable X7 % (X7),

get _structure  a/0,X7 % X7 = a.

Figure2.4: Compiledcodefor £, programp(f(X), (Y, f(a)),Y).

3. unify _value X:

respectrely.

Taking for examplethe programterm p(f(X), h(Y, f(a)),Y), the My machine
instructionsshavn in Figure 2.4 aregenerated. Eachof the two unify in-

structionsfunctionsin two modesdependingon whethera termis to be matched
from, or beingbuilt on, the heap. For building (write  mode),the work to be
doneis exactlythatof thetwo set queryinstructionsof Figure2.2. For matching
(read mode),theseinstructionsseekto recognizedatafrom the heapasthose
of thetermat correspondingositions proceedingf successfuandfailing other

wise. In L,, failure abortsall furtherwork. In read mode,thesenstructionsset
a globalregisterS to containat all timesthe heapaddresf the next subtermto

bematched.

Variable binding createsthe possibility that referencechainsmay be formed.
Therefore,derefeencingis performedby a function deref which, whenapplied
to a storeaddressfollows apossiblereferencechainuntil it reacheitheranun-
boundREFcell or anonREFcell, theaddresof whichit returns. The effect of
dereferencings noneotherthancomposingvariablesubstitutions.Its definition
is givenin Figure2.5. We shallusethegenericnotationSTORE[«] to denotethe
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function deref(a : addresg : address
begin
(tag, value) — STORE[] ;
if (tag= REF) A (value # a)
then return deref(value)
elsereturn a
endderef;

Figure2.5: Thederef operation

contentsof a term datacell at address: (whetherheap,X register or ary other
global structure,yet to be introduced,containingterm datacells). We shalluse
specificareanotation(e.g., HEAP[«] ) when&er we wantto emphasizehatthe
address mustnecessarilyie within thatarea.

Modeis setby get _structure  f/n,X: asfollows: if the dereferencedalue
of X: is anunboundREFcell, thenit is boundto anew STRcell pointingto f/n
pushedonto the heapandmodeis setto write ; otherwise,|if it is an STRcell
pointingto functor f /n, thenregisterS is setto the heapaddresgollowing that
functorcell’'sandmodeis setto read . If it is notan STRcell or if the functor
is not f/n, the programfails. Similarly, in read mode,unify _variable X:
setsregister X: to the contentsof the heapat addressS; in write  mode,a new
unboundREFcell is pushedon the heapandcopiedinto X:. In bothmodes,Sis
thenincrementedy one.As for unify _value X, inread mode,thevalueof
X: mustbeunifiedwith theheaptermataddressS; in write  mode,anew cellis
pushedntothe heapandsetto the valueof registerX:. Again,in eithermode,S
isincrementedAll threeinstructionsareexpresseaxplicitly in Figure2.6.

In the definition of get _structure  f/n, X:, we write bind(addr, H) to effec-
tuatethe binding of the heapcell ratherthanHEAP[add] < ( REF, H) for rea-
sonsthatwill becomeclearlater The bind operationis performedon two store
addressesat leastone of 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 containthe addres®f the othercell. In the casewhereboth
areunbound,the binding directionis chosenarbitrarily. Later, this will change
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get _structure  f/n,Xi = addr — deref(X:);
caseSTOREfaddr] of

(REF,_) : HEAP[H < (STR,H+1);
HEAP[H+ 1] < f/n;
bind(addr, H);
H— H+ 2;
mode«— write ;

(STR,a): if HEAP[e] = f/n

then
begin
S—a+1;
mode« read
end
elsefail — true;
other : fail — true;
endcase
unify _variable Xi = casemodeof

read : Xi — HEAP[S];
write : HEAP[H < (REF,H);

Xi — HEAP[H] ;
H—H+1;
endcase
S— S+ 1;
unify _value Xi = casemodeof

read : unify(X:,S);
write  : HEAP[H — Xi;
H—H+1;
endcase
S— S+ 1;

Figure2.6: M, machinenstructionsfor programs
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as a correctness-preservingeasuren orderto accommodaten optimization.
Also, we will seethatbind is the logical place,whenbacktrackingneedsto be
consideredfor recordingeffectsto be undoneuponfailure (seeChapter4, and
appendixSectionB.2 on Pagel13). If wished,bind mayalsobe madeto perform
the occurs-tied testin orderto preventformationof cyclic terms(by failing at
thatpoint). However, the occurs-checkestis omittedin mostactualPrologim-
plementation ordernotto impedeperformance.

We mustalsoexplicatethe unify operationusedin the matchingphase(in read
mode).lIt is a unificationalgorithmbasedon the UNION/FIND methodAHU74],
wherevariablesubstitutionsarebuilt, applied,andcomposedhroughderefeence
pointers. In M, (andin all later machinesthat will be considerechere), this
unificationoperationis performedon a pair of storeaddresseslt usesa global
dynamicstructureanarrayof storeaddressegsa unificationstack(calledPDL,
for Push-Down List). Theunificationoperations definedasshovn in Figure2.7,
whereempty push andpoparethe expectedstackoperations.

Exercise2.2 Give heaprepresentationor thetermsf( X, g(X,a)) and f(b,Y).
Let a; anday betheirrespectie heapaddressesandlet « x anday bethe heap
addressesorrespondingdo variablesX andY’, respectiely. Tracethe effects of
executingunify(ay, a3 ), verifying thatit terminateswvith the eventualdereferenced
bindingsfrom ax anday correspondingo X = b andY = g(b, a).

Exercise2.3 Verify thatthe effect of executingthe sequencef instructionsshovn

in Figure2.4right afterthatin Figure2.3producesheMGU of thetermsp(Z, h(Z, W), f(W))
andp(f(X), (Y, f(a)),Y). Thatis, the(dereferenced)indingscorrespondingo

W = fla), X = f(a), Y = f(f(a)), Z = [(f(a)).

Exercise2.4 Whataretherespectre sequencesf M, instructionsfor £, query
term?- p(f(X), (Y, f(a)),Y) andprogramtermp(Z, h(Z, W), f(W))?

Exercise2.5 After doing Exercise2.4, verify thatthe effect of executingthe se-
guenceyou producedyieldsthe samesolutionasthatof Exercise2.3.

2.4 Argumentregisters

Sincewe have in mind to useunificationin Prologfor proceduranvocation,we
canintroduceadistinctionbetweeratomstermswhosefunctoris apredicate and
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procedure unify(ay, a; : address;
push{a;,PDL); pushay,PDL);
fail — false
while —=(emptyPDL) V fail) do
begin
dy — deref(pop(PDL)); dy < deref(pop(PDL));
if dq 7£ dy then
begin
(t1,v1) < STOREW:] ; (t2,v2) — STOREW,] ;
if (1 = REF) V ({2 = REF)
then bind(d;, d3)
else
begin
fi/n1 < STOREp:]; fa/ny « STOREp,] ;
if (fi = f2) A (m = n2)
then
for ¢ «— 1ton; do
begin
push{v; + 7, PDL);
push{v, + 7, PDL)
end
elsefail — true
end
end
end
end unify;

Figure2.7: Theunify operation
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terms(argumentgo a predicate).We thusextend £, into a languagel; similar
to £, butwhereaprogrammaybea setof first-orderatomseachdefiningat most
onefact perpredicatename.Thus,in the contet of sucha program executionof
aqueryconnectdo theappropriatalefinitionto usefor solvingagivenunification
equationgpr fails if noneexistsfor the predicatanvoked.

Thesetof instructionsZ; containsall thosein Z,. In M, compiledcodeis stored
in a codearea (CODE, an addressablarray of datawords, eachcontaininga
possiblylabeledinstructionover oneor morememorywordsconsistingof anop-
codefollowed by operands.For corvenience the size of an instructionstored
at address: (i.e., CODE[] ) will be assumedjiven by the expressioninstruc-
tion_sizé ). Labelsaresymbolicentrypointsinto the codeareathatmaybeused
asoperandsf instructiondor transferringcontrolto thecodelabeledaccordingly
Thereforethereis no needto storea procedurenamein the heapasit denotesa
key into a compiledinstructionsequenceThus,a new instructioncall p/n can
be usedto passcontrol over to the instructionlabeledwith p/n, or fail if none
suchexists.

A globalregisterP is alwayssetto containthe addresf the next instructionto
execute(aninstructioncounter). The standardexecutionorder of instructionsis
sequential.Unlessfailure occurs,mostmachineinstructions(like all thoseseen
before)are implicitly assumedto incrementP by an appropriateoffsetin the
codeareaasanultimateaction. This offsetis thesizeof theinstructionataddress
P. However, someinstructionshave for purposeto breakthe sequentiabrderof
executionor to connecto someotherinstructionatthe endof a sequenceThese
instructionsarecalledcontmol instructionsasthey typically setP in anon-standard
way. Thisisthecaseof call p/n, whoseexplicit effect,in themachineM,, is:

call p/n= P« Q(p/n);

wherethe notation@(p/n) standsfor the addressn the codeareaof instruction
labeledp/n. If theprocedure/n isnotdefined(i.e., if thataddresss notallocated
in thecodearea) a unificationfailure occursandoverall executionaborts.

We alsointroduceanothercontrolinstruction,proceed , whichindicategheend
of a fact’s instructionsequence Thesetwo new controlinstructions’effectsare
trivial for now, andthey will be elaboratedater For our presentpurposesit is
sufficient that proceed be construedasa no-op (i.e., just a codeterminator),
andcall p/n asanunconditionaljump” to the startaddresf theinstruction
sequencéor programtermwith functorp/n.
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Having eliminatedpredicatesymbolsfrom the heap,the unificationproblembe-
tweenfact and query termsamountsto solving, not one, but mary equations,
simultaneouslyNamely thereareasmary termrootsin a givenfactor queryas
thereareargumentdo the correspondingredicate . Therefore we mustorganize
registersquite specificallyso asto reflectthis situation. As we privileged X1 be-
fore to denotethe (single)termroot, we generalizeéhe conventionto registersx1
to Xrn whichwill now alwaysreferto thefirst to n-th agumentsof afactor query
atom. In otherwords, registersXl, ..., Xn aresystematicallyallocatedto term
rootsof ann-ary predicates arguments.To emphasiz¢his, we usea conspicuous
notation,writing aregisterA: ratherthanX: whenit is beingusedasanargument
of anatom. In that case,we referto thatregisterasan argumentregister Oth-
erwise,whereregisterX: is not usedasan argumentregister it is written Xz, as
usual.Notethatthisis just notationasthe A:’s arenot new registersbut the same
old X:’s usedthusfar. For example,registersarenow allocatedfor the variables
of theatomp(Z, h(Z, W), f(W)) asfollows:

Al = 7

A2 = h(Al, X4)
A3 = f(X4)
X4 =W.

Obsere alsothata new situationarisesnow asvariablescanbe agumentsand
thusmustbe handledasroots. Therefore provision mustbe madefor variables
to be loadedinto, or extractedfrom, algumentregistersfor queriesand facts,
respectrely. As before,the necessarynstructionscorrespondo whenavariable
arguments afirst or lateroccurrencegitherin aqueryor afact. In aquery

1. thefirst occurrenceof a variablein :-th algumentposition pushesa new
unboundREFcell ontotheheapandcopiesit into thatvariablesregisteras
well asargumentregisterA:; and,

2. alateroccurrenceopiesits valueinto argumentregisterA:. Whereasin a
fact,

3. thefirstoccurrencef avariablein :-th agumentpositionsetsit to thevalue
of algumentregisterA:; and,

4. alateroccurrenceaunifiesit with thevalueof A:.

Thecorrespondingnstructionsare,respectiely:
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put _variable  Xn,Ai = HEAP[H < (REF,H);
Xn — HEAP[H ;
Ai — HEAP[H ;
H—H+1;

put value Xn,A: Ai — Xn

get variable Xn,Ai= Xn «— Al

get value Xn,A:

unify(Xn, Ai)

Figure2.8: M instructiondor variablearguments

1. put variable Xn,A:
2. put value Xn,As
3. get variable Xn,A
4. get value Xn,A:

andaregivenexplicitly in Figure2.8. For example Figure2.9shovscodegener
atedfor query?- p(Z,h(Z, W), f(W))., andFigure2.10thatfor factp( f(X), h(Y, f(a)),Y).

Exercise2.6 Verify thatthe effect of executingthe sequencef M/ instructions
shavnin Figure2.9 produceshesameheaprepresentatioasthatproducedy the
M, codeof Figure2.3 (seeExercise2.1).

Exercise 2.7 Verify that the effect of executingthe sequenceof M, instruc-
tions shawvn in Figure 2.10right after thatin Figure 2.9 producesthe MGU of
thetermsp(Z, h(Z, W), f(W))andp(f(X), (Y, f(a)),Y). Thatis, thebinding
W= f(a), X = f(a),Y = f(f(a)), Z = f(f(a)).

Exercise2.8 Whataretherespectre sequencesf M; instructionsfor £, query
term?- p(f(X), (Y, f(a)),Y) andL, programtermp(Z, h(Z, W), f(W))?

Exercise2.9 After doing Exercise2.8, verify thatthe effect of executingthe se-
guenceyou producedyieldsthe samesolutionasthatof Exercise2.7.
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put _variable X4, Al % ?-p(Z,

put _structure  h/2,A2 % h

set _value X4 % (7,

set _variable X5 % W),

put _structure  f/1,A3 % f

set _value X5 % (W)
call p/3 % ).

Figure2.9: Argumentregistersfor £, query?- p(Z, h(Z, W), f(W)).

p/3 : get _structure  f/1,Al % p(f
unify _variable X4 % (X),

get _structure  h/2,A2 % h

unify _variable X5 % (Y,

unify _variable X6 % X6),
get value X5,A3 % Y),
get _structure  f/1,X6 % X6 = f

unify _variable X7 % (X7),

get _structure  a/0,X7 % X7 =ua

proceed % .

Figure2.10: Argumentregistersfor £, factp(f(X),h(Y, f(a)),Y).
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Chapter 3

Flat Resolution

We now extend the languagel, into a languagel, where proceduresare no
longerreducedonly to factsbut may alsohave bodies. A body definesa proce-
dureasa conjunctve sequenc®f atoms. Said otherwise,L, is Prologwithout
backtracking.

An L, programis a setof proceduralefinitionsor (definite)clausesat mostone
perpredicatename of theform ‘ag - ay,...,a,.” wheren > 0 andthea;’sare
atoms.As before,whenn = 0, theclauseis calleda factandwritten without the
‘.- 7 implication symbol. Whenn > 0, the clauseis calleda rule, the atoma,

is calledits head the sequencef atomsa,, ..., a, Is calledits bodyandatoms
composinghis bodyarecalledgoals A rule with exactly onebodygoalis called
a chain (rule). Otherrulesare calleddeeprules. £, queriesare sequencesf

goals,of theform‘?- ¢1,..., g..” wherek > 0. Whenk = 0, thequeryis called
the emptyquery. As in Prolog,the scopeof variablesis limited to the clauseor
gueryin whichthey appear

Executingaquery‘?- ¢, ..., ¢:. inthecontet of aprogrammadeup of a setof
procedure-defininglausesonsistf repeatedpplicationof leftmostresolution
until the empty query or failure, is obtained. Leftmostresolutionamountsto
unifying the goal ¢; with its definition’s head(or failing if noneexists) and, if
this succeedsexecutingthe query resultingfrom replacingg; by its definition
body, variablesin scopebearingthe binding side-efects of unification. Thus,
executinga queryin £, eitherterminateswith succesgi.e,, it simplifiesinto the
emptyquery),or terminateswith failure, or never terminates.The “result” of an
L, querywhoseexecutionterminateswith successs the (dereferenceddinding
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of its original variablesaftertermination.

Notethata clausewith a non-emptybody canbe viewedin factasa conditional
guery Thatis, it behaesasaqueryprovidedthatits headsuccessfullynifieswith
a predicatedefinition. Factsmerelyverify this condition,addingnothingnew to
thequerybut acontingenbindingconstraint.Thus,asafirstapproximationsince
an L, query(resp.,clausebody) is a conjunctve sequenc®f atomsinterpreted
as procedurecalls with unificationas argumentpassing,instructionsfor it may
simply be the concatenatiorof the compiledcodeof eachgoalasan £; query
makingit up. As for a clausehead,sincethe semanticgequiresthatit retrieves
argumentsoy unificationasdid factsin £, instructionsfor £,’s fact unification
areclearlysufficient.

Therefore, M, unificationinstructionscanbe usedfor £, clauseshut with two
measuresf caution:oneconcerningontinuatiorof executionof agoalsequence,
andonemeantto avoid conflictinguseof algumentregisters.

3.1 Facts

Let usfirst only consider., facts.Notethat £, is all containedn £,. Therefore,
it is naturalto expectthattheexactsamecompilationschemeor factscarriesover
untouchedrom £, to £,. Thisis trueupto aweedetailregardingthe proceed
instruction. It mustbe madeto continueexecution, after successfullyreturning
from a call to a fact, backto the instructionin the goal sequencéollowing the
call. To dothis correctly we will useanothemglobalregisterCP, alongwith P, set
to containthe addresgin the codearea)of the next instructionto follow up with
uponsuccessfuleturnfromacall (i.e., setto P+ instruction_size(P) atprocedure
call time). Then,having exited the called procedures codesequenceexecution
couldthusbe resumedasindicatedby CP. Thus,for £,’s facts,we needto alter
theeffectof M;’scall p/n to:

call p/n = CP« P+ instruction_size(P);
P — @(p/n);

andthatof proceed to:
proceed = P+« CP

As before whentheprocedurer/n is notdefined executionfails.
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In summarywith the simpleforegoingadjustment/, factsaretranslatedxactly
aswere/.; facts.

3.2 Rulesand queries

We now mustthink abouttranslatingrules. A queryis a particularcaseof arule
in the sensethatit is onewith no head. It is translatedexactly the sameway,
but without the instructionsfor the missinghead.Theideais to useL,’sinstruc-
tions, treatingthe headasa fact, andeachgoalin thebodyasan £, queryterm
in sequencethatis, roughly translatea rule ‘po(...) = pi(...), oo pal...).

following the pattern:

getargumentsof p,
put argumentsof p,
call p,

putargumentsf p,,
call p,

Here,in additionto ensuringcorrectcontinuationof execution,we mustarrange
for correctuseof agumentregisters.indeed sincethe sameregistersareusedby
eachgoalin a queryor body sequenceo passits argumentso the procedurat
invokes,variableghatoccurin mary differentgoalsin the scopeof the sequence
needto be protectedrom the sideeffectsof put instructions.For example,con-
sidertherule‘p(X,Y) - ¢(X,7Z),r(Z,Y). If thevariablesY, 7 wereallowed
to beaccessibl®nly from anargumentregister no guaranteeould be madethat
they still wouldbeafterperformingtheunificationsgrequiredin executingthebody
of p.

Therefore,it is necessaryhat variablesof this kind be sared in an ervironment
associateavith eachactivationof the procedurehey appeatn. Variableswhich
occurin morethanonebody goal aredubbedpermanentasthey have to outlive
the procedurecall wherethey first appear All othervariablesin a scopethatare
notpermanenarecalledtempoary. We shalldenotea permanentariableasYz,
anduseX: asbeforefor temporaryariables.To determinewvhethera variableis
permanenbr temporaryin a rule, the headatomis consideredo be part of the
firstbodygoal. Thisis becausget andunify instructionsdonotloadregisters
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for furtherprocessingThus,thevariableX in theexampleabore is temporaryas
it doesnot occurin morethanonegoalin thebody(i.e,, it is notaffectedby more
thanonegoal’sput instructions).

Clearly, permanentariablesbehae like cornventionallocal variablesin a proce-
dure. Thesituationis thereforequite familiar. As is customaryin programming
languagesywe protecta procedures local variablesby maintaininga run-time
stackof procedureactivationframesin which to save informationneededor the

correctexecutionof whatremaingo bedoneafterreturningfrom aprocedurecall.

We call suchaframeanervironmentrame We will keeptheaddres®f thelatest
environmentontop of thestackin a globalregisterE.!

As for continuationof execution,the situationfor rulesis not assimpleasthat
for facts. Indeed sincea rule senesto invokefurtherproceduresn its body, the
value of the programcontinuationregister CP, which was sased at the point of
its call, will be overwritten. Therefore,it is necessaryo presere continuation
informationby saving thevalueof CPalongwith permanenvariables.

Let usrecapitulate:M, isanaugmentatioof M with theadditionof anew data
area,alongwith theheap(HEAB, the codearea (CODE, andthe push-dowrist

(PDD). It is calledthestadk (STACK andwill containprocedurectivationframes.
Stackframesare called environments An ernvironmentis pushedonto STACK
upon a (non-fact) procedureentry call, and poppedfrom STACKuponreturn.
Thus,an allocate /deallocate pair of instructionsmustbracketthe code
generatedor arulein orderto createanddiscard respectrely, suchernvironment
frameson the stack. In addition, deallocate beingthe ultimateinstruction
of the rule, it must connectto the appropriatenext instructionas indicatedby

the continuatiornpointerthathadbeensared uponentryin the ervironmentbeing
discarded.

Sincethe size of an ervironmentvarieswith eachprocedurein function of its
numberof permanentariablesthe stackis organizedasa linked list througha
continuationervironmentslot; i.e., a cell in eachervironmentframebearingthe
stackindex of theenvironmentpreviously pushedntothe stack.

To sumup, two new Z, instructionsfor M, areaddedo the oneswe definedfor
1y

1. allocate

LIn [war83, this stackis calledthe local stad to distinguishit from the global stack(see
Footnotel atthebottomof Page13).
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2. deallocate
with effect, respectrely:

1. to allocatea new ervironmenton thestack,settingits continuatiorerviron-
mentfield to the currentvalueof E, andits continuationpoint field to that
of CP, and,

2. to remove the ervironmentframe at stacklocation E from the stackand
proceedresettingP to thevalueof its CPfield andE to the valueof its CE
field.

To have propereffect,anallocate  instructionneeddo have accesdo thesize
of the currentervironmentin orderto incrementhevalueof E by theright stack
offset. The necessarpieceof informationis afunctionof the calling clause(i.e.,
thenumberof permanenvariablesoccurringin the calling clause).Therefore jt
is easilystaticallyavailableatthetime thecodefor thecalling clausds generated.
Now, the problemis to transmitthis informationto the called procedurehat, if
definedas a rule (i.e., startingwith an allocate ), will needit dynamically
dependingon which clausecallsit. A simplesolutionis to save this offsetin the
calling clauses ernvironmentframefrom whereit canberetrievedby a calleethat
needst. Hencejn M,, anadditionalslotin anenvironmentis setby allocate

to containthenumberof permanenvariablesin theclausen question.

Summingup again,an M, stackervironmentframecontains:

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

2. thestackaddres®f the previous environmentto reinstateuponreturn(i.e.,
whereto popthestackto);

3. theoffset of this frameon the stack(the numberof permanentariables);
and,

4. asmary cells asthereare permanenvariablesin the body of the invoked
procedurgpossiblynone).

Suchan M, ernvironmentframepushedntop of the stacklooksthus:
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E|CE
E+1|CP
E+2| n
E+3|Yl

continuationervironmeny
continuationpoint)

numberof permanenvariableg
permanentariable 1)

|~~~

E+n+2|Yn (permanenvariablen) |

This necessitategiving allocate  an explicit agumentthatis the numberof
permanenvariablesof therule athand,suchthat,in M,:

allocate = N = newE « E+ STACK[E+ 2] + 3;
STACK[newE] < E;
STACK[newE+ 1] « CP,
STACK[newE+ 2] « N;
E «— newk
P «— P+ instructionsizgP);

Similarly, the explicit definitionof M,’sdeallocate is:

deallocate = P« STACK[E+1];
E «— STACKI[E] ;

With this beingsetup, thegeneratranslationrschemanto M, instructionsfor an
Lorule'po(...) = pi(o..)y. .o, pal...).” with N permanenvariableswill follow
the pattern:

po : allocate N
getargumentsof py
putargumentof p;
call p,

putargumentf p,,
call p,
deallocate

For example,for £, clause'p(X,Y) - ¢(X,Z),r(Z,Y).", the corresponding
M, codeis shavn in Figure3.1.
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p/2 : allocate 2 % p
get _variable  X3,Al % (X,
get _variable Y1,A2 % Y):-

put value X3,Al % (X,
put variable Y2,A2 % 7
call ¢/2 % ),
put _value Y2, Al % r(Z,
put value YI1,A2 % Y
call r/2 % )
deallocate %

Figure3.1: M, machinecodefor rulep(X,Y) :- ¢(X,Z2),r(Z,Y).

Exercise3.1 Give M, codefor £, factsq(a, b) andr(b, ¢c)andL; query?- p(U, V),
thentracethe codeshown in Figure 3.1 andverify thatthe solution produceds
U=a,V =c.
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Chapter 4

Prolog

Thelanguagels (resp.,the machineM3) corresponds$o pureProlog,asit ex-

tendsthe languagel, (resp.,the machineM,) to allow disjunctive definitions.
Asin L,, an L3 programis a setof procedureadefinitions. In £3, a definitionis

an orderedsequencef clauseq(i.e.,, a sequencef factsor rules)consistingof

all andonly thosewhoseheadatomssharethe samepredicatename. Thatname
is the nameof the procedurespecifiedby the definition. £3 queriesarethe same
asthoseof £,. The semanticof £3; operateausingtop-dovn leftmostresolu-
tion, anapproximatiorof SLD resolution.Thus,in L3, afailure of unificationno

longeryieldsirrevocableabortionof executionbut considersalternatve choices
of clausesn theorderin whichthey appeain definitions.Thisis doneby chrono-
logicalbacktrackingj.e., thelatestchoiceatthe momentof failureis reexamined
first.

It is necessaryo alter M,’s designsoasto save the stateof computatiorateach
procedurecall offering alternatvesto restoreuponbacktrackingo this point of

choice. We call sucha statea choice point We thus needto analyzewhatin-

formationmustbe sared asa choicepoint in orderto createa record(a choice
point frame) wherefroma correctstateof computationcan be restoredto offer
anotheralternatve, with all effectsof the failed computationundone. Note that
choicepointframesmustbeorganizedasa stack(justlike ervironments)n order
to reflectthecompoundingf alternatvesaseachchoicepoint spavnspotentially
morealternatvesto try in sequence.

To distinguishthetwo stacks]et uscall the environmentstackthe AND-sta& and
the choice point stackthe OR-sta& As with the AND-stack, we organizethe
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OR-stackasa linked list. The headof this list alwayscorrespondso the latest
choicepoint, andwill be keptin a new global registerB, suchthatuponfailure,

computationis madeto resumefrom the staterecoveredfrom the choicepoint

frameindicatedby B. Whenthe latestframe offers no more alternatves, it is

poppedoff the OR-stackby resettingB to its predecessadf oneexists, otherwise
computatiorfails terminally.

Clearly, if adefinitioncontainsonly oneclausethereis noneedto createachoice
point frame,exactly aswasthe casein M,. For definitionswith morethanone
alternatve, a choicepoint frameis createdoy thefirst alternatve; then,it is up-
dated(asfar aswhich alternatve to try next) by intermediatgbut non ultimate)
alternatves;finally, it is discardedy thelastalternatve.

4.1 Environmentprotection

Beforewe go into the detailsof whatexactly constitutesa choiceframe,we must
pondercarefully the interactionbetweenthe AND-stack and the OR-stack. As
long aswe considereddeterministic)C, programdefinitions,it wasclearly safe
to deallocatean ervironmentframe allocatedto a rule after successfullyfalling
off theendof therule. Now, the situationis not quite so straightforwardaslater
failure may force reconsideringa choicefrom a computatiorstatein the middle
of arule whoseernvironmenthaslong beendeallocatedThis cases illustratedby
thefollowing exampleprogram:

a- b(X),e(X)
b(X) - e(X)

e(1).

e(X) - f(X).
e(X) - g(X).
f(2).

g(1)

Executing‘?- «.” allocatesan ervironmentfor «, thencalls 6. Next, an envi-
ronmentfor & is allocated,ande is called. This createsa choicepoint on the
OR-stackandanernvironmentfor e is pushedntothe AND-stack. At this point
thetwo stackdook thus?

In thesediagramsthe stacksgrow downwardsj.e., the stacktop s the lower part.
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Environmentfor «
Environmentfor & :
E — | Environmentfor e B — | Choicepointfor e

Thefollowing call to f succeedbinding X to 2. Theervironmentfor ¢ is deallo-
catedthentheervironmentfor 4 is alsodeallocatedThis leadsto stackdooking
thus:

E — | Ernvironmentfor « B — | Choicepointfor e

Next, the continuationfollows up with executionof «’s body, calling ¢, which
immediatelyhits failure. The choicepoint indicatedby B shavs an alternatve
clausefor e, but at this point 4’s environmenthas beenlost. Indeed,in a more
involvedexamplewherec proceededeepebeforefailing, theold stackspacdor
b's ernvironmentwould have beenoverwrittenby furthercallsin ¢’sbody.

Therefore,to avoid this kind of misfortune,a setupmustbe found to prevent
unrecwerabledeallocatiorof environmentframesvhosecreationchronologically
precedeghat of ary existing choicepoint. Theideais that every choicepoint

must“protect” from deallocatiorall ervironmentframesalreadyexisting before
its creation. Now, sincea stackreflectschronologicalorder it makessenseto

usethe samestackfor bothervironmentsandchoicepoints. A choicepoint now

capsall olderenvironments.n effect, aslongasit is active, it forcesallocationof

furtherervironmentson top of it, preventingthe olderenvironments’stackspace
to be overwritten even thoughthey may explicitly be deallocated.This allows

their saferesurrectionf neededy comingbackto analternatve from thischoice
point. Moreover, this“protection”lastsjustaslong asit is neededinceassoonas
thechoicepoint disappearsall explicitly deallocatecervironmentscanbe safely
overwritten.

Hencethereis noneedto distinguishbetweerthe AND-stackfrom the OR-stack,
calling thesingleonethe stack.Choicepoint framesarestoredin the stackalong
with ervironmentsandthusB's valueis anaddressn the stack.

Goingbackto ourexampleabore, thesnapshoof thesinglestackatthe samdirst
instantlooksthus:
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Environmentfor a
Environmentfor b
B — | Choicepointfor e
E — | Environmentfor e

andat the samesecondnstantasbefore,the stackis suchthathaving pushedn
it the choicepointfor e protectsy’s deallocatecrnvironment(which may still be
neededy futurealternatvesgivenby e’'s choicepoint), looking thus:

E— Environmentfor a
Deallocatedkervironmentfor b
B— Choicepointfor e

Now, the computationcan safelyrecover the statefrom the choice point for ¢
indicatedby B, in which the sared ernvironmentto restoreis the one currentat
the time of this choicepoint’s creation—e., that(still existing) of 5. Having no
more alternatve for e after the secondone, this choicepoint is discardedupon
backtracking(safely)endingthe protection.Executionof the lastalternatve for
e proceedsvith a stacklooking thus:

B—

Environmentfor «
Environmentfor b
E — | Environmentfor e

4.2 What'sin achoicepoint

When a chosenclauseis attemptedamongthoseof a definition, it will create
sideeffectson the stackandthe heapby binding variablesresidingthere. These
effectsmustbe undonewhenreconsideringhe choice. A recordmustbe keptof
thosevariableswhich needto be resetto ‘unbound’ uponbacktracking.Hence,
we provide, alongwith the heap,the stack,the codearea,andthe PDL, a new
(andlast!) dataareacalledthetrail (TRAIL). Thistrail is organizedasanarray
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of addressesf those(stackor heap)variableswhich mustberesetto ‘unbound’
uponbacktracking.Note thatit alsoworks asa stack,andwe needa new global
registerTR alwayssetto containthetop of thetrail.

It is importantto remarkthatnot all bindingsneedto beremembereah thetrail.
Only conditionalbindingsdo. A conditionalbinding is one affectinga variable
existing beforecreationof the currentchoicepoint. To determinehis, wewill use
anew globalregisterHBsetto containthevalueof Hatthetime of thelatestchoice
point? Henceonly bindingsof heap(resp.,stack)variablesvhoseaddresseare
lessthanHB (resp.,B) needberecordedn thetrail. We shallwrite trail(a«) when
that this operationis performedon storeaddress:. As mentionedbefore, it is
doneaspartof thebind operation.

Letusnow think aboutwhatconstitutes@ computatiorstateto besavedin achoice
pointframe.Uponbacktrackingthefollowing informationis needed:

eTheargumentregistersAl, ..., An, wheren is thearity of the procedureoffering
alternatve choicesof definitions.Thisis clearlyneededstheagumentregisters,
loadedby put instructionswith thevaluesof algumentaecessarfor goalbeing
attemptedareoverwrittenby executingthe choserclause.
eThecurrentenvironment(valueof registerE), to recover asa protectedernviron-
mentasexplainedabove.

e Thecontinuationpointer (valueof register CP), asthe currentchoicewill over-
write it.

eThelatestchoicepoint (valueof registerB), whereto backtrackin caseall alter
natvesofferedby the currentchoicepoint fail. This actsasthelink connecting
choicepointsasalist. It is reinstatecsthevalueof the B registerupondiscarding
thechoicepoint.

eThenext clause to try in this definitionin casethe currentlychosenonefails.
This slotis updatedat eachbacktrackingo this choicepointif morealternatves
exist.

eThecurrenttrail pointer(valueof registerTR), whichis neededastheboundary
whereto unwindthe trail uponbacktracking.lf computationcomesbackto this
choicepoint, this will be the addressn thetrail down to which all variablesthat
mustberesethave beenrecorded.

e Thecurrenttop of heap(valueof registerH), whichis neededo recorer(garbage)
heapspaceof all thestructureandvariablesconstructediuringthefailed attempt

2Strictly speakingregister HB canin fact be dispenseavith since,aswe seenext, its valueis
thatof Hwhichwill have beensavedin the latestchoicepoint frame.
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whichwill have resultedn comingbackto this choicepoint.

In summarya choicepointframeis allocatedon the stacklooking thus?

B|n (numberofarguments
B+1|Al (argumentregisterl)

B+n | An (argumentregistern)
B+n+1 | CE (continuationervironmeny
B+n+2 | CP (continuationpointer)
B+n+3|B (previouschoicepoint)
B+n+4 | BP (netclause
B+n+5 | TR (trail pointer)

(

B+n+6|H heappointer)

Notein passinghat.M,’sexplicit definitionfor allocate N mustbealteredin
orderto work for M. Thisis becauséhetop of stackis now computedlifferently
dependingon whetheran ervironmentor choicepoint is the latestframe on the
stack.Namely in Ms:

allocate ~N= IfE>B
then newkE — E+ STACK[E+ 2] + 3
elsenewE «— B+ STACK|B] + T;
STACK[newE] < E;
STACK[newE + 1] « CP,
STACK[newE + 2] « N;
E «— newE;
P «— P + instructionsiz€P);

To work with the foregoing choicepoint format, threenew Z; instructionsare
addedo thosealreadyin Z,. They areto dealwith thechoicepointmanipulation

3In [War83],David Warrendoesnotincludethe arity in a choicepoint, aswe do here.He sets
up thingsslightly differentlysothatthis numbercanalwaysbe quickly computed He cando this
by makingregisterB (andthepointerslinking the choicepointlist) referenceachoicepointframe
at its end ratherthanits start asis the casefor ervironmentframes. In otherwords,registerB
containsthe stackaddressmmediatelyfollowing the latestchoicepoint frame,whereagegister
E containsthe addres=of the first slot in the environment. Thus, the arity of the latestchoice
point predicates alwaysgivenby n = B — STACK[B — 4] — 6. For didacticreasonsye chose
to handleE andB identically judging that saving one stackslot is not really worth the entailed
complicationof the codeimplementingheinstructions.

PAGE 38 oF 129 Reprintedrom MIT Press Copyright@© HassamiT-KAcCI



A TUTORIAL RECONSTRUCTION

neededor multiple clausedefinitions.As expectedthesanstructionscorrespond,
respectrely, to (1) afirst, (2) anintermediatgbut nonultimate),and(3) alast,
clauseof a definition. They are:

1. try _meelse L
2. retry _meelse L

3. trust _me

whereL is aninstructionlabel (i.e., anaddressn the codearea). They have for
effect, respectiely:

1. to allocatea new choicepointframeonthestacksettingits next clausefield
to L andtheotherfieldsaccordingo the currentcontext, andsetB to point
toit;

2. having backtrackedo the currentchoice point (indicatedby the current
valueof the B register), to resetall the necessarynformationfrom it and
updatets next clausefield to L; and,

3. having backtrackedo the currentchoicepoint, to resetall the necessary
informationfrom it, thendiscardit by resettingB to its predecessofthe
valueof thelink slot).

With this setup,backtrackings effectively handledquite easily All instructions
in which failure may occur (i.e., someunificationinstructionsandall procedure
calls)mustultimatelytestwhetherfailure hasindeedoccurred.If suchisthecase,
they mustthensettheinstructioncounteraccordingly Thatis, they performthe

following operation:

backtrack = P« STACK|[B + STACK][B] + 4] ;

asopposedo having P be unconditionallysetto follow its normal (successful)
course. Naturally, if no morechoicepoint exists on the stack,this is aterminal
failureandexecutionaborts.All theappropriatalterationof instructionsegard-
ing this precautioraregivenin AppendixB.

Thethreechoicepointinstructionsaredefinedexplicitly in Figures4.1,4.2,and4.3,
respectrely. In the definition of try _meelse L, we usea global variable

Copyright(© HassamiT-KAcl  Reprintedrom MIT Press PAGE 39 OF 129



WARREN'S ABSTRACT MACHINE

numof_args giving the arity of the currentprocedure. This variableis setby
call thatwe mustaccordinglymodify for M5 fromits M, form asfollows?

call p/n = CP« P+ instruction_size(P);
numof_args « n;
P — @(p/n);

As we just explained,we omit treatingthe caseof failure (andthereforeof back-
tracking) wherep/n is not definedin this explicit definitionof call p/n. Its
obvious completeform is, asthoseof all instructionsof the full WAM, givenin
AppendixB.

Finally, the definitionsof retry _meelse [ andtrust _me useanancillary
operationunwindtrail, to resetall variablessincethelastchoicepointto anun-
boundstate.Its explicit definitioncanbefoundin AppendixB.

In conclusiontherearethreepatternof codetranslationdor a proceduralefini-
tion in L3, dependingon whetherit hasone,two, or morethantwo clauses.The
codegeneratedh thefirst caseds identicalto whatis generatedior an £, program
on M,. In thesecondcasethe patternfor aprocedurey/n is:

p/n : try _meelse L
codefor first clause
L . trust _me

codefor seconctlause

andfor thelastcase:

4As for numof_args it is legitimateto askwhy this is not a global register like E, P, etc,
in the design.In fact, the exact mannerin which the numberof amgumentss retrieved at choice
point creationtime is not at all explainedin [War83 War88]. Moreover, upon private inquiry,
David H. D. Warrencouldnotremembervhetherthatwasanincidentalomission.Sowe choseo
introducethis globalvariableasopposedo aregisterasno suchexplicit registerwasspecifiedfor
theoriginal WAM.
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try _meelse L= ifE>B
then nenvB — E + STACK[E + 2] + 3
elsenenvB — B+ STACK]B] + 7;
STACK|nenB] < numof args
n «— STACK]newB] ;
for i — 1ton do STACK[newB + ] — A;
STACK[henB+ n + 1] < E;
STACK[henB + n + 2] «— CP,
STACK[hewnB+n + 3] — B
STACK[hewnB+ n + 4] « I;
STACK[henB+ n + 5] — TR,
STACK[hewnB+ n + 6] «— H;
B — newB;
HB«— H;
P — P+ instructionsiz&P);

Figure4.1: M; choicepointinstructiontry _meelse

retry _meelse [ = n < STACK]B];
fori — 1ton do Ar — STACK[B+ 1] ;
E — STACK[B+ n+ 1] ;
CP— STACK[B+ n + 2] ;
STACK[B+ n + 4] « L;
unwindtrail(STACK[B+ n + 5] , TR);
TR — STACK[B+ n + 5] ;
H— STACK[B+ n + 6] ;
HB— H;
P — P + instructionsiz&P);

Figure4.2: M3 choicepointinstructionretry _meelse
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p/n

Ly

Ly

trust

_me= n < STACK]B];

fori «— 1tondoA: — STACK[B+ 1] ;
E — STACK[B+ n + 1] ;

CP— STACK[B+ n + 2] ;
unwindtrail( STACK[B+ n + 5] , TR);
TR — STACK[B + n + 5] ;

H— STACK[B+ n + 6] ;

B — STACK[B+ n + 3] ;

HB— STACK[B+ n 4+ 6] ;

P — P+ instructionsiz&P);

Figure4.3: M3 choicepointinstructiontrust _me

try _meelse [,
codefor first clause
retry _meelse I,
codefor seconcclause

retry _meelse [,

codefor penultimateclause
trust
codefor last clause

whereeachclauseis translatedasit would be asa single £, clausefor M,. For
example, M3 codefor the definition:

is givenin Figure4.4.
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p(X, a).
p(b, X).
p(Xa Y) - p(Xa a),p(b, Y)

Exercise4.1 Tracetheexecutionof £3 query?- p(c,d) with codein Figure4.4,
giving all thesuccessie statef thestack,theheap,andthetrail.
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p/2

Ly

L,

try _meelse 1,

get _variable  X3,Al
get _structure  «/0,A2
proceed

retry _meelse I,

get _structure  5/0,Al
get _variable  X3,A2
proceed

trust _me

allocate 1

get _variable  X3,Al
get variable Y1,A2

put _value X3,Al

put _structure  a/0,A2
call p/2
put _structure  b/0,Al

put value YI1,A2
call p/2
deallocate

% p
%
%
%

% p
%
%
%

%
% p
%
%
%
%
%
%

%
%

Figure4.4: M3 codefor amultiple clausedefinition
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Exercise4.2 It is possibleto maintainseparat&ND-stackandOR-stack Discuss
the alterationsthat would be neededo the foregoing setupto do so, ensuringa
correctmanagemeruf ervironmentsandchoicepoints.
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Chapter 5
Optimizing the Design

Now thatthereadeiis hopefullycorvincedthatthedesignwe have reachedorms
anadequatdargetlanguageandarchitecturdor compiling pure Prolog, we can
begin transformingt in orderto recorer Warrens machineasanultimatedesign.
Thereforegsinceall optimizationsconsideredherearepartof thedefinitive design,
weshallnow referto theabstractmachinegraduallybeingelaborateésthewam.
In the processwe shallabideby afew principlesof designpenasvely motivating
all theconceptiorfeatureof thewam. Wewill repeatedlynvoketheseprinciples
in designdecisionsaaswe progresgowardthefull wamM engineasmoreevidence
justifying themaccrues.

WAM PRINCIPLE 1 Heapspaceis to be usedas sparinglyas possibleasterms
built onthe heapturn outto berelativelypersistent.

WAM PRINCIPLE 2 Raistersmustbe allocatedin sud a way as to avoid un-
necessarglatamovementandminimizecodesizeaswell.

WAM PRINCIPLE 3 Particular situationsthatoccurveryoften,eventhoughcor-
rectly handledby geneal-caseinstructions,are to be accommodate8y special
onesif spaceand/ortimemaybe savedthanksto their specificity

In thelight of WAM Principlesl, 2, and3, we maynow improve on M.
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h]2
REF | 1
REF
i7i
REF | 2
p/3
REF | 1
STR
STR | 3

00~ O Tl W N~ O

Figure5.1: Betterheaprepresentatiofor termp(Z, h(Z, W), f(W))

5.1 Heaprepresentation

As mary readersof [AK90] did, this readermay have wonderedaboutthe ne-
cessityof the extra level of indirectionsystematicallyintroducedin the heapby
an STR cell for ead functor symbol. In particular FernandoPereira[Per9Q
suggestedhatinsteadof thatshavn in Figure2.1onPagell,amoreeconomical
heaprepresentatiofor p(Z, h(Z, W), f(W)) oughtto bethatof Figure5.1,where
referenceo thetermfrom elsavheremustbe from a store(or register)cell of the
form ( STR, 5). In otherwords,thereis actuallynoneedto allot asystematiSTR
cell beforeeachfunctorcell.

As it turnsout, only onetiny modificationof oneinstructionis neededn orderto
accommodatéhis morecompactrepresentationNamely the put _structure
instructionis simplifiedto:

put _structure  f/n,Xe = HEAP[H] « f/n;
Xi — (STR, H);
H— H+1;

Clearly, thisis notonly in completecongruencevith WAM Principlel, but it also
eliminatesunnecessarlevelsof indirectionandhencespeedsip dereferencing.

The mainreasonfor our not having usedthis betterheaprepresentatiom Sec-
tion 2.1 wasessentiallydidactic,wishingto avoid having to mentionreferences
from outsidethe heap(e.g., from registers)beforeduetime. In addition,we did
not botherbringing up this optimizationin [AK90] aswe aredoing here,aswe
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hadnotrealizedthatsolittle wasin factneededo incorporatei.*

5.2 Constants,lists,and anonymousvariables

To befully consistenwith the completeWAM unificationinstructionsetandin
accordancevith WAM Principle3, we introducespecialinstructionsfor the spe-
cific handlingof 0-ary structuregi.e., constants)ljsts,andvariablesvhichappear
only oncewithin a scope—so-callednonymouwariables.Theseenhancements
will alsobein thespirit of WAM Principlesl and2 assavingsin heapspacegode
size,anddatamovementwill ensue.

Constantsandlists are, of course,well handledby the structureorientedget ,
put , andunify instructions.However, work and spacearewastedin the pro-
cessthatneednotreally be. Considerthe caseof constantsas, for instancethe
codein Figure2.10,onPage24. There the sequencef instructions:

unify _variable X7
get _structure /0, X7

simply bindsaregisterandproceedgo checkthe presencef, or build, the con-
stanta onthe heap.Clearly, oneregistercanbe sased anddatamovementopti-
mizedwith onespecializednstruction: unify _constant «. The samesitua-

after direreflectionseededy discussionsvith FernanddPereirawe eventuallyrealizedthat
this optimizationwasindeedcheap—dact thathadescapedur attention.We aregratefulto him
for pointingthis out. However, he himselfwarns[Per90]:

“Now, this representatiofwhich, | believe, is the one usedby Quintus,SICStus
Prolog,etc) hasindeedsomedisadwantages:

1. If therearent enoughtagsto distinguishfunctor cells from the othercells,
garbagecollectionbecomegrickier, because pointed-tovaluedoesnotin
generaldentify its own type (only the pointerdoes).

2. If youwantto use[the Huet-Fagesicirculartermunificationalgorithm,redi-
rectingpointersbecomesnessyfor the[same]reason...

In fact, what [the term representatioin Section2.1 is] doingis enforcinga con-
ventionthatmakesevery functor applicationtaggedassuchby theappearancef a
STRcelljustbeforethefunctorword?
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tion in aquerywould simplify asequence:

put _structure  ¢/0,X:
set _variable X

into onespecializednstructionset _constant ¢. Similarly, put andget in-
structionscanthusbespecializedrom thoseof structureso dealspecificallywith
constantsThus,we definea new sortof datacellstaggedCONindicatingthatthe
cell's datumis a constant.For example,a heaprepresentatiostartingat address
10 for thestructuref(b, g(a)) couldbe:

8| ¢g/1
9| CON|a
0] f/2
11 [ CON | b
12 | STR | 8

Exercise 5.1 Could the following (smaller) heaprepresentatiorstartingat ad-
dressl0 beanalternatve for thestructuref(b, g(a))? Why?

0] f/2
11{CoN|b
12 g¢/1
13 | CON | a

Heapspacdor constantsanalsobe saszedwhenloadingaregisterwith, or bind-
ing a variableto, a constant. Ratherthan systematicallyoccupyinga heapcell
to referencea constantcanbe simply assignedsa literal value. The following
instructionsarethusaddedo Zy:

1. put _constant ¢, Xe
2. get _constant ¢, Xe
3. set _constant ¢

4. unify _constant ¢

andareexplicitly definedin Figure5.2.

Programmingwith linear lists being so privilegedin Prolog, it makessenseto
tailor the designfor this specificstructure.In particulay non-emptylist functors
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put _constant ¢, Xi = Xi — (CON,c);

get _constant ¢, Xi = addr— deref(X:);
caseSTOREfddr] of
(REF,_) : STOREfddr] < (CON,c);

trail(addr);
(con,c): fail — (¢ # ¢);
other : fail — true;

endcase

set _constant ¢

HEAP[H « (CON,c);
H—H+1;

casemodeof
read : addr— deref(S);
caseSTORERddr] of
(---)endcase
write : HEAP[H < (CON,c);
H— H+1;

unify _constant ¢

endcase

Figure5.2: Specializednstructiondor constants
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put _list Xi= Xi— (LIS, H);
get _list Xi = addr— deref(X:);
caseSTOREfddr] of
(REF,_) : HEAP[H < (LIS,H+1);
bind(addr, H);
H— H+1;
mode«— write ;
(LIS,a): S« a;
mode«~ read ;
other : fail « true;
endcase

Figure5.3: Specializednstructiondor lists

neednotberepresentedxplicitly ontheheap.Thusagain,we defineafourth sort
for heapcellstaggedLIS , indicatingthatthe cell’s datumis the heapaddresof
thefirst elementof a list pair. Clearly, to respecthe subtermcontiguity corven-
tion, thesecondof the pairis alwaysattheaddresdollowing thatof thefirst. The
following instructiongdefinedexplicitly in Figure5.3)arethusaddedo Zy:

1. put list X:

2. get list X

For example thecodegeneratedor query?- p(Z,[Z, W], f(W))., usingProlog’s
notationfor lists,is shovn in Figure5.4 andthatfor factp(f(X),[Y, f(a)],Y).,

in Figureb5.5. Notethe hiddenpresencef theatom(] aslist terminator

Of course having introducedspeciallytaggeddatacells for constantsand non-
emptylistswill requireadaptingaccordinglythegeneral-purposenificationalgo-
rithm givenin Figure2.7. Thereademill find thecompletealgorithmin appendix
SectionB.2,onPagell7.

Exercise5.2 In [War83],Warrenalsousesspeciainstructiongut _nil X, get _nil X,
andto handlethe list terminatorconstant([]). Definethe effect of theseinstruc-
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put _list X5 % ?-X5=]

set _variable X6 % W]

set _constant ] % (1]

put _variable X4, Al % p(Z,

put list A2 % [

set value X4 % Z|

set _value X5 % X5],

put _structure  f/1,A3 % f

set _value X6 % (W)
call p/3 % )

Figureb5.4: Specializedcodefor query?- p(Z, [Z, W], f(W)).

p/3 : get _structure  f/1,Al % p(f
unify _variable X4 % (X),

get _list A2 % [

unify _variable X5 % Y|

unify _variable X6 % X6],
get value X5,A3 % Y),
get _list X6 % X6 =]

unify _variable X7 % X7|

unify _constant ] % (1]

get _structure  f/1,X7 % X7 =f

unify _constant « % (a)
proceed %

Figure5.5: Specializedcodefor factp( f(X),[Y, f(a)],Y).
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tions, andgive explicit pseudo-cod@mplementingthem. Discusstheir worth be-
ing provided asopposedo usingput _constant [], Xi, get _constant [], X,
set _constant [], andunify _constant [].

Lastin therubric of specializednstructionss the caseof single-occurrenceari-
ablesin non-agumentpositions(e.g., X in Figure2.4onPagel6,Figure2.100n
Page24, andFigure5.50n Page51). Thisis worth giving specializedreatment
insofarasno registerneedbe allocatedfor these. In addition,if mary occurin
arow asin f(_,-,.), say they canbe all be processedn one swoop,sa/ing in
generated¢odesizeandtime. We introducetwo new instructions:

1. set .void n

2. unify _void n
whoseeffectis, respectiely:

1. to pushn new unboundREFcellsontheheap;

2. inwrite  modetobehaeasset _void rn and,inread mode,to skipthe
next n heapcellsstartingatlocationS.

Thesearegivenexplicitly in Figure5.6.

Notefinally, thatananorymousvariableoccurringasanargumentof the headof
aclausecanbesimplyignored.Thenindeed the correspondingnstruction:

get variable Xi;, A

is clearly vacuous.Thus,suchinstructionsare simply eliminated. The codefor
factp(-,¢(X), f(-,Y,.))., for example,shavnin Figure5.7,illustratesthis point.

Exercise 5.3 Whatis the machinecodegeneratedor the fact p(_, -, -).? What
aboutthequery?- p(_, _, ).?

5.3 A noteonset instructions

Defining the simplistic languagel, hasallowed usto introduce,independently
of other Prolog considerationsall WAM instructionsdealingwith unification.
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set vod n = fori— HtoH+n —1do
HEAP[i] < (REF,i);
H— H+ n;

unify _void n = casemodeof
read : S« S+ mn;
write : forv+— HtoH+n —1do
HEAP[i] < (REF,i);
H— H+ n;
endcase

Figure5.6: Anonymousvariableinstructions

p/3 : get _structure  ¢g/1,A2 % p(_g

unify _void 1 % (X),
get _structure  f/3,A3 % f
unify _void 3 % (.Y,
proceed % ).

Figure5.7: Instructionsor factp(_, g(X), f(-, Y, ).
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Strictly speakingtheset instructionswe have definedarenot partof the WAM
asdescribedn [War83 or in [War88. There,onewill find thatthe correspond-
ing unify  instructionsare systematicallyusedwherewe useset instructions.
The reasonis, asthe readermay have noticed,that indeedthis is possiblepro-
videdthattheput _structure  andput _list instructionssetmodeto write
Then,clearly, all set instructionsareequivalentto unify instructiongn write
mode. We choseto keeptheseseparateasusingset instructionsafter put in-
structionsgs moreefficient (it sastesmodesettingandtesting)landmakeshecode
more perspicuous.Moreover, theseinstructionsare more natural,easierto ex-
plainandmotivateasthe databuilding phaseof unificationbeforematchingwork
comesinto play.

Incidentally thesanstructiongogethemwith theirunify homologuesmake“on-
the-fly” copying part of unification, resultingin improved spaceandtime con-
sumption,asopposedo the morenaive systematicopyingof rulesbeforeusing
them.

5.4 Registerallocation

As in conventionalcompilertechnologythe codegeneratedrom the sourcemay
give riseto obviously unnecessargiatamovements.Suchcanbe simplifiedavay
by so-called‘peep-hole”optimization. This appliesto this designaswell. Con-
siderfor examplethe naivetranslationof thefact‘cond]], L, L).":

cong3 : get constant [],Al % cond]],

get _variable X4,A2 % L,
get _value X4,A3 % L)
proceed %

Now, thereis clearly no needto allocateregisterX4 for variable . sinceits only
useisto sereastemporaryepository—ItsocanA2. Thus,theget _variable
becomeget variable A2, A2, andcanbeeliminatedaltogetheryielding bet-
tercode:

cong3 : get constant [|,Al % cond]],
get value A2 A3 % L, L)
proceed %

More generallysinceargumentandtemporaryariableregistersarethesamethe
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p/2 : allocate 2 % p
get _variable Y1,A2 % (X,Y):-
put _variable Y2,A2 % X,z
call ¢/2 % ),
put _value Y2, Al % r(Z,
put value YI1,A2 % Y
call r/2 % )
deallocate %

Figure5.8: Betterregisterusefor p(X,Y) :- ¢(X,Z),r(Z,Y).

following instructionsarevacuouoperations:

get variable Xi;, A
put value Xi, As

andcanbe eliminated. For example,looking backat the exampleshowvn in Fig-

ure3.1onPage31,werealizethatthetemporaryariable X is thefirst agument
in theheadaswell asthefirst atomin thebody. Therefore allocatingregisterXx3

to thevariable X is clearlysilly asit hasfor consequencthe uselessnovement
of the contentsof registerAl to X3, thenback,aswell astwo moreinstructions
increasinghe codesize. Thus,with this obsenration, it makessensedo allocate
registerAl to X andapplythe above vacuousoperationelimination,resultingin

theobviously betterinstructionsequencshavn in Figure5.8.

Rayisterallocationmusttry to takeadvantageof thisfactby recognizingsituations
whenappropriateargumentregistersmay alsosafely be usedastemporaryvari-
ables.Algorithmsthatdo this well canbe quiteinvolved. A generaimethoddue
to Debray[Deb86]workswell in reasonabléme. A moresophisticatedbut more
(compile-time)expensve techniqueusing Debrays methodcombinedwith are-
orderingof unificationinstructionscanbefoundin [JDM88]. Registerallocation
is really auxiliary to the WAM designand can be performedby anindependent
modulein thecompiler

In thesequelwe shallimplicitly usethis optimizationwheneer betterthannaive
registerallocationcanbe obviously inferredby thereader

Copyright(© HassamiT-KAcl  Reprintedrom MIT Press PAGE 55 OF 129



WARREN'S ABSTRACT MACHINE

5.5 Last call optimization

The refinementhat we introducenext is a generalizatiorof tail-recursionopti-
mization,the effect of whichis to turn somerecursve proceduresto equialent
iterative forms. It is calledherelast call optimization(LCO), asit is appliedsys-
tematicallywith or without recursion. If the last procedurecall happendo be
recursve, thenit doesamountto tail recursionoptimization.However, it is more
generabsa stackframerecovery process.

Theessencef LCOresidesn thefactthatpermanenvariablesallocatedo arule
shouldnolongerbeneededy thetimeall theput instructiongprecedinghelast
call inthebodyarepassedHence,t is safeto discardthe currentervironment
befoe calling the last procedureof therule’sbody This could be achiezed quite
simply by swappingthecall , deallocate  sequencehatalwaysconcludea
rule’sinstructionsequencéi.e., into deallocate , call ).

A consequencef thisisthatdeallocate  is neverthelastinstructionin arule’s
instructionsequenceas it usedto be for M, and Mj;. Therefore,it mustbe
modifiedaccordingly Namely it mustresetCP, ratherthanP, to the valueof the
continuatiorslotof thecurrentervironmentbeingdiscardedandsetP to continue
in sequenceThus,

deallocate = CP« STACK[E+1];
E «— STACKJE] ;
P «— P + instructionsizgP)

But then,call beingnow the lastinstruction,thereis no needfor it to setCP.
As a matterof fact, it would be wrongif it did sincethe right continuationwill
now have beenseta priori by deallocate . A simplesettingof P to thecallees
addresss all thatis needed We shallnot modify call , sinceit workscorrectly
for non-ultimateprocedurecalls. Rather we introduceexecute p/n, defined

as:
execute p/n = numofargs— n;

P« @(p/n);

to be usedsystematicallyfor the last call in a rule insteadof call . To see
anexample,considertherule ‘p(X,Y) - ¢(X,7),r(Z,Y).” whose"last call

optimized”codeis shovn in Figure5.9.

The effect of LCO is subtlerthanit first appearsiueto the interlearing of ervi-

ronmentandchoicepoint frameson the samestack. Thus,if the topmostframe
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p/2 : allocate 2 % p
get _variable Y1,A2 % (X,Y):-
put _variable Y2,A2 % X,z
call ¢/2 % ),
put _value Y2, Al % r(Z,
put value YI1,A2 % Y
deallocate % )
execute r/2 %

Figure5.9: M, codefor p(X,Y) :- ¢(X,Z),r(Z,Y)., with LCO

on the stackis the currentervironmentandnot the currentchoicepoint (i.e., if
E > B), its spacecanthenbere-usedn thenext stackallocation(e.g., allocate
ortry _meelse ). Thisslows downs growth of the stackconsiderably On the
otherhand.,if thetop of the stackis a choicepoint, LCO doesnot have immediate
effect on the stackdueto ervironmentprotection.In the casewherethe lastcall
of thelastrule is arecursve call, the stackdoesnot grow atall, re-usingover and
overtheexactsamespacdor successk activationframesof thesameprocedure,
resultingin aniterative loop?

5.6 Chainrules

A consequencef LCO is thatthe generateadtodetranslatingchainrulescanbe
greatly simplified. Indeed,the generictranslationof a chain rule of the form

p(o.) = g0

2In pureL,, thiswould of coursebeof little interestsinceary recursve programwouldalways
eitherfail orloop indefinitelyanyway—albeitwith a smallstack!At ary rate,LCO is nonetheless
aninterestingoptimizationof executionof (non-recursie) £, programsasit keepsstackspace
well utilized.
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p : allocate N
getargumentof p
putargumentsf ¢
call ¢
deallocate

is transformedy LCO into:

p : allocate N
getargumentof p
putargumentsf ¢
deallocate
execute ¢

Now, notethatall variablesn achainrule arenecessarilfemporary Hence the
only informationwhich is saved on the stackby aninitial allocate  is thecon-
tinuationregisterCP. But this effectof allocate  is undonebeforeexecute
by deallocate . Therefore thisis totally wastedwork, andboth allocate
anddeallocate = canbeeliminated.Thus,LCO allows translationof the chain
rule‘p(...):- ¢(...).” simplyinto:

p : getargumentfp
putargumentf ¢
execute ¢

Thatis, chainrulesneedno run-timeactivationframeon the stackat all!

5.7 Environmenttrimming

The correctnes®f LCO hingeson having obsened that permanenvariablesin
the currentervironmentare neededonly aslong asall the put instructionsfor
the lastcall’'s agumentsarenot yet done. This obsenation canbe sharpenedy
noticingthata permanentariableis in fact nolongerneededfterthe aguments
of its ultimateoccurrences goal have all beenloadedby put instructions.This
entailsa naturalgeneralizatiorof LCO to allow maximalreuseof stackspaceat
each(i.e, notonly thelast) call in the body of therule. More specifically each
permanenvariablein the environmentcanbe associatedvith the goalin which
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it is usedlast,andthereforecansafelybe disposedf beforeperformingthe call.
Theintendedeffect of sucha processs to makethe currentervironmentframe’s
sizeonthestackshrinkgradually until it eventuallyvanishesltogetheby LCO,
thislatteroptimizationbeingsimply the specialcaseof thelastgoal.

This gradualervironmenttrimming canbe madeto work automaticallyby care-
fully orderingthe variablesin their ervironmentso asto reflectthe orderingof

their associatedast occurrencegoals. Namely the later a permanenvariables
lastoccurrences goalis in the body, the lower its offsetin the currenterviron-
mentframeis. Thus,thecall instructionis givena secondargumentcounting
thenumberof variablesstill neededn theervironmentafterthe pointof call. This
countallows later stackallocatinginstructionso computea lower top of stack,if

possible.Namely if the topmostframeon the stackis the currenternvironment
(i.e.,if E > B).

Note thatthe explicit definition of allocate = againneedsto be changedrom
whatit wasfor M3. In orderto reflecta correctvalueatall times,theoffsetthatit
getsfrom theprecedingrvironmentmustbeupdatedy eachtrimmingcall . In
fact,suchupdatesrenotneededSinceamoreprecisesrvironmentstackoffsetis
now explicitly passedsanargumentto call ’s,theagumentof allocate  be-
comessuperfluousindeedtheoffsetcanbedynamicallyretrievedby allocate
(andtry _meelse ) asaconsequencef thefollowing fact: thecontinuationslot
of the latest ervironmentframe, STACKI|E + 1] , alwayscontainsthe address
of the instructionimmediatelyfollowing the appropriatecall P, N instruction
whee N is preciselythe desied offset. Hence,allocate  no longertakesan
argument,andan ervironmentframeno longerneedsan offsetslot. Instead the
right offsetis calculatecby allocate =~ asCODE[STACK[E+ 1] — 1] .2

With this simplification,anervironmentframeontop of thestacknow looksthus:

E | CE (continuationervironmeny
E+1 | CP (continuationpoint)
E+2 | Yl (permanentariablel)

SRecallthatby CODEJ] , we meanthe contentsof STOREJ;] in the codeareaat address.
Thisworksunderthe (reasonable3ssumptiorthatanintegeroccupiesonememoryword.
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andthe (now definitive) definitionof allocate  is:*

allocate = IfE>B
then newkE «— E + CODE[STACK[E+ 1] — 1] +2
elsenewE «— B + STACK|B] + T;
STACK[newE] < E;
STACK[newE+ 1] «— CP,
E <« newE;
P «— P + instructionsizgP);

Therule'p(X,Y, 7) - (U, V., W), r(Y,Z,U),s(U W), t(X,V).”, forexample,
is onein which all variablesare permanent.The last occurrences goal of each
variableis givenin thefollowing table,alongwith a consistenbrderingassigning
to eachaY: indexedby its offsetin theernvironmentframe:

Variable | Lastgoal | Offset
X t Y1
Y T Y5
VA T Y6
U s Y3
Vv l Y2
W s Y4

Thatis, afterthe CEandCPslots, X, V, U, W, Y, Z comein this orderin theervi-
ronment.Environmenttrimming codefor thisrule is shavn in Figure5.10.

5.8 Stackvariables

Recall that, accordingto WAM Principle 1, allocationof heapspaceis to be
avoided wheneer possible. Thus, we may go even fartherin optimizing aus-
terity in the caseof a permanentariablewhich first occursin the body of arule
asagoalagument.Fromwhatwe have seensuchavariableYn is initialized with

aput variable Yn,A: whichsetsboththeervironmentslot Y» andargument
registerA: to pointto anewly allocatedunboundREFheapcell (seeFigure2.8,on

Page23). Now, sinceYn is to betreatedasalocal variable,it hasbeenallocated

4Note incidentally thata similar alterationmustbe donefor try _meelse . The definitive
versionfor thatinstructionis givenin AppendixB.
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p/3 : allocate % p
get _variable Y1,Al % (X,
get variable Y5,A2 % Y,

get _variable Y6,A3 % Z) -

put variable Y3,Al % q(U,

put variable Y2,A2 % V.
put _variable Y4,A3 % w
call ¢/3,6 % ),
put value Y5, Al % r(Y,

put value Y6,A2 % Z,
put _value Y3,A3 % U
call r/3,4 % ),
put value Y3,Al % s(U,

put _value Y4,A2 % w
call s/2,2 % ),
put _value YI1,Al % (X,

put _value Y2,A2 % Vv
deallocate % )
execute t/2 %

Figure5.10: Environmenttrimming code
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a cell in the ervironmentwhich is to exist during this rule’s body execution—
assumingfor the time being, that ervironmenttrimming or LCO are not per
formed. Sowhy not sare, ratherthan systematicallywaste,that (global) heap
cell? More specifically a more appropriatesemanticgor the put _variable
instruction,whenusedon a permanenvariable,oughtto be:

put variable Yn. Al = addr— E+n + 1;
STACK[addr] « (REF,addr);
Ai — STACK[add{ ;

Thatis, it shouldnotallocatea heapcell asdonefor atemporaryregister

Unfortunately thereareratherinsidiousconsequence® this apparentlyinnocu-
ouschangaasit interfereswith environmenttrimming andLCO. Thetroublethen
is thatenvironmentvariablesmay be disposedf while still unbound.Therefore,
ary referenceao anunboundstackvariablerunstherisk of potentialcatastrophe,
becominga danglingreferenceauponcarelessliscardingof the variable.As are-
sult,it isnolongercorrectto let the bind operationsetanarbitrarydirectionwhen
establishingareferencéetweertwo unboundvariables More pathologicallythe
following instructionshave now becomencorrectif usedblindly in somesitua-
tions:put value andset value (thusalsounify _value inwrite mode).

The following threesubsectiongreateachproblemby (1) first giving a correct
bindingconvention,then(2) analyzingvhatmaygowrongwith put _value ,and
(3) with set _value andunify _value , explaininghow to repairthetrouble.

5.8.1 Variable binding and memory layout

Threecasesof variable-ariablebindingsare possible:(1) heap-heap(2) stack-
stack,and(3) heap-stackin Case(1), asalludedto beforeon Pagel7, whenthe
bind operationis performedon two unbound(heap)addressesyhich of thetwo
is madeto referencehe otherdoesnot affect correctness However, makingan
arbitrarychoicedoesaffect performancesit mayleadto muchmorework than
necessaryy causingmore variabletrailing and resettingthan may be needed.
Considerfor exampletwo heapvariables,onebeforeHB andthe otherafter HB
Making the first referencehe secondrequirestrailing it (andits potentialsubse-
guentresettingwhile the contraryis unconditionabndrequiresnone.

In Casegq(2) and (3), the symptomsare quite more seriousas which direction
the bindingoccurscanbeincorrectdueto potentialdiscardingof stackvariables.
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For example therule‘p(X, X) :- ¢(X),r(X)." invokedwith *?- p(Y, Z)." will
notwork correctlyif Y is boundto X sinceq/1 mayleave the stackvariable X
unbound.Theotherdirectionis theonly correctone.As it turnsout, mostcorrect
bindingscanbe ensuredollowing a simplechronologicareferenceule:

WAM BINDING RULE 1 Alwaysmakethe variable of higheraddressrefeence
that of lower address.

In otherwords,anolder(lessrecentlycreatedyariablecannoteferencenyounger
(morerecentlycreated)ariable.

Let us examinewhatis gained. In Case(1), asexplainedabove, unconditional
bindingsare thus favored over conditionalones,avoiding unnecessaryrailing
andresultingin swift heapspaceaecovery uponbacktracking.

In Case(2), WAM Binding Rule 1 ruleis alsoclearlybeneficialfor the samerea-
sonsasfor Case(1). It happengo be also consistentwith the orderingamong
variableswithin asingleernvironmentsetup to allow environmenttrimming. This
is all thebetter Unfortunatelythisrule is not sufficientto preventdanglingrefer

encesn astack-staclindingaswill beseenn the next subsection.

In Case(3), the problem(as exposedin the next two subsectionsjs that stack
spaceis volatile while heapspaceis persistentmaking referencedo the stack
potentiallydangerousClearly, it would beasourceof complicationeverto estab-
lish a binding from the heaptoward the stack,whereaghe contrarypresentsio
problem.ThereforetheWAM enforceghefollowing:

WAM BINDING RULE 2 Heapvariablesmustneverbesetto arefeenceinto the
stak.

To suit this, the WAM organizesits memorylayout specifically so that WAM
Binding Rule 1 is naturallyconsistentvith:

WAM BINDING RULE 3 Thestak mustbe allocatedat higher addresseghan
theheap,in thesameglobal addressspace

This mustbe done,of course,allowing sufiicient slackfor growth of the heap.
Thisrule entailsforbiddingtheparticipationof stackvariablean areferencehain
in ary way otherthangroupedas a subchainprefix. Thatis, a referencechain
containingary stackvariablesat all will have themall appearcontiguouslyand
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(0) p/1 allocate % p

(1) get _variable Y1,Al % (X):-

(2) put _variable Y2,Al % q(Y,
(3) put _value Y1,A2 % X
(4) call ¢/2,2 % ),
(5) put _value Y2,Al % r(Y,
(6) put _value Y1,A2 % X
(7) deallocate % )
(8) execute r/2 %

Figure5.11: Unsafecodefor p(.X) - ¢(Y, X),r(Y, X).

earlyin the chain. Then,discardinga stackvariablecannotbreaka chain. (This
is guaranteeth the subchairprefix of stackvariablesoy WAM BindingRulel.)

However, we seenext thatthisruleis violatedby someinstructiongput _value ,
set _value , andunify _value ). We presentlyexaminethis andadaptthe de-
signsothatnoincorrectbindingmayever occut

5.8.2 Unsafevariables

A stackvariableis discardedbeforecalling the goal in which it last occursal-
thoughit maystill beunboundr boundto anotherunboundpermanentariablein
thesame(current)ernvironment(i.e., onewhichis to bealsodisposedf). Clearly,
thedangeris thenthatthe call mayreferto the discardedrariables.For this rea-
son,a permanentariablewhichis initialized by a put _variable  (i.e., which
first occursastheamgumentof abodygoal)is calledanunsafevariable.

Let ustakeanexamplewith therule‘p(X) - ¢(Y, X), (Y, X).” in which both
X andY arepermanenvariablesput only Y is unsafe.Thisis becaus&’ is ini-
tializedwith aput _variable  (sinceitsfirst occurrences in abodygoal)while
X, first occurringin the headis initialized with aget _variable . Figure5.11
shaws the (incorrect)translationasit is donein our currentsetting. Let ustrace
whathappensvhenput value Y2, Al isusedonLine 5. Let usassumehatp
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is calledwith anunboundvariable;thatis, with the sequencef theform:

put variable X, Al
execute p/1

Thus, at the point right beforeLine 0, Al pointsto the heapaddresqsay 36)
of an unboundREF cell at the top of the heap. Then, allocate  createsan
ervironmenton the stack(where,say Y1 is at address/7 and Y2 at address/8
in the stack). Line 1 setsSTACK]77] to (REF, 36), andLine 2 setsAl (and
STACK]78] ) to (REF, 78). Line 3 setsA2 to the valueof STACK[77] ; that
is, (REF, 36). Let usassumehatthe call to ¢ on Line 4 doesnot affect these
settingsatall (e.g.,, thefactq(_, -) is defined).Then,(thewrong)Line 5 would set
Al to (REF, 78), andLine 6 setsA2 to ( REF, 36). Next, deallocate  throws
away STACK[77] andSTACK][78] . Supposeaow thatthecodefor r startswith

anallocate  re-usingstackspacer/7 and78then,lo!, theget instructionsof r

will find nonsensicatlatain Al.

Notehowever thatanunsafevariables bindingcaneasilybecheckedat run-time
sothattroublemay be avertedon the fly by taking appropriataneasuresnly if
neededLet usreflecton the possiblesituationsof a given unsafevariableYn in
thelastgoalwhereit occurs.Therearetwo caseshatwill needattention:(1) when
Yn appear®nly asanargumentof its lastgoal;and,(2) whenYn appearsn that
goal nestedn a structure whetheror not it is alsoan agument. We will treat
laterthe secondcase,asit interactswith a more generalsourceof unsafetythat
we shallanalyzeaftertreatingthefirst case.

Solet us considerfor now the casewhereall occurrence®f unsafeYr arear-
gumentsof the last goal where Yrn appears. That is, all thesecorrespondo
put value Yn,A: instructions. As explained,it is desirableto ensurethat a
run-time checkbe carried out verifying that no referencechain leadingto Yr
eventuallypointsto anunboundslot in the environment. The solutionis to usea
modificationof the effect of put _value Yn,A: to ascertairthis. More specif-
ically, let us call this modifiedinstructionput _unsafe value Yn,A:. It be-
haves exactly like put _value Yn,A: if the referencechainfrom Yrn doesnot
leadto anunboundvariablein the currentervironment. Otherwise this altered
instructionbindsthereferenceatackvariableto anev unboundREFcell pushed
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ontheheapandsetsA: to pointto thatcell. Explicitly,®

put _unsafe _value Yn,A:= addr« derf(E+n+ 1);
if addr < E
then A: — STOREJ[addi
else
begin
HEAP[H «— (REF,H);
bind(addr, H);
Ai — HEAP[H :
H—H+1
end;

Looking backat the exampleof Figure5.11,if Line 5 is not as shavn but re-
placedwith put _unsafe _value Y2, Al, then HEAP[37] is createdand set
to (REF, 37), STACK[78] andAl are setto ( REF, 37), then A2 is setto

( REF, 36) (thevalueof STACK[77] ) onthefollowingline. DiscardingSTACK[77]
andSTACK][78] is now quitesafeasexecutingr will getcorrectvaluesfrom Al
andA2.

The questionstill remainingis to decidewhich amongseveral occurrence®f
put value Yn,A: mustbe replacedwith the safetycheckmodificationfor a
givenunsafeYn. In fact, it is sufficient to replaceonly oneof them,althoughnot
an arbitraryonebut, quite importantly the first occuriencein this lastgoal. To

SNote incidentallythat having a global addresspacewith the relative memorylayoutof the
stackbeingallocatedat higheraddressethanthe heaphasasa nice consequenct makeit quite
easyto testwhetherYn’s valueis an unboundvariablein the currentervironmentwith a mere
comparisorof memoryaddressesStrictly speakingthis testis not quite correctbecausealeref
mayactuallyyield theaddres®f anX registercontaininga literal constant.To preventthistrivial
pointfrom complicatingmattersunnecessarilywe mayassumehatX registerscorvenientlyreside
atthehighestendof the globalstore.
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seethis on anexample,considerthe clause®
p .- Q(X)a T(Xa X)
If the safetycheckis donelast,asin:

p/0 : allocate
put variable  Y1,Al
call ¢/1,1
put value YI1,Al
put _unsafe _value YI,A2
deallocate
execute r/2

thenargumentregisterwill still containa referenceo the discardedernvironment
whenr /2 is called. Thereforethefollowing is the only possiblecorrectcode:

p/0 : allocate
put variable  Y1,Al
call q¢/1,1
put _unsafe _value YI1,Al
put value YI,A2
deallocate
execute r/2

It hasthe effect of “globalizing” the valueof Y1 soasto guarante¢hatit maybe
discardedwvithoutleaving a nonsensicaleferencen Al.
5.8.3 Nestedstackreferences

Whenan unsafevariableoccursin its lastgoal nestedn a structure(i.e., with a
correspondinget _value oraunify _value ),thesituationpertaingo amore

5This exampleis dueto Michael Hanus[Han9Q and,independentlyto Pascalvan Henten-
ryck [vH90]. Both pointedout to this authorthe incorrectreplacementule describedasthat of
the last occurrenceof an unsafevariable)in [AK90]. In fact, the incorrectrule in [AK90] had
beensimply inheritedverbatimfrom Warrens original reportfWar83 (Pagel4,Line 3), andlater
explainedby him asfollows[War90]:

“l agreethatthis is ambiguousor misleading.| think it may be partly explained
by the fact that the memo(tacitly?) assumeshat goal agumentsare compiledin
reverseorderandthereforethelastargumentswill be compiledfirst!”
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generalpathologywhich may affect temporaryvariablesaswell. Considerthe
rule‘a(X) - b(f(X)).” for example.As we have it, thisis translatedhus:

a/l : get variable X2 Al
put _structure  f/1,Al
set value X2
execute b/1

Let usconsidemow thequery*?- a(X), ¢(X).” beingtranslateds:

allocate
put _variable  Y1,Al
call a/1,1

andletusexaminein detailwhathappensluringexecution.Beforethecalltoa /1,
a stackframe containingthe variableY1 is allocatedandinitialized to unbound
by put _variable  Y1,Al. Thecodeof a/1 begins by settingX2 to reference
that stackslot (the valueof Al), andpusheghefunctor f/1 ontheheap.Then,
behold!, set value X2 pushesthe value of X2 onto the heap,establishinga
referencefrom the heapto the stack. This violatesWAM Binding Rule 2 and
creates sourceof disastemwvhenY1 is eventuallydiscarded.

Of coursethesamadll-fated behaior plaguesunify _value asitswrite mode
semanticss identicalto set _value ’'s. Then,the questionis: Whencanit be
staticallyguaranteedhatset value (resp.,unify _value ) will notcreatean
unwantecheap-to-stackeferenceheanswers: Any time its algumenthasnot
beenexplicitly initialized to be on the heapin the given clause. Thenindeed,
thefirstset _value (resp.unify _value ) performedonit maycausepotential
havoc. Specifically set _value Vn (resp.,unify _value Vn)isunsafewhen-
ever thevariableVr hasnot beeninitialized in this clausewith set _variable
orunify _variable ,nor,if Vr istemporarywith put _variable

Again, the cureamountsto performingappropriaterun-time checkswhich can
triggerdynamicglobalizingof a guilty stackvariablewhen&er neededNamely
thefirst set value (resp.,unify _value ) instructionof the clauseto be per
formedon avariablewhichis notguaranteedb leadto theheap(i.e., meetingthe
explicit conditionsdescribedn the previous paragraph)mustbe replacedwith
anew one,set local _value (resp.,unify _ocal _value , behaing like
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unify _value inread mode),whichtestswhetherthe dereferencedaluere-

sidesin the heapor in the stack. If the dereferencedalueis anunboundheap
addressit behaesasset _value (resp.,asunify _value in write mode);

i.e,, it pushest ontheheap.If thedereferenceudalueis anunboundstackaddress,
it pushesanew unbouncheapcell andbindsthe stackvariableto it. Explicitly,’

set _local _value Vn = addr« deref(Vn);
if addr < H
then HEAP[H] — HEAP[add]
else
begin
HEAP[H «— (REF, H);
bind(addr, H)
end
H—H+1;

An explicit expressionfor unify _local _value is readily derived from the
definitionof unify _value (givenin Figure2.6,on Pagel8) by replacingthe
bodyof thewrite modecasewith theabove code.

If set _local _value X2replaceset value X2 intheexampleabore,it will
realizethatthe valueof X2 is a stackaddressaandthenbind it to a newv unbound
cell on the heap. This maintainsa stack-to-heapeferenceand WAM Binding
Rule2 is respected.

As afinal obsenration, let us considerthe particularcasewherean unsafevari-
ableYn occursbothasanargumentof its lastgoalandalsonestedn a structure
somavherein the sameclause.Then,it is only necessaryo maketheappropriate
changdo whicheverinstructioncomedirstbetweerthelastgoal'sput value Yn,A:'s
andtheclausesset _value Yn’'s(resp.unify _value Yr’s).Thisisbecause
changinghefirst suchinstructionwill ensurghatthevariableis safelyglobalized

for the other makingtherun-timecheckunnecessargt thatlaterpoint.

5.9 Variable classificationrevisited

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

’SeeFootnote5 atthe bottomof Page66.
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variablesis perhapghe mostpuzzlingitem to justify for thelearningreader In-
deed,althoughthe definition we have usedthusfar is correctasgiven, it is not
exactly thatgivenandusedin [War83]or [War84. We presentlyanalyzethis dis-
crepang anddiscussin particularthe motivation, aswell assomerathersubtle
consequencesf theoriginal WAM designes definition.

In fact,ourdefinitionandjustificationof variableclassificatiortakeDavid H. D. War-
ren’s actualconceptiorbackto front. In his view, a permanentariableis simply
a conventionallocal variable. Therefore all variablesappearingn aclausearea
priori permanentariables;.e., local variablesto be allocatedon the stack. This
is becaus@alocalvariableslifetime oughtto bethatof theactivationof theclause
in which it occurs. On the otherhand,allocatinga variableon the heapwould
entailmakingit a global variableinsofarascomputatiordoesnot backtrackto a
previouschoicepoint. However, somevariablesn a clauseneednotbeallocated
onthestack eitherbecausé¢hey areinitializedwith previouslyexisting dataor be-
causehey mustbepartof astructureontheheap.Obviously, theseconsiderations
call for a carefulreformulationof variableclassification.

Warrens original definitionis asfollows:

Warr en’s variable classification A temporaryvariableis onewhich
doesnotoccurin mote thanonebodygoal (countingtheheadaspart
of thefirstbodygoal) andfirst occursin thehead,or in a structue, or
in thelastgoal. A permanentariableis onewhich is nottempoary.

Firstof all, let usobsene thatboth our andWarrens classificationconsidemper
manentry variableoccurringin morethanonebodygoal. However, whereaghis
criterionis a necessarandsufiicient characterizatioof permanentvariablesby
ourdefinition,it is only asufficientonefor Warrens. Now, from our presentation,
let ustry to recover andjustify Warrens variableclassification.

The point is to restrictour definition of temporaryvariables(andthus broaden
that of permanenvariables)to minimize heapallocation,and consequentlyhe
size of global data. As we saw, local variablesare quite thriftily managedy
ervironmenttrimming and LCO, andthereforeoffer a preferablealternatve to
X registerswheneer possible. Thereforejn orderto abideby Warrens view, we
mustcompletelychangeour perspectie andconsidethata variableis permanent
by defaultunlesst is requiredto be explicitly allocatedon theheap.

The questionnow, is: Whendoesa non-wid variableoriginally deemedempo-
raryin ourdefinition(i.e., occurringin no morethanonebodygoal)really require
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to be systematicallyallocatedn the heap”Memoryallocationfor a variablehap-
pensijf atall, atits first occurrencen the clause.Let usnow analyzeall possible
situationsof first occurrence.

If thefirst occurrencas in the headof therule, thenthe variableis eitheranar-
gument.andthereforeboundto analreadyexisting cell ontheheap,or deepeliin
the stack;or, it is nestedn astructureandhencewill necessarilype allocatedon
theheapby theunificationinstructions.This is thecasebecaus¢he conventionis
thata functorcell on the heapmustbe followedby asmary cellsasits arity dic-
tates.As aresult,aheadvariableneverrequiresstackspaceallocation.Therefore,
it is sufficientto manipulateit throughan X register;i.e, treatit asa temporary
variable.

Forthesameeasonsf thefirst occurrences nestednsideastructuran thebody;
thena heapcell will necessarilypeallocatedfor it by the unificationinstructions.
Soit mightaswell betreatedasatemporaryariable,saszing a stackslot.

Anotherclearcasdas whenthefirst occurrencef thevariableis asanargumentin
thelastbodygoal. Thenindeed sinceperformingLCO will requiresystematically
globalizingit anyway, it makesmoresensdo treatit asatemporaryvariable.

The foregoing situationscover all thosein Warrens definition of a tempoary
variable.Therefore the criteriafor thatpartof the definitionwhich characterizes
atemporaryariablearejustifiably sound.But is this true for Warrens definition
of a permanentvariable? Indeed,thereis onelast situationnot coveredby our
foregoinganalysisnamely thecaseof avariableoccurringonly in onebodygoal
whichis neitherthefirst northelastgoal. As it turnsout, unfortunatelyWarren’s
variable classificationis inconsistentwith environmenttrimming, evenwith the
setupof run-timechedksthat we haveexplainedin the previoussections.

Let us amgue with a specificexample® Considertherule ‘a :-  b(X, X),c.".
Accordingto our definition, X is treatedas a temporaryvariable. This results
in the compiledcodeshavn asFigure5.12, where X is correctlyhandledasa
temporaryvariable,admittedlyat the expenseof systematicallyallocatinga heap
slotfor it.

Ontheotherhand,accordingo Warrens variableclassificationthevariableX is
apermanenvariable Thereforefollowing thecompilationrulesdescribedn the
previoussectionsthe generated@odewould bethatshavn in Figure5.13. Now,
obsenewhathappensvhencalling « with theinstructionsequencef Figure5.13.

8Thelamebehaior of this examplewaspointedoutto theauthorby DamianChu[Chu9Q and
MichaelHanus[Han90].
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a/0 : allocate % a:-
put _variable Al1,A2 % b(X, X
call 5/2,0 % ),
deallocate % c
execute ¢/0 %

Figure5.12:Codefor a :- b(X, X), c., by ourclassification

a/0 : allocate % a:-
put _variable  Y1,Al % b( X,
put unsafe value Y1,A2 % X
call 5/2,0 % ),
deallocate % c
execute ¢/0 %

Figure5.13:Codefor a :- b(X, X), c., by Warrens classification
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a/0 : allocate % a:-
put _variable Y1,Al % b( X,
put value YI1,A2 % X
call b/2,1 % ),
deallocate % c
execute ¢/0 %

Figure5.14: Delayedtrimmingfor a :- b(X, X),c.

A stackslotis allocatedor Y1, thenregisterAl is madeto pointto thatslot. Then,
arun-timecheckis carriedoutbecausé’1 is unsafeandit is foundthatY1 mustbe
globalized.This is done,makingboth Y1 andA2 pointto anew heapcell. Then,
b/2 is calledaftertrimming Y1 out of theervironment.However, register Al still

pointsto thediscadedslot! It is thereforeclearthatfor Warrens classificatiorto
becorrect,somethingnustbedoneto preventthis particularailment.

As far asthis authorcould read, it hasnot beenexplained arywhere (includ-
ing in [War83 War88]) how to preventincorrectcodeasthat of Figure5.13to
be generateecauseof Warrens classification let alonewhat correctcodeto
producewith that classification.Upon privateinquiry, this is what Warrenpro-

posedWar9Q:

“The generalprincipleis thatoneshouldmakevariablespermanenif atall
possibleanduseput variable  Xn, A: only asa lastresort. The prob-
lem is whatto do aboutvariableswhich occurin only one goal. If it is
the last call, one hasno (real) option but to globalisethe variable using
put variable  Xn, Ai. If it is otherthanthelastcall, thenonecaneither
globalisethevariablein the sameway; or avoid trimmingthevariableatthe
immediatelyfollowing call, but rathertrim it atthenext call, by whichtime
it is certainlysafeto do so(providedvariable-\ariablebindingsalwayspoint
to the'last-to-die’ variableandthevariableto betrimmedis allocatedasthe
first to die’ in thenext call)”

Warrengoeson to illustrate how, for our specificexample, delayedtrimming

would repairthe codeof Figure5.13to that of Figure5.14 whereY1 is kept
in theervironmentuntil thetime whenexecutionreturnsfrom 4/2, atwhich point
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a/0 : allocate % a:-
put _variable  Y1,Al % b( X,
put unsafe value Y1,A2 % X
call b/2,1 % ),
deallocate % c
execute ¢/0 %

Figure5.15: Uselesglelayedrimmingfor a :- b(X, X), c.

it is discarded.

Somecommentsare in order regardingthis fix. First, Warrens last (cryptic)
parentheticatommentsimply recallsthe proviso thatis alreadyensuredby our
variable-ariablebindingcorventionfrom higherto loweraddresse@VAM Bind-
ing Rulel) andthecorventionsetupfor environmenttrimming allocatingperma-
nentvariablesn theenvironmentsoasto putthe“last-to-die”first (i.e., atsmaller
addresses)—asplainedin Section5.7.

Secondpnemustcorvinceonesselfthatdelayedrimmingis indeedsafesoasto
warranthesimplerput value Y1, A2 insteadftheexpectedout _unsafe _value
as prescribedor unsafevariables. For clearly, if ratherthanthe codeof Fig-
ure5.14,we hadto generatehatshavn in Figure5.15, thenthe wholecompli-
cationwould be useless.Indeed,Y1 would still be globalizedon the heap,with
the additionalpenaltyof the untrimmedstackslot—notto mentionthe run-time
check.Thesimplercodeof Figure5.12wouldthusbeclearlysuperior Therefore,
for the codein Figure5.14to be of ary value,it mustbe guaranteedhatdelay-
ing trimming Y1 makesit no longerunsafe,eventhoughit hasbeeninitialized
with put _variable Y1, Al. Suchis the caseof course asthe unsafetyof Y1
would only be causedoreciselyby trimmingit by the call to its lastgoal. Thatit
is safeto trim it atthefollowing call is clearunderthe proviso of our bindingand
stack-allocatiortorventions.

In view of the foregoing considerationsthe readermay now understandvhy

9This solution using delayedtrimming was also pointed out to this author by Michael
Hanus[Han90]who apparentlyfiguredit outfor himself,probablylike mary otherswho worked
outa WAM implementation.
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we did not start out with Warrens definition for variable classification. Our
reasonsare quite deliberate. Firstly, in the gradualconstructionof our partial
machines,Warrens definition is unjustifiablebefore the ervironmentstack or
LCO areconsidered Secondlyalthoughhistorically David H. D. Warrenmade
put variable  Xn,A: systematicallyallocatea heapcell asa patchto accom-
modateL.CO,!° this instruction can be justified otherwise,as we have indeed
shawvn, asevolvedfrom the simpleunificationmachineM,. Lastly, we favor our
a posteriori approactratherthan Warrens sincestartingwith a suboptimal but
simplerto understandvariableclassificatiorconstitutes greatettutorial valueas
it focusesthe readers attentionon mechanismshat are not affectedby the fine
pointsof thisissue.

In conclusion,althoughWarrens variableclassificationis historically the origi-

nal definition usedin the WAM asit wasconceved, andcanbe explainedasan

optimization—withtheneedof delayedervironmenttrimmingto becorrect—this
authorfinds his own variable classificationsomeavhat lesscontrived and surely
mucheasietto justify.

5.10 Indexing

Thethreechoicepointmanipulatiorninstructiongmposeastrictly sequentiasearch
over thelist of clausesamakingup a definition. If all the agumentsof a calling
predicateareunboundvariablesthenthereis clearlynobettermanneto proceed.
Ontheotherhand,whensomeof theargumentsareat leastpartially instantiated,
thatinformationcanbeusedto accessinifiableclauseneadsmoredirectly. In the
casesvherethe numberof clausesconstitutinga definitionis large (asis not so

0He stategWar8q:

“The put _variable  Xn, Ai instructionis a kind of hackwhich exists only to
takecareof the problemsof a variablethatis boundto be unsafeat LCO, namely
avariablewhich hasits first occurrencen the lastcall andisn't otherwisebound.
This specialinstructionshouldNOT be usedfor ary otherpurpose.

Variablesoccurringonly asagumentdo thelastgoal cannotbe treatedas[perma-
nentvariables]sincethey areboundto be unsafe,andwould necessarilypoe glob-
alisedbytheput _unsafe _value Yn, A:instructionif they weretreatedhisway:.
To avoid this round-aboutpproachof creatinga permanentariableonly to then
globaliseit, theput _variable  Xn, Ai instructionis introduced,andthesevari-
ablesareinsteadreatedas[temporaryvariables].
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rarelythecasefor facts),thisis clearlydesirableldeally, thisrequiresatechnique
for partially interlearing unificationwith search.Indeed,if it canbe decidedat
theoutsetthata clauseheadwill unify exclusively with a cateyory of data,all the
more selectve the searchcodewill be. On the otherhand,it may be impossi-
ble in generalor very costly at best,to generatean optimal discriminationfilter
basedon the patternsof all arguments. Fortunately a suboptimalcompromise
turns out to be quite reasonablen practice. Since Prologprogrammerave a
naturaltendenyg to write codein a datastructure-directechannemusingdiscrimi-
natingpatternsasfirst agument,it is quite acceptablé¢o limit indexing to key on
thefirst agumentonly. The WAM usesthis ideaasa basisfor optimizing clause
selection.Naturally, this appliesonly to proceduralefinitionsthatcontainmore
thanoneclausesin whatfollows, we referto a clauseheads first agumentasits
(indexing) key.

First, notethatary clauseneadwhosekey is avariablecreates searchbottleneck
in a proceduredefinition in which it appears.Indeed,that key will unify with
arything and thusits clausemust be exploredin all cases. For this reason,a
procedurep definedby the sequenceof clauses’,, ..., (), is partitionedasa
sequenceof subsequences,, ..., S,,, whereeachSs; is eithera single clause
with avariablekey, or amaximalsubsequencef contiguousclausesvhosekeys
arenotvariables.For example thefollowing definitionis partitionedinto thefour
subsequences,, S;, S5, andS,, asshovn:tt

call(XorY) :- call(X).
call(trace) :- trace

Sh call(XorY) :- call(Y).
call(notrace) :- notrace
call(nl) :- nl.

Sy { call(X) - builtin(X).

Sy { call(X) - extern(X).

call(call( X)) :- call(X).
g call(repea;.
4 call(repeaj :- call(repeat.
call(true).

As expected,the generaltranslatingschemeor a procedurep with a definition
thuspartitionedinto subsequences,., . .., S,,, wherem > 1,is:

UThisexampleis aslight modificationof thatgivenin [War83. The(admittedlysilly) splitting
of thetwo or/2 clausess only to illustratethatthiswill notaffect performancehanksto indexing.
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P . try _meelse 5,
codefor subsequencé,
Sy 1 retry _meelse S3
codefor subsequence,
S, . trust _me
codefor subsequencg,,

whereretry _meelse is necessarpnly if m > 2. If m = 1, noneof the
abore is needecandthetranslationboils down only to the codenecessarjor the
singlesubsequencehunk. Furthermorethe simplercasewherethe subsequence
is reducedto a singlevariable-kg clausedegeneratesnto the expectedsimpler
translatiorpatternrequiringnothingmorethanwe hadbefore.Thus,the codefor
call/1 above lookslike:

call/1 : try _meelse S; %

indexedcodefor S; %
Sy . retry _meelse S; % call(.X)

execute builtin/1 % - builtin(X).
Ss . retry _meelse S; % call(X)

execute extern/l % - extern X).
Sa . trust _me %

indexedcodefor Sy %

Let usthenfocusonindexing within anonvariable-kg subsequence.

Thetechniqueof clauseindexing for a subsequencasesoneor two levelsof dis-
patchingaccordingto the run-timesortof the calling procedures first agument,
andpossiblyathird level consistingof sequentiathreadingtogethersomeprese-
lectedclausesA first level of dispatchings performeddependingon whetherthe
dereferencedalueof Al is avariable,a constanta (non-empty)ist, or ageneral
structure.In eachcase controlis to jump to a (possiblyvoid) bucketof clauses.
Respectiely, the codebucketof a variablecorrespondso full sequentiakearch
throughthe subsequencéhus, it is never void), that of a constant(resp.,of a
structure)correspondso a furtherdispatchindevel discriminatingamongdiffer-
entconstantgresp.,differentstructures)andthatof a list corresponditherto
the singleclausewith alist key or to a linked list of all thoseclausesn the sub-
sequenc&vhosekeys arelists. For thoseconstantgor structureshaving multiple
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clausesapossiblethird level bucketcorrespondso thelinkedlist of theseclauses
(justlike the possiblesecondevel for lists).

Hence the generaindexing codepatternfor a subsequencis of theform:

first levelindexing;
secondevelindexing;

third level indexing;

codeof clausesn subsequencerder;

wheresecondandthird levelsareonly necessargsdictatedby whatsortof keys
arepresentn thesubsequencandin whatnumber In particular they maybeal-
togetherliminatedasappropriatan thedegenerateasesThelastpartfollowing
thedispatchingcodeis simply theregular sequentiathoicecontrol construction.
For example the subsequencé, of call/1 is translatedhus:

first levelindexing for S,
secondevelindexing for 5
third levelindexing for S,

S o try _meelse S,

codefor ‘call( XorY) :- call(X).’
Si, . retry _meelse Si3

codefor ‘call(trace) :- trace’
Si13 . retry _meelse Sy,

codefor ‘call( XorY) :- call(Y).
Si14 . retry _meelse Si;

codefor ‘call(notrace) :- notrace’
S5 @ trust _me

codefor ‘call(nl) :- nl.’

Thereforewe needinstructiondor eachdispatchindevel in thegenerakase.

Firstlevel dispatchings donewith theswitch _on_term V, (', L, S instruction
whoseeffect is to makecontroljump to the instructionlabeled,respectrely, V/,
C, L, or S, dependingon whetherthe dereferencedalueof Al is a variable,a
constanta non-emptylist, or a structureyespectrely.

Secondevel dispatchindor N distinctconstantghaving realizedthatAl derefer
encegoone)isdonewith switch _on_constant N, T, wherel' isahash-table
of size N of theform {¢; : L.}, associatindo eachdistinctconstant; usedas
akey in the subsequencalabel L., wherecontrol mustjump wheng; is passed
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asfirstagument.If the constanfoundin Al is notonein thetable,backtracking
occurs. The similar instructionswitch _on _structure N, 7T doesthe same
for all distinct (non-constanhon-list) functorsin the subsequenceSecondevel

listindexing is really third level indexing onlist structuresthe secondevel being
skippedby specialhandlingof listsin thespirit of WAM Principle3.

Third level indexing correspondso threadingtogethermultiple (but not neces-
sarily contiguous)lausesvhosekeys arelists, or a sameconstantor structure.
Sincethe codeof all clausesin the subsequencare alreadyso-threadedy a

try _meelse , (retry _meelse )trust _mechoicecontrolconstructionjts

clausecodesubsequenceelevantonly to the recognizedkey at hand(beit list,

constantpr structure)mustbe accesseexplicitly with analternatve choicecon-
trol construction.Thisis achieved by usingthreeinstructionstry L, retry L,

trust L. Thesearealmostidenticaltotry _meelse L,retry _meelse L,

andtrust _me respectrely. The only differenceis thatthey usethe specified
label L for theinstructionto jumpto, saving the next onein sequencasthenext

clausealternatvein the choicepoint (exceptfor trust , of course).

The completeindexing codefor subsequencg; of the call/1 exampleis given
in Figure5.16, andthatfor subsequencg, is givenin Figure5.17.  The
completeindexing codefor call/1 canthusbe patchedogetherfrom theseand
the partitionedschemefor 5, 5;, S3, and S, givenearlier An illustrationof a
degeneratecasewhereall threelevels of indexing are not necessarys givenin
Figure5.18 for thefamiliar concdefinitionfor concatenatingwo lists:

cond(], L, L).
conq[H|T], L,[H|R]):- condT,L,R).

It is interestingto obsene thatwhenthe cond/3 procedureas calledwith anin-

stantiatedirst agument,no choicepoint framefor it is ever needed As a matter
of fact,usingindexing hasa majorincidentalbenefitasit substantiallyreduceshe
creationandmanipulationof choicepoint frameson the stack. This hasascorol-

lary thatit alsoreduceghe effectsof ernvironmentprotection,andthusmagnifies
thegainof LCO andervironmenttrimming. For example let usassumehatalist

processingrocedurdp is definedas:

Ip([H|T]) :- processH),Ip(T).
Ip((])-

Someprogrammer$iave indeedtakenthehabitof specifyingthe[]-clausdastus-
ing ProloginterpretersThey reasorthatsincetherearemary more[_|_]’sin alist
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switch
Cy7 : switch
Fy : switch

_on_term S1;,Cq,fail, F3

_on_constant  3,{ trace

notrace: 514,

nl
_on_structure

Fipo ooty Si

trust

Slc

S11 : try _meelse S

S1. @ get _structure

or/2,Al

unify _variable Al
unify _void 1
execute call/1

S12 @ retry _meelse Si3

S1, @ get _constant

trace Al

execute trace/0

S13 @ retry _meelse Si4

S1. @ get _structure

or/2,Al

unify _void 1
unify _variable Al
execute call/1

S1a @ retry _meelse 55

S14 @ get _constant

notrace Al

execute notrace/0

515 . trust

-me

S1e : get constant nl Al
execute nl/0

1,{ Or/2:F11}

1stlevel dispatd for .54
2ndlevel for constants

2ndlevelfor structures

3rd levelfor or/2

call

V)
- call(Y).

call
(notrace)
- notrace
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S4

Ca

041

541
S4a

S42
Sap

543
S4c

544
Sad

switch _on_term 54, Cy,fail, £}

switch _on_constant 3, { repeat: Cy,
true :S4 }
switch _on_structure  1,{ call/1: 54 }

try Sa
trust  S4.

try _meelse 549

get _structure  call/1,Al
unify _variable Al
execute call/1

retry _meelse S43
get _constant repeatAl
proceed

retry _meelse Su4
get _constant repeatAl
put _constant repeatAl
execute call/1

trust _me

get _constant true Al
proceed

%
%

%

%
%

%
%
%
%

%
%
%

%
%
%
%
%
%
%

1stlevel dispatd for S
2nd levelfor constants

2nd levelfor structures

3rd levelfor ‘repeat’

call
(call
(X))
- call(X).
call
(repeay

call
(repeay
.- call(repeay

call
(true)

Figure5.17:Indexing codefor subsequencé,
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cong3 : switch _on_term Cy,,Cq,Cy,fall %

Cla : try _meelse (5, % conc

C : get _constant [], Al % ([
get value A2 A3 % L, L)
proceed %

Caq : trust _me % conc

Cy : get _list Al % (I
unify _variable X4 % H|
unify _variable Al % T, L,
get _list A3 % [
unify _value X4 % H|
unify _variable A3 % R])
execute cong/3 % - cond7, L, R).

Figure5.18: Encodingof cong/3

thanthe singlefinal [], this procedureywheninvokedwith aninstantiatedirst ar-
gumentwill backtrackonly onceattheendof list beforereachingnitial success.
However, with a compilerusingLCO but no clauseindexing, this will annihilate
all effectsof LCO because choicepoint will systematicallycover every recur
sive call's environmentto Ip with a non-emptylist in the key position. Whereas,
for suchcallsclauseindexing will eliminateall choicepointsandtransformeither
orderingof thetwo clausesnto fastiterative code.

All explicit definitionsfor theindexing instructionsaregivenin AppendixB.

Exercise5.4Theeffectof theswitch _on_constant instructiondescribedbore

is that given originally by Warrenin [War83]. However, it doesuselessvork as

it eventuallyleadsto aget _constant instructionthatredundantlytestswhether
registerAl containghatvery sameconstanthatwasseerin Al by switch _on_constant
Canyou proposea simple optimizationto avoid this redundang? [Hint: Beware

of intermediatdevelsof indexing]

Exerciseb.5 If youcouldfigureoutasolutionfor Exerciseb.4, canit alsowork or
beadaptedo avoid aredundanAl checkbyget _structure  afterswitch _on_structure
[Hint: Beware of thesettingof the S registerandthatof read /write  mode]
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5.11 Cut

In thislastsectionwe explain how the designobtainedafterthe compoundingpf
all the foregoing optimizationscanbe augmentedo accommodatémplementa-
tion of the Prologcut. The treatmentof cut wasnot part of the original WAM
report[War83. The materialwe presenthereis extrapolatedfrom what was
sketchedn [War8§ andsuggestionfrom DeanRosenzweigRos91].

As is well-known, the cut predicate(noted‘!") is an extra-logical control anno-
tation that helpsthe Prolog programmetrim the searchspace. The operational
semantic®f ‘!’ is simply to succeedvith a sideeffect on backtrackingnforma-
tion; namely oncepassedit makescontrolforgetary otherpotentialalternatve

for the proceduren whoseclauseit appearsaswell asary otherarising from

precedinghodygoals.

In termsof the machinearchitectureat hand,this effectis obtainedoy discarding
all choicepoint framesthat were createdafter the choice point frame that was
currentright beforethe call of the procedurecontainingthe cut. Let usassume
thatthe appropriatechoicepoint whereto returnuponbacktrackingover a cutis
maintainedn a globalregistercalledthe cut registerandnotedBO. Clearly, the
valueof BO mustbesetto theaddres®f thechoicepointthatis currentatthetime
a procedurecall is made. This is achieved by alteringthe call andexecute
instructiongo setBO to thevalueof the currentvalueof B. In thisway, executing
acutamountsessentiallyto resettingB to the valueof BO.

Therearereally two sortsof cutsto consider:shallowanddeepcuts. A shallav
cutis onelocatedbetweerthe headandthe bodyof theruleimmediatelyafterthe
‘- " symbol(thusalsocalledned cut—somevhateuphemistically)asin:

b= by, .., by
while adeepcutis ary other, of theform:

b byl by (1<i<n).

Beforelooking at eachcasein detail, let us first makean importantobsenation
regardingthe creationof choicepoints. While it is easyto seethatclauseindex-
ing may bypasscreatinga choicepoint for a multiple-clauseprocedureit is per
hapdessimmediateto realizethatindexing mayalsocausecreatingan additional
choicepointfor suchaprocedureForinstancerefertothe call/1 proceduregiven
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on Page76. Its instructionsequencé¢Page?7) startswith:
call/1 : try _meelse S,

which createsone choicepoint for call/1. Furtherdown in that procedures in-
struction sequencewhat constitutessubsequence; (given as Figure 5.16 on
Page80) containgheinstruction:

Fiyo:try S,

thatwill createaseconcchoicepointfor call/1 if executed-?

Letusfirstconsidethesimplercasevheretheclausecontaininghecut, beit shal-
low or deep,is the first (not necessarilyn sequencehanksto indexing) among
thoseof the calledprocedures to be executeduponenteringthe procedurewith
call orexecute . We shallseelaterwhatto doin the othercasewhereback-
trackingoccurredsincetheoriginal call.

Upon startingexecutingthe instructionsequencef the clausecontaininga shal-
low cut, BO is eitherequalto B (sinceindexing could have bypassedreatinga
choicepoint for the procedurecontainingthe rule), or equalto one of the two
previous choicepointsprecedingB. If BO andB areequal,thereis no actionto
be takenby the cut sincethis call doesnot have alternatvesarnyway. Otherwise
(B > BO0), theshallov cut mustdiscardary (oneor two) choicepointsfollowing
B. This actionis the samein eithercase(i.e.,, B «— BO,HB«+ B.H). Thisis the
maineffectof thenew instructionneck _cut into whichashallov cutoccurrence
is translatedFor instancethe body of:
a:- Lb

is compiledinto:

neck _cut

execute b/0

Theresettingof B andHB is not quite all that may be doneupona cut. Indeed,
discardingachoicepointmaychangedhestatusof somebindingsrecordedascon-
ditional in the trail which will have becomeunconditionalfor thoseheap(resp.,

12This fact was broughtto our attentionby DeanRosenzweidRos91 who noticedthat the
schemagivenin [AK90] waserroneousWe gratefully acknavledgehis suggestinghe corrected
schemawve describenext.
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stack)variableswhoseaddressewill now be greaterthanHB (resp.,B). There-
fore, this callsfor a clean-upof thetrail up to thetrail addressndicatedby there-
instatedchoicepoint frame. This amountgo removing the appropriateaddresses
from the trail andtampingit down to eliminatethe holesthis may have created
in it. (This operationis given asan ancillary operationcalled tidy_trail in Ap-
pendixB.)

Regardingdeepcuts,the complicationis thatthe callsto interveningbody goals
will overwrite the cut register BO betweerthe time the clausecontainingthe cut
is enterecandthetime thecutis executed However, all choicepointscreatedoe-
tweenthesettingof BO uponcallingthis clauses procedurendthisdeepcut must
bediscardedThereforejn exactly thesameway asfor CP, it will benecessarjo
save BO furtheraspartof the cut clauses ervironment.Fortunatelyit is not nec-
essaryto do sosystematicallyfor all clausesincemostdo not containdeepcuts.
Thus,ratherthanextendingtheformatof anervironmentframewith aspecialslot
for BO aswe did for CP, it is preferablgo save it asa pseudgermanenvariable.
The situationthenis to assimilatea deepcut occurrenceas!(Y'), whereY is a
permanenvariabledistinctfrom all othervariablesn theclause.Thisvariableis
allocatedn the currentervironmentto accommodatervironmenttrimming just
like the otherreal permanentariables(i.e., its offsetis greaterthanthe subse-
guentgoal’s andlessthatthe precedingyoal’s). With this, we only needtwo new

instructions:
(1) get _level Yn

(2) cut Yn

suchthat(1) get _level Yn alwaysappearmmediatelyafterallocate inthe
clause having for effect to setYrn to containthe currentvalue of BO; whereas,
(2) cut Yn discardsall (if ary) choicepoints after that indicatedby Yrn, and
cleansup new unconditionabindingsfrom thetrail up to thatpoint. For example,

a- bl e
is compiledinto:

allocate

get _level Y1
call 5/0,1
cut Yl
deallocate
execute ¢/0
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Note now that the presenceof a deepcut in a rule that would otherwisebe a
chainrule (e.g.,, a :- b.!.) makedt adeeprule requiringenvironmentallocation.
However, this notthe casewhenashallav cutoccursin rule thatwould otherwise
beachainrule. A neckcutdoesnot makesucharule adeeprule, eventhoughit
mightbe construedashaving two bodygoals.

The schemgust describedlealscorrectlywith cutsin the casewherethe clause
in questionis thefirst executedamongthoseof the calledprocedure However, it

is not quite completeasgivento be correctif the clauseis executedafter back-
trackingwithin the sameprocedure Then,thereis yet the problemof restoringa
correctvaluefor BO. For example,considetthe following pattern:

a:- b

a:- |

, C.
.d.
a:-

At thetime « is called, BO is setto the currentchoicepoint. Whenthe clause
a - b, c.is executed,the call to b overwritesB0O. Now, if the call to b fails,
backtrackingto the following clausewill executethe shallav cut andresetB to
the spuriousvalueleft in BO by thefailed call to b.

This simpleexampleillustratesthe needfor restoringBO0 to a correctvalueupon
backtracking But what (andwhere)is this correctvalue?It would not be correct
to resetBO to the choicepoint precedinghe currentB since,asobsenred before,
indexing may have creatediwo choicepointsfor the procedureandthereis no
simple way to detectthis. The solutionthat we adopthereis simple. (More
efficientbut morecomplicatedlternatvescanbedevised—e.g., seeExerciseb.6.)
Namely thevalueof thecutregisterBO is systematicallysaved aspartof achoice
point at its creationandrestoreduponbacktrackingfrom thatinformationsaved
in thecurrentchoicepoint. Accordingly, theformatof a choicepointframegiven
on Page38 is extendedwith anadditionalslot for this purpose(asshavn in the
completelayouton Pagell7)andthetry _meelse andtry instructionsare
modifiedappropriately(Soisallocate  sinceit mustaccounfor thisadditional
slot spacenvhenB is thetop of thestack.)

We now have a completeandcorrectschemdor handlingcut. All the machinery
we just presenteds takeninto accountin the explicit definitionsof the complete
WAM instructionggivenin AppendixB.

Exercise5.6 Thefollowing is suggestedty [Ros9]. The problemof knowing to
which valueB0 mustberestoreduponbacktrackingnaybe solvedin a betterway
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than systematicallysaving it as part of a choicepoint. It is possibleto usetwo

slightly differentversionsfor retry _meelse (resp.retry ) dependingonthe
level of indexing they areusedfor. An “outer” version,sayretry _meelse _1

(resp.retry _1)wouldresetB0 to thepreviouschoicepoint,andaninnerversion
, sayretry _meelse _2 (resp.,retry _2) would resetBO to the choicepoint
precedinghe previousone. Give a correcttranslationschemendall appropriate
modificationsneededn the explicit definitionsof AppendixB to implementthis

solution.

Exercise5.7 Referto theremarkmadein Footnote3 on Page38. Give all appro-
priatemodificationsneededn the pseudo-codgivenin AppendixB definingthe
WAM instructionsandancillaryoperationsn orderto eliminatethearity slotfrom
choicepointframes.
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Chapter 6

Conclusion

In this tutorial, we have conductedan exhaustve reconstructiorof an abstract
machinearchitecturdor Prologascompletelyasit hasbeenconceved by David
H. D. Warren.Startingfrom a merefirst-ordertermunificationmachinewe have
elaboratedts 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 ervi-

ronment. Namely mary detailsregardingotherinterestingProlog control con-
structs(e.g., conditional,freeze,etc), extra-logicalandbuilt-in procedurege.g.,

assert/retractsetof, etc), input/outputfacilities, etc, are yet to be spelledout.

However, all this is clearly beyond the scopeof this tutorial. Theseadditional
features,aswell asary otheroperationallywell-definedinterestingextensions,
canbeintegratedinto thepureWAM designwe have presentedvithoutexcessie
labor.

For thoseinterestedn moreadwancednaterialusingWAM ideassomeworksare
worthmentioningfor furtherreading.In particular themanneiin whichthe WAM
regardsunificationhasa strongrelationwith partial evaluationtechniquessex-
plainedin particularin [Kur87. Also, sincecompilationasdoneby the WAM
treatseachprocedurendependentlyof the restof the program,global analysis
techniquesanthereforebe consideredasin [Mel85, DW86a DW86h Deb89,
DwW89, vR90,vRD90]. Finally, onewill find copiousmaterialaboutimproving
backtrackingn Prologin [PP82 BP84 Cox84,CCF88,Z2TU90, Zho90].
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At ary rate, we hopeto have contritutedto give the readera rapid and clear
understandingvith thorough,if not formal, justification of all the detailsof the
essentialabstractmachine. Our aim hasbeento leave aslittle unexplainedas
possible ppeningup Warrens original design.Seenthusdecomposedndrecon-
structedfrom its logical componentsthe WAM' s organizationandworkingslose
all mystery Yet, far from lesseningts designers credit,understandinghe WAM
canmakeoneappreciatall themoreDavid H. D. Warrens feat,ashe conceved
thisarchitecturen his mindasonewhole. We arepleasedo have sharedwith the
readerour admirationfor his contribution’sadequag andelegance.
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Appendix A

Prologin a Nutshell

We first presentbasicnotionsfor first-ordertermsand substitutions. Then, we
describea non-deterministiainificationalgorithmasa setof solution-preserving
transformation®n a setof equationgiueto HerbrandHer71] (cf., Pagel48)and
rediscoveredby Martelli-MontanariiMM82]. Then,we summarizehe essence
of Prolog'soperationakemantics.

Terms and substitutions

Let {¥, }.>0 beanindexedfamily of mutuallydisjointsetsof (function)symbols
of arity n. Let¥ = U, 2, bethesetof all function symbols. Let V bea
countablyinfinite setof variables By corvention,variableswill be capitalized
notto confusethemwith constantsn X.

Let7 bethesetof (first-order)termsdefinedasthe smallesisetsuchthat:

oif X € VthenX ¢ T;
oif « € Yythena € T;
oif f € X,,(n>1),andt; € T,(1 <i<n), thenf(ts,...,t,) € 7.

For example,giventhe signature} suchthatp € Y5, h € X, f € X,
anda € Yg, andgiventhatW, X, Y, and Z arevariablesin V, the terms
(2, h(Z, W), [(W)) andp(f(X), h(Y, [(a)),Y) arein T.

A substitutionis a finitely non-identicalassignmenbf termsto variables;i.e., a
functiono fromV to 7 suchthattheset{X € V| X # o(X)} isfinite. This
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setis calledthedomainof o anddenotedy dom(o). Sucha substitutions also
written asa setsuchaso = {t;/ X, }7., wheredom(o)= {X;}", ando(X;) = ¢;
for: =1ton.

A substitutiorns is uniquelyextendedo a functiona from 7 to 7 asfollows:

o7 (X)=0(X),if X € V;
o7 (a) =a,ifa € Xy;
(b1 s b)) = F(7(0), - T f € Sty € T,(1<i <)

Sincethey coincideon V, andfor notationcorvenienceye deliberatelyconfusea
substitutionr andits extensiore. Also, ratherthanwriting o(t), weshallwrite to.

Giventwo substitutionsr = {¢;/X;}"_, andf = {s;/Y;}"_,, their composition
of is the substitutionwhich yieldsthe sameresulton all termsasfirst applyingo

thenapplyingd ontheresult. Onecomputesucha compositionastheset:

o= ({t6/X [t/X € o} — {X/X[X € dom(c)})
U (0 — {s/Y|Y € dom(o)}).

For example,if o = {f(Y)/X,U/V} andf = {b/ X, f(a)/Y,V/U}, thencom-
posinge andd yieldsod = {f(f(a))/ X, f(a)/Y,V/U}, while composing and
o givesfo = {b/X, f(a)/Y,U/V}.

Compositiondefinesa preordef(i.e., areflexive andtransitive relation)on substi-
tutions. A substitutiono is more geneanl thana substitutiond iff thereexists a
substitutionp suchthatd = op. For example,{f(Y)/X} is moregeneralfthan

{/(f(a))/ X, [(a)/Y}.

Unification algorithm

An equationis a pair of terms,written s = ¢. A substitutions is a solution(or a
unifier) of a setof equations(s; = ¢;}, iff s,c = t,ocforall: = 1,...,n. Two
setsof equationsareequivaleniff they bothadmitall andonlythesamesolutions.
Following [MM82], we definetwo transformation®n setsof equations—term
decompositiorandvariable elimination They both presere solutionsof setsof
equations.

Term Decomposition If a set £ of equationscontainsan equationof the form
f(s1,..,80) = flty,...,t,), whee f € X, (n > 0), thentheset £’ =
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E—{f(s1,-..,8:) = f(t1,...,t,)} U {s; = t;}, isequivalento £.}

Variable Elimination If a set£ of equationscontainsan equationof the form
X =twheet # X,thenthesett’ = (K —{X =t})oU{X =t} whee
o = {t/X}, isequivalento F.

A setof equationd? is partitionednto two subsetsits solvedpartandits unsolved
part. Thesolved partis its maximalsubsebf equationf theform X = ¢ such
that X occursnowherein thefull setof equationsxceptastheleft-handsideof

thisequatioralone.Theunsohedpartis thecomplemenof thesolvedpart. A set
of equationss saidto befully solvediff its unsoled partis empty

Following is a unificationalgorithm. It is a non-deterministicormalizationpro-
cedurefor agivenset £ of equationsvhich repeatedlychoosesandperformsone
of thefollowing transformationsintil noneappliesor failureis encountered.

(u.1) Selectary equationof theform ¢ = X wheret is not a variable,and
rewrite it as X = t.

(u.2) Selectary equatiorof theform X = X anderasait.

(u.3) Selectary equationof the form f(si,...,s,) = g(t1,...,t,) Where
f € ¥,andg € X,,(n,m >0);if f # gorn # m,stop
with failure; otherwisejf n = 0 eraseheequationglse(n > 1) replace
it with n equations;; = ¢;, (1 = 1,...,n).

(u.4) Selectary equationof the form X = t where X is a variablewhich
occurssomeavhereelsein the setof equationsandsuchthatt # X.
If ¢ is of theform f(¢4,...,1,), wheref € %,, andif X occursin ¢,
thenstopwith failure; otherwiselet o = {¢{/ X'} andreplaceevery other
equation/ = r by lo = ro.

If this procedurderminateswith successthe setof equationsvhich emepesas
the outcomeis fully solved. Its solved partdefinesa substitutioncalledthe most
geneal unifier (MGU) of all thetermsparticipatingassidesof equationsn £. If

it terminateswith failure, the setof equations” is unsatisfiabl@ndno unifier for

it exists.

Thesetll = {p(Z, h(Z,W), [(W)) = p(f(X),h(Y, f(a)),Y)}, for example,
is normalizedasfollows:

Lf n = 0, theequationis simply deleted.
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{72 =1(X), M2, W) = k(Y, [(a)), [(W)=Y} [by (u.3)]
{72 =1(X), b(J(X), W) =h(Y, [(a)), [(W) =Y} [by (u.4)]
{(Z2=0(X), [(X)=Y, W=[(a), (W)=Y} [by (u.3)]
{(Z=01X), Y =[(X), W=[(a), [(W)=Y} [by (u.1)]
{2 =0(X), Y =[(X), W= [(a), [(W)=[(X)} [by (u.4)]
{72 =0(X), Y =[J(X), W= [(a), [(f(a)) = F(X)} [by (u.4)]
{(Z=01X), Y =[(X), W=[(a), [(a) = X} [by (u.3)]
{Z=1X), Y =[(X), W= [la), X =[(a)} [by (u.1)]
{Z=/((a), Y =[([(a)), W=[(a), X =[(a)} [by (u.4)]

producmghesubstltutl v = {f(f(a)/Z, fla)/W, f(f(a))]Y, f(a)/ X} which

a F(X),hr(Y, f(a)),Y) andbothyield
the sametermp(f(f( )),h( (f(a)), f(a)), f(f(a))) whenappliedthe substitu-
tiono.

Prolog

Logic programming,of which Prologis the canonicallanguage expresse$ro-
gramsasrelationalrulesof theform:

rg(fo) - rl(fl), el rn(fn)

wherethe r;’s arerelationalssymbolsandthe ;s aretuplesof first-orderterms.
Onereadssucharule as: “For all bindingsof their variables,thetermst, are in
relationr, if thetermst; arein relationr, and... thetermst,, arein relationr,,.”
In the casewheren = 0, therule reducedo the simpleunconditionalassertion,
or fact, ro(4) thatthetermst, arein relationr,. A factwill bewritten omitting
the:- symbol. Theserulesarecalleddefiniteclauses expressionsuchasr;(t;)
arecalledatoms the headof a definiteclauseis the atomon theleft of the :-
symbol,andits bodyis the conjunctionof atomsoniits right.

For example the following aretwo definiteclausesthefirst onebeingafact:

cond([l, L, L).
condH.T,L,H.R):- condT,L,R).
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where'[]’ € ¥, isaconstanandthefunctionsymbol‘.” € ¥, is writtenin infix
notation.This may be usedasa programto concatenatéwo lists where|] is used
asalist terminator?

A queryis aclauseof theform:

- Q1(§1), . 7Qm(§m)

A queryasshavn abore mayberead:“ Doesthere existsomebindingof variables
sud that thetermss; arein relation¢;, and... s, arein relationg,,?" To em-
phasizehatthisis interpretedasa questionthesymbol:- isthenwritten?- as
in:

?- QI(gl)v Tt 7Qm(§m>'

SLD resolutionis a non-deterministicdeductionrule by which queriesaretrans-
formed. It owesits origins to Automatic TheoremProving basedon the Res-
olution Principle discavered by J. A. Robinson[Rob69 and was proposedby
R. A. Kowalski[Kow79] asa computatiorrule. Technicallyit is characterizeds
linearresolutionover definite clausesusinga selectionfunction. Linearresolu-
tion is a particularrestrictionof the non-deterministi@pplicationof the general
deductionrule definedin [Rob69 so that one single fixed clausekeepsbeing
transformedoy resolvingit againstotherclausesn a given set. SLD resolution
is a further restrictionof linear resolutionwhere(1) the fixed clauseis a query
(2) clausesn the setaredefinite,and(3) anoracularfunctionselectsvhich atom
in the queryto resole on andwhich definiteclausein the setto resol\e against.
Thus,the letters“SLD” standrespectrely for “Selectiori “Linear,” and*”Defi-
nite.”

More specifically usingthe above Prolog notationfor queriesandrules, SLD
resolutionconsistsn choosinganatomg;(s;) in the query’s body anda definite
clausein the given setwhoseheadr,(#,) unifieswith ¢;(5;) thanksto a variable
substitutions (i.e., ¢;(5;)o = ro(fo)o), thenreplacingit by thebodyof thatclause
in thequery applyingsubstitutiorns to all thenew query Thatis,

?- i(s1)o, ..., qi1(Sim1)0, rl({l)a, . ,rn({n)a, Gi+1(Sit1)0, o o qm(Sm )0

The processs repeatecand stopswhenandif the query’s body is empty (suc-
cess)or norule headunifieswith the selectecatom(failure). Therearetwo non-
deterministicchoicesmadein the processoneof anatomto rewrite in thequery

2Forexample,1.2.3.[]isalist. EdinturghPrologsyntaxuseq X |Y] insteacf X.Y'; it alsouses
asimplifiedvariantto expressalist in extensgallowing writing [1,2,3] ratherthan[1{[2|[3|[]]]].
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andoneamongthe potentiallymary ruleswhoseheadto unify with thisatom.In
ary case,SLD resolutionis sound(i.e., it doesnot derive wrong solutions)and,
providedthesechoicesaremadeby afair non-deterministicelectionfunction, it
is alsocompletd(i.e., it derivesall solutions).

Prolog'scomputatiorrule is a particulardeterministicapproximatiorof SLD res-
olution. Specifically it is a flatteningof SLD resolutionemulatinga depth-first
search. It seesa programasan ordered setof definite clausesanda queryor
definiteclausebody asan ordered setof atoms. Theseordersare meantto pro-
vide a rigid guide for the two choicesmadeby the selectionfunction of SLD
resolution.Thus,Prolog’s particularcomputatiorstratgy transformsa queryby
rewriting the queryattemptingo unify its leftmostatomwith the headof thefirst
rule accordingto the orderin which they arespecified.If failure is encountered,
a backtrackingstepto the latestrule choicepoint is made,and computationre-
sumedtherewith the next alternatve given by the following rule. For example,
if the two clausedor predicateconcare given asabove, thenthe Prologquery
‘?- cond1.2.7,3.4.[], L)." succeedsvith thesubstitution?’ = [], L = 1.2.3.4.]],
while thequery*'?- cond1.2.], X,3.Y).” fails.

Stratgyiesfor choiceof whereto applylinearresolutionareall logically consistent
in the sensethatif computationterminatesthe variablebinding exhibited is a
legitimatesolutionto theoriginalquery In particular like non-deterministiSLD
resolution,Prolog resolutionis sound However, unlike non-deterministicSLD
resolution,it is incomplete Indeed,Prolog’s particularstratgy of doing linear
resolutionmaydiverge althoughfinitely derivablesolutionsto a querymayexist.
For example,if the definite clausedor concaregivenin a differentorder(i.e.,
first therule, thenthefact), thenthequery*?- cond X, Y, 7).” never terminates
althoughit has(infinitely mary) finitely derivablesolutions!
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Appendix B

The WAM at aglance

B.1 WAM instructions

We summarizéherefor quick referencell the instructionsof the WAM. In some
instructionswe usethe notationVr to denotea variablethatmaybeindifferently
temporaryor permanent.
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The completeset:

Put instructions

put variable  Xn,A:

put variable Yn,A:

put value Vn,A:

put _unsafe _value Yn,A:
put _structure A

put list A:

put _constant ¢, Ad

Set instructions

set _variable Vn
set _value Vn

set _local _value Vn
set _constant ¢

set .void =

Control instructions

allocate
deallocate
cal P,N
execute P
proceed

Indexing instructions

switch _on_term V,C,L,S
switch _on_constant N,T

switch _on_structure N, T

Get instructions

get variable Vn,Ai
get value Vn,As
get _structure A
get list A

get _constant ¢, A

Unify instructions

unify _variable Vn
unify _value Vn

unify _local _value Vn
unify _constant ¢
unify _void n

Choice instructions

try _meelse L
retry _meelse I

trust _me
try L
retry L
trust L

Cut instructions

neck _cut
get level Yn
cut Yn
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Put instructions

|put variable  Xn, Ai]

Pusha nenv unboundREF cell ontothe
heapand copy it into both register Xn
andregisterA:. Continueexecutionwith
thefollowing instruction.

put variable Yn,A

Initialize the n-th stackvariablein the
current ervironmentto ‘unbound’ and
let Ai point to it. Continueexecution
with thefollowing instruction.

put value Vn,A:

Placethecontentof Vn into registerAa.
Continueexecutionwith the following
instruction.

put _unsafe value Yn,A:

If thedereferenceslalueof Yrn is notan
unboundstackvariablein thecurrenten-
vironment,setA: to that value. Other
wise, bind the referencedtackvariable
to a new unboundvariablecell pushed
on the heap,andsetA: to point to that
cell. Continueexecutionwith the fol-
lowing instruction.

Copyright(© HassamiT-KAcCI
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HEAP[H < (REF,H);

Xn — HEAP[H ;

Ai — HEAP[H| ;

H— H+1;

P — P+ instructionsiz&P);

addr — E+ n+ 1;
STACK[addr] — (REF, addr);
Ai — STACK([addr] ;

P — P+ instructionsiz&P);

Ai — Vn;
P — P + instructionsizé P);

addr — deref(E+ n + 1);
if addr < E
then Ai — STOREJaddr]
else
begin
HEAP[H] < (REF,H);
bind(addr, H);
Ai — HEAP[H] ;
H—H+1
end;
P — P+ instructionsiz&P);
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put _structure  f,Ad|

Pusha new functor cell containing f HEAP[H — f/n;

onto the heapand setregister A to an ~ Ai — (STR, H);

STR cell pointing to that functor cell. H«— H+ 1;
Continueexecutionwith the following P — P + instructionsiz&P);
instruction.

put _list A:

Set register Ai to containa LIS cell A — (LIS, H);

pointing to the currenttop of the heap. P — P + instructionsiz&P);
Continueexecutionwith the following

instruction.

put _constant ¢, Ai

Placea constantcell containinge into  Ai — (CON, ¢ );
registerAi. Continueexecutionwith the P — P + instructionsiz€P);
following instruction.

Get instructions

|get variable  Vn, Ai]

Placethe contentsof register Az into  Vn — Ad;
variable Vn. Continueexecutionwith P — P + instructionsize P);
thefollowing instruction.

|get value Vn,Ai

Unify variable Vn and register Ai.  unify(Vn, Ai);

Backtrackon failure, otherwisecon- if fail

tinue execution with following in- then badtrack

struction. elseP — P + instructionsiz€ P);
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get structure  f,Ad|

If the dereferencedialue
of register Ai is an un-
boundvariable,thenbind
thatvariableto anew STR
cell pointingto f pushed
on the heapandsetmode
to write ; otherwisejf it

is a STR cell pointing to

functor f, thensetregister
S to the heapaddresdol-

lowing that functor cell’s
and set mode to read .

If it is nota STRcell or

if the functor is different
than f, fail. Backtrack
on failure, otherwisecon-
tinue executionwith fol-

lowing instruction.

get list Au

If the dereferencedialue
of register Ai 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 executionwith fol-
lowing instruction.

Copyright(© HassamiT-KAcCI

addr — deref (A);
case STORE[uddr] of

(REF,_) : HEAP[H < (STR,H+ 1);
HEAP[H+ 1] « f;
bind(addr, H);
H— H+ 2;
mode «— Wwrite ;
(STR,a): if HEAP[a] = f
then
begin
S—a+1;
mode «— read
end
else fail — true;
other fail — true;
endcase;
if fail
then badtrack

elseP — P + instructionsiz&P);

addr — deref (A7);
case STORE[uddr] of

(REF,_) : HEAP[H — (LIS,H+1);
bind(addr,H);
H— H+1;
mode «— write ;
(LIS,a): S« a;
mode — read ;
other : fail — true;
endcase;
if fail
then badtrack

elseP — P + instructionsiz&P);
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get constant ¢, Ai

If the dereferencedalue
of register A¢ is an un-
boundvariable, bind that
variable to constant c.

Otherwise fail if it is not
the constant:. Backtrack
on failure, otherwisecon-
tinue executionwith fol-

lowing instruction.

Setinstructions

|set variable  Vn|

addr — deref (A7);
case STORE[uddr] of
(REF,_) : STORE[uddr] «— (CON,c);

trail( addr);
(CON,c"): fail — (¢ # ¢);
other . fail < true;
endcase;
if fail
then badtrack

elseP — P + instructionsiz€ P);

Pusha new unboundREF cell ontothe  HEAP[H] < (REF , H);
heapandcopyit into variableVn. Con- Vn «— HEAP[H ;
tinue executionwith the following in- H«— H+ 1;

struction.

|set _value Vn]

P — P + instructionsizé P);

PushVrn’svalueontotheheap.Continue HEAP[H] — Vn;
executionwith thefollowinginstruction. H«— H+ 1;
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P — P + instructionsizé P);
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|set local _value Vn]|

If the dereferencedalueof Vn isan  addr — deref(Vn);
unboundheapvariable,pusha copy if addr < H
of it onto the heap. If the derefer then HEAP[H] <« HEAP[addr]

encedvalueis an unboundstackad- else
dress,pusha new unboundREF cell begin
ontothe heapandbind the stackvari- HEAP[H < (REF,H);
abletoit. Continueexecutionwith the bind(addr, H)
following instruction. end;

H— H+1;

P — P + instructionsizé P);

|set _constant |

Pushthe constant: ontotheheap.Con- HEAP[H — (CON, ¢ );
tinue executionwith the following in- H«— H+ 1;
struction. P — P+ instructionsiz&P);

Pushn newv unboundREFcellsontothe  fori — HtoH+n — 1 do
heap. Continueexecutionwith the fol- HEAP[:] — (REF,1);
lowing instruction. H— H+ n;

P — P+ instructionsiz&P);

Unify instructions

lunify _variable  Vn|

Inread mode placethecontentof case mode of

heapaddressS into variableVn; in read : Vn — HEAP[S];

write mode, pusha nev unbound write : HEAP[H < (REF,H);
REF cell onto the heapand copy it Vn — HEAP[H] ;

into X:. In eithermode,incrementS H— H+1;

by one.Continueexecutionwith the  endcase;

following instruction. S« S+1;

P — P + instructionsizé P);
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lunify _value Vn|

In read mode,unify variableVn and

heapaddress; in write

thevalueof Vrn ontotheheap.In either
mode,incrementS by one. Backtrack
on failure, otherwisecontinueexecu-
tion with following instruction.

case mode of

mode,push read unify(Vn, S);
write HEAP[H <« Vn;
H— H+1;
endcase;
S—S+1;
if fail
then badtrack

elseP — P + instructionsiz€ P);

lunify _local _value Vn|

In read mode, unify
variable Vn and heap
addressS. In write
mode, if the derefer
encedvalueof Vn isan
unboundheapvariable,
pusha copy of it onto
the heap. If the deref-
erencedvalueis anun-
bound stack address,
push a new unbound
REF cell ontothe heap
andbind the stackvari-
able to it. In either
mode, incrementS by
one. Backtrackon fail-
ure,otherwisecontinue
execution with follow-
ing instruction.
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case mode of

read unify(Vn, S);
write addr — deref(Vn);
if addr < H
then HEAP[H] «— HEAP[addr]
else
begin
HEAP[H] < (REF,H);
bind(addr, H)
end;
H— H+ 1;
endcase;
S~ S+1;
if fail

then badtrack
elseP — P + instructionsiz&P);
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lunify _constant ¢

Inread mode,dereferencéheheapaddressS. If theresultis anunboundvari-
able,bind thatvariableto the constant; otherwisefail if theresultis different
thanconstant. In write  mode,pushthe constant ontothe heap.Backtrack
onfailure, otherwisecontinueexecutionwith following instruction.

case mode of
read : addr — deref(S);
case STORE[uddr] of
(REF,_) : STORE[uddr] «— (CON,c);

trail( addr);
(CON,c"): fail — (¢ # );
other : fail — true;
endcase;
write : HEAP[H < (CON,c);
H— H+1;
endcase;
if fail

then badtrack
elseP — P + instructionsiz&P);

lunify _void n

In write mode, pushn new  case mode of

unbound REF cells onto the read : S« S+n;

heap. In read mode,skip the write : fori— HtoH+n—1do
next n heapcells startingat lo- HEAP[:] — (REF,i);
cation S. Continueexecution H«— H+ n;

with thefollowinginstruction.  endcase;
P — P+ instructionsiz&P);
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Control instructions

Allocate a new ervironmenton the stack, settingits continuationervironment
andcontinuationpoint fieldsto currentE andCP, respectiely. Continueexecu-
tion with thefollowing instruction.

ifE>B
then newE — E 4+ CODE[STACK[E+ 1] — 1] +2
else newE — B+ STACK][B] + 8;

STACK|[nenE] < E;

STACK[nenvE + 1] — CP,

E — newE;

P — P+ instructionsiz&P);

|deallocate |

Remae the ervironmentframeatstack CP«— STACK[E+ 1] ;
locationE from the stackby resettinge  E «— STACK|F] ;

to thevalueof its CEfield andthecon- P — P + instructionsizé P);
tinuation pointer CP to the value of its

CPfield. Continueexecutionwith the

following instruction.

If P is defined,thensave the cur  if defined(P)

rent choice point’s addressin BO then

and the value of currentcontinua- begin

tion in CP, and continueexecution CP — P + instruction_size(P);
with instructionlabeled P, with N num_of _args — arity(P);
stackvariablegemainingn thecur- BO — B;

rent environment; otherwise back- P— @(P)

track. end

else badtrack;
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execute P

If P s defined,then save the current if defined(P)

choice point’s addressn BO and con- then
tinue executionwith instructionlabeled begin
P; otherwisepacktrack. num_of _args — arity(P);
BO — B;
P— @(P)
end

else badtrack;

Continueexecutionatinstructionwhose P «— CP,
addresss indicatedby the continuation
registerCP.
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Choiceinstructions

[ty _meelse ]

Allocate a new choicepoint frameon the stacksettingits next clausefield to 7.
and the otherfields accordingto the currentcontext, and setB to point to it.
Continueexecutionwith following instruction.

ifE>B
then newB — E + CODE[STACK[E+ 1] — 1] + 2
else nevB — B+ STACK][B] + 8;
STACK[newB] « num_of _args;
n «— STACK|[nhewB] ;
for i — 1 to n do STACK[nenB + 1] — A;
STACK[henB+ n + 1] < E;
STACK[hewnB+ n + 2] «— CP,
STACK[henB + n + 3] < B;
STACK[hewnB+ n + 4] « I;
STACK[henB+ n + 5] « TR
STACK[henB+ n + 6] «— H;
STACK[hewnB+ n + 7] < BO;
B — newB;
HB— H;
P — P+ instructionsiz&P);

el el el e b e

retry _meelse L

Having backtrackedo thecurr n — STACK|B] ;
rent choicepoint, resetall the for: — 1 ton do Ai — STACK[B+ 7] ;
necessarynformation from it E <« STACK[B+ n + 1] ;
andupdateits next clausefield CP«— STACK[B+ n + 2] ;
to L. Continueexecutionwith  STACK[B+ n +4] « L;
following instruction. unwind _trail(STACK[B+ n + 5] , TR);
TR~ STACK[B+ n + 5] ;
H— STACK[B+ n + 6] ;
HB — H;
P — P + instructionsiz€ P);
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Having backtrackedo the cur-
rent choice point, resetall the
necessarynformation from it,
thendiscardit by resettingB to
its predecessorContinueexe-
cution with following instruc-
tion.

n «— STACK|B] ;

for i — 1ton do Ai — STACK[B+ 7] ;
E — STACK[B+ n + 1] ;

CP— STACK[B+ n + 2] ;

unwind _trail(STACK[B+ n + 5] , TR);
TR — STACK[B+ n + 5] ;

H— STACK[B+ n + 6] ;

B — STACK[B+ n + 3] ;

HB — STACK[B+ n + 6] ;

P — P + instructionsiz&P);

Allocateanew choicepointframeon the stacksettingits next clausefield to the
following instructionandthe otherfields accordingto the currentcontet, and
setB to pointtoit. Continueexecutionwith instructionlabeled’.

ifE>B

then newB — E + CODE[STACK[E+ 1] — 1] +2
else nevB — B + STACK[B] + 8;
STACK[newB] < num_of _args;
n «— STACK|[nhewB] ;
for : — 1 to n do STACK[nhewB + 1] — Ad;
STACK[henB+ n + 1] < E;

STACK[nhenB + n + 2
STACK[nenB + n + 3
STACK[hewnB + n + 4
STACK[nevB +n + 5
STACK[nenvB + n + 6
STACK[nevnB +n + 7

B — newB;
HB — H;
P—L;
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— B;

— P+ instruction_size(P);
~ TR

— H;

— BO;

el e d bed bd
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Having backtracked n»n «— STACK]IB] ;

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!..

trust L

fori— 0ton—1do Ai — STACK[B+ 1] ;

E — STACK[B+ n + 1] ;

CP— STACK[B+ n + 2] ;

STACK[B+ n + 4] < P+ instruction_size(P);
unwind _trail(STACK[B+ n + 5] , TR);

TR — STACK[B+ n 1 5] ;

H— STACK[B+ n + 6] ;

HB — H:

P~ L;

Having backtrackedo thecurr n — STACK|B] ;

rentchoicepoint, resetall nec- for: «— 1 ton do Ai — STACK[B + 7] ;
essarynformationfromit, then E «— STACK[B+ n + 1] ;

discardit by resettingB to its CP <« STACK[B+ n + 2] ;
predecessor Continueexecu-  unwind_trail(STACK[B+ n + 5] , TR);
tion with instructionlabeled’,. TR «— STACK[B+ n + 5] ;

H<«— STACK[B+ n + 6] ;
B «— STACK[B+ n + 3] ;
HB — STACK[B+ n + 6] ;
P—L;

Indexing instructions

|switch _on_term V,C, L, 5]

Jumpto theinstructionlabeled,respec- case STORE[deref (Al)] of
tively, V', C, L, or S, dependingon (REF,_) : P<V;

whetherthe dereferencegtalueof agu- (CON,_) : P« C}
mentregisterAl isavariable aconstant, (LIS,.) : P L;
a non-emptylist, or a structure respec- (STR,.) : P < 5;
tively. endcase;
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switch _on_constant N,T|

Thedereferencedalueof register  ( tag , val ) — STORE[deref (Al)] ;
Al beinga constantjump to the ( found , inst) — get_hash(val, T, N);
instructionassociatetb it in hash-  if found

tableT of size N. If the constant then P « inst

foundin Al is notonein thetable, else badtrad;

backtrack.

switch _onstructure N, T|

Thedereferencedalueof register  ( tag , val ) — STORE[deref (Al)] ;
Al beinga structurejumpto the ( found ,inst) — get_hash(val, T, N);
instructionassociatetb it in hash-  if found

tableT of size N . If thefunctorof then P « inst

thestructurdoundin Al isnotone else badtrad;

in thetable,backtrack.

Cut instructions

If thereis a choicepoint afterthatin- if B > BO
dicatedby BO, discardit and tidy the then

trail up to that point. Continueexecu- begin
tion with following instruction. B — BO;
tidy _trail
end;

P — P + instructionsizé P);

|get level Yn

SetYn to thecurrentvalueof BO. Con- STACK[E+ 2 + n] « BO;
tinue executionwith following instruc- P — P + instructionsizé P);
tion.
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Discardall (if ary) choicepointsafter if B > STACK[E + 2 + n]
thatindicatedby Y=, andtidy thetrail up then

to that point. Continueexecutionwith begin
following instruction. B — STACK[E+ 2+ n] ;
tidy _trail
end;

P — P + instructionsizé P);

B.2 WAM ancillary operations

procedure backtrack;
begin
if B = bottom_of _stack
then fail_and_exit _program

else
begin
BO — STACK[B+ STACK|B] + 7];
P — STACK|[B+ STACK][B] + 4]
end
endbacktrack;

The badtrack operation
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function deref(a : address) : address;
begin
(tag , value ) — STORE] ;
if (tag = REF) A (value # a)
thenreturn deref (value)
elsereturn a

endderef;

The deref operation

procedure bind(ay,az : address);
(t1,-) < STORE[]; (#2,-) — STORE,] ;
if (t; = REF) A ((fy # REF)V (a3 < ay))
then
begin
STORE[;] < STORE;] ; trail(a,)
end
else
begin
STOREf;] «— STORE[,]; trail(as)
end

endbind;

The bind operation
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procedure trail(a : address);
if (¢ <HB) vV ((H< a) A (a < B))
then
begin
TRAIL[TR | — a:
TR+~ TR+ 1
end
enditrail;

The trail operation

procedure unwind_trail(a, aq : address);
fori < a; toa; — 1do
STORE[TRAIL[i] ] — (REF, TRAIL[ 1] );

endunwind_trail;

The unwindtrail operation
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procedure tidy_trail;
1 — STACK[B+ STACKI[B] + 5] ;
while i < TRdo
if (TRAIL[ 7] < HB) VvV ((H< TRAIL[ 7] ) A (TRAIL[ ¢] < B))
theni — i1+ 1
else
begin
TRAIL[ 7] « TRAIL[TR —1];
TR~ TR-1
end
endtidy_trail;

The tidy_trail operation

Copyright@© HassamiT-KAcl  Reprintedrom MIT Press PAGE 115 oF 129



WARREN'S ABSTRACT MACHINE

procedure unify(ay,ay : address);
push(ay,PDL); push(az,PDL);
fail — false;
while —(empty(PDL) V fail) do
begin
di — deref(pop(PDL)); dy — deref(pop(PDL));
if dl 7£ dg then
begin
(t1,v1) < STOREK] ; (t2,v2) « STOREW,] ;
if tl = REF then bmd(dl, dg)
else
case ty of
REF : bind(dy,dsy);
CON : fail — (t; # CON)V (v1 # v2);
LIS : if t; # LIS then fail — true
else
begin
push(vy,PDL); push(wvy,PDL);
push(vy + 1,PDL); push(wvg + 1,PDL)
end;
STR : if t; # STR then fail — true
else
begin
fi/m1 < STOREp]; f2/ny < STORE[;] ;
if (i # f2)V(n1 # ng)then fail — true
else
for i — 1 to n; do
begin
push(vy + 4, PDL); push(vy + ¢, PDL)
end
end
endcase
end
end
endunify;

The completeunify operation
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B.3 WAM memory layout and registers

(low)
Registerd: CodeArea Argument Registers:
EP—’ ALA2, ... An,...
Heap Choice point frame:
S n  arity
HB Al 1stagument
H U/ An nth agument
CE cont.environment
CPcont.code
B previouschoicept.
BP nextclause
Stack TR trail poi
pointer
BC H heappointer
B BO cutpointer
choicepoint
E Environment frame:
environment
U/ CE cont.environment
CPcont.code
. Y1 1stlocalvariable
Trall
TR Yn nthlocalvariable
PDL
(high)
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