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Abstract
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1 Intr oduction

SICStusProlog is one of SwedishInstitute of ComputerScience’s (SICS’s) Prolog
systems.To improveexecutionspeedandminimizespaceusagethevirtual instruction
setwasinvestigatedandmodified. A methodologyfor finding instructioncandidates
for optimizationsanda framework for semi-automatictestingto evaluatetheir impact
wereconstructed.

Theprojectwasdoneasa Masterof Sciencethesisat the ComputerScienceDe-
partment(CSD)at UppsalaUniversity for theSwedishInstituteof ComputerScience
(SICS)in Uppsala,Sweden.

The thesisis organizedasfollows. It first describesthe historyof Prologandthe
basicsof theWAM (WarrenAbstractMachine).Thelayoutof thetestsandthevarious
techniquesthat canbe usedto improve an emulatorarediscussedin Chapter4 and
5. In Chapter6 andthereafterfollows a concretedescriptionabouthow theproblems
formulated(first paragraph)weresolved.Thefinal chaptersdiscusstheresultsandtry
to seeinto thefuture.

Threeappendicescontainadditionalinformation. AppendixA triesto give a con-
cisedescriptionof the WAM. AppendixB describesthe SICStusinstructionsetand
techniquesusedin it. Appendix C describesthe opcodesusedin the implemented
abstractmachines.

2 Prolog

2.1 The language

Prolog(from PROgrammingin LOGic) is a declarative language.Codeis expressed
in facts,rulesandquestionsandtheorderof statementsis oftenirrelevant.Prologis in
this matterquitedifferentfrom imperative languages.

Prolog was createdin the 1970’s and hasdevelopedfrom being usedsolely as
a theoremprover to a completeprogramminglanguage.A goodbook aboutProlog
programmingis [5].

2.2 History of SICStusProlog

Thefirst Prologinterpreterwasdevelopedat theUniversityof Marseillesin 1974.The
first andsecondcompiler(1977,1980)werebothcreatedin Edinburghby David H.D.
Warren.

ThePrologcompilers(interpreters)maintainedanddevelopedby SICSareSICS-
tusPrologandQuintusProlog.ThisMasterThesismainly treatsSICStusProlog(with
several modifiedabstractmachines),but experienceandconclusionsfrom the imple-
mentationof QuintusProloghavebeenusedasguidelinesfor how to improveSICStus.
All work onSICStusPrologis currentlycoordinatedby themembersof theIntelligent
SystemsLaboratory(ISL) atSICS1 in Uppsala.

Theversionof thecodeusedwasthenot yet releasedversion4.0,usingthesame
instructionsetas SICStus3.8. At the time of writing the latestreleasedversionof
SICStusis version3.82.

1TheUppsalagroupconductsresearchon finite domainconstraintprogrammingandPrologtechnology.
Thegroupandtheirwork canbefoundonhttp://www.sics.se/isl/cps/

2Informationon how to obtainSICStusaswell aswell asinformationon which currently is the latest
availablereleasecanbefoundat http://www.sics.se/sicstus/
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SICStuscodeis written in PrologandC.

3 WAM

3.1 “The” Abstract machinefor Prolog

In 1983David H. D. Warrenwrotea technicalreport[16] on anabstractmachinefor
executionof Prologprograms.The descriptionwasnot aimedat a broaderaudience
sinceWarrendid not believe that it would be of greatinterest. Contraryto his be-
liefs, the abstractmachinefound its way into many implementationsof Prologsuch
asSICStus,Quintus,XSB, dPrologandYapandhasbecomethe de facto implemen-
tationvehiclefor emulatedPrologsystems.Theincreasedinterestin themachineand
the styleof Warren’s original text led HassanAït-Kaci to do a tutorial reconstruction
[2] of his work in 1991. His tutorial recreatesthe original machinein steps,giving
explanationsfor thedesigndecisions,but it lackssomeof thehistorical/chronological
motivationsof Warren’spaper.

A concisedescriptionof the WAM is given in an article by P. WeemeeuwandB.
Demoen[17].

3.2 WAM instructions

WAM is anabstract(or virtual) machine,which is register-based.In implementations
WAM codeactsasanintermediatelanguagebetweencompilationandemulation.Code
is first compiledto virtual machinecodeandthenemulated.

The virtual instructionscan be classifiedinto a few groups. HassanAït-Kaci’s
tutorial reconstruction[2] of the WAM divides the machineinstructionsinto groups
accordingto their usage.

� Put instructions;variable,value,structure,list, constantandunsafe_value.

� Get instructions;variable,value,structure,list andconstant.

� Unify instructions;variable,value,local_value,constantandvoid.

� Control instructions;allocate,deallocate,call, executeandproceed.

Thesefour groupsalongwith the choice, indexing, andcut3 instructions,comprise
thebasicWAM instructions.Thechoiceinstructionsareusedfor backtracking,thecut
instructionexplicitly preventsall backtrackingbeyonda certainexecutionpoint.

Indexing is a techniquefor optimizing clauseselection. Many predicatescanbe
discriminatedby their first argument,becauseof thewaycodeis written. This implies
that unificationof predicateswith more thanoneclausein the definition canbenefit
from searchesfor matchesusingthefirst argumentasanindex.

Theoutlineof themachinetogetherwith amoredetaileddescriptionof theinstruc-
tionsareavailablein AppendixA.

3Thecut-instructionswerenota partof Warren’s originalmachine.
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3.3 SICStusPrologspecifics

WAM’ s instructionset[16] is extendedin SICStusto obtainbetterperformance.Ap-
pendix B describesthe instructions. The main modificationsto the WAM, donein
SICStusProlog,areinstructionmerging(combinations).

Specializationsof mergedinstructionshavealsobeendone.By combininginstruc-
tions it hasalsobeenpossibleto make instructionsobsoleteby implementingall its
possiblecombinations.The instructions 	�
�
����	���� and ����	�
�
����	���� have by these
meansbeenremovedin SICStus.This is possiblesinceinstructionshavebeencreated
for 	�
�
����	���� and ����	�
�
����	���� , combinedwith all instructionsthatcanpossiblyfol-
low in the code,creatingonemergedinstructionfor eachpair. The result is that less
instructiondispatchesneedto beperformedandtheoriginal,now obsolete,	�
�
����	����
and ����	�
�
����	���� instructionscanberemovedfrom theinstructionset.

4 Emulators and their techniques

4.1 Emulators and virtual machines

Compilerscanbe constructedin differentways. Onecommonsolution is to let the
compilercompilethe codeto native code,i.e., codethat is specificfor the machines
architecture,or theassemblylanguageusedonthemachine.Thisnativecodethenruns
only on thespecificmachinesit is generatedfor. Thedisadvantageis that if thecode
is to run on differentplatforms,several back-endsmight have to be maintainedand
supported.Theadvantageis thatthis resultsin fastexecutionof thecompiledprogram.

To avoid having to generateseveral versionsmany Prolog systemsusean emu-
lator. Emulatorshave a virtual machineandcodeis generatedfor this non-physical
machine.Thecodeis first compiledto bytecodeof thevirtual machine.Emulationof
thisbytecodethenperformsthemappingto theactualmachinecodeinstructions.This
implementationis lessplatformdependentandif theemulatoris written in a portable
language,thesolutionis fully portable.Themainproblemis that it is hardto achieve
thesameexecutionspeedaswith nativecodecompilation.

Moreaboutcompilationtechniquescanbefoundin [1].

4.2 Techniquesfor virtual machines

4.2.1 Extending the instruction setwith Combinationsand Specializations

Mergingseveralinstructionsinto onecreatescombinations.This techniquessavesdis-
patches,sinceonecall is enoughfor all instructionsin thecombinedopcode.Combi-
nationsalsosave spacein thegeneratedcode,but generallymake the emulatorgrow,
which in turn slows down interpretation.Sometimesall possiblecasescanbecovered
by thecombinationsrenderingtheoriginal instructionobsolete.

Specializationof anabstractinstructionsplits it into severalopcodes,eachdealing
with a specialcase.Usually thereis alsoa needfor a generalcatch-allcase.Special-
izationscansave time for exampleif thedestinationregisteris known andnot needed
asan argument. The downsideis moreoperationcodes.Specializationscanalsobe
donefor particularargumenttypessuchasconstantsor nil-valuedarguments.
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4.2.2 Profiling and static pattern matching

Profiling canbeusedto optimizethecompilation.Profilesof themostfrequentpred-
icates,thepredicateswheremostof the time is spentetcarehelpful. It is possibleto
look at thecodethecompilerfor thevirtual machineproducesandfocuson speeding
up the most frequentlyoccurringpatterns.In particularonecould look at the whole
codeproducedandcountfrequenciesof instructionsandinstructionpairs.Frequentin-
structionscanbeusedascandidatesfor specializationsandfrequentpairscanbeused
ascandidatesfor combinations.Thesametechniquecouldbeusedfor triples,but more
practicalmight beto do multiple runsafter introducinganimprovement.(It might be
easierto, after introducinga few combinations,againcollect frequency dataandfind
new candidates.Countingtriplesandmerging threeinstructionsat the time might be
ineffective.)

4.2.3 Thr eading

SinceANSI C doesnotsupportthreadingit mightbearelevanttestto turn it off before
runningbenchmarks.This would alsomake improvementscountmore,especiallythe
onescausedby dispatches,andthenbeeasierto detect.Direct threadingis describedin
[9] andwasintroducedin 1973in [4]. In virtual machinesdirectthreadedcodeis used
asin assemblylanguage.Eachinstructionto beexecutedeithercontainsthecodefor
fetchingthenext instruction,or hasa pointerto a sharedcopy of thecodefor fetching
thenext instruction.

The threadingusedin SICStusis a type of indirect threading(token threading).
Eachinstructiondispatchconsistsof threesteps:

1. Loadnext opcode,2 bytes.

2. Loadprogramaddress(functionof opcodeandR/W mode).

3. Jumpto code

Step1 correspondsto thePREFETCHmacroin WAM [16]. Steps2 and3 correspond
to theJUMP_RandJUMP_Wmacros[16].

4.2.4 Fetches

The instructionmerging andinstructionspecializationsgive speed-updueto lessin-
structionfetchingand lessargumentdecoding,respectively. The drawbackis that a
largersetof instructionscanresultin anincreasein “instruction-cachemiss-rate”[11].
For someimplementationsa limit on the numberof instructionscouldbe a problem,
this is not thecasefor eitherSICStusor QuintusProlog. 189 instructionsareusedby
SICStusandthelimit for thenumberis thetrade-off fetching/cache-miss.

Hardwarespecifics(cacheandmemorysizes)alsogiveriseto bottleneckswhenthe
instructionsetbecomeslargerthanthesizeof thestackframe.Thethreadingtechnique
usesa jump tableandextra overheadcanbeintroducedgeneratinga largepenaltyfor
fetchingof local variables,(if thestackframebecomestoo largeandthejump-tableis
in thestackframe,)asis thecasein SICStus.
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4.2.5 Order of performing combinationsand specializations

Theorderin which optimizationsareappliedis importantwhenit is possibleto both
combineandspecializeasequenceof instructions.A specializationcanpreventacom-
binationfrom happening,andvice versa. In generalthe combinationshave beenput
first andtheirusepreferredto thatof thespecializations.If thehypothesis,thatinstruc-
tion fetchesarethe major time consumer, is correct,this is the bestorderingsinceit
minimizesfetches,but if thefetchesarenot themainfactor, thena differentapproach
couldbe moreefficient. Datapresentedin this thesissupportthe fact that instruction
fetchingis a majortimeconsumer.

4.2.6 Combinationscreatedto match functionality

Certainfunctionalitycanbeimprovedby “handemulating”codewith thefunctionality.
By inspectingtheresultingcodeonecanfind certaincombinationandspecializations
thatwould performmaybethewholetaskin oneor two abstractmachineinstructions.
If the functionality is highly usedin the programsthis can give good performance
improvement.However, usingthis techniqueoneneedto be carefulnot to make the
machinetoo programspecific.

4.2.7 Simplification gains

Somethingswork betteronsimplerabstractmachines.In generalit is theoverheadthat
is reduced.Theseimprovementsareusuallysmall comparedto previously described
optimizations,as long as no hardware or software thresholdsare surpassed.I.e., a
machineusinglessflagsrequirelesstime,sinceit doesnot needto testfor their value.

A simplermachinecangive someoverheadgainby allowing lesstests.Teststhat
areneededfor largerinstructionsetscanberemovedif they areno longerusedin the
de-optimizedmachine.Sucha testcouldbecheckingthelengthof anoperand.

4.3 Other optimizations

Someoptimizationscanbeappliedatcompiletime. Suchanoptimizationispostponing
	�
�
����	���� until aslateaspossible.Savingsaredoneby executinginstructionsthatcan
leadto backtrackingfirst, avoidingwasteful 	�
�
����	������ .

Thefactthatsomeinstructionsbindthevalueof aregisterto itself ormovethevalue
of oneregisterontoitself is alsoexploitedin many compilers.Instructionsthatperform
suchan unnecessaryactioncanbe omitted. This techniquecanbe usedextensively
to reducethe numberof movesrequired. It might alsobe desirableto minimize the
numberof registersused.It couldalsobebeneficialto generatecodethat is amenable
to instructionmerging. Inline compilation is anothertechniqueusedextensively in
compilers.

Suchimprovementsaredonein SICStusProlog,but mostof themarebeyondthe
scopeof this thesis.

5 Benchmarks

For any emulator-basedimplementationtherearecertainthingsoneneedsto focuson.
Thethreemostimportantare(from thepoint of view that this thesistakes);emulator
size, runtimeof thebenchmarksuiteandsizeof theemulatedcode.
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5.1 Codeefficiency

To accuratelyrepresentCPU executiontime, sizeof codeandinstructioncounts,an
appropriatebenchmarksuite hasto be used. The benchmarksuite can be usedfor
evaluatingtheimpactof changesin theVirtual Machine.

A problemwith benchmarksis thatmany of thosemostcommonlyusedarequite
small anddo not alwaysrepresentthe behavior of “real world” programs.The time
measurementsalsobecomelessaccuratefor small benchmarks,sincecachingeffects
have a greater, or at leasta moreuneven impact. Despitethe disadvantagesof small
benchmarks,they areusedin many cases([14], [6], [11] and[7]) eitherin partor com-
pletely, soit wasdecidedto useasuiteof well known smallbenchmarks,togetherwith
somelargebenchmarksin thisreport,to makecomparisonspossiblebetweenthiswork
andfuture work aswell aspreviouswork. The low availability of large benchmarks
with goodpropertiesis anotherreasonfor usingsmall easily availableones. Small
benchmarksusuallytesta certainfeatureandthatmakesit easierto traceresults,due
to changes,to theirsource.They donot,however, show how well improvementsscale,
andthat is why largebenchmarksareneeded.Most testsof this kind ([14], [6]) have
used,at least,thesmallbenchmarksetAquarius([15]) suggestedby VanRoy. Theset
usedin thisresearchalsocontainssomebiggerbenchmarks,namely, theSICStuscom-
piler itself, BAM (Berkeley AbstractMachine)aswell ascertainFiniteStateAutomata
testsby GertjanvanNoord,seehttp://odur.let.rug.nl/˜vannoord/fsa/fsa.html.

Thefollowing benchmarkswereused:

1. Aquarius suite: A benchmarksuiteconsistingof many smallwell known pro-
grams;boyer, browse,chat-parser, crypt,deriv, divide10,fast_mu,flatten,log10,
meta_qsort,mu, nand,nreverse,ops8,poly, prover, qsort,queens_8,query, re-
ducer, sdda,sendmore,serialise,simple_analyzer, tak, times10,unify andzebra.
Thenumberof runsof eachbenchmarkwereweightedto giveapproximatelythe
sameexecutiontime. See[15] for referenceto theAquariussuite.

2. SICStusProlog: This benchmarkconsistsin compilingtheSICStus3.8Prolog
compiler. Thebenchmarkactuallymeasurethepenaltyfor increasedcomplexity
of the abstractmachine,sincethe expandedabstractmachinesgenerallymake
thecompilationslower. For SICStususermanual,see[8].

3. FSA (Finite StateAutomata)utilities: A collection of tools for manipulating
finite-stateautomata,regularexpressionsandfinite-statetransducers.Thestan-
dardFSAtestsusedweretest1andtest3.More informationontheseutilities and
thesourcesto thebenchmarkscanbefoundat: http://odur.let.rug.nl/˜vannoord/fsa/fsa.html.

4. BAM Berkeley AbstractMachine: Compilationof the Berkeley AbstractMa-
chineanda somewhatI/O relatedtest-runon it. Becauseof readsandwrites to
files, time measurementspartly dependon the speedof I/O, which is not what
this projectseekto investigate.Thebenchmarkwaskept in thesuiteto provide
themostbroadandcloseto reallife spectrumof thesuiteaspossible.Reference
available,see[15].

5. XSB WAM basedPrologcompiler:Thebenchmarkis acompilationof theXSB
compilerby itself. For theXSB manualseereference[13].
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5.2 Emulator size

The UNIX shell command��� offers a way to measurethe emulatorsize(sizeof the
executable)in a moreaccurateway thansimply looking at the sizeof the objectfile.
Thisshows thesizedifferencesbetweenthemachinesin a clearerway.

6 Methodology

6.1 Goals

The intention was to develop a methodologyfor finding candidatesfor worthwhile
optimizationsanda methodfor semi-automaticimplementationandoptimizationof
them.Thegoalswerepartlyachievedalthoughmoretimewouldberequiredto achieve
moreeffectiveandautomatedwaysof findingcandidates.

6.2 Methods

Certainknown methodswereused,suchascountingdynamicinstructionpairsappear-
ing in the code,countingfrequency of eachinstructionandoptimizing certainfunc-
tionality. Therewasno real new methodinvented,ratherusedmethodswerefurther
developedandusedtogether. Thefocusturnedto evaluationof whetherspecialization
or combinationof instructionscouldbethemostfruitful.

6.3 Implementation

To testimprovementsin a quantitative way, a spectrumof theoptimizationswereim-
plementedandthe resultof runningthe benchmarkson themcomparedto seewhich
improvementyielded the bestresult. In part this correspondedto finding superop-
erators[12], but also to try and determinewhetherspecializationsor combinations
achievedthebestimprovements.Four differentversionsof theabstractmachineused
in SICStuswereimplementedandevaluated.The implementationprocesswasfound
to be a lengthierprocessthanexpected.Combinationswerefound to be harderthan
specializationbut the sheernumberof specializationsmadethemtake longertime to
implement.Onceimplementedthough,specializationdemandedvery little debugging.

6.4 Executionand scripts

Severalversionsof thecodehadto beused,onecode-treefor eachabstractmachine.
For eachcode-treeseveralcompilationswerenecessary. Timemeasurementsandtime
independent(andtimeconsuming)variablessuchasspaceusageandinstructioncounts
are conflicting. To enablememorymeasurementsa compilationflag had to be set,
but suchversionsimposeoverheadand cannotbe usedfor accurateexecution-time
measurements.So for eachtype of testa specificversionhad to be used. The two
platformsusedalsorequiredseparateversions,compiledon thespecificplatform.The
amountof versionsneededmadethe testingmore cumbersome,but hopefully also
moreaccurate.

Scriptswereusedto run the benchmarksandgeneratethe performancedatare-
ported.This is advisablesinceit streamlinestesting.Someof thetestsshow highvari-
ancein executiontime from onerun to another. ReorderingandrestartingtheProlog
version,betweeneachtest,helpedto getmorestableresults.A techniquefor getting
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theresultsmoreconsistentwouldbeto runN runsandpick theonewith thelowest,or
secondlowestresult. (In [14] thebestof seventestswaspicked.) Also reorderingthe
benchmarksbetweeneachrun would help. Due to lack of time the resultsfrom only
onerunarepresentedin this thesis.Extraordinaryrunsareexcluded,though.

7 Machinesconsidered

7.1 Abstract machines(Appendix C contains more thorough de-
scriptions)

7.1.1
���

- “W arr enAbstract Machine”

Thefirst machineconsideredwasthe“de-optimized”SICStus,
���

. By removing most
prior optimizations,analmostbareWAM wasuncovered.��
�
����	���� and ����	�
�
����	����
werereintroduced.

TheWAM contains35 instructions.Theimplementationalsousesmany extra op-
erationcodesto supportfloatsandlong integers. It usesspecialinstructionsto deal
with bindingunboundvariablesto allow for garbagecollection.Operationcodesused
thatinvokenew variablesinitializesthese.

Therearealsoalignmentissues,which meansthat many operationcodeshave to
exist in two versions.Implementationof thecut instructionandsomeothertechnical-
ities also introduceoperationcodes.

� �
consistsof 136 operationcodesand is the

startingpoint for improvementsto theSICStusmachine.
Indexing is not donein a separateinstruction,but ratheranincorporatedfeatureof

many instructions.AppendixB explainshow theSICStusabstractmachineworks.

7.1.2
� �

- SICStus3.8Abstract Machine

TheSICStus3.8 instructionsetwasnext to be investigated.SICStusvirtual machine
contains189operationcodes(opcodes).It hasextendedtheWarrenAbstractMachine
with optimizationssuchasseveral instructionscombinedto oneandinstructionsspe-
cializedfor certainfrequentlyoccurringcases.In somecases(namely 	�
�
����	���� and
����	�
�
����	���� ) thecombinations/specializationscover all casesandtheoriginal WAM
instructioncanberemoved.Indexing is handledasin

� �
.

7.1.3
� �

- Quintus Abstract Machine

Quintusis SICS’s otherPrologSystem.Theemulatorhasa large instructionset(ap-
proximatelyten times that of SICStus). The

� �
machinewas built on ideasfrom

Quintusandcontains427opcodes.Most improvementsarein theform of specialized
instructions.As in QuintusProlog,instructionsarespecializedfor thefour first regis-
ters,becauseon somearchitecturesthesearedirectlymappedto hardwareregisters.

7.1.4
� �

- SpecializedAbstract Machine

An optimizationof
� �

built onspecializations.Thespecializationspickedarethemost
frequentinstructionsfrom table9 thateasilycouldbespecialized.Theotheroptimiza-
tionperformedwastohaveall ����� _� _��	�
���� opcodestranslatedintoa  ���� _� _��	�!#"�	�$%
��
opcodewith theargumentsreversed.In this way theobsolete����� _� _��	�
���� couldbe
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removed. The189opcodesusedin
� �

without ����� _� _��	�
���� , but with 5 specialized
opcodes,resultsin a totalof 244opcodes.

7.1.5 Optimized Abstract Machine

To comeup with anoptimizedmachinewasoneof thegoalsof this work, to improve
SICStusvirtual machine.Themachinewasto beacombinationof thebestfrom SICS-
tusandQuintusPrologwith addedimprovementsdeducedfrom collecteddata,added
specializationsandcombinations.Inshorta machinebuilt asa result of the dataob-
tainedfrom thepreviousmachines

� �
,
� �

,
� �

and
� �

.
Unfortunatelythis improvedSICStuswasnotcompletelyimplementeddueto lack

of time. Insteadsomerecommendationson how this canbedoneis given in Chapter
9.3.

7.2 Hardwareand software

7.2.1 The platforms

Two platformswereusedfor thetests.

1. SUN Ultra SPARC multiprocessor(8 processors)at 248MHz, runningSolaris
2.7.Referredto astheSparcarchitecturein this text.

2. i686 dualprocessorat 600MHz, runningRedHat Linux release6.1 (Cartman)
Kernel2.2.13.Referredto asthex86architecturein this text.

7.2.2 Registers

All programvariablesandWAM registerscanusuallynot bemappeddirectly to hard-
wareregisters(becauseusuallytherearenot enoughof them),but it is highly recom-
mendedthat at leastthe ProgramCounter(PC in [2] and [16] called P) is mapped
directly to hardwareregisters.It is oftendoneautomaticallyby thecompiler, suchas
gcc. On somearchitectureswith few hardwareregisters,like the x86 architecture,a
manualregisterallocationmight be needed.In XSB anddPrologthe BX register is
mappedto PCandin YaptheBP registeris usedasPC.SICStusforceslessimportant
informationinto memory, thususuallykeepinga registerfreefor PC.

8 Performance

Datawascollectedfor CPU time usedto run eachbenchmarkandbytecodesizeof
benchmarks.Countsof dynamicfrequency of instructions,aswell asrateof dynamic
occurrenceof pairsof instructionswerealsocollectedfor thebenchmarks.Thesizeof
theemulatorwasalsomeasured.

Shellscriptswereusedto run thetestsandgetthestatisticsfor eachvariantof the
WAM.

Themainproblemscomparingtheresultsarebelievedto bedueto cachingeffects.
This only appliesto the time measurements,codesize can be measuredaccurately.
The CPU time measurementsshouldalso have beendeterministic,but they varied,
most probablydue to cacheeffects sincepagingtime is accountedfor by the tests
themselves.

12



Therewasalsoa problemwith the first benchmarkrun in the suite. It is thought
thatthemachineloadcanaffect thetimemeasurements.Someof thebenchmarksvary
100%in oneruncomparedtoanother. Contentionfor cacheandprimarymemorycould
bethefactorsthatcreatethevery unevenfigures,especiallyfor thefirst benchmarkin
a longseriesof benchmarks.

8.1 Execution time

Thetablespresentexecutiontimesin milli-seconds(boththetotalandfor eachbench-
markseparately)for eachvirtual machineconsidered.Theabsolutevaluesareshown
andin parenthesesaretherelativevaluescomparedto

� �
. Relativevaluesareobtained

by dividing the absolutevalue of the machinewith the corresponding
� �

absolute
valueandaregivenwith threesignificantfigures.

Executiontimesaregivenfor thebenchmarksuite,bothfor theSparcarchitecture
and the x86 architectureandalso both with andwithout threadedcode. The tables
presentthedatafor eachmachinethatis for eachversionof SICStusvirtual instruction
set.

Very smallbenchmarkshave beenmarkedby anasterisk.Thefastestmachinefor
thesumof theAquariussuite,all thelargebenchmarksandthetotalhavebeenmarked
by w, for winner.

Table1, 2 and4 show thatSICStusexecutiontimesarealmost10%betterthanan
almostbareWAM.

8.1.1 Thr eaded

Tables1 and2 show theexecutiontimesmeasuredusingthreadedcode.Table1 shows
theresultson theSparcmachine,andTable2 theresultson thex86machine.

Onesourceof speedup is fewer dispatchesfor themergedinstructions,especially
in benchmarksexecutingalot of simpleoperationsalot of timeis wastedoninstruction
dispatches.Decreasedtotalexecutiontimewhenintroducingcombinationsshowsthis.

8.1.2 Not thr eaded

Thebenchmarkswerealsoconductedwith threadingturnedoff, seetables3 and4. As
instructionfetchestakemoretimewithout threadingit wasexpectedthatcombinations
would give betterspeedup andthat the effect of specializationswould diminish. A
machinewith many combinationswould havemadetheevaluationeasier, but it seems
clear that machineswith many specializationslose more. It is definitely clear that
specializationsdonot payoff whenthreadingis turnedoff.

Thebadperformanceof
�&�

in Table4 is hardto explain. Thenonthreadedversions
will belesslocal,all instructionshandingcontrolto abig switchstatement.Thiscould
besomethingthatpenalizesa largeemulatorlike

� �
. Pipeliningandotherprediction

methodsmight alsowork lesswell, particularlyon thex86architecture.

8.2 Spaceusage

In Table5 theimpacton thebyte-codesizeis shown. Thesizedifferenceis dueto the
morecompactcodegeneratedby mergedandspecializedinstructions.Thetablegives
thecompiledbyte-codesizein bytesfor eachvirtual machineconsidered,boththetotal
andfor eachbenchmarkseparately. Theabsolutevaluesaregivenandin parentheses

13



Sparc executiontime in msecfor eachinstruction set
Benchmark Iterations ')( '+* '-, '/.

boyer 10 4920(1.00) 4780(.972) 5210(1.06) 4920(1.00)

browse 5 3490(1.00) 3290(.943) 3410(.977) 3280(.940)

chat_parser 40 4550(1.00) 4910(1.08) 4890(1.07) 4310(.947)

crypt 1200 3680(1.00) 3560(.967) 4090(1.11) 3600(.978)

deriv 50000 4940(1.00) 4510(.913) 4430(.897) 4200(.850)

divide10(*) 50000 2850(1.00) 2590(.909) 2900(1.02) 2430(.853)

fast_mu 5000 4350(1.00) 4370(1.005) 4960(1.14) 4400(1.01)

flatten 8000 4590(1.00) 4550(.991) 4780(1.04) 4730(1.03)

log10(*) 100000 3040(1.00) 2940(.967) 3180(1.05) 2840(.934)

meta_qsort 1000 4200(1.00) 4370(1.04) 7630(1.82) 4360(1.04)

mu 6000 4340(1.00) 4060(.935) 4480(1.03) 3980(.917)

nand 250 4760(1.00) 4460(.937) 4910(1.03) 4540(.954)

nreverse 15000 4740(1.00) 3550(.749) 3990(.842) 3520(.743)

ops8(*) 100000 4390(1.00) 3810(.868) 4400(1.00) 3650(.831)

poly_10(*) 100 3900(1.00) 3440(.882) 3450(.885) 3670(.941)

prover 5000 4300(1.00) 4020(.935) 4480(1.04) 3870(.900)

qsort 8000 4380(1.00) 4020(.918) 4200(.959) 3570(.815)

queens_8 100 4750(1.00) 4240(.893) 4440(.935) 4130(.869)

query 1500 4510(1.00) 4650(1.03) 4700(1.04) 4480(.993)

reducer 200 5630(1.00) 5170(.918) 5300(.941) 4920(.874)

sdda 13000 4090(1.00) 4140(1.01) 4580(1.12) 4180(1.02)

sendmore 60 4330(1.00) 4020(.928) 4350(1.00) 3950(.912)

serialise 14000 5310(1.00) 4890(.921) 5270(.992) 4290(.808)

simple_analyser 250 4200(1.00) 4010(.955) 4260(1.01) 4050(.964)

tak 40 4520(1.00) 3990(.883) 4460(.987) 4020(.889)

times10(*) 100000 5680(1.00) 4520(.796) 5340(.940) 4360(.768)

unify 2500 4450(1.00) 3890(.874) 4620(1.04) 3980(.894)

zebra 150 4350(1.00) 4050(.931) 4220(.970) 4460(1.03)

Aquarius total 123240(1.00) 114800(.932) 126930(1.03) 112690(.914)w

SICStus 1 5700(1.00) 5590(.981)w 6000(1.05) 5840(1.025)

FSA I 1 25560(1.00) 22920(.897)w 24270(.950) 23600(.923)

FSA III 1 367270(1.00) 332100(.904)w 358110(.975) 343100(.934)

BAM 1 131820(1.00) 127880(.970)w 136800(1.04) 130180(.988)

XSB 1 10600(1.00) 10260(.968)w 10940(1.03) 10540(.994)

Total suite (exceptAquarius) 540950(1.00) 498750(.922)w 536120(.991) 513260(.945)

Table1: Executiontimesin milliseconds,on theSparcmachine,for thedifferentma-
chines.Both absolutevaluesin millisecondsandvaluesrelative to

���
aregiven. The

overallwinneris
���

on theSparcmachine.
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x86executiontime in msecfor eachinstruction set
Benchmark Iterations '/( '0* '-, ').

boyer 10 2150(1.00) 1810(.842) 1700(.791) 1910(.888)

browse 5 1370(1.00) 1200(.876) 1080(.788) 1100(.803)

chat_parser 40 2120(1.00) 2090(.986) 2230(1.05) 2140(1.01)

crypt 1200 1460(1.00) 1470(1.01) 1360(.932) 1440(.986)

deriv 50000 1860(1.00) 1680(.903) 1570(.844) 1660(.892)

divide10(*) 50000 1090(1.00) 990(.908) 950(.872) 1020(.936)

fast_mu 5000 1970(1.00) 1890(.959) 2110(1.07) 1880(.954)

flatten 8000 2100(1.00) 2010(.957) 2150(1.02) 2110(1.00)

log10(*) 100000 1130(1.00) 1150(1.02) 1080(.956) 1140(1.01)

meta_qsort 1000 1740(1.00) 1660(.954) 1520(.874) 1670(.960)

mu 6000 1650(1.00) 1330(.806) 1360(.824) 1320(.800)

nand 250 2070(1.00) 1980(.957) 2030(.981) 1950(.942)

nreverse 15000 1540(1.00) 1150(.747) 970(.630) 1000(.649)

ops8(*) 100000 1760(1.00) 1640(.932) 1550(.881) 1620(.920)

poly_10(*) 100 1630(1.00) 1380(.847) 1200(.736) 1340(.822)

prover 5000 1890(1.00) 1790(.947) 1760(.931) 1720(.910)

qsort 8000 1600(1.00) 1250(.781) 1380(.862) 1290(.806)

queens_8 100 1710(1.00) 1610(.942) 1460(.854) 1710(1.00)

query 1500 1830(1.00) 1730(.945) 1660(.907) 1830(1.00)

reducer 200 2370(1.00) 2220(.937) 2160(.911) 2270(.958)

sdda 13000 1930(1.00) 1960(1.02) 2250(1.17) 2050(1.06)

sendmore 60 1770(1.00) 1500(.847) 1400(.791) 1450(.819)

serialise 14000 1990(1.00) 1730(.869) 1800(.905) 1830(.920)

simple_analyser 250 1970(1.00) 1920(.975) 2120(1.08) 2020(1.025)

tak 40 1730(1.00) 1710(.988) 1500(.867) 1680(.971)

times10(*) 100000 2040(1.00) 1810(.887) 1680(.824) 1710(.838)

unify 2500 1760(1.00) 1640(.932) 1630(.926) 1670(.949)

zebra 150 1860(1.00) 1890(1.02) 1860(1.00) 1870(1.01)

Aquarius total 50090(1.00) 46190(.922) 45520(.909)w 46400(.926)

SICStus 1 3020(1.00) 2840(.940)w 3140(1.04) 3000(.993)

FSAI 1 12110(1.00) 11270(.931)w 11300(.933) 11390(.941)

FSAIII 1 163460(1.00) 145310(.889) 140600(.860)w 141260(.864)

BAM 1 60310(1.00) 60300(1.00) 65370(1.08) 59130(.980)w

XSB 1 4960(1.00) 4590(.925) 4690(.946) 4580(.923)w

Total suite (exceptAquarius) 243860(1.00) 224310(.920) 225100(.923) 219360(.900)w

Table2: Executiontimesin milli seconds,on the x86 machine,for the differentma-
chines.Theoverallwinneris

� �
on thex86 machine!
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Sparc executiontime in msecwith threadingdisabled
Benchmark Iterations ' ( ' * ' , ' .

boyer 10 6970(1.00) 5450(.782) 5650(.811) 5300(.760)

browse 5 4640(1.00) 3890(.838) 4130(.890) 3830(.825)

chat_parser 40 5060(1.00) 4830(.955) 4990(.986) 4990(.986)

crypt 1200 4320(1.00) 4420(1.02) 3920(.907) 3940(.912)

deriv 50000 5900(1.00) 4850(.822) 5150(.873) 4900(.831)

divide10(*) 50000 3640(1.00) 2860(.786) 3170(.871) 2940(.808)

fast_mu 5000 5370(1.00) 5090(.948) 5460(.1017) 4910(.914)

flatten 8000 5900(1.00) 4880(.827) 5490(.931) 4950(.839)

log10(*) 100000 5310(1.00) 3170(.597) 3540(.667) 3450(.650)

meta_qsort 1000 5170(1.00) 4890(.946) 4810(.930) 4360(.843)

mu 6000 4940(1.00) 4600(.931) 4820(.976) 4900(.992)

nand 250 5770(1.00) 5060(.877) 5640(.977) 4940(.856)

nreverse 15000 6810(1.00) 4320(.634) 4950(.727) 4720(.693)

ops8(*) 100000 5590(1.00) 4430(.792) 4850(.868) 4380(.784)

poly_10(*) 100 4640(1.00) 4060(.875) 4570(.985) 3920(.845)

prover 5000 4950(1.00) 4560(.921) 4680(.945) 4480(.905)

qsort 8000 5220(1.00) 4560(.874) 4690(.898) 4780(.916)

queens_8 100 5950(1.00) 4920(.827) 5160(.867) 4890(.822)

query 1500 6700(1.00) 5050(.754) 5040(.752) 5310(.793)

reducer 200 6520(1.00) 6410(.983) 6160(.945) 6440(.988)

sdda 13000 4960(1.00) 4680(.944) 5020(1.01) 4760(.960)

sendmore 60 4920(1.00) 4810(.978) 4960(1.01) 4590(.933)

serialise 14000 6120(1.00) 5760(.941) 5620(.918) 5480(.895)

simple_analyser 250 5050(1.00) 4460(.883) 5040(.998) 4630(.917)

tak 40 4860(1.00) 4550(.936) 4710(.969) 4850(.998)

times10(*) 100000 6670(1.00) 5030(.754) 5650(.847) 5340(.801)

unify 2500 5160(1.00) 4620(.895) 4910(.952) 4580(.888)

zebra 150 4750(1.00) 4600(.968) 4690(.987) 4670(.983)

Aquarius total 151860(1.00) 130810(.861) 137470(.905) 131230(.864)

SICStus 1 6790(1.00) 6040(.890) 6860(1.01) 6190(.912)

FSAI 1 28410(1.00) 26250(.924) 28060(.988) 26940(.948)

FSAIII 1 444380(1.00) 395000(.889) 459550(1.03) 386800(.870)

BAM 1 160650(1.00) 143860(.895) 178740(1.11) 148240(.923)

XSB 1 13770(1.00) 11370(.826) 12850(.933) 11430(.830)

Total suite (exceptAquarius) 654000(1.00) 582520(.891) 674460(1.03) 579600(.886)

Table3: Executiontimesin milli seconds,on theSparcarchitecture,for thedifferent
machines.Herethreadingis disabled.Theoverallwinneris

���
dueto thehigh impact

of FSA III.
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x86executiontime in msecwith threadingdisabled
Benchmark Iterations ')( '0* '), ').

boyer 10 2470(1.00) 2340(.947) 2620(1.06) 2350(.951)

browse 5 1800(1.00) 1630(.906) 1690(.939) 1620(.900)

chat_parser 40 2330(1.00) 2260(.970) 2500(1.07) 2310(.991)

crypt 1200 1710(1.00) 1680(.982) 1600(.936) 1680(.982)

deriv 50000 2310(1.00) 2120(.918) 2220(.961) 2110(.913)

divide10(*) 50000 1360(1.00) 1230(.904) 1360(1.00) 1270(.934)

fast_mu 5000 2280(1.00) 2230(.978) 2520(1.13) 2250(.987)

flatten 8000 2420(1.00) 2440(1.01) 2870(1.19) 2570(1.06)

log10(*) 100000 1420(1.00) 1400(.986) 1610(1.13) 1430(1.01)

meta_qsort 1000 2220(1.00) 1980(.892) 2120(.955) 2050(.923)

mu 6000 2150(1.00) 2060(.958) 2170(1.01) 2060(.958)

nand 250 2430(1.00) 2380(.979) 2590(1.07) 2390(.984)

nreverse 15000 2480(1.00) 2120(.855) 2450(.988) 2010(.810)

ops8(*) 100000 1940(1.00) 1860(.959) 2050(1.06) 1820(.938)

poly_10(*) 100 1880(1.00) 1610(.856) 1860(.989) 1620(.862)

prover 5000 2180(1.00) 2070(.950) 2300(1.06) 2050(.940)

qsort 8000 2160(1.00) 1980(.917) 2160(1.00) 1990(.921)

queens_8 100 2180(1.00) 2130(.977) 2010(.922) 2150(.986)

query 1500 2120(1.00) 1970(.929) 1990(.939) 1940(.915)

reducer 200 2920(1.00) 2920(1.00) 3000(1.03) 2870(.983)

sdda 13000 2220(1.00) 2250(1.01) 2530(1.14) 2370(1.07)

sendmore 60 2120(1.00) 2140(1.01) 2100(.991) 2060(.972)

serialise 14000 2720(1.00) 2440(.897) 2550(.938) 2410(.886)

simple_analyser 250 2260(1.00) 2280(1.01) 2740(1.21) 2400(1.06)

tak 40 2090(1.00) 2110(1.01) 2180(1.04) 2240(1.07)

times10(*) 100000 2430(1.00) 2270(.934) 2520(1.04) 2250(.926)

unify 2500 2100(1.00) 2100(1.00) 2400(1.14) 2110(1.005)

zebra 150 2300(1.00) 2160(.939) 2150(.935) 2090(.909)

Aquarius total 61000(1.00) 58160(.953)w 62860(1.03) 58470(.959)

SICStus 1 3270(1.00) 3230(.988)w 3990(1.22) 3290(1.01)

FSAI 1 13030(1.00)w 13150(1.01) 14150(1.09) 13650(1.05)

FSAIII 1 192720(1.00) 181410(.941)w 200340(1.04) 185090(.960)

BAM 1 66390(1.00)w 69900(1.05) 82530(1.24) 69480(1.05)

XSB 1 5770(1.00) 5650(.979)w 6180(1.07) 5570(.965)

Total suite (exceptAquarius) 281180(1.00) 273340(.972)w 307190(1.09) 277080(.985)

Table4: Executiontimes in milli seconds,on the x86 architecture,for the different
machines.Herethreadingis disabled.Theoverallwinneris

�1�
on thex86 machine.
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Codesizein bytesfor eachinstruction set
Benchmark '/( '0* '), ').

boyer 12792(1.00) 11976(.936) 10928(.854) 11320(.885)

browse 3384(1.00) 3096(.915) 2808(.830) 3048(.901)

chat_parser 38992(1.00) 35392(.908) 33608(.862) 35056(.899)

crypt 2056(1.00) 1944(.946) 1848(.899) 1912(.930)

deriv 1624(1.00) 1520(.936) 1344(.828) 1472(.906)

divide10 1288(1.00) 1184(.919) 1024(.795) 1136(.882)

fast_mu 1744(1.00) 1624(.931) 1576(.904) 1608(.922)

flatten 4832(1.00) 4352(.901) 3872(.801) 4208(.871)

log10 1192(1.00) 1088(.913) 960(.805) 1040(.872)

meta_qsort 2312(1.00) 2160(.934) 2024(.875) 2096(.907)

mu 1040(1.00) 1016(.977) 888(.854) 960(.923)

nand 21792(1.00) 19680(.903) 18904(.867) 19368(.889)

nreverse 512(1.00) 504(.984) 472(.922) 496(.969)

ops8 1248(1.00) 1144(.917) 1000(.801) 1096(.878)

poly_10 2968(1.00) 2736(.922) 2408(.811) 2632(.887)

prover 3464(1.00) 3112(.898) 2936(.848) 3064(.885)

qsort 792(1.00) 768(.970) 728(.919) 752(.949)

queens_8 752(1.00) 696(.926) 640(.851) 680(.904)

query 2464(1.00) 2448(.994) 2384(.968) 2448(.994)

reducer 10296(1.00) 9512(.924) 8552(.831) 9176(.891)

sdda 7512(1.00) 6904(.919) 6160(.820) 6712(.894)

sendmore 1928(1.00) 1768(.917) 1656(.859) 1768(.917)

serialise 1240(1.00) 1128(.910) 976(.787) 1096(.884)

simple_analyser 13912(1.00) 12720(.914) 11720(.842) 12504(.899)

tak 408(1.00) 392(.961) 344(.843) 384(.941)

times10 1288(1.00) 1184(.919) 1024(.795) 1136(.882)

unify 8456(1.00) 7720(.913) 7016(.830) 7568(.895)

zebra 1432(1.00) 1288(.899) 1048(.732) 1232(.860)

Aquarius total 151720(1.00) 139056(.917) 128848(.849) 135968(.896)

SICStus 194488(1.00) 175432(.902) 156640(.805) 170608(.877)

FSA 212896(1.00) 200848(.943) 191792(.901) 198488(.932)

BAM 38768(1.00) 34744(.896) 32464(.837) 34272(.884)

XSB 138912(1.00) 124408(.896) 113960(.820) 121824(.877)

Completesuite(exceptAquarius) 585064(1.00) 535432(.915) 494856(.846) 525192(.897)

Table 5: Byte-codesize of the benchmarkssuite for the different machines. Both
absolutevaluesin bytesandvaluesrelative to

���
aregiven.
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arethe relative valuescomparedto
� �

. Relative valuesareobtainedby dividing the
absolutevalueof themachinewith thecorresponding

� �
absolutevalueandaregiven

with threesignificantfigures.
Specializationssave spaceand the savings increasethe morespecializationsone

uses,asexpected.

8.3 Dynamic instruction counts

The instructioncountscanbevery useful. They suggestwhich way to go, which op-
timizationsto do, to achieve theoptimalmergers.In Tables6, 7, 8 and9 the30 most
frequentinstructionsandpairsof instructionsfor eachmachineareshown. In Table10
theinstructionfrequenciesof all machinesarecompared.Theshown sumsarefor the
wholesuiteof benchmarks.

Certainfrequentlyoccurringpairsof instructionsbelongto differentclauses,and
cannotthereforebedirectly consideredfor mergers.To avoid merging pairsfrom dif-
ferentclauseswhenbacktrackingoccursthe 2�	%"�
 instructionis invoked. This results
in thelastinstructionbeforethebacktrackingoccurredbeingpairedwith 2�	%"�
 andre-
sultsin a falseor constructedpair. This pair cannotbeconsideredfor merger, but on
theotherhandthisnumbergivesasizeestimateof how oftenbacktrackingoccurs.The
actual 2�	%"�
 instruction,whenoccurring,is includedin thesamecounts.Pairsmarked
with a 3 in Table6, 7, 8 and9 areeitherinter-proceduralonesor pairswith the 2�	%"�

construction.Thesame2�	%"�
 constructionalsooccursin Table10; it is kept thereto
show how oftenbacktrackingoccurs.

The informationfrom all tableswasusedextensively during the searchfor good
specializationsetc. It wasconsideredgoodto obtainlower countsfor the instruction
counts,sincethatimplieslessdispatches.Thepairswereusedto find goodcandidates
for mergers. In

� �
, optimizationsempirically deducedandusedby QuintusProlog

havebeenusedasa modelfor implementationon top of
� �

.

9 Analysis of the resultsand futur ework

9.1 Comparing the machines

9.1.1 Time

The resultsfrom the Sparcarchitecturein Table1 shows that speedis increasedby
approximately11%,comparing

� �
to
� �

.
� �

gainslittle, no morethan1%, on the
largebenchmarks,andactuallylosessomewhaton thereally smallones,comparedto���

.
���

is clearlythemachinethatwins thetimeraceontheSparcarchitecture.Since
time is held in high regard

���
wasselectedto be the foundationof the specialized

machine,
���

.
The resultsfrom the machine

���
with its specializations,on the Sparcmachine

Table 1, are relatively disappointing. The specializedmachineonly shows a slight
improvementin bytecodesize(2% smaller)but a slower executiontime by 2%. Es-
pecially disappointingis that a small speedupis noticedin the smallestbenchmarks,
but the larger the benchmarksget the lower speedupsaremeasured,comparedto the
originalSICStus.
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Instructioncount Frequency Instructionpairs Remark Frequency

UNIFY_X_VARIABLE 936(18.0%) UNIFY_X_VARIABLE UNIFY_X_VARIABLE 379(7.3%)

PUT_X_VALUE 581(11.2%) PUT_X_VALUE PUT_X_VALUE 293(5.6%)

EXECUTE 503(9.7%) PUT_X_VALUE EXECUTE 242(4.7%)

PUT_Y_VALUE 351(6.7%) GET_X_VARIABLE UNIFY_X_VARIABLE 189(3.6%)

GET_X_VARIABLE 259(5.0%) PUT_Y_VALUE PUT_Y_VALUE 178(3.4%)

GET_Y_VARIABLE 248(4.8%) GET_Y_VARIABLE GET_Y_VARIABLE 171(3.3%)

HEAPMARGIN_CALL 233(4.5%) UNIFY_X_VARIABLE HEAPMARGIN_CALL 168(3.2%)

FUNCTION_2 206(4.0%) UNIFY_X_VARIABLE PUT_X_VALUE 168(3.2%)

GET_LIST 189(3.6%) HEAPMARGIN_CALL FUNCTION_2 160(3.1%)

UNIFY_X_LOCAL_VALUE 167(3.2%) EXECUTE GET_X_VARIABLE 4 145(2.8%)

UNIFY_X_VALUE 151(2.9%) GET_LIST UNIFY_X_LOCAL_VALUE 133(2.6%)

GET_STRUCTURE 150(2.9%) EXECUTE GET_LIST 4 125(2.4%)

PROCEED 90(1.7%) FUNCTION_2 EXECUTE 119(2.3%)

ALLOCATE 87(1.7%) UNIFY_X_LOCAL_VALUE UNIFY_X_VARIABLE 107(2.0%)

FIRSTCALL 87(1.7%) UNIFY_X_VARIABLE GET_STRUCTURE 90(1.7%)

DEALLOCATE 78(1.5%) DEALLOCATE EXECUTE 78(1.5%)

FUNCTION_2_IMM 70(1.3%) EXECUTE UNIFY_X_VARIABLE 4 67(1.3%)

GET_X_VALUE 70(1.3%) PROCEED PUT_Y_VALUE 4 65(1.2%)

TRY 63(1.2%) PUT_Y_VALUE DEALLOCATE 56(1.1%)

PUT_STRUCTURE 57(1.1%) GET_STRUCTURE UNIFY_X_VARIABLE 55(1.1%)

PUT_Y_UNSAFE_VALUE 56(1.1%) PUT_STRUCTURE UNIFY_X_VALUE 49(0.9%)

CUTB 51(1.0%) UNIFY_X_VALUE UNIFY_X_VALUE 49(0.9%)

FAIL (opcode+inter.proc.calls) 50(1.0%) ALLOCATE GET_Y_VARIABLE 44(0.8%)

UNIFY_Y_VARIABLE 46(0.9%) PUT_Y_UNSAFE_VALUE PUT_Y_VALUE 43(0.8%)

PUT_CONSTANT 45(0.9%) UNIFY_X_VARIABLE GET_LIST 42(0.8%)

PUT_Y_VARIABLE 41(0.8%) EXECUTE TRY 4 37(0.7%)

UNIFY_VOID 41(0.8%) PUT_Y_VALUE PUT_Y_UNSAFE_VALUE 36(0.7%)

BUILTIN_2 35(0.7%) GET_X_VARIABLE PUT_X_VALUE 32(0.6%)

BUILTIN_2_IMM 34(0.6%) GET_X_VARIABLE GET_X_VARIABLE 31(0.6%)

BUILTIN_1 30(0.6%) GET_STRUCTURE GET_X_VARIABLE 31(0.6%)

Table 6: Instructionfrequenciesand instruction-pairfrequency for the 30 most fre-
quentlyoccurringcountsof

� �
. Valuesaregivenbothasabsolutecountsin millions

andin percentageof totalnumberof pairs.Theshown pairsconstitute65%of
� �

and
theshown countis 86%.
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Instructioncount Frequency Remark Instructionpair Remark Frequency

EXECUTE 425(11.7%) GET_X_VARIABLE U2_XVAR_XVAR C 187(5.1%)

U2_XVAR_XVAR 297(8.2%) S HEAPMARGIN_CALL FUNCTION_2 160(4.4%)

HEAPMARGIN_CALL 233(6.4%) U2_XVAR_XVAR HEAPMARGIN_CALL 154(4.2%)

PUT_XVAL_XVAL 225(6.2%) S PUT_XVAL_XVAL EXECUTE C 144(4.0%)

GET_X_VARIABLE 212(5.8%) S EXECUTE GET_LIST 4 124(3.4%)

FUNCTION_2 206(5.7%) FUNCTION_2 EXECUTE 119(3.3%)

GET_LIST 183(5.0%) S EXECUTE GET_X_VARIABLE 4 117(3.2%)

PUT_X_VALUE 131(3.6%) S GET_LIST U2_XLVAL_XVAR C 106(2.9%)

U2_XLVAL_XVAR 107(2.9%) PUT_X_VALUE EXECUTE C 98(2.7%)

GET_STRUCTURE 100(2.7%) S U2_XVAR_XVAR PUT_XVAL_XVAL 59(1.6%)

FIRSTCALL 87(2.4%) U2_XLVAL_XVAR PUT_XVAL_XVAL 58(1.6%)

LASTCALL 78(2.1%) EXECUTE U2_XVAR_XVAR 4 57(1.6%)

FUNCTION_2_IMM 70(1.9%) U2_XLVAL_XVAR PUT_X_VALUE 48(1.3%)

GET_YVAR_YVAR 66(1.8%) PUT_XVAL_XVAL PUT_XVAL_XVAL C 46(1.3%)

UNIFY_X_VARIABLE 64(1.8%) PUT_STRUCTURE U2_XVAL_XVAL 46(1.3%)

TRY 63(1.7%) GET_STRUCTURE GET_X_VARIABLE 31(0.8%)

PUT_STRUCTURE 57(1.6%) FUNCTION_2_IMM FUNCTION_2_IMM 30(0.8%)

PUT_Y_VALUE 51(1.4%) GET_YVAR_YVAR GET_YVAR_YVAR 26(0.7%)

GET_STRUCTURE_XVAR_XVAR 50(1.4%) U2_XVAR_XVAR GET_STRUCTURE_XVAR_XVAR 26(0.7%)

FAIL(opcode+inter.proc.calls) 49(1.3%) GET_STRUCTURE_XVAR_XVAR GET_STRUCTURE 25(0.7%)

U2_XVAL_XVAL 48(1.3%) UNIFY_X_VARIABLE UNIFY_Y_FIRST_VARIABLE 25(0.7%)

PUT_CONSTANT 45(1.2%) U2_XVAL_XVAL EXECUTE 23(0.6%)

GET_YFVAR_YVAR 41(1.1%) GET_LIST UNIFY_X_VARIABLE 22(0.6%)

GET_X_VALUE 39(1.1%) PUT_XVAL_XVAL PUT_X_VALUE C 22(0.6%)

PROCEED 35(1.0%) U2_XVAL_XVAL PUT_STRUCTURE 22(0.6%)

BUILTIN_2 35(1.0%) FUNCTION_2 PUT_STRUCTURE 22(0.6%)

PUT_Y_VARIABLE 34(0.9%) PROCEED LASTCALL 4 22(0.6%)

BUILTIN_2_IMM 34(0.9%) PUT_Y_VARIABLE FIRSTCALL 22(0.6%)

GET_Y_VARIABLE 32(0.9%) PUT_Y_VALUE HEAPMARGIN_CALL 21(0.6%)

CUTB 32(0.9%) GET_LIST U2_XLVAL_XLVAL 21(0.6%)

Table 7: Instructionfrequenciesand instruction-pairfrequency for the 30 most fre-
quentlyoccurringcountsof

� �
. Valuesaregivenbothasabsolutecountsin millions

andin percentageof totalnumberof pairs.Theshown pairsconstitute54%of
� �

and
theshown countis 86%.
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Instructioncount Frequency Instructionpair Remark Frequency

EXECUTE 425(9.2%) HEAPMARGIN_CALL FUNCTION_2 160(3.5%)

HEAPMARGIN_CALL 233(5.0%) FUNCTION_2 EXECUTE 119(2.6%)

FUNCTION_2 206(4.5%) EXECUTE GET_LIST 4 108(2.3%)

GET_LIST 129(2.8%) EXECUTE GET_AN_VARIABLE_X3 4 102(2.2%)

GET_AN_VARIABLE_X3 128(2.8%) UNIFY_VARS_X3_XN HEAPMARGIN_CALL 102(2.2%)

UNIFY_X_VALUE 127(2.7%) GET_AN_VARIABLE_X3 UNIFY_VARS_X3_XN 102(2.2%)

UNIFY_VARS_X3_XN 113(2.5%) GET_A0_VARIABLE_X1 GET_A1_VARIABLE_XN 66(1.4%)

U2_XVAR_XVAR 100(2.2%) GET_LIST UNIFY_LOCAL_VALUE_X3 65(1.4%)

UNIFY_X_VARIABLE 92(2.0%) GET_A1_VARIABLE_XN EXECUTE 62(1.3%)

FIRSTCALL 87(1.9%) GET_A0_VARIABLE_XN EXECUTE 61(1.3%)

GET_A1_VARIABLE_XN 85(1.8%) UNIFY_X_VARIABLE GET_A0_VARIABLE_X2 60(1.3%)

GET_A0_VARIABLE_XN 84(1.8%) GET_A3_VARIABLE_X2 UNIFY_VARS_XN_X2 59(1.3%)

GET_A0_VARIABLE_X1 76(1.6%) UNIFY_VARS_XN_X2 GET_A0_VARIABLE_X1 59(1.3%)

GET_A2_VARIABLE_XN 73(1.6%) GET_A1_VARIABLE_X3 GET_A2_VARIABLE_XN 51(1.1%)

GET_A0_VARIABLE_X2 71(1.5%) GET_A3_VARIABLE_XN EXECUTE 50(1.1%)

FUNCTION_2_IMM 70(1.5%) UNIFY_VARIABLE_X3 GET_A0_VARIABLE_XN 48(1.0%)

UNIFY_LOCAL_VALUE_X1 70(1.5%) UNIFY_LOCAL_VALUE_X3 UNIFY_VARIABLE_X3 48(1.0%)

UNIFY_LOCAL_VALUE_X3 69(1.5%) UNIFY_X_VALUE UNIFY_X_VALUE 45(1.0%)

PROCEED 68(1.5%) GET_Y_VARIABLE GET_Y_VARIABLE 45(1.0%)

TRY 63(1.4%) GET_A2_VARIABLE_XN GET_A3_VARIABLE_XN 44(1.0%)

PUT_Y_VALUE 62(1.3%) GET_A0_VARIABLE_X2 GET_A1_VARIABLE_X3 44(0.9%)

UNIFY_VARIABLE_X3 61(1.3%) GET_LIST UNIFY_LOCAL_VALUE_X1 44(0.9%)

GET_A3_VARIABLE_X2 60(1.3%) UNIFY_LOCAL_VALUE_X1 UNIFY_X_VARIABLE 41(0.9%)

ALLOCATE 60(1.3%) U2_XVAR_XVAR HEAPMARGIN_CALL 38(0.8%)

GET_A1_VARIABLE_X3 60(1.3%) PUT_Y_VALUE PUT_Y_VALUE 37(0.8%)

UNIFY_VARS_XN_X2 59(1.3%) FUNCTION_2_IMM FUNCTION_2_IMM 30(0.6%)

GET_A3_VARIABLE_XN 56(1.2%) GET_A2_VARIABLE_X3 EXECUTE 29(0.6%)

GET_Y_VARIABLE 54(1.2%) GET_A2_VARIABLE_XN EXECUTE 27(0.6%)

GET_STRUCTURE 51(1.1%) EXECUTE U2_XVAR_XVAR 4 25(0.5%)

GET_A1_STRUCTURE 51(1.1%) GET_STRUCTURE U2_XVAR_XVAR 24(0.5%)

FAIL(opcode+inter.proc.calls) 50(1.1%)

Table 8: Instructionfrequenciesand instruction-pairfrequency for the 30 most fre-
quentlyoccurringcountsof

���
. Valuesaregivenbothasabsolutecountsin millions

andin percentageof total numberof pairs.Thefirst 30 shown pairsconstitute39%of���
andtheshown countis 64%.
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Instructioncount Frequency Instructionpair Remark Frequency

EXECUTE 425(11.7%) HEAPMARGIN_CALL FUNCTION_2 160(4.4%)

GET_XVAR_XVAR 252(6.9%) GET_XVAR_XVAR EXECUTE 133(3.7%)

HEAPMARGIN_CALL 233(6.4%) FUNCTION_2 EXECUTE 119(3.3%)

FUNCTION_2 206(5.7%) EXECUTE GET_LIST 4 108(3.0%)

GET_LIST 128(3.5%) GET_LIST U2_XLVAL_XVAR 106(2.9%)

GET_AN_VARIABLE_X3 124(3.4%) EXECUTE GET_AN_VARIABLE_X3 4 102(2.8%)

UNIFY_VARS_X3_XN 112(3.1%) UNIFY_VARS_X3_XN HEAPMARGIN_CALL 102(2.8%)

U2_XLVAL_XVAR 107(2.9%) GET_AN_VARIABLE_X3 UNIFY_VARS_X3_XN 102(2.8%)

FIRSTCALL 87(2.4%) GET_XVAR_XVAR GET_XVAR_XVAR 62(1.7%)

LASTCALL 78(2.1%) GET_A0_VARIABLE_XN EXECUTE 61(1.7%)

U2_XVAR_XVAR 74(2.0%) UNIFY_VARS_XN_X2 GET_XVAR_XVAR 59(1.6%)

GET_A0_VARIABLE_XN 72(2.0%) GET_A3_VARIABLE_X2 UNIFY_VARS_XN_X2 59(1.6%)

FUNCTION_2_IMM 70(1.9%) U2_XLVAL_XVAR GET_XVAR_XVAR 58(1.6%)

GET_YVAR_YVAR 66(1.8%) U2_XLVAL_XVAR GET_A0_VARIABLE_XN 48(1.3%)

TRY 63(1.7%) PUT_STRUCTURE U2_XVAL_XVAL 46(1.3%)

GET_A3_VARIABLE_X2 59(1.6%) U2_XVAR_XVAR HEAPMARGIN_CALL 42(1.2%)

UNIFY_VARS_XN_X2 59(1.6%) FUNCTION_2_IMM FUNCTION_2_IMM 30(0.8%)

PUT_STRUCTURE 57(1.6%) GET_YVAR_YVAR GET_YVAR_YVAR 26(0.7%)

PUT_Y_VALUE 51(1.4%) EXECUTE U2_XVAR_XVAR 4 25(0.7%)

GET_STRUCTURE_XVAR_XVAR 50(1.4%) U2_XVAL_XVAL EXECUTE 23(0.6%)

FAIL 49(1.3%) U2_XVAL_XVAL PUT_STRUCTURE 22(0.6%)

GET_A1_STRUCTURE 49(1.3%) U2_XVAR_XVAR GET_STRUCTURE_XVAR_XVAR 22(0.6%)

U2_XVAL_XVAL 48(1.3%) GET_STRUCTURE_XVAR_XVAR GET_A1_STRUCTURE 22(0.6%)

PUT_CONSTANT 45(1.2%) FUNCTION_2 PUT_STRUCTURE 22(0.6%)

GET_YFVAR_YVAR 41(1.1%) GET_A1_STRUCTURE GET_AN_VARIABLE_X3 22(0.6%)

GET_X_VALUE 39(1.1%) GET_AN_VARIABLE_X3 U2_XVAR_XVAR 22(0.6%)

PROCEED 35(1.0%) PROCEED LASTCALL 4 22(0.6%)

BUILTIN_2 35(1.0%) PUT_Y_VARIABLE FIRSTCALL 22(0.6%)

PUT_Y_VARIABLE 34(0.9%) PUT_Y_VALUE HEAPMARGIN_CALL 21(0.6%)

BUILTIN_2_IMM 34(0.9%) EXECUTE TRY 4 21(0.6%)

Table 9: Instructionfrequenciesand instruction-pairfrequency for the 30 most fre-
quentlyoccurringcountsof

� �
. Valuesaregivenbothasabsolutecountsin millions

andin percentageof totalnumberof pairs.Theshown pairsconstitute47%of
� �

and
theshown countis 77%.
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UNIFY_X_VARIABLE EXECUTE EXECUTE EXECUTE

PUT_X_VALUE U2_XVAR_XVAR HEAPMARGIN_CALL GET_XVAR_XVAR

EXECUTE HEAPMARGIN_CALL FUNCTION_2 HEAPMARGIN_CALL

PUT_Y_VALUE PUT_XVAL_XVAL GET_LIST FUNCTION_2

GET_X_VARIABLE GET_X_VARIABLE GET_AN_VARIABLE_X3 GET_LIST

GET_Y_VARIABLE FUNCTION_2 UNIFY_X_VALUE GET_AN_VARIABLE_X3

HEAPMARGIN_CALL GET_LIST UNIFY_VARS_X3_XN UNIFY_VARS_X3_XN

FUNCTION_2 PUT_X_VALUE U2_XVAR_XVAR U2_XLVAL_XVAR

GET_LIST U2_XLVAL_XVAR UNIFY_X_VARIABLE FIRSTCALL

UNIFY_X_LOCAL_VALUE GET_STRUCTURE FIRSTCALL LASTCALL

UNIFY_X_VALUE FIRSTCALL GET_A1_VARIABLE_XN U2_XVAR_XVAR

GET_STRUCTURE LASTCALL GET_A0_VARIABLE_XN GET_A0_VARIABLE_XN

PROCEED FUNCTION_2_IMM GET_A0_VARIABLE_X1 FUNCTION_2_IMM

ALLOCATE GET_YVAR_YVAR GET_A2_VARIABLE_XN GET_YVAR_YVAR

FIRSTCALL UNIFY_X_VARIABLE GET_A0_VARIABLE_X2 TRY

DEALLOCATE TRY FUNCTION_2_IMM GET_A3_VARIABLE_X2

FUNCTION_2_IMM PUT_STRUCTURE UNIFY_LOCAL_VALUE_X1 UNIFY_VARS_XN_X2

GET_X_VALUE PUT_Y_VALUE UNIFY_LOCAL_VALUE_X3 PUT_STRUCTURE

TRY GET_STRUCTURE_XVAR_XVAR PROCEED PUT_Y_VALUE

PUT_STRUCTURE FAIL TRY GET_STRUCTURE_XVAR_XVAR

PUT_Y_UNSAFE_VALUE U2_XVAL_XVAL PUT_Y_VALUE FAIL

CUTB PUT_CONSTANT UNIFY_VARIABLE_X3 GET_A1_STRUCTURE

FAIL GET_YFVAR_YVAR GET_A3_VARIABLE_X2 U2_XVAL_XVAL

UNIFY_Y_VARIABLE GET_X_VALUE ALLOCATE PUT_CONSTANT

PUT_CONSTANT PROCEED GET_A1_VARIABLE_X3 GET_YFVAR_YVAR

PUT_Y_VARIABLE BUILTIN_2 UNIFY_VARS_XN_X2 GET_X_VALUE

UNIFY_VOID PUT_Y_VARIABLE GET_A3_VARIABLE_XN PROCEED

BUILTIN_2 BUILTIN_2_IMM GET_Y_VARIABLE BUILTIN_2

BUILTIN_2_IMM GET_Y_VARIABLE GET_STRUCTURE PUT_Y_VARIABLE

BUILTIN_1 CUTB GET_A1_STRUCTURE BUILTIN_2_IMM

FAIL

Table10: Themostfrequentinstructionsfor thedifferentmachines.Only the30 most
frequentinstructionsareshown. It is worthnoticingthatEXECUTEgetssuchadomi-
natingrole in

� �
,
� �

and
� �

.
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Machine ')( '+* '-, ').
Numberof opcodes 136 189 427 244

EmulatorsizeonSparc 17148 23196 36396 28248

Emulatorsizeonx86 18316 23548 41420 31240

Table 11: Emulatorsizesin bytes. The size of the main function of the emulator
(the wam function) which is the onethat representsthe changein sizefor the whole
emulator. Thesizeis slightly largeron thex86machine.

On thex86 machinethebestmachineis instead
�&�

; seeTable2. Theresultis not
asclearasontheSparcmachinesincetherearedifferentwinnersfor differentparts,but
it is clearenoughto show animprovement.Also

���
performsbetterwhichleadsto the

conclusionthatspecializationsaremorefavorableon a machinewith fewer registers.
Thereducedregisterpressureis morebeneficial.

Thedisappointingresultof
� �

, on theSparcarchitectureTable1, suggeststhatthe
developmentof amachinewith morecombinationsis thewayto go. Thetestdonewith
threadingdisabledsupportsthisbelief,sincein Table4 theheavy specializedmachines� �

and
� �

performworse.

9.1.2 Byte-codesize

In Table5 thesizeof thegeneratedbytecodecanbecompared.Thespacesavingsare
about7%goingfrom thealmostWAM equivalent

� �
to
� �

(SICStusof today).When
comparing

� �
to
� �

thesaving is evengreater, 12%.
� �

is runnerup in thespace-
saving race,but clearlybeatenby

� �
. Thedifferencebetween

� �
to
� �

is 5%. This
meansthatthebytecodeof

� �
is themostcompact,asexpectedsincethismachinehas

somany opcodes.

9.1.3 Emulator size

Theemulatorsizewasmeasuredasthesizeof the 5�	6� functionin theSICStusemulator
objectfile 5�	7�98: for eachmachine. It hasdifferentsizesfor the differentmachines.
Other partsof the emulatoralso differ in size, but that differenceis not of interest
for this work. To get a fair comparison,the emulatorsizeof the optimizedversion
(without debugging)wasused.Thereis a clearcorrelationbetweenemulatorsizeand
thenumberof opcodesin theabstractmachine,asexpected.

Thereis a higherpenaltyon thenumberof opcodeson thex86 architecture.Why
is not clearandhasnot beeninvestigated.The assemblycodeon the differentarchi-
tecturesmight help to explain. The datacollectedis not sufficient to make any clear
conclusions,but thesizedifferencebetweentheSparcandx86 doesseemto increase
moreperopcode,themoreopcodesthereare.Valuesaregivenin Table11.

Theaveragenumberof bytesrequiredfor implementingnew opcodesis calculated
for eachmachinein Table 12. The highly specialized

���
hasa lower penaltyper

opcode.This suggeststhatspecializedopcodeswill bemorecompact.

9.1.4 Disassemblyof somefr equentpredicates

Someof the benchmarksthat gave unexpectedresults(lack of improvementor sur-
prisingly goodimprovement)wereinvestigatedcloserby disassemblingthegenerated
code.
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Machine '/( '+* '), ').
Numberof opcodes 136 189 427 244

SizeperopcodeonSparc 126 123 85 116

Sizeperopcodeonx86 135 125 97 128

Table12: Averageopcodesizein bytes.

The partition predicatein qsort
The greatly increasedperformanceof Quintusfor the ;����!�� benchmarkis one ex-
ampleof an unexpectedlygoodimprovement.Table1 andTable2 show that ;%���!��
executesconsiderablyfasteron

���
thanon

���
which wasexpectedsinceit contains

specializationsandcombinationsthatdo not exist in
���

, but the largedifferencewas
unexpected.Profiling of the ;%���!�� benchmarkshowedthat it spendsmostof its time
in apredicatecalled ��	�!��#"7�#"<�� . Thedisassembledcodeof partitionis shown in Table
13.

The concatenatepredicatein nreverse
Anotherbenchmarkthatperformedverywell is ��!�������!=��� . Profilingshowedthatmost
time is spentin a predicatecalled ����#��	�������	���� . Disassemblyof ����#��	�������	���� , for
eachmachineis showedin Table14. Thefirst instructionin thetable(  ���� _
�"��<� _��> )
is actuallyskippedandcausesno dispatch.

9.2 Spaceand time results

Thespacemeasurementsareexact,whereasthetime measurementshave a stochastic
pattern.Therearesomedependencesbetweenthethreemeasuredunits.A smallercode
sizeoftenrequirea largeremulatorwith many combinations.A largeremulatormight
run slower, evaluateone instruction,but usually eachinstructionis now potentially
severalsimpleinstructionsandasa resulteachbasicinstructionsmight becarriedout
quicker. Becauseof their dependence,executiontimesandmemoryusagehave to be
comparedin parallelto give thewholepicture.

The sizeof the emulatoritself seemsto be of limited importancefor mostappli-
cations,sinceit only variesslightly. Although sometimesinaccuratethe time mea-
surementscanoftengive themostimportantinformation. This wasa very frustrating
situation.Timemeasurementsvaryingmuchmorethantentimestheuncertaintyof the
measurements,but still beingthemostvaluablemeasurement.How canthis be dealt
with? The first thing to rememberis that this wasa fact, andall conclusionsdrawn
from thesemeasurementsmustbetreatedwith caution.Thesecondthing to remember
is thefundamentalsof statistics,moremeasurements,lessuncertainty.

Thisthesisalsoclearlyshowsthatit is wrongto rely solelyonsmallbenchmarks,as
they do not reflectthecorrectpotentialof improvementson larger, realworld, bench-
marks.For sizemeasurementsthey aresatisfactoryseeTable5. That thecorrelations
for timemeasurementsis lessclearcanbeseenin Table1 andTable2.

9.3 Recommendations

9.3.1 Worthwhile?

Improvementshave in this thesisalsobeenproven to be easilyachieved andworth-
while. The sizepenaltyon the emulatoris not large, seeTable11 andno otherreal
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?A@ ?AB
GET_LIST_X0 GET_LIST_X0

UNIFY_X_VARIABLE[x(4)] UNIFY_VARS_XN_X0[x(4)] c

UNIFY_X_VARIABLE[x(0)]

GET_LIST[x(2)] GET_A2_LIST s

UNIFY_X_VALUE[x(4)] UNIFY_X_VALUE[x(4)]

UNIFY_X_VARIABLE[x(2)] UNIFY_VARIABLE_X2 s

HEAPMARGIN_CALL[3,5 live] HEAPMARGIN_CALL[3,5 live]

BUILTIN_2[<builtin 0xff2e8140>,x(4),x(1)elsefail] BUILTIN_2[<builtin 0xff22bc2c>,x(4),x(1)elsefail]

CUTB CUTB

EXECUTE[user:partition/4] EXECUTE[user:partition/4]

GET_LIST_X0 GET_LIST_X0

UNIFY_X_VARIABLE[x(4)] UNIFY_VARS_XN_X0[x(4)] c

UNIFY_X_VARIABLE[x(0)]

GET_LIST[x(3)] GET_A3_LIST s

UNIFY_X_VALUE[x(4)] UNIFY_X_VALUE[x(4)]

UNIFY_X_VARIABLE[x(3)] UNIFY_VARIABLE_X3

EXECUTE[user:partition/4] EXECUTE[user:partition/4]

Basecase,not sointerestingsincenot muchtime is spenthere.

GET_NIL_X0 GET_NIL_X0

GET_NIL[x(2)] GET_A2_NIL s

GET_NIL[x(3)] GET_A3_NIL s

PROCEED PROCEED

Table13: Thepredicate��	�!��#"7�="��� disassembled.Resultsfor
���

and
���

is shown.
c standsfor combinationands for specialization.If anopcodetakesparameters,then
they aregivenwithin squarebrackets.
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Table 14: The predicate ����=��	�������	���� disassembled.Resultsfor all machinesare
shown. c standsfor combinationands for specialization.If anopcodetakesparame-
ters,thenthey aregivenwithin squarebrackets.
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obstaclesfor incrementingtheinstructionsetwasencountered.Therecommendations
for achieving improvementsof around10%would beto follow theoutlineof this the-
sis.Lookingatpairsof instructionsto find goodmergersandlookingat theinstruction
frequenciesto getgoodcandidatesfor specializations.On a x86 architectureall these
improvementswill be beneficial.On a Sparcarchitecturethe pairsandthe combina-
tionswould payof themost.

Rememberto makesurethatany introducedopcodesactuallycometo use.Thiscan
easilybedoneby examiningwhethertheinstructioncountsarezeroor not. Zerocounts
obviously imply that the optimizationswerenot used. This might be dueto missing
translationsrulesor wrongorderingof specializationsandcombinations,wherethese
areexclusive.

9.3.2 Sparc versusx86

Therearesomedistinct differenceson the recommendationsonecangive for imple-
mentationsonSparcversusx86. Theconclusionsthathasbeensupportedby this thesis
is primarily thevalueof specializationsversuscombinations.

For implementationson a x86 architecturethevalueof specializationsseemto be
betterthanon theSparcor Sparc-like architecturewith many registers.Thedifficulty
of registerallocationsseemto moreeasilyresultin improvementsonarchitecturewith
lessregisters.Themoreinformation,onwhichregisterswill beused,thebetteronsuch
anarchitecture.Thesameshouldbe true for theSparcarchitecture,but the impactis
muchsmallersincetherearesomany moreregistersavailable.

9.3.3 Combinationsversusspecializations

As onemight beableto seein the tablesa very frequentinstructionthat is combined
will dropin frequency. Thatis whatis expectedsinceit is combinedsomeof thetimes
whenit occursandthereforedoesnot occurso often on its own in the counts. This
meansthat onehasto choosebetweencombiningandspecializingsinceonceoneis
donethe frequency of the instructionswill dropandit will not be the bestchoicefor
improvementonceoneof thetwo is done.

Thebestchoicedependson theimprovementsrequired.If speedis needed,go for
combinations.If compactcodeis of theessencestartwith specializations.

9.4 Impr ovementsfor a SICStussimilar machine

Hereis a shortdescriptionon how to implementthe optimalmachinewhich wasnot
implementedduringthis thesiswork.

Thevalueof existing optimizationsin SICStuscanbeseenby comparing
���

and���
in Table1 and2. Apart from the improvementsalreadyin placein SICStusthe

following stepscanbetakento improvetheperformanceof SICStusvirtual machine.

� Remove theopcode����� _� _��	�
<��� and ����� _����	�
 _����	�
 andlet thembetrans-
latedinto  ���� _� _��	�!="�	�$%
�� and  ���� _����	�! _����	�! . Any combinationsandspe-
cializationswill now be beneficialfor bothopcodes.Theorderof which com-
binationsareappliedwill bemoreimportant,bestis to implementthis improve-
mentsandthenlook at pairsandfrequenciesof opcodes.

� Combinetheopcodepairsmarkedwith c in table7.
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� Specializetheopcodespairsmarkedwith s in table7.

� Rerunthebenchmarkssuiteandcollectnew data.

Two or threerunsof collectingdata,optimizingandcomparingis probablyenoughto
improve themachinesperformanceby at least10%. It hasbeenshown to be true for
codesize,anda2%performanceonruntimeonthex86machinewasshown usingonly
a few improvements.

9.5 Future work

With all goalssatisfied,it would be interestingto look into analternative compilation
of arithmeticto reducedereferencingandtagging. Inline compilationof disjunctions
is anotherareafor improving SICStus.

Somework hasbeendonein the areaof dynamicoptimizationinsteadof static
optimization[11]. Staticanddynamicoptimizationsdiffer in theway thatstaticopti-
mizationscanneverbeoptimalfor all programs.Thegoalis insteadto find anoptimal
set that is “on the average”optimal. In a dynamicapproachan optimizationfor a
particular programis sought. This resultsin applicationsfor dynamicoptimization
differing slightly from the onesfor static. The dynamicoptimizationsareto be used
whereenoughtime and effort can be sparedto do a separateoptimizationfor each
program.Theoptimalsolutionwould be to first find a very goodinstructionsetwith
staticoptimizationsandthenwork on thespeedof thedynamicoptimizations.To find
dynamicoptimization([10]) beforethestaticonehasbeenintroducedis noteconomic.

Someof the optimizationsdiscussedin this thesisare applicableto all abstract
machinewhile othersareProlog,or evenSICStusspecific.

9.6 If only there were more time

With moretimeandresourcesit wouldbepossibleto build acompletelynew compiler,
andbuild it aroundtheabstractmachine.Building a new compilermight betoo large
a quest,but thoughtin that direction might lead to new ideasand improvementsto
existingcompilers.

Onewouldliketo seeacompilerwheretheabstractmachineis moreeasilychange-
able,possiblya higher level of abstractionwhereit is easierto modify andevaluate
differentmachineconfigurationson anequalbasis.To createsuchanabstractfounda-
tion couldleadto finding a perfectandoptimalmachinefor all givensituations.Such
informationcouldthenbeimplementedinto existing systems.Thehigherlevel of ab-
stractionwould alsogive moreroomfor paralleldevelopmentof independentareasof
themachine.

Themostchallengingareawouldbeto work ontheinter-proceduralpairs,thatonly
werecountedhere.

10 Conclusions

Abstractmachinescanbe improvedby differentmethods.Oneway is to expandthe
instructionset to include instructionsspecializedfor certainregisters. Anotherway
is to include instructionsthat are combinationsof several simpler instructions(i.e.,
combinations).This thesisshows that thesecanbeworthwhile tasksslightly favoring
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combinations.It is alsoshown that therearesomesignificantdifferencesin improve-
mentbetweendifferentplatformssuchasSparcandx86. Thetechniqueis of moreuse
on anarchitecturewith few registers.

Severaldifferentabstractmachineswereimplementedto find outhow muchSICS-
tusPrologcouldbenefitfrom differentimprovementsaswell asto evaluatehow differ-
entoptimizationspayoff. Non threadedversionswerealsocomparedto thethreaded
versions.

Both large andsmall benchmarkswereusedto seehow the techniquesscaleand
whethersmallbenchmarkscanbeusedaspredictionsof how largeprogramswill be-
have. Theresultsshow thatis unsafeto solelyrely on smallbenchmarks.

Executiontime,emulatorsizeandcodesizeweremeasured.Improvementsof the
orderof 10%in timebenchmarksandat leastimprovementsof theorderof 15%in the
codesizewith smallpenaltieson theemulatorsizewereobserved.
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Appendix A: Warr en Abstract
Machine

Intr oduction

This is a shortdescriptionof the WarrenAbstractMachine(WAM ) asfirst presented
by D. H. Warrenin his report,1983. Many Prologbytecodeemulators,amongwhich
SICStusis one,have usedthe WAM astheir foundation. Sinceunderstandingof the
WAM is vital to anyonetrying to improveits instructionset,someinformationaboutit
is includedherein this appendix.

Dataobjects,dataarea,registers,variablesand instructionsetare termsusedin
many texts aboutthe WAM. Someof thesetermsaredescribedbelow. To easethe
useof this appendix,importanttermsarein bold facewhenthey occurcloseto their
definitions.

Memory

Thememorycontainsfive areas,four stacksandthecodeareawith theprogram.The
four stacksaretheheap,thestack,thetrail and,thesmallestone,thePush-Down-List
(PDL).

Eachareahaspointers(registerswith memoryaddresses)to trackexecution.The
registers(globalpointers)canbeupdatedby instructions.Choice-pointsandenviron-
mentsarecreatedto supporttheflow of controlandmaintainlocalvariablesthroughout
theexecution.

Heap (Global stack)

The HEAP hasthe H registerpointing to the top of the heap,S pointing to the next
termargumentto beinvestigatedon a unification.TheHB registercachesthevalueof
H, at thetime of thecreationof thelatestchoicepoint.

Stack (Local stack)

B pointsto the latest(chronologically)choicepoint, andE pointsto thecurrentenvi-
ronmentin theSTACK.

Trail

Duringexecutionvariablesmightbeboundto terms.Sometimesthesevariablesmight
needto be madeunboundto enableotherpossibilitiesuponbacktracking,thesevari-
ablesarecalledconditionalvariables.

TheTRAIL containsall conditionalvariablesfrom bothstackandheapthathave
beenbound. (Variablesthat might be discardeduponbacktracking.)Suchvariables
needto beresetuponbacktrackingbeyondthecorrespondingchoicepoint. TR points
to thetopof theTRAIL.
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PDL

ThePushDown List (PDL) is usedfor recursive operations,mainly unifications.The
termsto beunifiedarebuilt on thePDL.

Code-area

P and CP are the pointersinto the codearea. P is the programpointer. CP is the
continuationpointer.

Memory structure

Thedataareais usedfor storageof dataobjects.Dataobjectsconsistof a valueanda
tag.Thetagis oneof: references,structures,lists andconstants. Referencesrepresent
variables.An unboundvariablereferencesitself. A structur edenotesthatthevalueis
thenameandthearity of a functor.

The dataobjectsarestoredin memoryin a numberof stacks. The dataareasor
stacks“makingup” thememoryare;thecodearea,theheap,thestack,thetrail andthe
PushDown List (PDL). Theheap is usedasa globalstackandcontainsall structures
and lists createdby procedurecalls and unifications. The PDL is usedfor unifica-
tions. The trail hasa list of all thevariablesthathavebeenbound,andthatneedto be
unboundon backtracking.Thestackcontainsenvironmentsandchoicepoints.

Envir onmentscontainvariablesandtheirvaluesasthey occurin thebodyof some
clause.An environmentalsocontaina pointerinto anotherclause.This continuation
pointer representsa list of instantiatedgoals that have not beenexecuted. Choice
points containall informationneededto restoreanearlierstateuponbacktracking.

The demandsthe machineputs on the structureof the codeare that the heapis
on lower addressesthan the stackand both grow to higher addresses,(or the stack
lower thantheheapandgrowing towardsloweraddresses.)Thisorganizationprevents
danglingreferenceswhenconsistentlybindingthevariablewith thehighestaddress.

The structureusedin the original WAM hasthe codearearesidingon the lowest
memoryaddressesandit growsto higheraddresses.After thecode,theheap,thestack
andthe trail follows, all growing towardshigheraddresses.The PDL resideson the
highestmemoryaddressandgrows towardsloweraddresses.

Registers

TheWAM is registerbasedandregistersA1, A2,...,An areavailableasargumentreg-
isters.They areusedto passargumentsto procedures.X1, X2,...,Xnareusedto store
temporaryvariables. Implementationwise, Ai andXi areactually the sameregister.
Registersarealsousedfor pointersto particularplacesin thememory. Togetherthey
constitutetheregistersof thevirtual machine.

Theregistersdeterminewhich statethecalculationsarein.

� P, CP- Programpointer(P)andContinuationPointer(CP)bothto thecodearea.

� E, B, A - lastEnvironment(E), Backtrackpoint (B) i.e., thelastchoicepoint,top
of stack(A) all directedinto thestack.

� TR,H, HB - topof TRail (TR), topof Heap(H). HeapBacktrackpoint (HB), the
valueof registerH at thetimeof thelatestchoicepoint.
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� S-Structurepointerto theheap(S)

� A1, A2, A3, ..., An - Argumentregisters,usedto passargumentsto procedures.

� X1, X2, X3, ..., Xm - Temporaryvariable4registers,usedto storethe valuesof
clauses’temporaryvariables.

TheregistersH, TR,B, CP, E, A, A1 throughAi andapointerto alternativeclauses
hasto bestorefor eachchoicepoint.

Instructions

The WAM is comprisedof 42 instructions.They areall briefly presentedbelow. I=J
representsa permanentvariable,i.e.,not antemporaryone. K is a constantand L is a
functor.

Get instructions
�  ���� _��	�!="�	�$%
��AI J , MAN - AssignsI J thevalueof MON . Usedfor headarguments

thatareunboundvariables.

�  ���� _��	�!="�	�$%
��QP J , MON - AssignsP J thevalueof MON . Usedfor headarguments
thatareunboundvariables.

�  ���� _��	�
<���RI J , MAN - Unifies I J with MON . Usedfor headargumentsthatarebound
variables.

�  ���� _��	�
<���SP0J , M N - Unifies P0J with M N . Usedfor headargumentsthat are
boundvariables.

�  ���� _����=�<��	����/K , M N - Unifiesa constantwith M N for headargumentsthatare
constants.

�  ���� _�T"�
UM N - Unifies theconstant[] with M N . Usedfor headargumentsthat is
the[] constant.

�  ���� _�<��!��#�<����!��VL , MON - Unifies MAN with a structure.Usedwhentheheadargu-
mentis a structure.

�  ���� _
�"��7�WMON - Unifies MON with a list. Usedwhentheheadargumentis a list.

Put instructions
� ����� _��	�!="�	�$%
��QI%J , M N - AssignsI=J and M N anew variable.Usedfor goalargu-

mentsthatareunboundpermanentvariables.

� ����� _��	�!="�	�$%
��XPSJ , M N - AssignsP0J and M N anew variable.Usedfor final goal
argumentsthatareunboundvariables.

4In Warren’s own words: “A temporaryvariableis a variablethathasits first occurrencein theheador
in a structureor in the lastgoal,andthatdoesnot occurin morethanonegoal in thebody, wherethehead
of theclauseis countedaspartof thefirst goal.Temporaryvariablesdonotneedto bestoredin theclause’s
environment.”
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� ����� _��	�
<���AI%J , M N - Putsthevalueof I%J into M N . Usedfor goalargumentsthat
areboundvariables.

� ����� _��	�
<���YP0J , M N - Putsthevalueof PSJ into M N . Usedfor goalargumentsthat
areboundvariables.

� ����� _���#��	�2�� _��	�
����SI J , MON - Putsthe valueof I J into MON . Usedfor the last
occurrenceof anunsafevariable.

� ����� _����=�<��	����ZK , MON - Putstheconstantinto MON . Usedfor goalargumentsthat
areconstants.

� ����� _�T"�
VMAN - Putstheconstant[] into MON . Usedfor goalargumentsthatis the[]
constant.

� ����� _�<��!��#�<����!��OL , MAN - AssignsMAN thestructureL . Usedwhenthegoalargu-
mentis a structure.

� ����� _
�"��7�WMON - AssignsMON a list. Usedwhenthegoalargumentis a list.

The instruction ����� _���#��	�2�� _��	�
���� replaces����� _��	�
<��� in the last goal wherethe
unsafevariable5 is used.It ensuresthat thevariable,if needed,is storedon theheap,
andthusglobalized.

Unify instructions

Unify instructionsbothunify existingstructuresandcreatenew ones.

� ���T"<2�[ _��%"<�O\ - UnifiesN singleoccurringvariableswhenthey appearashead
structurearguments.

� ���T"<2�[ _��	�!#"�	�$%
��ZI J - Unifies I J with thenext subterm,usinga new variable.
Usedfor headstructurearguments.

� ���T"<2�[ _��	�!#"�	�$%
��XP J - Unifies P J with thenext subterm,usinganew variable.
Usedfor headstructurearguments.

� ���T"<2�[ _��	�
����/I J - Unifies I J with the next subterm.Usedfor headstructure
arguments.

� ���T"<2�[ _��	�
����ZPSJ - Unifies P0J with thenext subterm.Usedfor headstructure
arguments.

� ���T"<2�[ _
����	�
 _��	�
����]I%J - Unifies I%J with thenext subterm,usinga new vari-
able.Usedfor headstructureargumentsthatis notnecessarilyglobal.

� ���T"<2�[ _
����	�
 _��	�
����VP0J - Unifies P0J with thenext subterm,usinganew vari-
able.Usedfor headstructureargumentsthatis notnecessarilyglobal.

� ���T"<2�[ _����#�<��	����/K - Unifiesa constantwith thenext subterm.Usedfor head
structurearguments.

5In Warren’s own words: “An unsafevariableis a permanentvariablethatdid not first occurin thehead
or in astructure,i.e, thevariablewasinitializedby aput_variableinstruction.”
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� ���T"<2�[ _�T"�
 - Unifiesthe[] constantwith thenext subterm.Usedfor headstruc-
turearguments.

If thevariablehasnotbeeninitializedby ���T"<2�[ _��	�!#"<	�$%
�� , theinstruction���T"<2�[ _
����	�
 _��	�
<���
is usedin theplaceof ���T"<2�[ _��	�
���� .

Procedural instructions

Allocationof environmentsandcontrolflow is handledby theproceduralinstructions.
P is a predicateandN thenumberof variables.

� ��!��������� - Terminatesa clauseandsetsP to CP.

� 	�
�
����	���� - Beginningof a clausewith morethanonegoal,createsanenviron-
ment.

� �������7�����V^ - Terminateslastgoal, ^ is setto theprocedure.

� ����	�
�
����	���� - Beforefinal �������7����� whenmorethanonegoal in thebody, dis-
cardsanenvironment.

� ��	�
�
U^ , \ - Terminatesa non-lastbodyclause,setsCP to the following code
and ^ to theprocedure.

Indexing instructions
� ��!�[ _�#� _��
����)_ - Createsa choicepointwith alternative label _ . Usedbefore

codeof first clausein procedureswith morethanoneclause.

� ��!�[S_ - Createsa choicepointwith alternative label setto the next instruction.
Proceedsto label _ .

� !�����!�[ _�#� _��
����/_ - _ replacesthe alternative label. Usedbeforecodeof any
clause(not thefirst andlast)in procedureswith morethanoneclause.

� !�����!�[]_ - Thenext instructionreplacesthealternative label. Proceedsto choi-
cepoint _ .

� ��!��#�<� _�#� _��
����A`#a�bdc - Discardsthelatestchoicepoint.

� ��!��#�<�A_ - Discardsthelatestchoicepoint.Proceedsto label _ .

� �65T"7�=�7e _�� _����!��)_gf , _Xh , _gi , _Rj - P is setto oneof thefour argumentsdepend-
ing on A1’s dereferencedtype(variable,constant,list or structure).Usedwhen
nonvariablein first headargument.

� �65T"7�=�7e _�� _����#�<��	����]\ , kAa�lmcon - Searchesthetablefor a givenkey. Thekey
beingtheconstantfoundin A1. If theclauseis foundthenP is setto thecorre-
spondingclause,otherwiseit fails. Usedfor first headargument.

� �65T"7�=�7e _�� _�<��!��#�<����!��Y\ , kOa�lpcon - Sameeffectas �75#"7�=�7e _�� _����=�<��	���� , but
usesprincipalfunctorof A1 askey.

_ , _gf , _Rh , _gi , _Xj areaddressesof clausesand kOa�lpcqn is a Hashtableof size \ .
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BasicOperations

Two otherbasicoperatorsmentionedin the WAM are fail and trail(R). Fail is used
whenunificationfails andanotherclausemustbetried. The trail(R) operationis used
to (for unification)binda variablewith referenceR.

Sources

Therearemorecompletedescriptionsof the WAM available. This appendixis only
meantto serve asa quick reference.Warren’s original report[16] andAït-Kaci’s tu-
torial reconstruction[2] arerecommendedtexts for the interestedreader. A concise
instructiondescriptionis givenin [3].
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Appendix B: SICStusinstruction set

Abstract instructions

In this thesis,anabstractdistinctionis in madebetweenabstractinstructionsandop-
erationcodes.Theinstructionsof anabstractmachinearecalledabstractinstructions.
Theabstractinstructionsin this reportarethesamefor all machinesconsidered.The
instructionsaretheSICStusinstructions.They aremoreor lessthesameastheWAM
instructionswith addedsupportfor the cut operation,arithmetics,memorymanage-
ment,etc.

Theoperationcodes,or opcodes,changefrom onemachineto anotherasdifferent
optimizationsareintroduced.

Techniquesusedin SICStusabstract machine

Alignment issues(q)

Sincesomecodeendonahalfword(unaligned)thenext operationcodemightor might
not beunalignedin memory. Sincelong (full word) operandsneedto bealigned,this
implementationgives rise to the needfor having both an alignedand an unaligned
versionof eachopcode.As a namingconventionall unalignedversionsendwith a q,
andtheunalignedversionsimply movesthepointerP forwardonehalfword andthen
calls the alignedversionof theopcode.Thealignedversioncanthenassumethatall
its long operandsarealigned.Below in thedescriptionof opcodesonly theq version
is presentedand it is assumedobvious that thereexists an alignedversionfor each
unalignedone.Opcodeswith notrailing q donothaveany longoperandsandcanexist
bothalignedandunalignedin thecode.

Modules (_module)

A moduleis apartof aprogramkeptseparatefrom therestof thecode.To supportthe
useof differentmodulesmostoperationcodeshave a duplicate.By conventionthese
opcodenamescontainthewordmodule.

Initialization of permanentvariables

Whengarbagecollectionis introducedinto theWAM, theproblemof decidingwhich
permanentvariablescontainvalid termsmustbe solved. The solutionchosenin the
SICStusWAM is to alwaysinitialize all permanentvariablesbeforethefirst bodycall,
andto neverre-initializethemafterthefirst bodycall. This impliesthattheinstructions
 ���� _[ _��	�!#"�	�$%
�� , ����� _[ _��	�!#"�	�$�
�� , and ���T"<2�[ _[ _��	�!#"�	�$�
�� mustbe replacedby
 ���� _[ _��	�
���� , ����� _[ _��	�
���� , and ���T"<2�[ _[ _��	�
���� respectively after the first body
call. Also, anew instructionexplicitly initializespermanentvariables.

Thereis a similar decisionproblemwith temporaryvariables.TheSICStusWAM
solvesthis problemby only admittinggarbagecollectionin contexts wherethesetof
live temporaryvariablesis known.
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Nop (_void)

Someinstructionsexploit thefactthatinstructionsmoveregistersontothemselves.The
_void opcodesarespecializationsfor thenopcase.

Indexing (_x0)

Indexing is supportedthroughthe opcodesendingwith x0. In the WAM the switch
instructions �65T"7�=�7e _�� _����!<� , �65T"7�=�7e _�� _ ����=�<��	���� and �75T"6�=�7e _�� _ �<��!��#�7����!��
handleindexing. The �75T"7�=�6e _�� _����!�� instructionskip to differentpositionsdepend-
ing on the type of A1. �75#"7�=�7e _�� _ ����#�7��	���� and �75T"7�=�6e _�� _ �<��!��#�<����!�� jump to
differentpositionsdependingontheprincipalfunctorof A1. Theseinstructionsarenot
usedin SICStus.

In SICStusindexing is handledby ��	�
�
 and �������7����� . Dependingon which type
of predicatetheseinstructionscall slightly differentthingsaredone.Indexing is done
accordingto a patternwhenthetypeof thepredicateis “indexed”.

switch(type_of(A1)){

casevariable:...
caselist: ...
default: switch(functor_of(A1)){
casefoo/0: ...
casebar/1:...
default: ...
}

}
For thelist-casethecodefollowing usuallystartswith  ���� _
�"��<� _��> . In thatcase

theinstructionis ano-opandthecompilerback-endensuresthatthelist-casebranches
to thefollowing instruction.Thesamethingappliesto theconstant-case(  ���� _�T"�
 _��>
or  ���� _����#�7��	���� _��> ) and the structure-case(  ���� _�<��!��=�<����!�� _��> ), these_x0 in-
structionsalsobecomesno-opsandcanbe skipped. For any othercase(after back-
trackingor if A1 is avariable)the_x0 instructionshaveto beexecuted.

Extendedopcodeset

Combinationsandspecializationsareextensively usedin the machinesto extendand
improve the opcodeset. A specializationis anabstractinstructionthathasbeensplit
into severalopcodes.Eachnew opcodedealswith a specialcase.Usuallythereis also
anopcodeto catchall othercases,i.e., put_variableX canbespecializedresultingin
put_X0, put_X1, put_Xn. (They do not have to be sequential,but mostly they are.)
Extensively usedin Quintus,but rarelyin SICStusto date.

A combinationis severalinstructionsmergedinto a singleopcode.
In somecasesall possiblecombinationscanbecreatedandtheoriginal instruction

removed,i.e.,allocateanddeallocate.Combinationsincludethevar_varopcodes.

Bignums(_large)

Largenumbersaresupported.Operationcodescontaininglargedealwith thoseissues
thatarisefor largeintegersandfloatingpointnumbers.
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Arithmetics

Supportfor functions,comparisons,arithmetics,profiling etc. Someopcodestake an
immediateoperandandthenamethencontain_imm.

Foreign languageinterface

Opcodesfor foreign language(FLI) supportareincludedin themachine,but they are
for simplicity (they arenot relevantfor this work) left out of this appendix.

The SICStusinstruction set

Theopcodesusedto implementSICStusarebuilt on theWAM instructions,but have
also beenextended. SICStus3.8 abstractmachinealso containsoptimizations. All
optimizationswhereremovedfrom SICStus3.8 to get an instructionsetassimilar to
thebasicWAM aspossibleasa startingpoint.

��
�
����	���� and ����	�
�
����	���� werealsoreintroducedto make it possibleto remove
combinationscontainingthem. Theresultingmachineis called

� �
. The instructions

usedto implement
� �

is whatin this reportis calledSICStusinstructionset.
Opcodesmarkedby anasteriskrepresentzeroor moreoccurrencesof thatopcode.
A compactyet easyto understandsyntaxhasbeenused. Eachcombinationor

specializationis describedin termsof basicSICStusinstructions.Theopcodeis to the
left andanimplicationarrow showswhichbasicinstructionsit is createdfrom.

Instructionswith no similar instructionin theWAM arein capitalletters.Existing
WAM instructionsarenot in capitalletters.Theinstructionshavebeenlooselygrouped
together.

Procedural instructions
�sr6t#r7u _gbdvxw : Initializespermanentvariables._ybzvxw representa list of thevariables.
� 	�
�
����	���� : Beginningof a clausewith morethanonegoal,createsanenviron-

ment.

� ����	�
�
����	���� : Beforefinal �������7����� whenmorethanonegoal in thebody, dis-
cardsanenvironment.

� ��	�
�
{^ , | : Terminatesa non-lastbody clause,setsCP to point to the next
instructionand ^ to theprocedure.

��} ��~�~ _r6t _��������~��Z^ , | : A ��	�
�
 versionfor usein modules.

Initializespermanentvariablesandperformsacall.
�&�=r7����u�} ��~�~��%�o~="��7�#���=� ���=��r6t#r7u �o~="��<� � �m��	�
�
��o�#� ���

Initializespermanentvariablesandperformsacall in modules.
�&�=r7����u�} ��~�~ _r7t _��������~����%�o~="��7�#���=� ���=��r7t#r6u �q~%"��<� � � } ��~�~ _r7t _��������~��T���#� ���
� �������7������;V^ : Terminateslastgoal,P is setto theprocedure.
� ����� } � u � _r7t _��������~����V^ : An �������7����� versionfor usein modules.

� ��!��������� : Terminatesa clauseandsetsP to CP.
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PUT instructions
� ����� _� _��	�!="�	�$%
��UP0J , M N : AssignsP0J and M N a new variable. Usedfor final

goalargumentsthatareunboundvariables.

� ��� u _� _��� r �WMON : Specialized����� _� _��	�!="�	�$%
�� for thecaseswhenthetwo reg-
isters( M N , P N ) it operateson arethesame.

� ����� _� _��	�
<���WP J , MAN : Putsthevalueof P J into MAN . Usedfor goalarguments
thatareboundvariables.

� ����� _[ _��	�!="�	�$%
��SI J , MON : Assigns I J and MON a new variable. Usedfor goal
argumentsthatareunboundpermanentvariables.

� ����� _[ _��	�
<���)I J , MAN : Putsthe valueof I J into MAN . Usedfor goal arguments
thatareboundvariables.

� ����� _[ _���#��	�2�� _��	�
����]I J , MON : Putsthevalueof I J into MON . Usedfor the last
occurrenceof anunsafevariable.

� ����� _����=�<��	�����;VK , M N : Putstheconstantinto M N . Usedfor goalargumentsthat
areconstants.

� ����� _�<��!��#�<����!���;QL , M N : AssignsM N thestructureL . Usedwhenthegoalargu-
mentis a structure.

� ����� _�T"�
OM N : Putstheconstant[] into M N . Usedfor goalargumentsthatis the[]
constant.

� ����� _
�"��7�WMON : AssignsMAN a list. Usedwhenthegoalargumentis a list.

� ��� u _~�� ��� ���VK , MON : Versionof ��� u _} � t���u � t�u � for floatingpointnumbersand
largeintegers.Putsa referenceto thebignuminto MON .

Get instructions
�  ���� _� _��	�!="�	�$%
��/P0J , M N : Assigns P0J the valueof M N . Usedfor headargu-

mentsthatareunboundvariables.

�  ���� _[ _��	�!="�	�$%
��YI J , MAN : AssignsI J thevalueof MON . Usedfor headarguments
thatareunboundvariables.

�  ���� _� _��	�
<���]P J , MON : Unifies P J with MON . Usedfor headargumentsthatare
boundvariables.

�  ���� _[ _��	�
<���SI J , MON : Unifies I J with MAN . Usedfor headargumentsthat are
boundvariables.

��� � u _� _�#r7����u _����~����T�����<����� �V�  ���� _[ _��	�!#"�	�$%
��=�����6����� � after the first body
call.

�  ���� _����=�<��	�����;WK , MON : Unifiesa constantwith MON for headargumentsthatare
constants.

��� � u _} � t���u � t�u _��>��AK : Specialized ���� _����#�<��	���� for indexing on A1.
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�  ���� _�<��!��#�<����!���;{L , M N : Unifies M N with a structure. Usedwhen the head
argumentis astructure.

��� � u _��u�� � }�u � � � _��>��OL : Specialized ���� _ �<��!��#�<����!���; for indexing on A1.

�  ���� _�T"�
]MAN : Unifies the constant[] with MON . Usedfor headargumentsthat is
the[] constant.

��� � u _t#r ~ _��> : Specialized ���� _�T"�
 for indexing on A1.

�  ���� _
�"��7�WM N : Unifies M N with a list. Usedwhentheheadargumentis a list.

��� � u _~ r���u _��> : Specialized ���� _
�"��<� for indexing on A1.

��� � u _~�� ��� ���VK , MON : Specialized ���� _����#�<��	���� for floatingpoint numbersand
largeintegers.

��� � u _~�� ��� � _��>��ZK : Versionof � � u _~�� ��� ��� for indexing on A1.

Unify instructions
� ���T"<2�[ _��%"<�W\ : UnifiesN singleoccurringvariableswhenthey appearashead

structurearguments.

� ���T"<2�[ _� _��	�!#"�	�$%
��WP0J : Unifies P0J with thenext subterm,usinga new vari-
able.Usedfor headstructurearguments.

� ���T"<2�[ _[ _��	�!#"�	�$%
��RI J : Unifies I J with thenext subterm,usinganew variable.
Usedfor headstructurearguments.

� ���T"<2�[ _� _��	�
����XP J : Unifies P J with thenext subterm.Usedfor headstructure
arguments.

� ���T"<2�[ _� _
����	�
 _��	�
����]P0J 6: Unifies P0J with the next subterm,usinga new
variable.Usedfor headstructureargumentsthatarenotnecessarilyglobal.

� ���T"<2�[ _[ _��	�
����AI=J : Unifies I=J with thenext subterm.Usedfor headstructure
arguments.

� ���T"<2�[ _[ _
����	�
 _��	�
����+I J 7: Unifies I J with the next subterm,usinga new
variable.Usedfor headstructureargumentsthatarenotnecessarilyglobal.

� � t#r7� � _� _�#r7����u _����~����#�o��� �#� ���T"<2�[ _[ _��	�!#"�	�$%
��=����� � afterthefirstbodycall.

� � t#r7� � _} � t���u � t�u �OK : Unifiesa constantwith thenext subterm.Usedfor head
structurearguments.

� � t#r7� � _��u�� � }�u � � �����o� � � ���%� ���T"<2�[ _� _��	�!#"<	�$%
��=��� � � �� ���� _ �<��!��#�7����!��=� � ��� � �
� ���T"<2�[ _�T"�
 : Unifiesthe[] constantwith thenext subterm.Usedfor headstruc-

turearguments.

� � t#r7� � _~ r���u �����7����� ��� ���T"72�[ _� _��	�!#"�	�$%
��=�o��� � �� ���� _
�"��7�T�o��� �
� � t#r7� � _~�� ��� ���OK : Versionof ���T"<2�[ _����#�7��	���� for floatingpointnumbersand

largeintegers.

6Usedif thevariablein �p�<�z�p� _� _�m�¡ 7���£¢x¤¡¥ hasnotbeeninitialized.
7Usedif thevariablein �p�<�z�p� _� _�m�¡ 7���£¢x¤¡¥ hasnotbeeninitialized.
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Function opcodes(Arithmetic opcodes,addition andsubtraction etc.)

For theseopcodes,thevalueis assignedto P0J whereasM N , MY¦ , MA§ areinputarguments.

�&� � t�}�u#r � t _>��OP J : Zero-aryfunctions.

�&� � t�}�u#r � t _ ¨7�OP0J , M N : Unaryfunctions,suchasunaryminus.

�&� � t�}�u#r � t _©��OP0J , M N , MY¦ : Binary functions,suchasbinaryaddition.

�&� � t�}�u#r � t _© _ r �����XP J , MON , M ¦ : Thisversionof the � � t�}�u#r � t _©�� opcodetakes
animmediateoperand.

�&� � t�}�u#r � t _ª��OP J , MAN , M ¦ , M § : Ternaryfunctions.

Builtin opcodes

Usedfor inlined predicatessuchas“=..”, “==”, “\==”, ”=:=”, “>” etc. For theseop-
codes,M N , MQ¦ , MZ§ areinputarguments.

��« � r ~ u#r6t _ ¨<�OMAN : Unarypredicates.

��« � r ~ u#r6t _©��OMAN , M ¦ : Binarypredicates.

��« � r ~ u#r6t _© _ r �����¬M N , MQ¦ : This versionof the « � r ~ u=r7t _©�� opcodetakes an
immediateoperand.

��« � r ~ u#r6t _ª��OM N , MY¦ , MZ§ : Ternarypredicates.

Other opcodes

For theseopcodes, � denotes at entryto thecurrentpredicate.

��} � u�« : Cut to  � .
��} � u�« _�UP J : Cut to P J .

��} � u _�UI J : Cut to I J .

��}�® � r<} � _�WP0J : Store  � in P0J .

��}�® � r<} � _�UI=J : Store  � in I%J .

�&¯ � t�u#r7t ��� : Returnto a procedurecall aftereventhandling.

� ~�������� : Returnto nativecode.

� ��� r7u _u ����~�������~ : Exit from AbstractMachine.

� ��!�[+_ : Createsa choicepointwith alternative label set to the next alternative.
Proceedsto label _ .

�&� � u�� � _} � : Backtrackinto C code.

�&� � u�� � _t � u#r ����� : Backtrackinto nativecode.

�&� � u�� � _r7t���u � t�} � : Backtrackinto interpretedcode.
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�&® ��������� ���=r7t _} ��~�~�� : Checksfor eventssuchasstackoverflows, interruptsor
wokengoals.

��« ����� _} �<� t�u � � � : Profiling.

��« ����� _� t�u�� ��� : Profiling.

� 2�	%"�
 : Usedwhenunificationfailsandanotherclausemustbetried.

�&t ��� : No operation.
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Appendix C Opcodesof the 4 machines
This appendixcontainsdescriptionsof all the opcodesusedin eachof the four ma-
chines.A compactyet easyto understandsyntaxhasbeenused.Eachcombinationor
specializationis describedin termsof basicSICStusinstructions.Theopcodeis to the
left andanimplicationarrow showswhichbasicinstructionsit is createdfrom, i.e.,:

��� u _� _�#r7����u _��� �#r � « ~��T���#��� �T� 	�
�
����	����%�z����� _[ _��	�!#"<	�$%
��=���#��� �
Generalregisterthat hasto be fetchedto be determinedaregivenasA, B, C, D,

X or Y (also indexed versionof thosenamesareused.) To shortenthe notationthe
following is introduced.Argumentsthattheopcodestakearegivenwithin parenthesis.° is usesto signify severalopcodes,onefor eachnumber° canbe,that is theset±6² �´³��£µ��£¶�· . For multiple registeropcodesthe shorthandnotationworks asfollows .
When ° and ¸ areusedthey symbolizemultiple opcodeswhereeachpermutationof
� ° �9¸ � with °�¹ ±7² �x³��£µ���¶�· , ¸ ¹ ±6² �x³��¡µ���¶�· . Whenpermutations°�¹ ¸ of thegiven
opcodewerenot createdthenotation � ° � ��¸ � � is usedinstead.This is thecasewhen
bothregistersarethesame,neitheris aY register. º is usedwheneachpermutationof
theset

± ³��£µ���¶���»�· representoneopcode.

¼ ² ’s136opcodes

Thefirst machinewasimplementedto beanasminimal SICStusabstractmachineas
possiblewhile maintainingall functionality. By removing optimizationsfrom SICStus
analmostWAM equivalentmachinewasrevealed.It is implementedwith 136opcodes.
Eachinstructionin theWAM hasbeenrealizedbut supportis alsoaddedfor extensions.
The136opcodesareSICStusinstructionset.

¼
³ ’s189opcodes

� �
is implementedwith 189 opcodes. It includesall of

� �
’s opcodes,apartfrom

allocateanddeallocate.��
�
����	���� and ����	�
�
����	���� have beenmergedwith all pos-
sibletrailing instructionsandhave beenremoved. Thefollowing 47 opcodes55 (189-
(136-2)countingtheunalignedversions),combinationsandspecializations,havebeen
added.} 	�
�
 instructionsare the sameas in

���
, but can herealso takes zero or more

precedingput opcodes.

��} ��~�~�� � ����� _��	�
�����½��m��	�
�

��} ��~�~ _r6t _��������~���� � ����� _��	�
�����½��m��	�
�
 _ "x� _�#����%
��

~�	��7�=��	�
�
 ( ����	�
�
����	���� followedby an �������7����� instruction)canherealsotakeszero
or moreprecedingput opcodes.

� ~�� ��u�} ��~�~�� � ����� _��	�
���� ½ �¡
�	��7�=��	�
�

� ~�� ��u�} ��~�~ _r6t _��������~���� � ����� _��	�
�����½��¡
�	��<�%��	�
�
 _"6� _�#����%
��
�sr6t#r7u�} ��~�~�� � 	�
�
����	����%�x"x�T"7�#�m��	�
�

�sr6t#r7u�} ��~�~ _r6t _��������~���� � 	�
�
����	����%�´"6�T"6�#�´��	�
�
 _"6� _�#����%
��
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Put opcodes

Allocatefollowedby ����� _[ _��	�
���� .
� ��� u _� _�#r7����u _��� �#r � « ~��T�o�=��� �#� 	�
�
����	����%�z����� _[ _��	�!#"�	�$%
��=�o�=��� �

Combinationsof 	�
�
����	���� andtwo ����� _[ _��	�
���� .
� ��� u _� � ��� � _����� � ���#���=���¾¨����¾¨ ��� 	�
�
����	������������ _[ _��	�!#"�	�$�
��=���#��� � �z����� _[ _��	�!="�	�$%
��%�o�¾¨����¾¨ �
� ��� u _����� � _����� � �o�#���#���¾¨����¾¨ ��� ����� _[ _��	�!#"�	�$%
��=�o�=��� � �z����� _[ _��	�!="�	�$%
��%�o�¾¨����¾¨ �

Combinationsof 	�
�
����	���� andtwo ����� _[ _��	�
���� .
� ��� u _������~ _������~=�o�#� « � } ��� �T� ����� _� _��	�
����%�o�#� «�� ������� _� _��	�
����%� } ��� �
� ��� u _������~ _������~=�o�#���#���¾¨����¾¨ �T� ����� _[ _��	�
����=���#��� � �z����� _[ _��	�
<���=���¾¨����¾¨ �À¿
� ��� u _������~ _��������~#�o�=���#���¾¨����¾¨ ��� ����� _[ _��	�
����%�o�#��� � ������� _[ _���#��	�2�� _��	�
����=�o�T¨����T¨ �
� ��� u _��������~ _������~#���#���=���¾¨����¾¨ ��� ����� _[ _���#��	�2�� _��	�
<���=���#��� � �z����� _[ _��	�
����=�o�T¨����T¨
� ��� u _��������~ _��������~#���#���#���T¨����T¨ ��� ����� _[ _���#��	�2�� _��	�
����=���#��� � �z����� _[ _���#��	�2�� _��	�
����=���¾¨����¾¨ �

Get opcodes

Combinationof two  ���� _� _��	�!#"<	�$%
�� .
��� � u _����� � _����� � �o��Áp����Á´����Â7����Â �T� 	�
�
����	����%�� ���� _� _��	�!#"�	�$%
��=����Á¡����Á � �� ���� _� _��	�!#"�	�$%
��=�o��Â´����Â �
��� � u _����� � _����� � �o��Áp����Á´����Â7����Â �T�  ���� _[ _��	�!#"�	�$%
��=����Á£����Á � �� ���� _[ _��	�!#"�	�$�
��=����Â´����Â �

Combinationof allocateandtwo  ���� _[ _��	�!#"<	�$%
�� .
��� � u _� � ��� � _����� � ��� Á ��� Á ��� Â ��� Â �#� 	�
�
����	����%�� ���� _[ _��	�!#"<	�$%
��=��� Á ��� Á � �� ���� _[ _��	�!#"�	�$�
��=��� Â ��� Â �
��� � u _� _�#r7����u _��� �#r � « ~��T�o�=��� �#� 	�
�
����	����%�� ���� _[ _��	�!#"�	�$%
��=�o�=��� �
��� � u _} � t���u � t�u _� � � } ���������o�#� «��T�  ���� _����#�<��	����T�o�=� «�� �z��!���������
��� � u _t#r ~ _� � � } �����T��� �¾�  ���� _�T"�
%��� � ����!���������
��� � u _��u�� � }�u � � � _����� � _����� � �%���#� « � } ��� ���  ���� _�<��!��#�<����!��=���#� «�� �z���T"<2�[ _� _��	�!#"<	�$%
��=� }�� �

���T"72�[ _� _��	�!="�	�$%
��%�o� �
��� � u _~ r���u _����� � _����� �Q�  ���� _
�"��<�T���#� «�� �z���T"72�[ _� _��	�!#"�	�$%
��=� }�� �����#"<2�[ _� _��	�!="�	�$%
��%�o� �
��� � u _} � t���u � t�u _} � t���u � t�u �%�o�=� « � } ��� ���  ���� _����#�<��	����T�o�=� «�� �� ���� _����=�<��	����#� } ��� �
��� � u _� _ ����~���� _� � � } �����#�o�#� «��T�  ���� _� _��	�
����=���#� «�� �z��!���������
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Unify opcodes
� � t#r7� � _��� r � _º � ���T"72�[ _���"<�#�Ãº �
� � t#r7� � _� _�#r7����u _��� �#r � « ~��T���#��� �T� 	�
�
����	����%�z���T"<2�[ _[ _��	�!#"�	�$%
��=�o� �
� � t#r7� � _} � t���u � t�u _� � � } �����T��� �¾� ���T"72�[ _����#�<��	����T�o� � �z��!���������
� � t#r7� � _t#r ~ _� � � } ����� � ���#"<2�[ _�#"�
��z��!���������
� ��© _��� r � _����� � ���#��� �9� ���T"72�[ _���"<�#��� � �z���T"72�[ _� _��	�!#"�	�$�
��=��� �
� ��© _��� r � _������~#���#��� �9� ���T"72�[ _���"<�#��� � �z���T"72�[ _� _��	�
����=��� �
� ��© _��� r � _��~�����~=�o�#��� �¾� ���T"<2�[ _��%"<�#��� � �����#"<2�[ _� _
����	�
 _��	�
����=�o� �
� ��© _����� � _��� r �T���#��� �9� ���T"72�[ _� _��	�!#"�	�$%
��=�o� � �z���T"<2�[ _��%"<�#��� �
� ��© _����� � _����� � ���#��� �9� ���T"72�[ _� _��	�!#"�	�$%
��=�o� � �z���T"<2�[ _� _��	�!#"�	�$%
��=��� �
� ��© _����� � _������~#���#��� �9� ���T"72�[ _� _��	�!#"�	�$%
��=�o� � �z���T"<2�[ _� _��	�
����%�o� �
� ��© _����� � _��~�����~=�o�#��� �¾� ���T"<2�[ _� _��	�!#"�	�$�
��=��� � �z���T"72�[ _� _
����	�
 _��	�
<���=��� �
� ��© _������~ _��� r �T���#��� �9� ���T"72�[ _� _��	�
����=��� � �����#"<2�[ _��%"<�#��� �
� ��© _������~ _����� � ���#��� �9� ���T"72�[ _� _��	�
����=��� � �����#"<2�[ _� _��	�!#"�	�$%
��=��� �
� ��© _������~ _������~#���#��� �9� ���T"72�[ _� _��	�
����=��� � �����#"<2�[ _� _��	�
����%�o� �
� ��© _������~ _��~�����~=�o�#��� �¾� ���T"<2�[ _� _��	�
����=��� � �����T"<2�[ _� _
����	�
 _��	�
<���=��� �
� ��© _��~�����~ _��� r � � ���T"72�[ _� _
����	�
 _��	�
����=��� � �����#"<2�[ _��%"<�=�o� �
� ��© _��~�����~ _������~ � ���T"72�[ _� _
����	�
 _��	�
����=��� � �����#"<2�[ _� _��	�
����=�o� �
� ��© _��~�����~ _��~�����~#�o�=��� ��� ���T"<2�[ _� _
����	�
 _��	�
����=�o� � �z���T"<2�[ _� _
����	�
 _��	�
����=��� �

Other opcodes
��} � u�« _� _� � � } �����#�o� �¾� �7����$ _�T�o� � �z��!���������
��} � u�« _� � � } ����� � �6����$T�z��!���������
��}�® � r<} � _� �/� 	�
�
����	����%�m�7e�%"���� _[T��� �

¼
µ ’s427opcodes

� �
implementsnew opcodesthatcorrespondsto theopcodesusedin QuintusProlog.

It includesall of
� �

’s opcodesandoptimizationsdescribedbelow.
One type of specializationusedin QuintusProlog is a numberof get_constant

followedby aproceed.It is not thesameoptimizationastheoneusedin SICStussince
this oneonly is usedfor thecasewhenthesecondregisterandonwardsareused,i.e.,:
“x1” or “x1, x2” or “x1, x2, x3”. This opcodetype is namedget_factandcontains6
opcodes.
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��� � u _� � }�u _ ¨���� ���  ���� _����#�<��	����T�o�=�7¨ � �z��!���������
��� � u _� � }�u _©=���#� «����  ���� _ ����=�<��	����#�o�#�6¨ � �� ���� _����#�7��	����T� « �£© � ����!���������
��� � u _� � }�u _ª=���#� « � }����  ���� _����=�<��	����#�o�#�6¨ � �� ���� _����#�<��	����T� « �£© � �� ���� _����#�<��	����T� } �¡ª � �z��!���������

Put_constantto thefirst registerfollowedby call is specializedinto call_constant.

��} ��~�~ _} � t���u � t�u �%���#� « � }��T� ����� _ ����#�<��	����T���#�£> � �m��	�
�
%� « � }��
Put_valueor put_unsafe_valuefollowedby call arecombinedfor thex0 register, and
specializedfor the four first registers(hardwareregisterswhenever possiblein Quin-
tus).

��} ��~�~ _����~���� _� ° �%���#� «���� ����� _[ _��	�
����=� ° �£> � �´��	�
�
%���#� «��
��} ��~�~ _����~���� _� t �%���#� « ��� �9� ����� _[ _��	�
<���=���#�¡> � �m��	�
�
��o�#� «��
��} ��~�~ _� t�� � � � _����~���� _� ° ���o�#� «��Ä� ����� _[ _���#��	�2�� _��	�
<���=� ° �£> � �m��	�
�
%�o�=� «��
��} ��~�~ _� t�� � � � _����~���� _� t �%���#� « ��� ��� ����� _[ _���#��	�2�� _��	�
����=�o�=�¡> � �m��	�
�
%���#� «��

Cutfollowedbyproceedis, justasin
���

, combinedto formcutb_proceedandcutb_x_proceed.

��} � u�« _� � � } ����� � �6����$T�z��!���������
��} � u�« _� _� � � } �����#�o� �¾� �7����$ _�T�o� � �z��!���������

Put_x_voidspecializedfor thefour firstargumentregistersthegeneralcase����� _� _��%"<�
reintroduced.

� ��� u _� ° _��� r � � ����� _� _��%"7�#� °��
The ����� _����#�<��	���� specializations:

� ��� u _� ° _} � t���u � t�u �%� «��¾� ����� _ ����#�7��	����T� « � °Å�
The ����� _�<��!��#�7����!�� specializations:

� ��� u _� ° _��u�� � }�u � � ���%� «��T� ����� _�<��!��#�<����!��=� « � °��
Theput_nil specializations:

� ��� u _� ° _t=r ~ � ����� _�T"�
%� °Å�
Theput_listspecializations:

� ��� u _� ° _~ r���u]� ����� _
�"��7�T� °��
Theget_y_valuespecializations:

��� � u _� ° _����~���� _� t �o� ���  ���� _[ _��	�
<���=���#� °��
Theget_constantspecializations:

��� � u _� ° _} � t���u � t�u �%��� �¾�  ���� _ ����#�7��	����T���#� °Å�
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Theget_structurespecializations:

��� � u _� ° _��u�� � }�u � � ���%��� �T�  ���� _�<��!��#�<����!��=���#� °��
Theget_nilspecializations:

��� � u _� ° _t=r ~ �  ���� _�T"�
%� °Å�
Theget_listspecializations:

��� � u _� ° _~ r���u]�  ���� _
�"��7�T� °��
Theunify_void specializations:

� � t#r7� � _��� r � _º � ���T"72�[ _���"<�#�Ãº �
Theunify_x_variablespecializations:

� � t#r7� � _��� �#r � « ~�� _� °Æ� ���#"<2�[ _� _��	�!#"�	�$�
��=� °Å�
Theunify_x_valuespecializations:

� � t#r7� � _����~���� _� °Æ� ���T"<2�[ _� _��	�
����=� °Å�
Theunify_x_local_valuespecializations:

� � t#r7� � _~�� } ��~ _����~���� _� °Æ� ���T"<2�[ _� _
����	�
 _��	�
����=� °��
Theunify_y_variablespecializations:

� � t#r7� � _��� �#r � « ~�� _� °Æ� ���#"<2�[ _[ _��	�!#"�	�$�
��=� °Å�
Theunify_y_valuespecializations:

� � t#r7� � _����~���� _� °Æ� ���T"<2�[ _[ _��	�
����=� °Å�
Theunify_y_local_valuespecializations:

� � t#r7� � _~�� } ��~ _����~���� _� °Æ� ���T"<2�[ _[ _
����	�
 _��	�
����=� °��
The previously introducedQuintuscombinationallocate_get_y_variable_x0special-
izedinto:

� ��~�~�� } � u � _� � u _� ° _��� �#r � « ~�� _��> � 	�
�
����	������� ���� _[ _��	�!#"�	�$�
��=� ° �£> �
Thepreviously reintroducedcombinationunify_y_first_variablespecializedinto:

� � t#r7� � _� ° _�#r7����u _��� �=r � « ~�� � 	�
�
����	����%�z���T"<2�[ _[ _��	�!#"�	�$�
��=� ° �£> �
The progressopcode,(deallocate,execute(true))aswell ascombinationsof it with a
precedingcut_y:

� � � � ��� � ���O� ����	�
�
����	����%�¡�������7�����=����!�����Ç�> �
��} � u _� _� � � ��� � ��� �o� �¾� �7��� _[T��� � �£����	�
�
����	����%�£�������6�������o��!�����Ç<> �
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Allocateis combinedwith aspecialized ���� _[ _��	�!#"�	�$�
�� for theX0 registerandwith
unify_y_variableto form

� ��~�~�� } � u � _� � u _� ° _��� �#r � « ~�� _��> � 	�
�
����	������� ���� _[ _��	�!#"�	�$�
��=� ° �£> �
� � t#r7� � _� _�#r7����u _��� �#r � « ~��T��� �T� 	�
�
����	����%�z���T"<2�[ _[ _��	�!#"�	�$�
��=��� �

A commonsequenceof opcodesare a numberof put_valueopcodesfollowed by a
deallocatefollowedby anexecute.Thishasbeenexploitedin thedepartopcodes.

� ������� ��u �o� �¾� ����	�
�
����	������¡�������7�����=�o� �
� ������� ��u _>=��� ���È� �z����� _[ _��	�
����=�q>%�£> � �£����	�
�
����	����%�£�������7�����=�o� �
� ������� ��u _ ¨���� �=� ����� _[ _��	�
����=��¨��6¨ � �z����� _[ _��	�
<���=�q>%�¡> � ������	�
�
����	������£�������6�������o� �
� ������� ��u _©=��� �=� ����� _[ _��	�
����=�q©%�£© � �z����� _[ _��	�
<���=��¨��7¨ � �z����� _[ _��	�
����=�É>��¡> � ������	�
�
����	������¡�������7�����%��� �
� ������� ��u _ª=��� �=� ����� _[ _��	�
����=�qª%�£ª � �z����� _[ _��	�
<���=�q©%�¡© � �z����� _[ _��	�
����=�£¨��7¨ � �z����� _[ _��	�
����%�É>%�£> � �

����	�
�
����	����%�£�������7�����=��� �
Combinationsof two ���T"<2�[ _� _��	�! opcodes,specializedfor all possiblecombi-

nationsof the four lowest registerpairs aswell as the generalcaseof any two reg-
istersfollows here. The generalcase��© _����	�! _����	�! reintroduced.Two equivalent
���T"72�[ _� _��	�! aftereachotheris a nop.

� � t#r7� � _��� ��� _� ° Â _��¸ Â � ���T"<2�[ _� _��	�!#"<	�$%
��=� ° Â � �����#"<2�[ _� _��	�!#"�	�$%
��=�o¸ Â �
� ��© _����� � _����� � ���#��� �9� ���T"72�[ _� _��	�!#"�	�$%
��=�o� � �z���T"<2�[ _� _��	�!#"�	�$%
��=��� �

Put_variablespecializedto specificargumentregisters(A), andspecificregisterswith
permanentvariables(Y). Generalcaseput_y_variable.

� ��� u _� ° _��� �#r � « ~�� _��¸ � ����� _[ _��	�!="�	�$%
��%� ° ��¸ �
� ��� u _� ° _��� �#r � « ~�� _� t �o� �Ä� ����� _[ _��	�!#"<	�$%
��=� ° ��� �
� ��� u _� t _��� �#r � « ~�� _� ° �o� �Å� ����� _[ _��	�!#"<	�$%
��=���#� °Å�

Thespecializationof ����� _� _���"<� .
� ��� u _� ° _��� r � � ����� _��%"7�#� °��

Thespecializationof  ���� _� _��	�!#"�	�$%
�� .
��� � u _� ° Â _��� �#r � « ~�� _��¸=Â �  ���� _� _��	�!#"<	�$%
��=� ° Âm��¸=Â �
��� � u _� ° _��� �#r � « ~�� _� t �o� �Ä�  ���� _� _��	�!#"<	�$%
��=� ° ��� �
��� � u _� t _��� �#r � « ~�� _��¸g��� �Å�  ���� _� _��	�!#"�	�$%
��=�o�=��¸ �

Thespecializationsof ����� _[ _��	�
����%�o�#��� � :
� ��� u _� ° _����~���� _��¸ � ����� _[ _��	�
<���=� ° ��¸ �
� ��� u _� ° _����~���� _� t �o� ��� ����� _[ _��	�
<���=� ° ��� �
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� ��� u _� t _����~���� _��¸R��� ��� ����� _[ _��	�
����=���#� °Å�
Thespecializationsof ����� _[ _���#��	�2�� _��	�
<��� :

� ��� u _� ° _� t�� � � � _����~���� _��¸ � ����� _[ _��	�
����=� ° ��¸ �
� ��� u _� ° _� t�� � � � _����~���� _� t ��� �Ä� ����� _[ _��	�
����=� ° ��� �
� ��� u _� t _� t�� � � � _����~���� _��¸g�o� �Å� ����� _[ _��	�
����=�o�=� °��

Thespecializationof  ���� _[ _��	�!#"�	�$%
�� :
��� � u _� ° _��� �#r � « ~�� _��¸ �  ���� _[ _��	�!="�	�$%
��%� ° ��¸ �
��� � u _� ° _��� �#r � « ~�� _� t �o� �Ä�  ���� _[ _��	�!#"<	�$%
��=� ° ��� �
��� � u _� t _��� �#r � « ~�� _��¸g��� �Å�  ���� _[ _��	�!#"�	�$%
��=�o�=��¸ �

Thespecializationof  ���� _� _��	�
���� :
��� � u _� ° Â _����~���� _��¸ Â �  ���� _� _��	�
<���=� ° Â ��¸ Â �
��� � u _� ° _����~���� _� t �o� ���  ���� _� _��	�
<���=� ° ��� �
��� � u _� t _����~���� _� ° ��� �Å�  ���� _� _��	�
<���=���#� °��

¼
¶ ’s244opcodes

The
� �

machinecontainsa subsetof theimprovementsintroducedin
� �

, but it is an
extensionof

� �
insteadof

� �
.

The ����� _� _��	�
���� opcodewastranslatedinto the  ���� _� _��	�!#"�	�$�
�� andthe ����� _����	�
 _����	�

wastranslatedinto  ���� _����	�! _����	�! . Thenthe ����� _� _��	�
���� opcodewasremoved.
The ����� _����	�
 _����	�
 couldalsohave beenremovedsinceit is redundant.Five of the
specializationsintroducedin

� �
werealsoimplementedon top of

� �
’s optimizations

to form
���

.

Thespecializationof ���T"<2�[ _� _��	�!#"�	�$%
�� .
� � t#r7� � _��� �#r � « ~�� _� °Æ� ���#"<2�[ _� _��	�!#"�	�$�
��=� °Å�

Thespecializationof �o ���� _� _��	�!#"�	�$%
�� � .
��� � u _� ° Â _��� �#r � « ~�� _��¸ Â �  ���� _� _��	�!#"<	�$%
��=� ° Â ��¸ Â �
��� � u _� ° _��� �#r � « ~�� _� t �o� �Ä�  ���� _� _��	�!#"<	�$%
��=� ° ��� �
��� � u _� t _��� �#r � « ~�� _��¸g��� �Å�  ���� _� _��	�!#"�	�$%
��=�o�=��¸ �

Thespecializationof  ���� _
�"��<� .
��� � u _� ° _~ r���u]�  ���� _
�"��7�T� °��

Thespecializationof  ���� _�<��!��#�<����!��=���#��� Â � .
��� � u _� ° _��u�� � }�u � � �T��� �¾�  ���� _ �<��!��=�<����!��%�o�#� °Å�
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Thespecializationof thecombination���T"72�[ _��	�!%���o�=��� � thatexistsin
� �

.

� � t#r7� � _��� ��� _� ° Â _��¸ Â � ���T"<2�[ _� _��	�!#"<	�$%
��=� ° Â � �����#"<2�[ _� _��	�!#"�	�$%
��=�o¸ Â �
� � t#r7� � _��� ��� _� ° _� t ��� �Ä� ���T"<2�[ _� _��	�!#"<	�$%
��=� °Å� �z���T"<2�[ _� _��	�!#"�	�$%
��=�o� �
� � t#r7� � _��� ��� _� t _� ° ��� �Ä� ���T"<2�[ _� _��	�!#"<	�$%
��=��� � �����T"<2�[ _� _��	�!#"�	�$%
��=� °��
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