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Abstract

The Swedishinstitute of ComputerScience(SICS)is the vendorof SICStus
Prolog. To decreasexecutiontime and reducespacerequirementsyariantsof
SICStusPrologs virtual instructionsetwere investigated.Semi-automatiavays
of finding candidatesetsof instructionsto combineor specializewere developed
andused.Severalvirtual machinesvereimplementedandtherelationshipbetween
improvementsy combinationsindby specializationsvereinvestigatedTheben-
efits of specialization@ndcombinationf instructionsto the performancef the
emulatoris on the averageof theorderof 10%. The codesizereductionis 15%.
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1 Intr oduction

SICStusPrologis one of Swedishinstitute of ComputerSciences (SICSS) Prolog
systemsTo improve executionspeedandminimize spacausagethevirtual instruction
setwasinvestigatecand modified. A methodologyfor finding instructioncandidates
for optimizationsanda framework for semi-automati¢estingto evaluatetheirimpact
wereconstructed.

The projectwasdoneasa Masterof Sciencethesisat the ComputerScienceDe-
partment{CSD) at UppsalaUniversity for the Swedishinstitute of ComputerScience
(SICS)in UppsalaSweden.

The thesisis organizedasfollows. It first describeghe history of Prologandthe
basicsof the WAM (WarrenAbstractMachine).Thelayoutof thetestsandthevarious
techniqueghat can be usedto improve an emulatorare discussedn Chapter4 and
5. In Chapter6 andthereafterfollows a concretedescriptionabouthow the problems
formulated(first paragraphyveresolved. Thefinal chaptergliscusgheresultsandtry
to seeinto thefuture.

Threeappendicesontainadditionalinformation. AppendixA triesto give a con-
cisedescriptionof the WAM. AppendixB describeghe SICStusinstructionsetand
techniquesusedin it. Appendix C describeshe opcodesusedin the implemented
abstracmachines.

2 Prolog
2.1 Thelanguage

Prolog (from PROgrammingin LOGic) is a declaratve language.Codeis expressed
in facts rulesandquestionsandthe orderof statementss oftenirrelevant. Prologis in
this matterquite differentfrom imperative languages.

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

2.2 History of SICStusProlog

Thefirst Prologinterpretemwasdevelopedat the Universityof Marseillesin 1974.The
first andsecondcompiler(1977,1980)wereboth createdn Edinburgh by David H.D.
Warren.

The Prologcompilers(interpretersmaintainedanddevelopedby SICSareSICS-
tusPrologandQuintusProlog. This MasterThesismainly treatsSICStusProlog(with
several modified abstractmachines)but experienceand conclusiongrom the imple-
mentationof QuintusProloghave beenusedasguidelinesor how to improve SICStus.
All work on SICStusPrologis currentlycoordinatedy the membersf the Intelligent
Systemd_aboratory(ISL) atSICS' in Uppsala.

The versionof the codeusedwasthe not yet releasedrersion4.0, usingthe same
instructionsetas SICStus3.8. At the time of writing the latestreleasedversionof
SICStusis version3.82.

1The Uppsalagroupconductgesearcton finite domainconstrainprogrammingandPrologtechnology
Thegroupandtheirwork canbefoundon http://wwwsics.se/isl/cps/

2Informationon how to obtain SICStusaswell aswell asinformationon which currentlyis the latest
availablereleasecanbefoundat http://wwwsics.se/sicstus/




SICStuscodeis writtenin PrologandC.

3 WAM

3.1 “The” Abstract machinefor Prolog

In 1983David H. D. Warrenwrote a technicalreport[16] on anabstractmachinefor
executionof Prologprograms. The descriptionwas not aimedat a broaderaudience
sinceWarrendid not believe thatit would be of greatinterest. Contraryto his be-
liefs, the abstractmachinefound its way into mary implementation®f Prolog such
as SICStus,Quintus,XSB, dPrologand Yap andhasbecomethe de factoimplemen-
tationvehiclefor emulatedPrologsystems.Theincreasednterestin the machineand
the style of Warrens original text led HassanAit-Kaci to do a tutorial reconstruction
[2] of his work in 1991. His tutorial recreateghe original machinein steps,giving
explanationdor the designdecisionshut it lackssomeof the historical/chronological
motivationsof Warrens paper

A concisedescriptionof the WAM is givenin anarticle by P. WeemeeuwandB.
Demoen17].

3.2 WAM instructions

WAM is anabstracf(or virtual) machine which is registerbased.In implementations
WAM codeactsasanintermediatéanguagdetweercompilationandemulation.Code
is first compiledto virtual machinecodeandthenemulated.

The virtual instructionscan be classifiedinto a few groups. HassanAit-Kaci's
tutorial reconstructior{2] of the WAM dividesthe machineinstructionsinto groups
accordingto theirusage.

e Putinstructionsyariable,value,structurelist, constanandunsafe_walue.
e Getinstructionsyariable,value,structurejist andconstant.
e Unify instructionsyariable,value,local_value,constan@ndvoid.

e Control instructions;allocate deallocategall, executeandproceed.

Thesefour groupsalong with the choice, indexing, and cut® instructions,comprise
thebasicWAM instructions.Thechoiceinstructionsareusedfor backtrackingthe cut
instructionexplicitly preventsall backtrackingobeyonda certainexecutionpoint.

Indexing is a techniquefor optimizing clauseselection. Many predicatescanbe
discriminatecby their first agument becaus®f theway codeis written. Thisimplies
that unification of predicatesvith morethanone clausein the definition can benefit
from searche$or matchesisingthefirst algumentasanindex.

Theoutlineof themachinetogethemwith amoredetaileddescriptiorof theinstruc-
tionsareavailablein AppendixA.

3Thecut-instructionsverenot a partof Warrens original machine.



3.3 SICStusProlog specifics

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

Specialization®f mergedinstructionshave alsobeendone.By combininginstruc-
tionsit hasalsobeenpossibleto make instructionsobsoleteby implementingall its
possiblecombinations. The instructionsallocate anddeallocate have by these
meansbeenremovedin SICStus.Thisis possiblesinceinstructionshave beencreated
for allocate anddeallocate, combinedwith all instructionsthatcanpossiblyfol-
low in the code,creatingone memgedinstructionfor eachpair. The resultis thatless
instructiondispatchesieedto be performedandtheoriginal, now obsoleteallocate
anddeallocate instructionscanberemovedfrom theinstructionset.

4 Emulators and their techniques

4.1 Emulators and virtual machines

Compilerscanbe constructedn differentways. One commonsolutionis to let the
compilercompilethe codeto native code,i.e., codethatis specificfor the machines
architecturepr theassemblyanguagaisedonthemachine.This native codethenruns
only on the specificmachinest is generatedor. The disadwantageis thatif the code
is to run on differentplatforms, several back-endanight have to be maintainedand
supportedTheadwantages thatthis resultsin fastexecutionof thecompiledprogram.

To avoid having to generateseveral versionsmary Prolog systemsuse an emu-
lator. Emulatorshave a virtual machineand codeis generatedor this non-physical
machine.The codeis first compiledto byte codeof thevirtual machine. Emulationof
this byte codethenperformsthemappingto theactualmachinecodeinstructions.This
implementatioris lessplatform dependenandif the emulatoris written in a portable
languagethe solutionis fully portable. The mainproblemis thatit is hardto achiese
the sameexecutionspeedaswith native codecompilation.

More aboutcompilationtechniquesanbefoundin [1].

4.2 Techniquesfor virtual machines
4.2.1 Extending the instruction setwith Combinations and Specializations

Merging severalinstructionsinto onecreatesombinationsThis techniquesaresdis-
patchessinceonecall is enoughfor all instructionsin the combinedopcode.Combi-
nationsalsosave spacein the generateaode,but generallymake the emulatorgrow,
whichin turn slows down interpretation.Sometimesll possiblecasesanbe covered
by thecombinationgenderingthe original instructionobsolete.

Specializatiorof anabstracinstructionsplitsit into severalopcodeseachdealing
with a specialcase.Usually thereis alsoa needfor a generalcatch-allcase.Special-
izationscansave time for exampleif the destinatiorregisteris known andnot needed
asan argument. The downsideis more operationcodes. Specializationganalsobe
donefor particularargumenttypessuchasconstant®r nil-valuedarguments.



4.2.2 Profiling and static pattern matching

Profiling canbe usedto optimizethe compilation. Profilesof the mostfrequentpred-
icates,the predicatesvheremostof thetime is spentetc arehelpful. It is possibleto

look at the codethe compilerfor the virtual machineproducesandfocuson speeding
up the mostfrequentlyoccurringpatterns.In particularone could look at the whole

codeproducedandcountfrequencie®f instructionsandinstructionpairs. Frequenin-

structionscanbe usedascandidategor specializationgandfrequentpairscanbe used
ascandidate$or combinationsThesameechniquecouldbeusedfor triples,but more
practicalmight be to do multiple runsafterintroducinganimprovement.(It might be

easierto, afterintroducinga few combinationsagaincollectfrequeny dataandfind

new candidates Countingtriples andmeiging threeinstructionsat the time might be

ineffective.)

4.2.3 Threading

SinceANSI C doesnotsupportthreadingt mightbearelevanttestto turnit off before
runningbenchmarksThis would alsomake improvementsountmore,especiallythe
onescausedy dispatchesandthenbeeasierto detect.Directthreadings describedn
[9] andwasintroducedn 1973in [4]. In virtual machineglirectthreadedtodeis used
asin assemblyjlanguage Eachinstructionto be executedeithercontainsthe codefor
fetchingthe next instruction,or hasa pointerto a sharedcopy of the codefor fetching
thenext instruction.

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

1. Loadnext opcode2 bytes.
2. Loadprogramaddresgfunctionof opcodeandR/W mode).

3. Jumpto code

Stepl correspond$o the PREFETCHmacroin WAM [16]. Steps2 and3 correspond
to the JUMP_RandJUMP_Wmacrogq16].

4.2.4 Fetches

The instructionmeiging andinstructionspecializationgjive speed-updueto lessin-
structionfetching andlessargumentdecoding,respectiely. The dravbackis thata
largersetof instructionscanresultin anincreasen “instruction-cachemiss-rate’T11].
For someimplementations limit on the numberof instructionscould be a problem,
thisis notthe casefor either SICStusor QuintusProlog. 189 instructionsare usedby
SICStusandthelimit for the numberis thetrade-of fetching/cache-miss.

Hardwarespecific§cacheandmemorysizes)alsogiveriseto bottleneckavhenthe
instructionsetbecomesargerthanthesizeof thestackframe. Thethreadingechnique
usesa jump tableandextra overheadcanbeintroducedgeneratinga large penaltyfor
fetchingof local variables (if the stackframebecomedoo large andthe jump-tableis
in the stackframe,)asis thecasein SICStus.



4.2.5 Order of performing combinationsand specializations

The orderin which optimizationsare appliedis importantwhenit is possibleto both
combineandspecializea sequencef instructions A specializatiorcanpreventacom-
binationfrom happeningandvice versa. In generalthe combinationshave beenput
firstandtheir usepreferredo thatof the specializationslf thehypothesisthatinstruc-
tion fetchesarethe major time consumeris correct,this is the bestorderingsinceit
minimizesfetchesbut if the fetchesarenotthe mainfactor thena differentapproach
could be moreefficient. Datapresentedn this thesissupportthe factthatinstruction
fetchingis amajortime consumer

4.2.6 Combinations createdto match functionality

Certainfunctionalitycanbeimprovedby “handemulating”codewith thefunctionality.
By inspectingthe resultingcodeone canfind certaincombinationandspecializations
thatwould performmaybethe wholetaskin oneor two abstracimachineinstructions.
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 betteron simplerabstractmachinesin generait is theoverheadhat
is reduced.Theseimprovementsare usually small comparedo previously described
optimizations,as long as no hardware or software thresholdsare surpassed.l.e., a
machineusinglessflagsrequirelesstime, sinceit doesnot needto testfor their value.
A simplermachinecangive someoverheadyain by allowing lesstests. Teststhat
areneededor largerinstructionsetscanbe removedif they arenolongerusedin the
de-optimizednachine.Suchatestcould be checkingthelengthof anoperand.

4.3 Other optimizations

Someoptimizationscanbeappliedatcompiletime. Suchanoptimizationis postponing
allocate until aslateaspossible.Savingsaredoneby executinginstructionsthatcan
leadto backtrackindirst, avoiding wastefulallocates.

Thefactthatsomeinstructionsindthevalueof aregistertoitself or movethevalue
of oneregisterontoitself is alsoexploitedin mary compilers.Instructionghatperform
suchan unnecessargction canbe omitted. This techniquecanbe usedextensiely
to reducethe numberof movesrequired. It might also be desirableto minimize the
numberof registersused.It couldalsobe beneficialto generatecodethatis amenable
to instructionmeming. Inline compilationis anothertechniqueusedextensiely in
compilers.

Suchimprovementsaredonein SICStusProlog,but mostof themarebeyondthe
scopeof thisthesis.

5 Benchmarks

For any emulatorbasedmplementatiortherearecertainthingsoneneedgo focuson.
Thethreemostimportantare (from the point of view thatthis thesistakes); emulator
size runtimeof the benchmarlsuiteandsizeof theemulatedcode.



5.1 Codeefficiency

To accuratelyrepresenCPU executiontime, size of codeand instructioncounts,an
appropriatebenchmarksuite hasto be used. The benchmarksuite can be usedfor
evaluatingtheimpactof changesn the Virtual Machine.

A problemwith benchmarkss thatmary of thosemostcommonlyusedare quite
smallanddo not always representhe behavior of “real world” programs. The time
measurementalsobecomelessaccuratefor small benchmarkssincecachingeffects
have a greater or at leasta more unevenimpact. Despitethe disadantageof small
benchmarksthey areusedin mary caseg[14], [6], [11] and[7]) eitherin partor com-
pletely, soit wasdecidedo usea suiteof well known smallbenchmarkstogethemith
somelargebenchmarkén thisreport,to make comparisonpossiblebetweerthis work
and future work aswell aspreviouswork. The low availability of large benchmarks
with good propertiesis anotherreasonfor using small easily available ones. Small
benchmarksisuallytesta certainfeatureandthat makesit easieno traceresults,due
to changesto their source.They do not, however, showv how well improvementsscale,
andthatis why large benchmark@re needed.Most testsof this kind ([14], [6]) have
used atleast,the smallbenchmarksetAquarius([15]) suggestedy VanRay. Theset
usedin thisresearclalsocontainssomebiggerbenchmarkspamely the SICStuscom-
pileritself, BAM (Berkeley AbstractMachine)aswell ascertainFinite StateAutomata
testsby GertjanvanNoord, seehttp://odutlet.rugnl/"vannard/fsa/fsa.tml.

Thefollowing benchmarksvereused:

1. Aquarius suite: A benchmarksuite consistingof mary smallwell known pro-
grams;boyer, browse,chat-parsercrypt, deriv, divide10,fast_muflatten,log10,
meta_gsortmu, nand,nreverse,ops8,poly, prover, gsort,queens_8gquery re-
ducer sdda sendmoreserialise simple_analyzetak, times10,unify andzebra.
Thenumberof runsof eachbenchmarkvereweightedto give approximatelythe
sameexecutiontime. See[15] for referenceo the Aquariussuite.

2. SICStusProlog: This benchmarlconsistan compilingthe SICStus3.8 Prolog
compiler Thebenchmarlactuallymeasurehe penaltyfor increasedomplexity
of the abstractmachine sincethe expandedabstractmachineggenerallymake
the compilationslower. For SICStususermanual.see[8].

3. FSA (Finite State Automata)utilities: A collection of tools for manipulating
finite-stateautomataregular expressionsaindfinite-statetransducersThe stan-
dardFSAtestsusedweretestlandtest3.More informationon theseutilities and
thesourcedo thebenchmarksanbefoundat: http://odurlet.rugnl/"vannmrd/fsa/fsa.html.

4. BAM Berkeley AbstractMachine: Compilationof the Berkeley AbstractMa-
chineanda someavhat|/O relatedtest-runonit. Becauseof readsandwritesto
files, time measurementsartly dependon the speedof 1/0, which is not what
this projectseekto investigate.The benchmarkwvaskeptin the suiteto provide
themostbroadandcloseto reallife spectrunof the suiteaspossible Reference
available,seg[15].

5. XSB WAM basedPrologcompiler: The benchmarks a compilationof the XSB
compilerby itself. For the XSB manualseereferencq13].



5.2 Emulator size

The UNIX shell commandnm offers a way to measureghe emulatorsize (size of the
executable)n a moreaccuratevay thansimply looking at the size of the objectfile.
This shavs the sizedifferencedbetweerthe machinesn a clearerway.

6 Methodology
6.1 Goals

The intention was to develop a methodologyfor finding candidatedor worthwhile
optimizationsand a methodfor semi-automatiégmplementationand optimization of
them.Thegoalswerepartly achiezedalthoughmoretime would berequiredto achiere
moreeffective andautomatedvaysof finding candidates.

6.2 Methods

Certainknown methodsvereused suchascountingdynamicinstructionpairsappear

ing in the code,countingfrequeng of eachinstructionand optimizing certainfunc-

tionality. Therewasno realnew methodinvented,ratherusedmethodswerefurther

developedandusedtogether Thefocusturnedto evaluationof whetherspecialization
or combinationof instructionscould be the mostfruitful.

6.3 Implementation

To testimprovementsn a quantitatve way, a spectrumof the optimizationswereim-
plementedandthe resultof runningthe benchmark®n themcomparedo seewhich
improvementyielded the bestresult. In part this correspondedo finding superop-
erators[12], but alsoto try and determinewhetherspecializationor combinations
achievedthe bestimprovements.Four differentversionsof the abstracimachineused
in SICStuswereimplementedandevaluated.The implementatiorprocesswvasfound
to be a lengthierprocesghanexpected. Combinationswvere found to be harderthan
specializatiorbut the sheemumberof specializationsnadethemtake longertime to
implement.Onceimplementedhough,specializatiordemandederylittle delugging.

6.4 Executionand scripts

Severalversionsof the codehadto be used,onecode-tredor eachabstractmachine.
For eachcode-treesereralcompilationswerenecessaryTime measurement@ndtime
independentandtime consumingyariablessuchasspacaisageandinstructioncounts
are conflicting. To enablememory measurementa compilationflag hadto be set,
but suchversionsimposeoverheadand cannotbe usedfor accurateexecution-time
measurementsSo for eachtype of testa specificversionhadto be used. The two
platformsusedalsorequiredseparaterersions compiledon the specificplatform. The
amountof versionsneededmadethe testing more cumbersomebut hopefully also
moreaccurate.

Scriptswere usedto run the benchmarksand generatethe performancedatare-
ported.Thisis advisablesinceit streamlinegesting.Someof thetestsshaw high vari-
ancein executiontime from onerun to another Reorderingandrestartingthe Prolog
version,betweeneachtest, helpedto getmorestableresults. A techniquefor getting
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theresultsmoreconsistentvould beto run N runsandpick theonewith thelowest,or
secondowestresult. (In [14] the bestof seventestswaspicked.) Also reorderingthe
benchmarkdetweeneachrun would help. Dueto lack of time the resultsfrom only
onerunarepresentedh this thesis.Extraordinaryrunsareexcluded,though.

7 Machinesconsiderd

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

7.1.1 M, -“WarrenAbstract Machine”

Thefirst machineconsideredvasthe“de-optimized”SICStus M,. By removing most
prior optimizationsanalmostbareWAM wasuncovered.Allocate anddeallocate
werereintroduced.

The WAM contains35 instructions. Theimplementatioralsousesmary extra op-
erationcodesto supportfloatsandlong integers. It usesspecialinstructionsto deal
with bindingunboundvariablesto allow for garbagecollection. Operationcodesused
thatinvoke new variablednitializesthese.

Thereare alsoalignmentissueswhich meansthat mary operationcodeshave to
exist in two versions.Implementatiorof the cut instructionandsomeothertechnical-
ities alsointroduceoperationcodes. M, consistsof 136 operationcodesandis the
startingpoint for improvementgo the SICStusmachine.

Indexing is notdonein a separaténstruction,but ratheranincorporatedeatureof
mary instructions. AppendixB explainshow the SICStusabstractnachineworks.

7.1.2 M, - SICStus3.8 Abstract Machine

The SICStus3.8 instructionsetwasnext to be investigated.SICStusvirtual machine
containsl89operationcodesopcodes)lt hasextendedthe WarrenAbstractMachine
with optimizationssuchasseveralinstructionscombinedto oneandinstructionsspe-
cializedfor certainfrequentlyoccurringcases.In somecasegnamelyallocate and
deallocate) the combinations/specializatiortsver all casesandthe original WAM
instructioncanberemoved. Indexing is handledasin M.

7.1.3 M, - Quintus Abstract Machine

Quintusis SICSS otherProlog System. The emulatorhasa large instructionset (ap-

proximatelyten times that of SICStus). The Ms machinewas built on ideasfrom

Quintusandcontains427 opcodes Mostimprovementsarein the form of specialized
instructions.As in QuintusProlog,instructionsarespecializedor thefour first regis-

ters,becaus®n somearchitectureshesearedirectly mappedo hardwareregisters.

7.1.4 M; - SpecializedAbstract Machine

An optimizationof M; built onspecializationsThespecializationpickedarethemost
frequentinstructionsfrom table9 thateasilycouldbe specializedThe otheroptimiza-
tion performedvasto haveall put_x_value opcodedranslatedntoaget_x_variable
opcodewith the amgumentseversed.In this way the obsoleteput_x_value couldbe
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removed. The 189 opcodeausedin M; withoutput_x_value, but with 5 specialized
opcodesresultsin atotal of 244 opcodes.

7.1.5 Optimized Abstract Machine

To comeup with an optimizedmachinewasoneof the goalsof this work, to improve
SICStusvirtual machine. Themachinewasto bea combinatiorof the bestfrom SICS-
tusandQuintusPrologwith addedmprovementsdeducedrom collecteddata,added
specializationsand combinations.lnshorta machinebuilt as a resultof the dataob-
tainedfrom the previousmachinesMy, My, M, and M3.

Unfortunatelythis improved SICStuswvasnot completelyimplementediueto lack
of time. Insteadsomerecommendationsn how this canbe doneis givenin Chapter
9.3.

7.2 Hardware and software
7.2.1 The platforms

Two platformswereusedfor thetests.

1. SUN Ultra SFARC multiprocessoK8 processorsat 248 MHz, running Solaris
2.7.Referredo asthe Sparcarchitecturén this text.

2. 1686 dual processont 600 MHz, runningRedHat Linux releases.1 (Cartman)
Kernel2.2.13.Referredio asthe x86 architecturen this text.

7.2.2 Registers

All programvariablesandWAM registerscanusuallynot be mappedirectly to hard-
wareregisters(becauseisuallythereare not 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 often doneautomaticallyby the compiler, suchas
gcc. On somearchitecturesvith few hardwareregisters,like the x86 architecturea
manualregisterallocationmight be needed.In XSB anddPrologthe BX registeris
mappedo PCandin Yapthe BP registeris usedasPC. SICStusforceslessimportant
informationinto memory thususuallykeepinga registerfreefor PC.

8 Performance

Datawas collectedfor CPU time usedto run eachbenchmarkand bytecodesize of
benchmarksCountsof dynamicfrequeng of instructionsaswell asrateof dynamic
occurrencef pairsof instructionswerealsocollectedfor thebenchmarksThe sizeof
theemulatorwasalsomeasured.

Shellscriptswereusedto run the testsandgetthe statisticsfor eachvariantof the
WAM.

Themainproblemscomparingtheresultsarebelievedto bedueto cachingeffects.
This only appliesto the time measurements;ode size can be measuredaccurately
The CPU time measurementshouldalso have beendeterministic,but they varied,
most probably due to cacheeffects since pagingtime is accountedor by the tests
themseles.

12



Therewasalsoa problemwith the first benchmarkrun in the suite. It is thought
thatthe machindoad canaffectthetime measurementsSomeof thebenchmarksary
100%in oneruncomparedo another Contentiorfor cacheandprimarymemorycould
bethefactorsthatcreatethe very unevenfigures,especiallyfor the first benchmarkn
along seriesof benchmarks.

8.1 Executiontime

Thetablespresenexecutiontimesin milli-secondg(boththe total andfor eachbench-
mark separatelyfor eachvirtual machineconsidered.The absolutevaluesareshavn
andin parenthesearetherelative valuescomparedo M. Relatvevaluesareobtained
by dividing the absolutevalue of the machinewith the correspondingy/, absolute
valueandaregivenwith threesignificantfigures.

Executiontimesaregivenfor the benchmarlsuite,bothfor the Sparcarchitecture
andthe x86 architectureand also both with and without threadedcode. The tables
presenthedatafor eachmachinghatis for eachversionof SICStusvirtual instruction
set.

Very smallbenchmark$iave beenmarked by anasterisk.The fastesimachinefor
thesumof the Aquariussuite,all thelargebenchmarkandthetotal have beenmarked
by w, for winner.

Tablel, 2 and4 shav that SICStusexecutiontimesarealmost10% betterthanan
almostbareWAM.

8.1.1 Threaded

Tablesl and2 show theexecutiontimesmeasuredisingthreadedcode.Table1 showvs
theresultson the Sparcmachine andTable2 theresultson the x86 machine.
Onesourceof speedup is fewer dispatchegor the memgedinstructions especially
in benchmarksxecutingalot of simpleoperationslot of timeis wastedninstruction
dispatchesDecreasedbtal executiontime whenintroducingcombinationshavsthis.

8.1.2 Not threaded

Thebenchmarksverealsoconductedvith threadingurnedoff, seetables3 and4. As
instructionfetchesake moretime withoutthreadingt wasexpectedhatcombinations
would give betterspeedup andthat the effect of specializationsvould diminish. A
machinewith marny combinationsvould have madethe evaluationeasierbut it seems
clear that machineswith mary specializationdose more. It is definitely clear that
specializationslo not pay off whenthreadings turnedoff.

Thebadperformancef M- in Table4is hardto explain. Thenonthreaded/ersions
will belesslocal, all instructionshandingcontrolto a big switchstatementThis could
be somethinghat penalizesalarge emulatorlike M. Pipeliningandotherprediction
methodamight alsowork lesswell, particularlyon the x86 architecture.

8.2 Spaceusage

In Table5 theimpacton the byte-codesizeis shavn. The sizedifferenceis dueto the
morecompactcodegeneratedby mergedandspecializednstructions. Thetablegives
thecompiledbyte-codesizein bytesfor eachvirtual machineconsideredboththetotal
andfor eachbenchmarkseparately The absolutevaluesaregivenandin parentheses
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Sparc executiontime in msecfor eachinstruction set
Benchmark | Iterations || My | My | Mo | M3
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_paser 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_gsort 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)
gsort 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_analyserl 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)
ESAI 1 25560(1.00) | 22920(.897)w | 24270(.950) | 23600(.923)
FSAIlIl 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) |

Tablel: Executiontimesin milliseconds,on the Sparcmachine for the differentma-
chines.Both absolutevaluesin millisecondsandvaluesrelative to M, aregiven. The
overallwinneris M; onthe Sparcmachine.
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X86 executiontime in msecfor eachinstruction set
Benchmark | Iterations || My | My | Mo | M3
boyer 10 2150(1.00) | 1810(.842) 1700(.791) 1910(.888)
browse 5 1370(1.00) | 1200(.876) 1080(.788) 1100(.803)
chat_paser 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_gsort 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)
gsort 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)
sendmoe 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)
zeba 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)
FSAIIl 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 secondspn the x86 machine for the differentma-
chines.Theoverallwinneris M3 onthex86 machine!
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Sparc executiontime in msecwith threading disabled
Benchmark | Iterations || Mo || My || Mo || M3
boyer 10 6970(1.00) || 5450(.782) || 5650(.811) || 5300(.760)
browse 5 4640(1.00) || 3890(.838) || 4130(.890) || 3830(.825)
chat_paser 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_gsort 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)
gsort 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)
sendmoe 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)
zeba 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)
FSAIll 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)]

Table 3: Executiontimesin milli secondspn the Sparcarchitecturefor the different
machinesHerethreadings disabled.Theoverallwinneris M3 dueto thehighimpact
of FSAIIIL.
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x86 executiontime in msecwith threadingdisabled
Benchmark | Iterations || My | My | Moy | M3
boyer 10 2470(1.00) 2340(.947) 2620(1.06) | 2350(.951)
browse 5 1800(1.00) 1630(.906) 1690(.939) | 1620(.900)
chat_paser 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_gsort 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)
gsort 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)
sendmoae 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)
zeba 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)
FSAIIl 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: Executiontimesin milli secondspn the x86 architecturefor the different
machinesHerethreadings disabled.Theoverallwinneris M; onthex86 machine.
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Codesizein bytesfor eachinstruction set

Benchmark My My Mo M3
boyer 12792(1.00) | 11976(.936) | 10928(.854) | 11320(.885)
browse 3384(1.00) | 3096(.915) | 2808(.830) | 3048(.901)

chat_paser 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_gsort 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)
gsort 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 differentmachines. Both
absolutevaluesin bytesandvaluesrelative to M, aregiven.
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aretherelative valuescomparedo M,. Relatve valuesareobtainedby dividing the
absolutevalueof themachinewith the corresponding//, absolutevalueandaregiven
with threesignificantfigures.

Specializationsave spaceand the savings increasethe more specialization®ne
usesasexpected.

8.3 Dynamic instruction counts

The instructioncountscanbe very useful. They suggestvhich way to go, which op-
timizationsto do, to achieve the optimalmemers. In Tables6, 7, 8 and9 the 30 most
frequentinstructionsandpairsof instructionsfor eachmachineareshavn. In Table10
theinstructionfrequencief all machinesarecompared.The shovn sumsarefor the
whole suiteof benchmarks.

Certainfrequentlyoccurringpairs of instructionsbelongto differentclausesand
cannotthereforebe directly consideredor meigers. To avoid memging pairsfrom dif-
ferentclausesvhenbacktrackingoccursthe fail instructionis invoked. This results
in thelastinstructionbeforethe backtrackingoccurredbeingpairedwith fail andre-
sultsin afalseor constructedpair. This pair cannotbe consideredor memer, but on
theotherhandthis numbergivesasizeestimateof how oftenbacktrackingpccurs.The
actualfail instruction,whenoccurring,is includedin the samecounts.Pairsmarked
with a fin Table6, 7, 8 and9 areeitherinter-procedurabnesor pairswith the fail
construction.Thesamefail constructionalsooccursin Table10; it is keptthereto
shav how oftenbacktrackingoccurs.

The informationfrom all tableswas usedextensiely during the searchfor good
specialization®tc. It wasconsideredjoodto obtainlower countsfor theinstruction
countssincethatimplieslessdispatchesThe pairswereusedto find goodcandidates
for memers. In M-, optimizationsempirically deducedand usedby QuintusProlog
have beenusedasa modelfor implementatioron top of M.

9 Analysisof the resultsand futur e work

9.1 Comparing the machines
9.1.1 Time

The resultsfrom the Sparcarchitecturein Table 1 shavs that speedis increasecby
approximatelyl1%, comparingM, to M;. M, gainslittle, no morethan1%, on the
large benchmarksandactuallylosessomeavhaton thereally small ones,comparedo
My. M, is clearlythemachinethatwins thetime raceon the Sparcarchitecture Since
time is held in high regard M; was selectedo be the foundationof the specialized
machine M.

The resultsfrom the machineM; with its specializationspn the Sparcmachine
Table 1, are relatively disappointing. The specializedmachineonly shaws a slight
improvementin bytecodesize (2% smaller)but a slower executiontime by 2%. Es-
pecially disappointings that a small speedugs noticedin the smallestbenchmarks,
but the larger the benchmarkgjet the lower speedupsre measuredgcomparedo the
original SICStus.
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Mo

Instructioncount | Frequeng || Instructionpairs Remark | Frequeng
UNIFY_X_VARIABLE 936(18.0%) UNIFY_X_VARIABLE UNIFY_X_VARIABLE 379(7.3%)
PUT_X_\ALUE 581(11.2%) PUT_X_\ALUE PUT_X_\ALUE 293(5.6%)
EXECUTE 503(9.7%) PUT_X_\ALUE EXECUTE 242(4.7%)
PUT_Y_\ALUE 351(6.7%) GET_X_\ARIABLE UNIFY_X_VARIABLE 189(3.6%)
GET_X_\ARIABLE 259(5.0%) PUT_Y_\ALUE PUT_Y_\ALUE 178(3.4%)
GET_Y_\ARIABLE 248(4.8%) GET_Y_\ARIABLE GET_Y_\ARIABLE 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_\ALUE 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_\ARIABLE t 145(2.8%)
UNIFY_X_VALUE 151(2.9%) GET_LIST UNIFY_X_LOCAL_VALUE 133(2.6%)
GET_STRICTURE 150(2.9%) EXECUTE GET_LIST t 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_STRICTURE 90(1.7%)
DEALLOCATE 78(1.5%) DEALLOCATE EXECUTE 78(1.5%)
FUNCTION_2_IMM 70(1.3%) EXECUTE UNIFY_X_VARIABLE t 67(1.3%)
GET_X_\ALUE 70(1.3%) PROCEED PUT_Y_\ALUE t 65(1.2%)
TRY 63(1.2%) PUT_Y_\ALUE DEALLOCATE 56(1.1%)
PUT_STRICTURE 57(1.1%) GET_STRICTURE UNIFY_X_VARIABLE 55(1.1%)
PUT_Y_UNSAFE_WLUE 56(1.1%) PUT_STRICTURE UNIFY_X_VALUE 49(0.9%)
cuTB 51(1.0%) UNIFY_X_VALUE UNIFY_X_VALUE 49(0.9%)
FAIL (opcode+inteproc.calls) 50(1.0%) ALLOCATE GET_Y_\ARIABLE 44(0.8%)
UNIFY_Y_VARIABLE 46(0.9%) PUT_Y_UNSAFE_MALUE PUT_Y_\ALUE 43(0.8%)
PUT_CONSANT 45(0.9%) UNIFY_X_VARIABLE GET_LIST 42(0.8%)
PUT_Y_\ARIABLE 41(0.8%) EXECUTE TRY t 37(0.7%)
UNIFY_VOID 41(0.8%) PUT_Y_\ALUE PUT_Y_UNSAFE_ALUE 36(0.7%)
BUILTIN_2 35(0.7%) GET_X_\ARIABLE PUT_X_\ALUE 32(0.6%)
BUILTIN_2_IMM 34(0.6%) GET_X_\ARIABLE GET_X_\ARIABLE 31(0.6%)
BUILTIN_1 30(0.6%) GET_STRICTURE GET_X_\ARIABLE 31(0.6%)

Table 6: Instructionfrequenciesand instruction-pairfrequeny for the 30 mostfre-
guentlyoccurringcountsof M,. Valuesaregivenbothasabsolutecountsin millions
andin percentagef total numberof pairs. The shavn pairsconstitute65% of M, and
the shawvn countis 86%.
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M,

Instructioncount Frequeng | Remark || Instructionpair Remark | Frequeng
EXECUTE 425(11.7%) GET_X_\ARIABLE U2_XVAR_XVAR c 187(5.1%)
U2_XVAR_XVAR 297(8.2%) 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%) PUT_XVAL_XVAL EXECUTE C 144(4.0%)
GET_X_\ARIABLE 212(5.8%) EXECUTE GET_LIST + 124(3.4%)
FUNCTION_2 206(5.7%) FUNCTION_2 EXECUTE 119(3.3%)
GET_LIST 183(5.0%) EXECUTE GET_X_\ARIABLE + 117(3.2%)
PUT_X_\ALUE 131(3.6%) GET_LIST U2_XLVAL_XVAR C 106(2.9%)
U2_XLVAL_XVAR 107(2.9%) PUT_X_\ALUE EXECUTE c 98(2.7%)
GET_STRICTURE 100(2.7%) 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 T 57(1.6%)
FUNCTION_2_IMM 70(1.9%) U2_XLVAL_XVAR PUT_X_\ALUE 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_STRICTURE U2_XVAL_XVAL 46(1.3%)
TRY 63(1.7%) GET_STRICTURE GET_X_\ARIABLE 31(0.8%)
PUT_STRICTURE 57(1.6%) FUNCTION_2_IMM FUNCTION_2_IMM 30(0.8%)
PUT_Y_\ALUE 51(1.4%) GET_YVAR_YVAR GET_YVAR_YVAR 26(0.7%)
GET_STRICTURE_XVAR_XVAR 50(1.4%) U2_XVAR_XVAR GET_STRICTURE_XVAR_XVAR 26(0.7%)
FAIL (opcode-+interproc.calls) 49(1.3%) GET_STRICTURE_XVAR_XVAR GET_STRICTURE 25(0.7%)
U2_XVAL_XVAL 48(1.3%) UNIFY_X_VARIABLE UNIFY_Y_FIRST_\ARIABLE 25(0.7%)
PUT_CONSANT 45(1.2%) U2_XVAL_XVAL EXECUTE 23(0.6%)
GET_YF\AR_YVAR 41(1.1%) GET_LIST UNIFY_X_VARIABLE 22(0.6%)
GET_X_\ALUE 39(1.1%) PUT_XVAL_XVAL PUT_X_\ALUE c 22(0.6%)
PROCEED 35(1.0%) U2_XVAL_XVAL PUT_STRICTURE 22(0.6%)
BUILTIN_2 35(1.0%) FUNCTION_2 PUT_STRICTURE 22(0.6%)
PUT_Y_\ARIABLE 34(0.9%) PROCEED LASTCALL t 22(0.6%)
BUILTIN_2_IMM 34(0.9%) PUT_Y_\ARIABLE FIRSTCALL 22(0.6%)
GET_Y_\ARIABLE 32(0.9%) PUT_Y_\ALUE HEAPMARGIN_CALL 21(0.6%)
cuTB 32(0.9%) GET_LIST U2_XLVAL_XLVAL 21(0.6%)

Table 7: Instructionfrequenciesand instruction-pairfrequeng for the 30 mostfre-
guentlyoccurringcountsof M;. Valuesaregivenbothasabsolutecountsin millions

andin percentagef total numberof pairs. The shavn pairsconstitute54% of M; and
the shawvn countis 86%.
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My

Instructioncount | Frequeng || Instructionpair Remark | Frequeng
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 t 108(2.3%)
GET_LIST 129(2.8%) EXECUTE GET_AN_\ARIABLE_X3 t 102(2.2%)
GET_AN_\ARIABLE_X3 128(2.8%) UNIFY_VARS_X3_XN HEAPMARGIN_CALL 102(2.2%)
UNIFY_X_VALUE 127(2.7%) GET_AN_\ARIABLE_X3 UNIFY_VARS_X3_XN 102(2.2%)
UNIFY_VARS_X3_XN 113(2.5%) GET_AO_\ARIABLE_X1 GET_A1_\ARIABLE_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_\ARIABLE_XN EXECUTE 62(1.3%)
FIRSTCALL 87(1.9%) GET_AO_\ARIABLE_XN EXECUTE 61(1.3%)
GET_A1_\ARIABLE_XN 85(1.8%) UNIFY_X_VARIABLE GET_AO_\ARIABLE_X2 60(1.3%)
GET_AO_\ARIABLE_XN 84(1.8%) GET_A3_\ARIABLE_X2 UNIFY_VARS_XN_X2 59(1.3%)
GET_AO_\ARIABLE_X1 76(1.6%) UNIFY_VARS_XN_X2 GET_AO_\ARIABLE_X1 59(1.3%)
GET_A2_\ARIABLE_XN 73(1.6%) GET_A1_\ARIABLE_X3 GET_A2_\ARIABLE_XN 51(1.1%)
GET_AO_\ARIABLE_X2 71(1.5%) GET_A3_\ARIABLE_XN EXECUTE 50(1.1%)
FUNCTION_2_IMM 70(1.5%) UNIFY_VARIABLE_X3 GET_AO_\ARIABLE_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_\ARIABLE GET_Y_\ARIABLE 45(1.0%)
TRY 63(1.4%) GET_A2_\ARIABLE_XN GET_A3 \ARIABLE_XN 44(1.0%)
PUT_Y_\ALUE 62(1.3%) GET_AO_\ARIABLE_X2 GET_A1_\ARIABLE_X3 44(0.9%)
UNIFY_VARIABLE_X3 61(1.3%) GET_LIST UNIFY_LOCAL_VALUE_X1 44(0.9%)
GET_A3_\ARIABLE_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_\ARIABLE_X3 60(1.3%) PUT_Y_\ALUE PUT_Y_\ALUE 37(0.8%)
UNIFY_VARS_XN_X2 59(1.3%) FUNCTION_2_IMM FUNCTION_2_IMM 30(0.6%)
GET_A3 \ARIABLE_XN 56(1.2%) GET_A2_\ARIABLE_X3 EXECUTE 29(0.6%)
GET_Y_\ARIABLE 54(1.2%) GET_A2_\ARIABLE_XN EXECUTE 27(0.6%)
GET_STRICTURE 51(1.1%) EXECUTE U2_XVAR_XVAR t 25(0.5%)
GET_A1_STRICTURE 51(1.1%) GET_STRICTURE U2_XVAR_XVAR 24(0.5%)
| FAIL(opcode+interproc.calls) | 50(1.1%) ||

Table 8: Instructionfrequenciesand instruction-pairfrequeny for the 30 mostfre-
guentlyoccurringcountsof M,. Valuesaregivenbothasabsolutecountsin millions
andin percentag®f total numberof pairs. Thefirst 30 shavn pairsconstitute39% of
M5 andthe showvn countis 64%.
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M3

Instructioncount Frequeng || Instructionpair Remark | Frequeng
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 T 108(3.0%)
GET_LIST 128(3.5%) GET_LIST U2_XLVAL_XVAR 106(2.9%)
GET_AN_\ARIABLE_X3 124(3.4%) EXECUTE GET_AN_\ARIABLE_X3 t 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_\ARIABLE_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_AO_\ARIABLE_XN EXECUTE 61(1.7%)
U2_XVAR_XVAR 74(2.0%) UNIFY_VARS_XN_X2 GET_XVAR_XVAR 59(1.6%)
GET_AO_\ARIABLE_XN 72(2.0%) GET_A3_\ARIABLE_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_AO_\ARIABLE_XN 48(1.3%)
TRY 63(1.7%) PUT_STRICTURE U2_XVAL_XVAL 46(1.3%)
GET_A3_\ARIABLE_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_STRICTURE 57(1.6%) GET_YVAR_YVAR GET_YVAR_YVAR 26(0.7%)
PUT_Y_\ALUE 51(1.4%) EXECUTE U2_XVAR_XVAR + 25(0.7%)
GET_STRICTURE_XVAR_XVAR 50(1.4%) U2_XVAL_XVAL EXECUTE 23(0.6%)
FAIL 49(1.3%) U2_XVAL_XVAL PUT_STRICTURE 22(0.6%)
GET_A1_STRICTURE 49(1.3%) U2_XVAR_XVAR GET_STRICTURE_XVAR_XVAR 22(0.6%)
U2_XVAL_XVAL 48(1.3%) GET_STRICTURE_XVAR_XVAR GET_A1_STRICTURE 22(0.6%)
PUT_CONSANT 45(1.2%) FUNCTION_2 PUT_STRICTURE 22(0.6%)
GET_YF\AR_YVAR 41(1.1%) GET_A1_STRICTURE GET_AN_\ARIABLE_X3 22(0.6%)
GET_X_\ALUE 39(1.1%) GET_AN_\ARIABLE_X3 U2_XVAR_XVAR 22(0.6%)
PROCEED 35(1.0%) PROCEED LASTCALL t 22(0.6%)
BUILTIN_2 35(1.0%) PUT_Y_\ARIABLE FIRSTCALL 22(0.6%)
PUT_Y_\ARIABLE 34(0.9%) PUT_Y_\ALUE HEAPMARGIN_CALL 21(0.6%)
BUILTIN_2_IMM 34(0.9%) EXECUTE TRY + 21(0.6%)

Table 9: Instructionfrequenciesand instruction-pairfrequeny for the 30 mostfre-
guentlyoccurringcountsof M3. Valuesaregivenbothasabsolutecountsin millions
andin percentagef total numberof pairs. The shavn pairsconstitute4d7% of M3 and

theshown countis 77%.
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Mo [ M; [ Mp [ Ms
UNIFY_X_VARIABLE EXECUTE EXECUTE EXECUTE
PUT_X_\ALUE U2_XVAR_XVAR HEAPMARGIN_CALL GET_XVAR_XVAR
EXECUTE HEAPMARGIN_CALL FUNCTION_2 HEAPMARGIN_CALL
PUT_Y_\ALUE PUT_XVAL_XVAL GET_LIST FUNCTION_2
GET_X_\ARIABLE GET_X_\ARIABLE GET_AN_\ARIABLE_X3 GET_LIST

GET_Y_\ARIABLE FUNCTION_2 UNIFY_X_VALUE GET_AN_\ARIABLE_X3
HEAPMARGIN_CALL GET_LIST UNIFY_VARS_X3_XN UNIFY_VARS_X3_XN
FUNCTION_2 PUT_X_\ALUE U2_XVAR_XVAR U2_XLVAL_XVAR
GET_LIST U2_XLVAL_XVAR UNIFY_X_VARIABLE FIRSTCALL
UNIFY_X_LOCAL_VALUE GET_STRICTURE FIRSTCALL LASTCALL

UNIFY_X_VALUE

FIRSTCALL

GET_A1_\ARIABLE_XN

U2_XVAR_XVAR

GET_STRICTURE

LASTCALL

GET_AO_\ARIABLE_XN

GET_AO_\ARIABLE_XN

PROCEED FUNCTION_2_IMM GET_AO_\ARIABLE_X1 FUNCTION_2_IMM
ALLOCATE GET_YVAR_YVAR GET_A2_\ARIABLE_XN GET_YVAR_YVAR
FIRSTCALL UNIFY_X_VARIABLE GET_AO_\ARIABLE_X2 TRY

DEALLOCATE TRY FUNCTION_2_IMM GET_A3_\ARIABLE_X2
FUNCTION_2_IMM PUT_STRICTURE UNIFY_LOCAL_VALUE_X1 UNIFY_VARS_XN_X2
GET_X_\ALUE PUT_Y_\ALUE UNIFY_LOCAL_VALUE_X3 PUT_STRICTURE
TRY GET_STRICTURE_XVAR_XVAR PROCEED PUT_Y_\ALUE
PUT_STRICTURE FAIL TRY GET_STRICTURE_XVAR_XVAR
PUT_Y_UNSAFE_WALUE U2_XVAL_XVAL PUT_Y_\ALUE FAIL

cuTB PUT_CONSRNT UNIFY_VARIABLE_X3 GET_A1_STRICTURE
FAIL GET_YFVAR_YVAR GET_A3_\ARIABLE_X2 U2_XVAL_XVAL
UNIFY_Y_VARIABLE GET_X_\ALUE ALLOCATE PUT_CONSENT
PUT_CONSENT PROCEED GET_A1_\ARIABLE_X3 GET_YFVAR_YVAR
PUT_Y_\ARIABLE BUILTIN_2 UNIFY_VARS_XN_X2 GET_X_\ALUE
UNIFY_VOID PUT_Y_\ARIABLE GET_A3_\ARIABLE_XN PROCEED
BUILTIN_2 BUILTIN_2_IMM GET_Y_\ARIABLE BUILTIN_2
BUILTIN_2_IMM GET_Y_\ARIABLE GET_STRICTURE PUT_Y_\ARIABLE
BUILTIN_1 cuTB GET_A1_STRICTURE BUILTIN_2_IMM

FAIL

Table10: The mostfrequentinstructionsfor the differentmachinesOnly the 30 most
frequentinstructionsareshawn. It is worth noticingthatEXECUTE getssucha domi-
natingrolein M;, M, and M.
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Machine My My Mo M3
Numberof opcodes 136 189 427 244
Emulatorsizeon Sparc || 17148 | 23196 | 36396 | 28248
Emulatorsizeon x86 18316 | 23548 | 41420 | 31240

Table 11: Emulatorsizesin bytes. The size of the main function of the emulator
(the wam function) which is the one that representshe changein sizefor the whole
emulator Thesizeis slightly largeronthe x86 machine.

Onthex86 machinethe bestmachineis insteadM3; seeTable2. Theresultis not
asclearasonthe Sparcmachinesincetherearedifferentwinnersfor differentparts,but
it is clearenoughto shav animprovement.Also M> performsbetterwhichleadsto the
conclusionthat specializationsare morefavorableon a machinewith fewer registers.
Thereducedegisterpressurés morebeneficial.

Thedisappointingesultof M3, onthe Sparcarchitecturefablel, suggestshatthe
developmenbf amachinewith morecombinationss thewayto go. Thetestdonewith
threadingdisabledsupportghis belief, sincein Table4 theheary specializednachines
M, and M3 performworse.

9.1.2 Byte-codesize

In Table5 the sizeof the generatedhytecodecanbe compared.The spacesavingsare
about7%goingfrom thealmostWAM equialentM to M; (SICStusof today).When
comparingM, to M, the saving is evengreater 12%. M3 is runnerup in the space-
saving race,but clearlybeaterby M>. Thedifferencebetweeni/, to M3 is 5%. This
meanghatthebytecodeof M- is themostcompactasexpectedsincethis machinehas
somary opcodes.

9.1.3 Emulator size

Theemulatorsizewasmeasure@sthesizeof thewam functionin the SICStusemulator
objectfile wam.o for eachmachine. It hasdifferentsizesfor the differentmachines.
Other partsof the emulatoralso differ in size, but that differenceis not of interest
for this work. To geta fair comparisonthe emulatorsize of the optimizedversion
(without detugging)wasused.Thereis a clearcorrelationbetweeremulatorsizeand
thenumberof opcodesn theabstracimachine asexpected.

Thereis a higherpenaltyon the numberof opcodeson the x86 architecture Why
is not clearandhasnot beeninvestigated.The assemblycodeon the differentarchi-
tecturesmight help to explain. The datacollectedis not sufiicient to make ary clear
conclusionsput the sizedifferencebetweenhe Sparcandx86 doesseemto increase
moreperopcodethemoreopcodeghereare.Valuesaregivenin Tablel1.

Theaveragenumberof bytesrequiredfor implementingnew opcodess calculated
for eachmachinein Table 12. The highly specialized)M, hasa lower penalty per
opcode.This suggestshatspecializedpcodewill be morecompact.

9.1.4 Disassemblyof somefrequentpredicates

Someof the benchmarkshat gave unexpectedresults(lack of improvementor sur
prisingly goodimprovement)wereinvestigatectloserby disassemblinghe generated
code.
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Machine My | M1 | My | M3
Numberof opcodes 136 | 189 | 427 | 244
SizeperopcodeonSparc || 126 | 123 | 85 | 116
Sizeperopcodeon x86 135 | 125 | 97 | 128

Table12: Averageopcodesizein bytes.

The partition predicatein gsort
The greatly increasedperformanceof Quintusfor the gsort benchmarkis one ex-
ampleof an unexpectedlygoodimprovement. Table 1 and Table 2 shav thatgsort
executesconsiderablyfasteron M, thanon M, which wasexpectedsinceit contains
specialization@ndcombinationghatdo not exist in My, but the large differencewas
unexpected.Profiling of thegsort benchmarlshavedthatit spendsmostof its time
in apredicatecalledpartition. Thedisassembledodeof partitionis shavnin Table
13.

The concatenatepredicatein nreverse
Anotherbenchmarkhatperformedverywell isnreverse. Profiling shavedthatmost
time is spentin a predicatecalled concatenate. Disassemblyof concatenate, for
eachmachineis shavedin Table14. Thefirst instructionin thetable(get_list_x0)
is actuallyskippedandcauseso dispatch.

9.2 Spaceand time results

The spacemeasurementare exact, whereaghe time measurementsave a stochastic
pattern.Therearesomedependencdsetweerthethreemeasurednits. A smallercode
sizeoftenrequirealargeremulatorwith mary combinations A largeremulatormight

run slower, evaluateone instruction, but usually eachinstructionis now potentially

severalsimpleinstructionsandasa resulteachbasicinstructionsmight be carriedout

quicker. Becauseof their dependencesxecutiontimesandmemoryusagehave to be

comparedn parallelto give thewholepicture.

The size of the emulatoritself seemgo be of limited importancefor mostappli-
cations,sinceit only variesslightly. Although sometimesnaccuratethe time mea-
surementganoften give the mostimportantinformation. This wasa very frustrating
situation. Time measurementgaryingmuchmorethantentimestheuncertaintyof the
measurementdut still beingthe mostvaluablemeasurementHow canthis be dealt
with? The first thing to remembelis that this was a fact, and all conclusionsdrawn
from thesemeasurementsiustbetreatedwith caution. Thesecondhing to remember
is thefundamental®f statisticsmoremeasurementggssuncertainty

Thisthesisalsoclearlyshavsthatit is wrongto rely solelyonsmallbenchmarksas
they do not reflectthe correctpotentialof improvementson larger, realworld, bench-
marks. For sizemeasurementthey aresatishctoryseeTable5. Thatthe correlations
for time measurements lessclearcanbeseenin Table1 andTable2.

9.3 Recommendations
9.3.1 Worthwhile?

Improvementshave in this thesisalso beenprovento be easily achieved and worth-
while. The size penaltyon the emulatoris not large, seeTable 11 and no otherreal
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o [ M2

GET_LIST_X0 GET_LIST_XO0
UNIFY_X_VARIABLE[x(4)] UNIFY_VARS_XN_XO0[x(4)]
UNIFY_X_VARIABLE[X(0)]

GET_LIST[x(2)] GET_A2_LIST
UNIFY_X_VALUE[X(4)] UNIFY_X_VALUE[x(4)]
UNIFY_X_VARIABLE[x(2)] UNIFY_VARIABLE_X2
HEAPMARGIN_CALL[3,5live] HEAPMARGIN_CALL[3,5live]
BUILTIN_2[<builtin 0xff2e8140>,x(4),x(1elsefail] BUILTIN_2[<builtin 0xff22bc2c>,x(4),x(1elsefail]
CuUTB CuUTB
EXECUTE[user:partition/4] EXECUTE[user:partition/4]
GET_LIST_X0 GET_LIST_XO0
UNIFY_X_VARIABLE[x(4)] UNIFY_VARS_XN_XO0[x(4)]
UNIFY_X_VARIABLE[x(0)]
GET_LIST[x(3)] GET_A3_LIST
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
GET_NIL[x(3)] GET_A3_NIL
PROCEED PROCEED

Table13: The predicatepartition disassembledResultsfor My and M, is shown.
¢ standsfor combinationands for specializationIf anopcodetakesparametershen
they aregivenwithin squarebraclets.
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Table 14: The predicateconcatenate disassembled.Resultsfor all machinesare
shawvn. ¢ standsfor combinationands for specialization.If anopcodetakesparame-

ters,thenthey aregivenwithin squarebraclets.
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obstacledor incrementingheinstructionsetwasencounteredTherecommendations
for achiezing improvementsof around10%would beto follow the outline of this the-
sis. Looking at pairsof instructiongo find goodmergersandlooking at theinstruction
frequenciego getgoodcandidategor specializationsOn a x86 architectureall these
improvementswill be beneficial. On a Sparcarchitecturaghe pairsandthe combina-
tionswould pay of themost.

Remembeto make surethatary introducedpcodesctuallycometo use.Thiscan
easilybedoneby examiningwhethertheinstructioncountsarezeroor not. Zerocounts
obviously imply that the optimizationswere not used. This might be dueto missing
translationgulesor wrong orderingof specialization@ndcombinationswherethese
areexclusive.

9.3.2 Sparc versusx86

Thereare somedistinct differenceson the recommendationene cangive for imple-
mentation®n Sparcversusx86. Theconclusionghathasbeensupportedy thisthesis
is primarily thevalueof specializationsersuscombinations.

For implementation®n a x86 architecturethe value of specializationseemto be
betterthanon the Sparcor Sparc-like architecturenith mary registers. The difficulty
of registerallocationsseemto moreeasilyresultin improvementson architecturewith
lessregisters.Themoreinformation,onwhichregisterswill beused thebetteronsuch
anarchitecture.The sameshouldbe true for the Sparcarchitectureput the impactis
muchsmallersincetherearesomary moreregistersavailable.

9.3.3 Combinations versusspecializations

As onemight be ableto seein the tablesa very frequentinstructionthatis combined
will dropin frequeng. Thatis whatis expectedsinceit is combinedsomeof thetimes
whenit occursandthereforedoesnot occur so often on its own in the counts. This
meansthat one hasto choosebetweencombiningand specializingsinceonceoneis
donethe frequeng of theinstructionswill dropandit will not be the bestchoicefor
improvementonceoneof thetwo is done.

The bestchoicedepend®n theimprovementgequired.If speeds neededgo for
combinations!f compactcodeis of the essencstartwith specializations.

9.4 Impr ovementsfor a SICStussimilar machine

Hereis a shortdescriptionon how to implementthe optimal machinewhich wasnot
implementediuringthis thesiswork.

Thevalueof existing optimizationsin SICStuscanbe seenby comparing)M, and
M; in Table1l and2. Apartfrom the improvementsalreadyin placein SICStusthe
following stepscanbetakento improve the performancef SICStusvirtual machine.

e Remoretheopcodeput_x value andput_xval xval andlet thembetrans-
latedinto get_x_variable andget_xvar_xvar. Any combinationsandspe-
cializationswill now be beneficialfor both opcodes.The orderof which com-
binationsareappliedwill be moreimportant,bestis to implementthis improve-
mentsandthenlook at pairsandfrequencie®f opcodes.

e Combinethe opcodepairsmarkedwith c in table7.
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e Specializehe opcodegpairsmarkedwith sin table7.

e Rerunthebenchmarksuiteandcollectnew data.

Two or threerunsof collectingdata,optimizingandcomparingis probablyenoughto
improve the machinegerformancey atleast10%. It hasbeenshavn to be true for
codesize,anda 2% performancenruntimeonthex86 machinevasshavn usingonly
afew improvements.

9.5 Futurework

With all goalssatisfied,t would be interestingto look into an alternate compilation
of arithmeticto reducedereferencingndtagging. Inline compilationof disjunctions
is anotherareafor improving SICStus.

Somework hasbeendonein the areaof dynamicoptimizationinsteadof static
optimization[11]. Staticanddynamicoptimizationsdiffer in the way thatstaticopti-
mizationscannever be optimalfor all programs.Thegoalis insteado find anoptimal
setthatis “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
where enoughtime and effort can be sparedto do a separateoptimizationfor each
program. The optimal solutionwould be to first find a very goodinstructionsetwith
staticoptimizationsandthenwork on the speedof the dynamicoptimizations.To find
dynamicoptimization([10]) beforethestaticonehasbeenintroduceds noteconomic.

Someof the optimizationsdiscussedn this thesisare applicableto all abstract
machinewhile othersareProlog,or even SICStusspecific.

9.6 If only there were moretime

With moretime andresource# would be possibleto build acompletelynev compiler;
andbuild it aroundthe abstractmachine.Building a new compilermight betoo large
a quest,but thoughtin that direction might lead to new ideasand improvementsto
existing compilers.

Onewouldlik e to seeacompilerwheretheabstractmachinds moreeasilychange-
able, possiblya higherlevel of abstractiorwhereit is easierto modify and evaluate
differentmachineconfigurationson anequalbasis.To createsuchanabstracfounda-
tion couldleadto finding a perfectandoptimal machinefor all givensituations.Such
informationcouldthenbeimplementednto existing systems.The higherlevel of ab-
stractionwould alsogive moreroomfor paralleldevelopmentof independenareasof
themachine.

Themostchallengingareawould beto work ontheinter-procedurapairs,thatonly
werecountedhere.

10 Conclusions

Abstractmachinescanbe improved by differentmethods.Oneway is to expandthe
instructionsetto includeinstructionsspecializedfor certainregisters. Anotherway
is to include instructionsthat are combinationsof several simplerinstructions(i.e.,
combinations).This thesisshows thatthesecanbe worthwhile tasksslightly favoring
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combinations.t is alsoshavn thattherearesomesignificantdifferencesn improve-
mentbetweendifferentplatformssuchasSparcandx86. Thetechniquds of moreuse
on anarchitecturewith few registers.

Severaldifferentabstracmachinesvereimplementedo find outhow muchSICS-
tusPrologcouldbenefitfrom differentimprovementsaswell asto evaluatehow differ-
entoptimizationspay off. Non threadedsersionswerealsocomparedo the threaded
versions.

Both large and small benchmarksvere usedto seehow the techniquescaleand
whethersmallbenchmarkganbe usedaspredictionsof how large programswill be-
have. Theresultsshaw thatis unsafeto solelyrely on smallbenchmarks.

Executiontime, emulatorsizeandcodesizeweremeasuredimprovementof the
orderof 10%in time benchmarkandat leastimprovementf the orderof 15%in the
codesizewith smallpenaltieson theemulatorsizewereobsened.
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Appendix A: Warren Abstract
Machine

Intr oduction

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

Data objects,dataarea,registers,variablesand instructionsetare termsusedin
mary texts aboutthe WAM. Someof thesetermsare describedbelon. To easethe
useof this appendix,importanttermsarein bold facewhenthey occurcloseto their
definitions.

Memory

The memorycontainsfive areasfour stacksandthe codeareawith the program.The
four stacksarethe heap the stack,thetrail and,the smallestone,the Push-Devn-List
(PDL).

Eachareahaspointers(registerswith memoryaddressedp track execution. The
registers(global pointers)canbe updatedby instructions.Choice-pointsanderviron-
mentsarecreatedo supportheflow of controlandmaintainlocal variableghroughout
theexecution.

Heap (Global stack)

The HEAP hasthe H registerpointing to the top of the heap,S pointing to the next
termargumentto beinvestigatedn a unification. The HB registercacheghe valueof
H, atthetime of the creationof thelatestchoicepoint.

Stack (Local stack)

B pointsto the latest(chronologically)choicepoint, andE pointsto the currentervi-
ronmentin the STACK.

Trail

During executionvariablesmight be boundto terms.Sometimeshesevariablesmight
needto be madeunboundto enableotherpossibilitiesuponbacktracking thesevari-
ablesarecalledconditionalvariables.

The TRAIL containsall conditionalvariablesfrom both stackand heapthathave
beenbound. (Variablesthat might be discardedupon backtracking.) Suchvariables
needto beresetuponbacktrackingbeyondthe correspondinghoicepoint. TR points
to thetop of the TRAIL.
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PDL

The PushDown List (PDL) is usedfor recursve operationsmainly unifications.The
termsto beunifiedarebuilt onthe PDL.

Code-area

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

Memory structure

The dataareais usedfor storageof dataobjects.Dataobjectsconsistof a valueanda
tag. Thetagis oneof: referencesstructureslists andconstants Referencesepresent
variables. An unboundvariablereferencegtself. A structur e denoteghatthevalueis
thenameandthearity of afunctor.

The dataobjectsare storedin memoryin a numberof stacks. The dataareasor
stacks'making up” thememoryare;the codeareatheheap the stack thetrail andthe
PushDown List (PDL). Theheapis usedasa global stackandcontainsall structures
and lists createdby procedurecalls and unifications. The PDL is usedfor unifica-
tions. Thetrail hasalist of all thevariablesthathave beenbound,andthatneedto be
unboundon backtracking. Thetack containservironmentsandchoicepoints.

Envir onmentscontainvariablesandtheir valuesasthey occurin thebodyof some
clause.An ervironmentalsocontaina pointerinto anotherclause. This continuation
pointer represents list of instantiatedgoals that have not beenexecuted. Choice
points containall informationneededo restoreanearlierstateuponbacktracking.

The demandshe machineputs on the structureof the codeare that the heapis
on lower addresseshan the stackand both grow to higher addresses(or the stack
lower thanthe heapandgrowing towardslower addresses.Yhis organizatiorprevents
danglingreferencesvhenconsistentlybindingthevariablewith the highestaddress.

The structureusedin the original WAM hasthe codearearesidingon the lowest
memoryaddresseandit growsto higheraddressesAfter the code theheap the stack
andthe trail follows, all growing towardshigheraddressesThe PDL resideson the
highestmemoryaddressandgrows towardslower addresses.

Registers

TheWAM is registerbasedandregistersAl, A2,...,An areavailableasargumentreg-
isters. They areusedto passargumentgo proceduresX1, X2,...,Xnareusedto store
temporaryvariables. Implementationwise, Ai and Xi are actuallythe sameregister
Registersarealsousedfor pointersto particularplacesin the memory Togetherthey
constitutethe registersof thevirtual machine.

Theregistersdeterminewhich statethe calculationsarein.

e P, CP- Progranpointer(P) andContinuationPointer(CP)bothto thecodearea.

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

e TR, H, HB - topof TRail (TR), top of Heap(H). HeapBacktrackpoint (HB), the
valueof registerH atthetime of thelatestchoicepoint.
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e S-Structurepointerto theheap(S)
e Al, A2, A3, ..., An - Argumentregistersusedto passargumentso procedures.

e X1, X2, X3, ..., Xm - Temporaryvariabléregisters,usedto storethe valuesof
clausestemporaryvariables.

TheregistersH, TR, B, CR E, A, Al throughAi andapointerto alternatve clauses
hasto be storefor eachchoicepoint.

Instructions

The WAM is comprisedof 42 instructions. They areall briefly presentedelow. Y,
represents permanenvariable,i.e.,notantemporaryone.C' is aconstanandF' is a
functor.

Getinstructions

e get_variableY,, A; - AssignsY, thevalueof A;. Usedfor headarguments
thatareunboundvariables.

e get_variable X,, A; - AssignsX, thevalueof A;. Usedfor headarguments
thatareunboundvariables.

e get_valueV,, 4; - UnifiesY,, with 4;. Usedfor headargumentghatarebound
variables.

e get_value X,,, 4; - Unifies X, with A;. Usedfor headagumentsthat are
boundvariables.

e get_constant C, A; - Unifiesa constanwith A; for headargumentshatare
constants.

e get_nil A; - Unifiesthe constan{] with 4;. Usedfor headargumentghatis
the[] constant.

e get_structure F, A4; - Unifies A; with a structure.Usedwhenthe headargu-
mentis a structure.

e get_list A; - Unifies 4; with alist. Usedwhenthe headargumentis a list.

Put instructions

e put_variableY,, A4; - AssignsY,, andA; anew variable.Usedfor goalargu-
mentsthatareunboundpermanentvariables.

e put variable X,,, A; - AssignsX,, andA; anew variable.Usedfor final goal
argumentghatareunboundvariables.

4In Warrens own words: “A temporaryariableis a variablethat hasits first occurrencén the heador
in a structureor in the lastgoal, andthatdoesnot occurin morethanonegoalin the body, wherethe head
of theclauses countedaspartof thefirst goal. Temporaryariablesdo not needto bestoredin the clauses
environment:
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e put_valueY,, A; - Putsthevalueof Y, into A;. Usedfor goalargumentghat
areboundvariables.

e put_value X, 4; - Putsthevalueof X, into A;. Usedfor goalargumentghat
areboundvariables.

e put_unsafe_value Y,, 4; - Putsthe valueof Y,, into A;. Usedfor the last
occurrencef anunsafevariable.

e put_constant C, A; - Putstheconstaninto 4;. Usedfor goalargumentghat
areconstants.

e put _nil A; - Putstheconstanf] into 4;. Usedfor goalargumentghatis the[]
constant.

e put_structure F, A; - AssignsA; thestructureF'. Usedwhenthegoalargu-
mentis a structure.

e put_list A; - AssignsA; alist. Usedwhenthe goalargumentis alist.

The instructionput_unsafe value replacesput_value in the last goal wherethe
unsafevariable is used.It ensureghatthe variable,if neededjs storedon the heap,
andthusglobalized.

Unify instructions

Unify instructionsbothunify existing structuresandcreatenew ones.

e unify void N - UnifiesN singleoccurringvariablesvhenthey appeaiashead
structurearguments.

e unify variable Y, - UnifiesY,, with the next subtermusinganew variable.
Usedfor headstructurearguments.

e unify variable X, - Unifies X,, with thenext subtermusinganew variable.
Usedfor headstructurearguments.

e unify value Y, - UnifiesY;, with the next subterm.Usedfor headstructure
arguments.

e unify value X, - Unifies X,, with the next subterm.Usedfor headstructure
arguments.

e unify local_value Y, - UnifiesY,, with the next subterm,usinga new vari-
able.Usedfor headstructureargumentshatis not necessarilylobal.

e unify local_value X, - Unifies X,, with thenext subtermusinganew vari-
able.Usedfor headstructureargumentshatis not necessarilylobal.

e unify constant C - Unifiesa constantith the next subterm.Usedfor head
structurearguments.

5In Warrens own words: “An unsafevariableis a permanentariablethatdid not first occurin the head
orin astructurej.e, thevariablewasinitialized by a put_\ariableinstruction
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e unify nil - Unifiesthe[] constanwith thenext subterm.Usedfor headstruc-
turearguments.

If thevariablehasnotbeeninitializedbyunify variable, theinstructionunify local value
is usedin theplaceof unify_value.
Procedural instructions

Allocation of environmentsandcontrolflow is handledby the procedurainstructions.
P is apredicateandN the numberof variables.

e proceed - Terminates clauseandsetsP to CP

e allocate - Beginningof a clausewith morethanonegoal, createsanerviron-
ment.

e execute P - Terminatedastgoal, P is setto the procedure.

e deallocate - Beforefinal execute whenmorethanonegoalin the body; dis-
cardsanervironment.

e call P, N - Terminatesa non-lastbody clause,setsCP to the following code
andP to theprocedure.
Indexing instructions

e try me_else L - Createsa choicepointwith alternatve label L. Usedbefore
codeof first clausein proceduresvith morethanoneclause.

e try L - Createsa choicepointwith alternatve label setto the next instruction.
Proceedso label L.

e retry me_else L - L replaceghe alternatve label. Usedbeforecodeof ary
clause(notthefirst andlast)in proceduresvith morethanoneclause.

e retry L - Thenext instructionreplaceghe alternatve label. Proceedso choi-
cepointL.

e trust_me_else fail - Discardsthelatestchoicepoint.
¢ trust L - Discardgthelatestchoicepoint.Proceedso label L.

e switch on term L,, L., L;, L, - Pis setto oneof thefour agumentdepend-
ing on Al’s dereferencetlype (variable,constantlist or structure).Usedwhen
nonvariablein first headargument.

e switch on constant N, Table - Searcheshetablefor a givenkey. Thekey
beingthe constanfoundin Al. If theclauseis foundthenP is setto the corre-
spondingclause ptherwiset fails. Usedfor first headargument.

e switch on_structure N, T'able - Sameeffectasswitch_on_constant, but
usesprincipalfunctorof Al askey.

L,L,, L., L;, L, areaddressesf clausesandT able is aHashtableof size N.
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BasicOperations

Two otherbasicoperatorsmentionedin the WAM arefail andtrail(R). Fail is used
whenunificationfails andanotherclausemustbetried. Thetrail(R) operationis used
to (for unification)bind a variablewith referenceR.

Sources

Thereare more completedescriptionsof the WAM available. This appendixis only
meantto sene asa quick reference.Warrens original report[16] andAit-Kaci's tu-
torial reconstructior[2] arerecommendedexts for the interestedreader A concise
instructiondescriptionis givenin [3].
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Appendix B: SICStusinstruction set

Abstract instructions

In this thesis,an abstractistinctionis in madebetweenabstractinstructionsandop-
erationcodes.Theinstructionsof anabstracimachinearecalledabstracinstructions.
The abstracinstructionsin this reportarethe samefor all machinesconsidered.The
instructionsarethe SICStusinstructions.They aremoreor lessthe sameasthe WAM
instructionswith addedsupportfor the cut operation,arithmetics,memorymanage-
ment,etc.

The operationcodes pr opcodeschangefrom onemachineto anotherasdifferent
optimizationsareintroduced.

Techniquesusedin SICStusabstract machine

Alignment issue(q)

Sincesomecodeendon a halfword (unalignedhenext operationcodemight or might
not be unalignedin memory Sincelong (full word) operandsieedto be aligned,this
implementationgivesrise to the needfor having both an alignedand an unaligned
versionof eachopcode.As a namingcorventionall unalignedversionsendwith a g,
andthe unalignedversionsimply movesthe pointerP forward one halfword andthen
callsthe alignedversionof the opcode. The alignedversioncanthenassumehatall
its long operandsarealigned. Below in the descriptionof opcodesonly the g version
is presentedandit is assumedbvious that there exists an alignedversionfor each
unalignedone.Opcodeswith notrailing g do nothave ary long operandgndcanexist
bothalignedandunalignedn thecode.

Modules (_module)

A moduleis apartof aprogramkeptseparatérom therestof thecode.To supportthe
useof differentmodulesmostoperationcodeshave a duplicate. By corventionthese
opcodenamescontaintheword module.

Initialization of permanentvariables

Whengarbagecollectionis introducedinto the WAM, the problemof decidingwhich
permanentariablescontainvalid termsmustbe solved. The solutionchosenin the
SICStusWAM s to alwaysinitialize all permanentariablesbeforethefirst bodycall,
andto neverre-initializethemafterthefirst bodycall. Thisimpliesthattheinstructions
get_y_variable, put_y_variable, andunify y_variable mustbe replacedby
get_y_value, put_y_value, andunify_y value respectiely after the first body
call. Also, anew instructionexplicitly initializes permanenvariables.

Thereis a similar decisionproblemwith temporaryvariables.The SICStuswAM
solvesthis problemby only admittinggarbagecollectionin contexts wherethe setof
live temporaryariablesis known.
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Nop (_void)

Someinstructionsxploit thefactthatinstructionamoveregistersontothemseles. The
_void opcodesarespecializationgor the nopcase.

Indexing (_x0)

Indexing is supportedthroughthe opcodesendingwith x0. In the WAM the switch
instructionsswitch _on term, switch on constant andswitch on structure
handleindexing. Theswitch on_term instructionskip to differentpositionsdepend-
ing onthetypeof Al. switch on_constant andswitch on_ structure jump to
differentpositionsdependingnthe principalfunctorof Al. Thesenstructionsarenot
usedin SICStus.

In SICStusindexing is handledby call andexecute. Dependingon which type
of predicateheseinstructionscall slightly differentthingsaredone. Indexing is done
accordingo a patternwhenthetype of the predicatds “indexed”.

switch (type_of(A1)){

casevariable:...

casdist: ...

default: switch (functor_of(A1)){
casefoo/0: ...

casebar/l:...

default: ...

}

}

For thelist-casethe codefollowing usuallystartswith get_list_x0. In thatcase
theinstructionis ano-opandthe compilerback-endensureghatthelist-casebranches
to thefollowing instruction. The samething appliesto theconstant-casgget_nil_x0
or get_constant_x0) and the structure-caséget_structure_x0), these_x0 in-
structionsalso becomeso-opsand can be skipped. For ary othercase(after back-
trackingor if Al is avariable)the x0instructionshaveto be executed.

Extendedopcodeset

Combinationsand specializationsre extensiely usedin the machinego extendand
improve the opcodeset. A specializatioris an abstractnstructionthat hasbeensplit
into severalopcodesEachnew opcodedealswith a specialcase .Usuallythereis also
anopcodeto catchall othercasesj.e., put_variableX canbe specializedesultingin
put_XO, put_X1, put_Xn. (They do not have to be sequentialput mostly they are.)
Extensvely usedin Quintus,but rarelyin SICStugto date.

A combinationis severalinstructionamemgedinto a singleopcode.

In somecasesll possiblecombinationsanbe createdandthe original instruction
removed,i.e.,allocateanddeallocate Combinationsncludethevar_varopcodes.

Bignums (_large)

LargenumbersaresupportedOperationcodescontaininglar ge dealwith thoseissues
thatarisefor largeintegersandfloating pointnumbers.
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Arithmetics

Supportfor functions,comparisonsarithmetics profiling etc. Someopcodedake an
immediateoperandandthe namethencontain_imm.

Foreignlanguageinterface

Opcodedor foreignlanguaggFLI) supportareincludedin the machine but they are
for simplicity (they arenotrelevantfor this work) left out of this appendix.

The SICStusinstruction set

The opcodeausedto implementSICStusarebuilt onthe WAM instructions but have
also beenextended. SICStus3.8 abstractmachinealso containsoptimizations. All
optimizationswhereremoved from SICStus3.8to getan instructionsetassimilar to
thebasicWAM aspossibleasa startingpoint.

Allocate anddeallocate werealsoreintroducedo make it possibleto remaove
combinationgcontainingthem. The resultingmachineis called My. Theinstructions
usedto implementi, is whatin this reportis calledSICStusinstructionset.

Opcodesnarkedby anasteriskrepresentzeroor moreoccurrencesf thatopcode.

A compactyet easyto understandsyntaxhasbeenused. Each combinationor
specializations describedn termsof basicSICStusinstructions.Theopcodes to the
left andanimplicationarrov shavs which basicinstructionst is createdrom.

Instructionswith no similar instructionin the WAM arein capitalletters. Existing
WAM instructionsarenotin capitalletters. Theinstructionshave beenlooselygrouped
together

Procedural instructions
e INIT List: Initializespermanentariables.List represenalist of thevariables.

e allocate: Beginningof a clausewith morethanonegoal, createsan erviron-
ment.

e deallocate: Beforefinal execute whenmorethanonegoalin the body, dis-
cardsanervironment.

e call P, S: Terminatesa non-lastbody clause,setsCP to point to the next
instructionand P to the procedure.

e CALL_IN MODULE P, S: A call versionfor usein modules.
Initializespermanenvariablesandperformsa call.

e FIRSTCALLQ(List,P,S) < INIT(List),call(P,S)
Initializespermanenvariablesandperformsa call in modules.

e FIRSTCALL_IN MODULEQ(List,P,S)<= INIT(List),CALL_IN MODULE(P,S)

e executeq P: Terminatedastgoal,P is setto the procedure.

e EXECUTE_IN_MODULEQ P: An execute versionfor usein modules.

e proceed: Terminatesa clauseandsetsPto CP
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PUT instructions

put_x variable X, A;: AssignsX,, and A; a new variable. Usedfor final
goalargumentghatareunboundvariables.

PUT_X_VOID A;: Specializecput_x_variable for thecaseswhenthetwo reg-
isters(4;, X;) it operate®n arethesame.

put_x value X,, A;: Putsthevalueof X,, into A;. Usedfor goalarguments
thatareboundvariables.

put_y variable Y,, A;: AssignsY, and A; a new variable. Usedfor goal
argumentghatareunboundpermanenvariables.

put_y value Y,, A;: Putsthevalueof Y, into A;. Usedfor goal aguments
thatareboundvariables.

put_y_unsafe value Y,, A;: Putsthevalueof Y, into A;. Usedfor thelast
occurrencef anunsafevariable.

put_constantq C, A4;: Putstheconstaninto A;. Usedfor goalargumentghat
areconstants.

put_structureq F', A;: AssignsA; thestructureF'. Usedwhenthe goalargu-
mentis a structure.

put_nil A;: Putstheconstanf] into A;. Usedfor goalagumentghatis the[]
constant.

put_list A;: AssignsA; alist. Usedwhenthegoalarguments alist.

PUT_LARGEQ C, A;: Versionof PUT_CONSTANTQ for floating point numbersand
largeintegers.Putsareferenceo the bignuminto A;.

Getinstructions

get_x variable X,,, A;: AssignsX,, thevalueof A;. Usedfor headargu-
mentsthatareunboundvariables.

get_y_variableY,, A;: AssignsY, thevalueof A;. Usedfor headarguments
thatareunboundvariables.

get_x value X,, A;: Unifies X,, with A4;. Usedfor headagumentshatare
boundvariables.

get_y_value Y, A;: UnifiesY,, with 4;. Usedfor headargumentsthat are
boundvariables.

GET_Y_FIRST VALUE(Y,,A;) < get_y _variable(Y,, A;) afterthe first body
call.

get_constantq C, A;: Unifiesaconstanwith A; for headargumentshatare
constants.

GET_CONSTANT_X0Q C : Specializegget_constant for indexingon Al.
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e get_structureq F, A;: Unifies A; with a structure. Usedwhen the head
argumentis astructure.

e GET_STRUCTURE_XO0Q F': Specialize¢get_structureq for indexing on Al.

e get_nil A;: Unifiesthe constanf] with 4;. Usedfor headargumentsthatis
the[] constant.

e GET_NIL_XO: Specializegget_nil for indexing on Al.
e get_list A;: Unifies A; with alist. Usedwhentheheadarguments alist.
e GET_LIST XO0: Specializegzet_list for indexing on Al.

e GET_LARGEQ C, A;: Specializegzet_constant for floating pointnumbersand
largeintegers.

e GET_LARGE_X0Q C: Versionof GET_LARGEQ for indexing on A1.

Unify instructions

e unify void N: UnifiesN singleoccurringvariableswhenthey appearashead
structurearguments.

e unify x variable X,: Unifies X,, with the next subterm,usinga new vari-
able.Usedfor headstructurearguments.

e unify y variableV,,: UnifiesY,, with thenext subtermusinganew variable.
Usedfor headstructurearguments.

e unify x value X,,: UnifiesX,, with thenext subterm.Usedfor headstructure
arguments.

e unify x local value X,°: Unifies X,, with the next subterm,usinga new
variable.Usedfor headstructureargumentghatarenot necessarilyglobal.

e unify y valueY,: UnifiesY,, with thenext subterm.Usedfor headstructure
arguments.

e unify y local value Y,’: UnifiesY,, with the next subterm,usinga new
variable.Usedfor headstructureargumentghatarenot necessarilyglobal.

e UNIFY_Y FIRST VALUE(Y,) < unify y variable(Y,) afterthefirstbodycall.

e UNIFY_CONSTANTQ C': Unifiesa constanwith the next subterm.Usedfor head
structurearguments.

e UNIFY_STRUCTUREQ(X,,F) < unify x variable(X,),get_structure(F,A;)

e unify nil: Unifiesthe[] constanwith the next subterm.Usedfor headstruc-
turearguments.

e UNIFY_LIST(Xs,A;) < unify_x_variable(X,),get_list(A;)

e UNIFY_LARGEQ C': Versionof unify_ constant for floatingpointnumbersand
largeintegers.

6Usedif thevariablein unify x_variable hasnotbeeninitialized.
"Usedif thevariablein unify_y variable hasnotbeeninitialized.
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Function opcodeqArithmetic opcodesaddition and subtraction etc.)

Fortheseopcodesthevalueis assignedo X,, whereasd;, 4;, A, areinputarguments.

FUNCTION_0Q X,,: Zero-aryfunctions.
FUNCTION_1Q X,, 4;: Unaryfunctions,suchasunaryminus.
FUNCTION_2Q X, A;, A;: Binary functions,suchasbinary addition.

FUNCTION_2_IMMQ X,, A;, A;: Thisversionof theFUNCTION_2Q opcodetakes
animmediateoperand.

FUNCTION_3Q X, A;, Aj, Ay Ternaryfunctions.

Builtin opcodes

Usedfor inlined predicatesuchas“=..”, “==", “\==", "=:=", “>" etc. For theseop-
codesA;, A;, Ay areinputarguments.

BUILTIN 1Q A;: Unarypredicates.
BUILTIN_2Q A;, A;: Binary predicates.

BUILTIN_2 IMMQ A;, A;: This versionof the BUILTIN_2Q opcodetakesan
immediateoperand.

BUILTIN_3Q A;, A;, A: Ternarypredicates.

Other opcodes

For theseopcodes By denotesB at entryto the currentpredicate.

CUTB: Cutto By.

CUTB_X X,,: Cutto X,,.

CUT_YY,: CuttoY,.

CHOICE X X,,: StoreBy in X,,.

CHOICE YY,: StoreByinY,,.

KONTINUE: Returnto a procedurecall aftereventhandling.
LEAVE: Returnto native code.

EXIT TOPLEVEL: Exit from AbstractMachine.

try L: Createsa choicepointwith alternatve label setto the next alternatve.
Proceedso label L.

RETRY_CQ: Backtrackinto C code.
RETRY NATIVEQ: Backtrackinto native code.

RETRY INSTANCE: Backtrackinto interpreteccode.

45



HEAPMARGIN CALLQ: Checksfor eventssuchasstackoverflows, interruptsor
wokengoals.

BUMP_COUNTERQ: Profiling.
BUMP_ENTRYQ: Profiling.
fail: Usedwhenunificationfails andanotherclausemustbetried.

NOP: 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 understangyntaxhasbeenused.Eachcombinationor
specializations describedn termsof basicSICStusnstructions.Theopcodes to the
left andanimplicationarron shavs which basicinstructionst is createdrom, i.e.,:

PUT_Y FIRST VARIABLE(Y,X) < allocate,put_y_variable(Y,X)

Generalregisterthat hasto be fetchedto be determinedaregivenasA, B, C, D,
X orY (alsoindexed versionof thosenamesare used.) To shortenthe notationthe
following is introduced Argumentghatthe opcodegake aregivenwithin parenthesis.

« is usesto signify severalopcodespnefor eachnumbera canbe, thatis the set
{0,1,2,3}. For multiple register opcodeshe shorthandhotationworks asfollows .
Whena and S areusedthey symbolizemultiple opcodesvhereeachpermutationof
(a, B) with e = {0,1,2,3}, 8 = {0,1,2,3}. Whenpermutationsx = 3 of thegiven
opcodewere not createdthe notation(as, 32) is usedinstead.This is the casewhen
bothregistersarethe sameneitheris aY register v is usedwheneachpermutatiorof
theset{1, 2, 3,4} represenbneopcode.

My's1360pcodes

Thefirst machinewasimplementedo be anasminimal SICStusabstractmachineas
possiblewhile maintainingall functionality. By removing optimizationsrom SICStus
analmostWAM equialentmachinevasrevealed.lt isimplementedvith 136opcodes.
Eachinstructionin theWAM hasbeerrealizedbut supportis alsoaddedor extensions.
The 136 opcodesare SICStusnstructionset.

M,’s1890opcodes

M, is implementedwith 189 opcodes. It includesall of M,’'s opcodesapartfrom
allocateanddeallocate.Allocate anddeallocate have beenmergedwith all pos-
sibletrailing instructionsandhave beenremoved. The following 47 opcode$5 (189-
(136-2)countingthe unalignedversions) combinationsaandspecializationshave been
added.

Call instructionsare the sameasin My, but can herealso takes zero or more
precedingoutopcodes.

e CALLQ < put_value®, call
e CALL IN MODULEQ <« put_value*,call in module

Lastcall (deallocate followedby anexecute instruction)canherealsotakeszero
or moreprecedingputopcodes.

e LASTCALLQ < put_value*, lastcall
e LASTCALL_IN MODULEQ < put_value* lastcall in module
e INITCALLQ <= allocate, init,call

e INITCALL_IN_MODULEQ <= allocate,init,call in module
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Put opcodes

Allocatefollowedby put_y_value.
e PUT Y FIRST VARIABLE(Y,X) <= allocate,put_y_variable(Y,X)

Combination®f allocate andtwo put_y_value.
e PUT_YFVAR YVAR(Y,X,Y1,X1) < allocate,put_y_variable(Y,X),put_y_variable(Y1,X1)
e PUT_YVAR_YVAR(Y,X,Y1,X1) < put_y_variable(Y,X),put_y variable(Y1,X1)

Combination®f allocate andtwo put_y_value.

PUT_XVAL_XVAL(A,B,C,D) <= put_x_value(A,B), put_x_value(C,D)

PUT_YVAL_YVAL(Y,X,Y1,X1) < put_y_value(Y,X),put_y_value(Y1,X1)]

PUT_YVAL_YUVAL(Y,X,Y1,X1) < put_y_value(Y,X),put_y unsafe_value(Y1,X1)

PUT_YUVAL_YVAL(Y,X,Y1,X1) < put_y_unsafe_value(Y,X),put_y_value(¥Y1,X1

PUT_YUVAL_YUVAL(Y,X,Y1,X1) < put_y_unsafe_value(Y,X),put_y_unsafe value(Y1,X1)

Getopcodes

Combinationof two get_x_variable.
e GET XVAR_XVAR(Xi,As,X5,A) < allocate,get_x_variable(Xy, A;),get_x_variable(Xs, Aj)
e GET YVAR_YVAR(Y4,As,Yy,Ay) <get_y_variable(Yy, Ay),get_y variable(Ys, Aj)
Combinatiorof allocateandtwo get_y_variable.

e GET YFVAR YVAR(Yq,Ay,Y5,Ay) < allocate,get_y variable(Ys,As),get_y_variable(Y,,A,)

GET_Y_FIRST VARIABLE(Y,A) < allocate,get_y _variable(Y,A)

GET_CONSTANT_PROCEEDQ(A,B) <= get_constant(A,B), proceed
e GET_NIL_ PROCEED(A) < get_nil(A),proceed
e GET STRUCTURE_XVAR_XVARQ(A,B,C,D) < get_structure(A,B),unify x_variable(C),
unify x_variable(D)
e GET LIST XVAR XVAR<get list(A,B),unify x_variable(C),unify x variable(D)
e GET_CONSTANT CONSTANTQ(A,B,C,D) < get_constant(A,B),get_constant(C,D)

e GET_X VALUE_PROCEED(A,B) <= get_x_value(A,B), proceed
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Unify opcodes
e UNIFY_VOID_ vy < unify_void(y)
e UNIFY Y FIRST VARIABLE(X,Y) < allocate,unify_y variable(X)
e UNIFY CONSTANT PROCEED(A) < unify_constant(A),proceed
e UNIFY NIL_PROCEED <= unify_nil, proceed
e U2_VOID XVAR(X,Y) < unify void(X),unify x_variable(Y)
e U2_VOID XVAL(X,Y) < unify void(X),unify x_value(Y)
e U2_VOID XLVAL(X,Y) < unify void(X),unify x_local_value(Y)
e U2_XVAR VOID(X,Y) < unify x_variable(X),unify void(Y)
e U2_XVAR XVAR(X,Y) < unify x variable(X),unify x_variable(Y)
e U2 _XVAR XVAL(X,Y) < unify x variable(X),unify x_value(Y)
e U2_XVAR XLVAL(X,Y) < unify x_variable(X),unify x local value(Y)
e U2_XVAL VOID(X,Y) < unify_x_value(X),unify_void(Y)
e U2_XVAL XVAR(X,Y) < unify x value(X),unify x_variable(Y)
e U2_XVAL XVAL(X,Y) < unify x value(X),unify_x_value(Y)
e U2_XVAL XLVAL(X,Y) < unify x value(X),unify x local value(Y)
e U2_XLVAL VOID < unify x local value(X),unify void(Y)
e U2 _XLVAL XVAL <= unify x local value(X),unify x_value(Y)

e U2_XLVAL XLVAL(X,Y)<unify x local value(X),unify x_local value(Y)

Other opcodes
e CUTB_X_PROCEED(A) < cutb_x(A), proceed
e CUTB_PROCEED <= cutb, proceed

e CHOICE_YF < allocate, choice_y(Y)

My's427opcodes

M, implementsnew opcodeghatcorrespond$o the opcodesusedin QuintusProlog.
It includesall of M,’s opcodesandoptimizationsdescribedcbelow.

Onetype of specializationusedin QuintusPrologis a humberof get_constant
followedby a proceedlt is notthe sameoptimizationasthe oneusedin SICStussince
this oneonly is usedfor the casewhenthe secondregisterandonwardsareused,i.e.,:
“x1" or “x1, x2" or “x1, x2, x3". This opcodetype is namedget_factandcontains6
opcodes.
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e GET FACT 1(A) < get_constant(A, 1), proceed
e GET FACT 2(A,B) < get_constant(A, 1), get_constant(B, 2), proceed

e GET_FACT_3(A,B,C) < get_constant(A,1),get_constant(B,2),get_constant(C, 3), proceed
Put_constanio thefirst registerfollowedby call is specializednto call_constant.
e CALL_CONSTANTQ(A,B,C) < put_constant(4,0), call(B,C)

Put_\alueor put_unsafe_a&luefollowedby call arecombinedfor the x0 register and
specializedor the four first registers(hardwareregisterswheneer possiblein Quin-
tus).

e CALL_VALUE YaQ(A,B) < put_y_value(a,0),call(A,B)

e CALL VALUE YNQ(A,B,Y) < put_y_value(Y,0),call(A,B)

e CALL_UNSAFE VALUE YaQ(A,B) < put_y_unsafe_value(a,0),call(A,B)

e CALL_UNSAFE_VALUE YNQ(A,B,Y) <put_y unsafe value(Y,0),call(A,B)
Cutfollowedby proceeds, justasin M, combinedo formcutb_proceedndcutb_x_proceed.

e CUTB_PROCEED <= cutb, proceed

e CUTB_X_PROCEED(A) < cutb_x(A),proceed

Put_x_widspecializedor thefour firstargumentegistershegenerataseput_x_void
reintroduced.

e PUT_Aa_VOID < put_x_void(a)
Theput_constant specializations:

e PUT Ax_CONSTANTQ(B) < put_constant(B, @)
Theput_structure specializations:

e PUT_Aa_STRUCTUREQ(B) < put_structure(B, a)
Theput_nil specializations:

e PUT_Aa_NIL < put_nil(a)
Theput_listspecializations:

e PUT Aq_LIST < put_list(a)
Theget_y \aluespecializations:

e GET_Aa_VALUE_YN(A) < get_y_value(A, )
Theget_constanspecializations:

e GET_Aq_CONSTANTQ(A) <= get_constant(A,a)
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Theget_structurepecializations:

e GET_Aa_STRUCTUREQ(A) < get_structure(A, o)
Theget nilspecializations:

e GET Ao NIL < get_nil(a)
Theget_listspecializations:

e GET Aa_LIST <« get_list(a)
Theunify_void specializations:

e UNIFY VOID_+ < unify_void(y)
Theunify_x_variablespecializations:

e UNIFY VARIABLE Xa < unify_x_variable(a)
Theunify_x_valuespecializations:

e UNIFY VALUE Xa < unify x_value(a)
Theunify_x_local_\aluespecializations:

e UNIFY LOCAL_VALUE Xa < unify x_local_value(a)
Theunify_y variablespecializations:

e UNIFY VARIABLE Ya < unify_y variable(a)
Theunify_y valuespecializations:

e UNIFY VALUE Yo < unify y value(q)
Theunify_y local_\aluespecializations:

e UNIFY LOCAL_VALUE Yo < unify y_local_value(a)

The previously introducedQuintuscombinationallocate _get y ariable xOspecial-
izedinto:

e ALLOCATE GET_Ya_VARIABLE X0 < allocate,get_y variable(a,0)
The previously reintroduceccombinationunify _y_first \ariablespecializednto:
e UNIFY Yo_FIRST VARIABLE < allocate,unify y variable(a,0)

The progressopcode,(deallocate gxecute(true)aswell ascombinationsof it with a
precedingcut_y:

e PROGRESS < deallocate, execute(true/0)

e CUT_Y_PROGRESS(A) < cut_y(A),deallocate, execute(true/0)
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Allocateis combinedwith aspecializegset_y_variable for the X0 registerandwith
unify_y variableto form

e ALLOCATE GET Yo_VARIABLE X0 < allocate,get_y variable(a,O0)

e UNIFY_ Y FIRST VARIABLE(X) < allocate,unify y_variable(X)

A commonsequence®f opcodesare a numberof put value opcodesfollowed by a
deallocatdollowedby anexecute.This hasbeenexploitedin thedepartopcodes.

e DEPART(P) <= deallocate, execute(P)

DEPART O(P) < ),put_y_value(0,0),deallocate, execute(P)

P) < put_y_value(l,1),put_y_value(0,0),deallocate, execute(P)

)

(
e DEPART_1(P)
e DEPART 2(P) < put_y_value(2,2),put_y value(1,1),put_y value(0,0),deallocate, execute(P)
e DEPART 3(P) <=put_y_value(3,3),put_y_value(2,2),put_y_value(l,1),put_y_value(0,0),

deallocate, execute(P)

Combinationsof two unify x_var opcodesspecializedor all possiblecombi-
nationsof the four lowestregister pairs as well asthe generalcaseof ary two reg-
istersfollows here. The generalcaseu2_xvar xvar reintroduced. Two equivalent
unify x var aftereachotheris anop.

e UNIFY VARS Xay X[, < unify x variable(as),unify x_variable(fs)
e U2_XVAR XVAR(X,Y) < unify x variable(X),unify x_variable(Y)

Put_\ariablespecializedo specificargumentregisters(A), andspecificregisterswith
permanenvariableyY). Generakaseput_y \ariable.

e PUT Aa_VARIABLE Y3 < put_y_variable(q,3)
e PUT_Aa_VARIABLE YN(Y) < put_y_variable(a,Y)
e PUT AN VARIABLE Yo(X) < put_y_variable(X, )
Thespecializatiorof put_x_void.
e PUT Aq_VOID < put_void(a)
Thespecializatiorof get_x_variable.
e GET Aay VARIABLE X3, < get_x variable(ws, 32)
e GET_Aa_VARIABLE XN(X) < get_x_variable(a,X)
e GET AN VARIABLE X((A) < get_x variable(A,f3)
Thespecialization®f put_y_value(A, X):
e PUT_Aa_VALUE_YS < put_y_value(a, 3)

e PUT_Aq_VALUE_YN(X) < put_y_value(a,X)

52



e PUT_AN_VALUE YB(A) < put_y_value(A,q)
Thespecialization®f put_y_unsafe_value:

e PUT Aq_UNSAFE VALUE Y3 < put_y_value(a,f3)

e PUT_Aa_UNSAFE_VALUE_YN(Y) <= put_y_value(a,Y)

e PUT_AN_UNSAFE_VALUE_YS3(A) < put_y_value(4, )
Thespecializatiorof get_y_variable:

e GET Aa_VARIABLE Y3 < get_y_variable(a,3)

e GET_Aa_VARIABLE YN(Y) < get_y_variable(a,Y)

e GET_AN_VARIABLE Y((X) < get_y_variable(X, )
Thespecializatiorof get_x_value:

e GET Ay VALUE X(3; < get_x_value(as, f2)

e GET_Aa_VALUE_XN(X) < get_x_value(a,X)

e GET AN VALUE Xa(A) < get_x_value(A,q)

Mj3's 244 0pcodes

The M3 machinecontainsa subsebf theimprovementsntroducedn M,, butit is an
extensionof M; insteadof M.

Theput_x_value opcodewastranslatedntotheget_x_variable andtheput_xval_xval
wastranslatednto get_xvar xvar. Thentheput_x_value opcodewasremoved.
Theput_xval xval couldalsohave beenremovedsinceit is redundantFive of the
specializationsntroducedn M» werealsoimplementedntop of M;’s optimizations
to form Ms.

Thespecializatiorof unify x_variable.
e UNIFY VARIABLE Xa < unify_x_variable(a)
Thespecializatiorof (get_x_variable).
e GET Aay VARIABLE X3, < get_x variable(ws, 32)
e GET_Aa_VARIABLE XN(X) < get_x_variable(a,X)
e GET AN VARIABLE X((A) < get_x variable(A,f3)
Thespecializatiorof get_list.
e GET_Aa_LIST <« get_list(a)
Thespecializatiorof get_structure(A, Ay).

e GET_Aa_STRUCTURE(A) <= get_structure(A,a)
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Thespecializatiorof thecombinationunify vars(X,Y) thatexistsin M.
e UNIFY VARS Xas X8y < unify x variable(as),unify x variable((s)
e UNIFY VARS Xa XN(X) <= unify x_variable(a),unify x variable(X)

e UNIFY VARS XN X«(X) <= unify x_variable(X),unify x variable(a)
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