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FromtheEditor

Theword``generation"isfrequendyusedIo

expressprogressmadeinthecomputerfield,

especiallyinrelationロ)hardware.Inother

words,inaccordancewiththeelementSusedto

buildcomputers,computersusingvacuumtubes

werecalledthefirstgeneration,thosebasedon

ロansistorsanddi(xles【hesecondgeneration,

thoseadoptingICstheth丘dgeneraUon,and

thosebuiltusingLSIs由ethirdandahalf

generation.Sincetoday'scomputersuseVLSIs

aselementsonalargescale,itissaid血at

computershavenowenteredafourthgeneration.

Computershavedevelopedrapidlyeversince

theanno皿cementofthefirstgeneral-purpose

computerusingabuilt-inprogramsystem,and

processingsp㏄dhasalsoincreasedconsider-

ablyalongwithinnovationsinelemen"ech-

nology.However,conventionalcomputershave

allbeenbasedonthevonNeumanntheory,and

theoryhasessentiallyfollowedinitsfootsteps,

evenuptothepresent.

TheMnis仕yofIntemadonalTradeandIndusロy

hasimplementedvariousmeasurestoimprove

computertechnologyinJapan.Inthemid-

1970's,MITIrequestedJIPDECtocarryouta

basicinvestigationintotheresearchanddevel-

opmentofanepoch-makingcomputerthatwould

markasignificantdeparturefrompasUheory

andt㏄hnology。Todothis,JIPDECdecidedto

carryoutinvestigaUonsandresearchfbra血ree

yearperiodstartingin1979wi巾cooperation

fromindus仕y,academia,andgovemment.For

thisinvestigation,JIPDECestablishedare-

searchcommitt㏄composedofresearchersand

specialistSfromuniversities,governmentaland

industriallaboratories,andusers,andheldac-

tivediscussionsinawiderangeoffields,such

asbasictechnica1血eory,血econditionsofthe

socialenvironment,andcomputerarchitecture.

Withexpectationsfortheadventofanew

genera60ncomputer,thiscomputerwascalled

thenextgenerationcomputer,thatis,the　 Fifth

GenerationComputer".Theresultsofthis

three-yearinvesdgationwerereportedtothe

governmentandweremadepublicataninter-

nationalsymposiumtoanaudienceofJapanese

andoverseasspecialists.Theresultswere

evaluatedhighlybythegovemment,andin

1982,山egovernmentdecidedtoestablishan

``lnstituteforNewGenerationComputerTech -

nology(ICOT)"throughjointinvestmentwith

privateenterprisetopromotethispr()ject.The

FifthGeneraUonComputerProj㏄twasestab-

lishedasalong-termplanextendingoverabout

10years.Theprojecthadachievedthedesired

objecdvestoacertainextentbytheendof

March,1992andwasbroughttoaclosein

March,1993afteroneyearoffinalunification,

evaluation,andimprovemCntwork.

Japanleamedmanythings丘omthemajorindus－

口ializedcoun仕iesauhedawnofthecomputer

age,andtoday'sJapanesecomputertechnology

wasfbsteredbasedon血is㎞owledge.Making

acontributionintemationallythroughtheex－
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㏄utionofthisnewkindofproj㏄twasanimpor－

価tK)1eforJapan.Therefbre,atthes:artof血e

FifthGenerationComputerProject,MITIwidely

apPealedtooverseasresearchinstitutesforin-

volvementinthepr()ject.Atthesamedme,

interimresultsfromtheprojectweremadepublic

externallybyholdingintemationalsympOsiums

asn㏄essary.Topromotesmoothexecutionof

山epr()ject,JIPDECdispatchedmanyengineers

toICOTtooffertheircooperation.AIplayedan

importantroleinthispr()jectintheresearchof

basictheory,etc.RegardingAI,tri沮introduc-

tionofexpertsystemshasbecomepopularin

privateenterPrise,butithasbeenpOintedout由at

AIcannotbeexpectedtospreadfur山erbecause

developmenttechniqueshavenotyetbeenes-

tablished.Theref()re,ICOTandJIPDECestab-

1ishedanICOT-JIPDECAICenterin1986to

investigate,study,and(lisseminateAItechnol-

ogy.ItSspecificaccomplishmentsincludethe

publicationof``TheAIVisioバ,and``TheAI

WhitePaper",etc.,andthespOnsorshipofvari-

ous1㏄mresandseminars.

Theresearchanddevelopmentphaseofthe

FifthGenerationComputerPr()jectwascom－

pleteda"heendofMarch,1993,buuhepropa-

gationof虻sresultswillcominuetobeimporロnt

fromnowon.Therefore,foraperiodoftwo

yearsstartinginApri1,1993JIPDECw川make

effortStodisseminate血eparallelknowledge

processingtechnologyfosteredin廿1eproj㏄t.

Thehistoryofresearchanddevelopmentofthe

project,anoutlineofitsresults,and山epros-

pectsforthefuture,etc.willbeintroducedin

thisissuetocommemoratethecompletionof

theFifthGenerationComputerProject.In

drawingupthissummary,wereceivedfu11-

scalecooperationfromICOT.Wewouldlike

tousethisopportunitytoacknowledgethis

support,andwehopethisreportwillbeofhelp

toourreaders.

YujiYamadori

Director

Research&InternationalAffairs

∨
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OverviewoftheFGCSProject

1.PreliminaryStudyStagefortheFGCS

Project

Thecircumstancesprevailingduringthepre-

liminarystageoftheFGCSPr()ject,from1979

to1981,canbesummarizedasfollows:

Japanesecomputertechnologieshadreached

thelevelwheretheyarenowamongthemost

up-to-dateoverseascomputertechnologies.

Achangeoftheroleof血eJapanesenational

pr()jectfOrcomputertechnologieswasbeing

discussedwherebytherewouldbeamoveaway

fromimprovementofindustrialcompetitiveness

bycatchingupwiththelatestEurt)peancomputer

t㏄hnologiesandtowardworldwidescientific

contributionsthroughthedevelopmentof

leadipgcomputertechnologieswithallitsin-

herentrisks.

Regarding血issituation,theJapaneseMinistry

ofIntemationalTradeandIndustry(MITI)began

studyonanewpr()ject-theFifthGeneration

ComputerProject.ThistermexpressedMITI's

commitmenttodevelopinglea(∬ngt㏄hnolo-

giesthatwouldprogressbeyondthefburth

generationcomputersduetoapPearinthenear

futureandwhichwouldanticipateupcoming

ロends.

1ishedinl979.Ittookun直1由eendof1981to

decideontargettechnologiesandaframework

fbr血eproject.

Welloveronehun(lredmeetingswereheldwith

asimilarnumberofcommitt㏄memberspar-

ticipating.Thefollowingimportantnear-future

computert㏄hnologieswerediscussed:

・Inferencecomputertechnologiesfor

knowledgeprocessing

・Computertechnologiestoprocesslarge-

scaledatabasesandknowledgebases

・Highperformanceworkstationtechnologies

・Distributedfunctionalcomputertechnolo-

gies

・Super-computertechnologiesforscientific

calculation

Thesecomputertechnologieswereinvestigated

anddiscussedfromthestandpointsofinterna-

tionalcontributionthroughthedevelopmentof

originalJapaneset㏄hnologies,theimporじmt

technologiesof血efuture,socialneedsand

conformancewithJapanesegovemmentpolicy

forthenationalproject.

TheFifthGenerationComputerResearch

Committeeandi6subcommitt㏄wereestab－

Throughthesestudiesanddiscussions,the

committeed㏄idedontheobjectivesofthe
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projectbytheendof1980,andcontinuedfuture
studiesoftechnicalmatters,socialimpact,and

pr()jectschemes.

Thecommittee'spropOsalsfortheFGCSProject

aresummariZedasfollows:

technologiesforFGCS,andtodevelopan

FGCSprototypesystemconsistingofa

thousandelementprocessorswiIhinfer-

enceexecutionspeedsofbetween100M

LIPSand1GLIPS(LogicallnferencesPer

Second).

(1)TheconceptoftheFifthGenerationCom-

puter:tohaveparallel(non-VonNeumann)

processingandinferenceprocessingusing

knowledgebasesasbasicm㏄hanisms.In

ordertopossessthesemechanisms,the

hardwareandsoftwareinterfaceistobea

logicprogramlanguage(seeFigure1)・

(2)TheobjectivesoftheFGCSproject:to

developtheseinnovativecomputerswhich

arecapableofknowledgeinformation

pr㏄essingandtoovercomethetechnical

restrictionsofconventionalcomputers.

(3)ThegoalsoftheFGCSproject:toresearch

anddevelopasetofhardwareandsoftware

(4)R&Dperiodfortheproject:estimatedto
betenyears,dividedintothreestages.

・3-yearinitialstageforR&Dofbasic

technologies

・4-yearintermediatestageforR&Dof

subsystems

・3-yearfinalstageforR&Doftotalpro-

totypesystem

MITIdecidedtolaunchtheFifthGeneration

ComputerSystem(FGCS)pr()jectasanational

pr()jectfornewinformationprocessing,and
madeeff()rtstoacquireabudgetforthepr()ject.

OComputerfor

Knowledgelnformation
ProcessingSystem(KIPS)

OBasicFunctions→

☆lnferenceusingKnowledgebase

☆EaseofUse

(lntelligentAssistantfor

HumanActivities)

OBasicMechanisnofH/W&Sハ 〈1→

☆Logicalinferenceprocessing

(basedonLoicProrammin)

☆HighlyParallelProcessin

Applk二ations

Knowl6dgeProgrammlng

nerence

Functions 2謬 言、需

Logic

Programming

HighlyParallel

Architecture

lVLSI}
、 ノ

Hardware

Figure1.ConceptoftheFifthGenerationComputer
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Atthesametime,也einternationalconference

onFGCS'81waspreparedandheldinOctober

1981toannounce血eseresultsandtOholddis-

cussionsonthetopicwithfbreignresearchers.

2.StagesandBudgetingintheFGCS

Project

yearinitialstagewasabout8billionyen.For

the4-yearintermediatestage,itwasapproxi-

mately22billionyen.Thetotalbudgetfor1989

tol991wasaround21billionyen.Thebudget

for1992isestimatedk)be3.6billionyen.

Consequently,山etotalbudgetforthe11-year

periOdoftheprojectwillbeabOut54billionyen.

TheFGCSpr()jectwasdesignedtoinvestigate

alargenumberofunknowntechnologiesthat

wereyettobedeveloped.Sincethisinvolveda

numberofriskygoals,theprojectwassched-

uledoverarelativelylongPeriodoftenyears.

Thisten-yearperiodwasdividedintothr㏄

stages.

・Intheinitialstage(fisca11982-1984)
,the

purposeofR&Dwastodevelopthebasic

computertechnologiesneededtoachieve

thegoal.

・Intheintermediatestage(fiscal1984・1988)
,

thepurposeofR&Dwastodevelopsmallto

mediumsubsystems.

・Inthefinalstage(fiscal1989-1992)
,the

purposeofR&Dwastodevelopatotal

prototypesystem.Thefinalstagewasini-

tiallyplannedtobethreeyears.After

reexaminationhalfwaythroughthefinal

stage,thisstagewasextendedtofouryears

toallowevaluationandimprovementofthe

totalsysteminfiscalyearl992.Conse-

quently,thetotallengthofthisprojecthas

beenextendedtollyears.

Eachyearthebudgetforthefollowingyears

R&Dactivitiesisdecided.MITImadestrenu-

ouseffortsinnegotia丘ngeachyear'Sbudget

withtheMinistryofFinance.Thebudgetsfor

eachyear,whichareallcoveredbyMITI,are

showninFigure2.Thetotalbudgetforthe3一

3.SummaryoftheProjectResearch

Results

IntheFifthGenerationComputerPr()ject,two

mainresearchtargetSwerepursued:know1-

edgeinformationprocessingandparallel

pr㏄essing.Logicprogrammingwasadopted

asakeytechnologyforachievingbothtargets

simultaneously.Atthebeginningoftheproj㏄t,

weadoptedPrologasourvehicletopromotethe

entireresearchoftheproject.Sincetherewere

nosystematicresearchattemplSbasedonProlog

beforeourproject,thereweremanythingsto

do,includingthedevelopmentofasuitable

workstationfortheresearch,experimental

studiesfordevelopinga㎞owledge-basedsys-

teminPrologandinvestigationintopossible

parallelarchitectureforthelanguage.Werap-

idlysucceededinpromotingresearchinmany

directions.

Fromthisresearch,th民eachievementsareworth

nodng.ThefirstiSthedevelopmentofourown

workStationdedicatedtoESP:ExtendedSelf-

containedProlog.Wedevelopedanoperating

systemfortheworkStationcompletelyinESP[1】.

Thes㏄ondistheapPlicationofpartialevalua-

tiontometaprogramming,Thisenabledusto

developacompilerfbranewprogramming

languagebysimplydescribinganinterpreterof

thelanguageandthenpartiallyevaluatingit.

WeappliedthistechniquetoderiveabOttr)m-up

parserforcontext-freegrammargivenabottom

7 JCQNo.93,1993
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IPreliminaryl

lStudy
ロ

lStage

L1979-19SIJ
、 ノ

InitialStage

3years:32～84

(ＴOTAL:¥8.3B)

oR&DofBasic

5thG.Computer
Technology－

1

1
1

l

l

Intermediate

Stage

4years:85～88

(TOTAL:¥21.6B)

●R&DofExperimental

SmalLto-MediumScale

Sub・system

1

1

6
1

1

1

FinalStage

4years=89～92

(4yearstotal:¥24.3B)

oR&DofTotal
(Prototype)
System

eTotal

Evaluation

Budet

(foreach

fiscal

year)

19821983 1984119851986 19871988119891990 1991 1992

¥400M¥2.7B¥5.IBl¥4,7B¥555B¥5.6B¥5.7BI¥6.5B¥7.OB¥7.2B¥3.6B

$1.86M・'$12.6M$23.7Ml$21.9M$34.5M・ ・$35,0M$35.6M$40.6M$43.7M$51.4M・ ・$25.7M

E130M・1E8.80ME16.6Mlε15.3ME22.OM・2E22.4ME22.8ME26,0Mf28.OM正 ヨ0.OM・3EI5.OM

10-yearinitialplan

●R&DiscarriedoutundertheauspicesofMITI.

(AIIbudgets(Totalbudgets:¥54.6B)arecoveredbyMITI.)
・1$1=¥215

,£1=¥307(1982～1985}
費2$1=¥160

,El=¥250(1986～1990}

吟3$1=¥140
,El=¥240(1991～)

Figure2.BudgetsfortheFGCSproject

upinterpreterforthem.Inotherwords,partial

evaluationmademetaprogrammingusefulin

realapPlications.

Thethirdachievementwasthedevelopmentof

constraintlogicprogramminglanguages.We

developedtwoconstraintlogicprogramming

languages:CILandCALαLisfornatural

languageprocessingandisbasedontheincom-

pletedatastructureforrepresenting`℃omplex

lndeterminates"insituationtheory.Ithasthe

capabilitytorepresentstructureddatalike

Minsky'sframeandanyrelationshipbetween

slots'valuescanbeexpressedusingconstraints.

CILwasusedtodevelopanaturallanguage

understandingsystemcalledDUALS.Another

constraintlogicprogramminglanguage,CAL,

isfornon-1inearequations.Itsinferenceisdone

usingtheBuchbergeralgorithmfbrcomputing

theGrobnerBasiswhichisavariantofthe

Knuth-Bendixcompletionalgorithmforaterm

rewntlngSyStem・

Weencounteredoneseriousprobleminherent

toProlog:thatwasthelackofconcurrencyin

thefundamentalframeworkofProlog.We

recognizedtheimportanceofconcurrencyin

developingparallelprocessingtechnologies,

andwebegansearchingforalternativelogic

programminglanguageswiththenotionof

conCU「 「ency・

WenoticedtheworkbyKeithClarkandSteve

GregoryonRelationalLanguage【2]andEhud

ShapiroonConcurrentPrologl3].Theselan-

guageshaveacommonfeatureofcommitted

choicenondeterminismtointrOduceconcurrency.

Wedevotedoureffortstoinvestigadngthese

languagescarefUllyandUedafinallydesigneda

newcommittedchoicelogicprogramminglan-

guagecalledGHC[4][51,whichwassimpler

syntaxthantheabovetwolanguagesbutsdllhas

similarexpressiveness.Werecognizedtheim-

portanceofGHCandadopteditasthecoreofour

kemellanguage,KL1,inthisproject.Theintro－

JCQNo.93,1993 8



ductionofKLImadeitpossibletodividethe

enti】reresearchpr()jectintotwoparts:thede-

velopmentofparallelhardwarede(licatedtOKLl

andthedevelopmentofsoftwaretechnologyfor

thelanguage.In血isrespect,由einvenUonof

GHCisthemostimpO血ntachievementfOrthe

successoftheFifthGeneradonComputerSys-

temsprOJect.

Besidesthislanguageorientedresearch,we

performedextensivef皿damentalreseai℃hin

thefieldofartificialintelligenceandsoftware

engineeringbasedonlogicandlogicprogram-

ming.Thisincludesresearchonnon-monotonic

reasoning,hypotheticalreasoning,abduction,

induction,knowledgerepresentation,theorem

proving,partialevaluationandprogram1エans-

f()rmation.Weexpectedthat血isresearchwould

b㏄omeimportantapplicationfieldsfbr皿r

parallelmachinesbytheaffinityof山eseprob-

lemswithlogicprogrammingandlogic-based

parallelpr㏄essing.Thisisnowhappening.

Inthisardcle,wefirstdescribetheresearchand

developmentofthesequentialinferencema-

chinePSI.Then,wepresentourresearchresults

onconstraintlogicprogramming.Finally,we

discussourresearchactivitiesinthefieldof

parallelinference丘ombothhardwareandsoft-

wareaspects.

9 JCQNo.93,1993



FGCSProjectResearchResults

(1)PersonalSequentialInferenceMachine(PSI・1)

Toactuallybuildtheparallelinferencesystem,

especiallyaprOductiveparallelprogramming

environmentwhichisnowprovidedbyPIMOS,

weneededtOdevelopvariouselementtech-

nologiesstepbysteptOobtainhardwareand

softwarecomponents.Onthewaytowardthis

development,themostpromisingmethOdsand

t㏄hnologieshadtobeselectedfromamong

manyalternatives,followedbyappropriate

eva1uationpr㏄esses.Tomakethisselection

re1蛤bleandsuccessful,wetriedtobuildex・

perimentalsystemswhichwereaspracticalas

possible.

Intheinitialstage,toevaluatethedescriptive

pOwerandexecutionspeedoflogiclanguages,

apersonalsequentialmachine,PSI,wasdevel-

oped.Thiswasalogicprogramming

workstation.Thisdevelopmentwasalsoaimed

atobtainingacommonresearchtoolforsoft-

waredevelopment.ThePSIwasintendedto

attainanexecutionspeedsimilartoDEC10

PrologrunningonaDEC20system,which

wasthefastestlogicprogrammingsystemin

theworld.

andinheri舷mcem㏄hanismstomakeprogram

modulesefficiently[6].ESPwasusednotonly

towritetheoperatingsystemforPSI,whichis

namedSIMPOS,butalsotowritemanyexperi-

mentalsoftwaresystemsforknowledge

processingresearch.

ThedevelopmentofthePSImachineand

SIMPOSwassuccessful.Wewereimpressed

by由everyhighsoftwareproductivityofthe

logiclanguage.TheexecutionspeedofthePSI

wasabOut35KLIPSandexceedgditstarget.

However,werealizedthatwecouldimproveitS

architecturebyusingtheoptimizationcapability

ofacompilermoreeffectively.Weproduced

about100PSImachinesk)distributeasa

commonresearchtool.ThisversionofthePSI

iscalledPSI-1.

TheimplementationofthePSI-Ihardwarere-

quiredllprintedcircuitboards.Astheamount

ofhardwareb㏄ameclear,weestablishedthat

wecouldobtainanelementprocessorfbra

parallelmachineifweusedVLSIchipsfbr

implementation.

Tobeginwith,aPSImachinelanguage,KLO,

wasdesignedbasedonProlog.Thenahardware

systemwasdesignedfortheKLO.Weemployed

tagarchitectureforthehardwaresystem.Then

wedesignedasystemdescriptionlanguage,

ESP,whichisalogiclanguagehavingaclass

FortheKLOlanguageprocessorwhichwas

implementedinthefirmware,weestimatedthat

betteroptimizationofobjectcodemadebythe

compilerwouldgreatlyimproveexecution

speed.(Later,thisoptimizationwasmadeby

theintrOductionofthe"WAM"code[7].

JCQNo.93,1993 10



ThePSI-IIusedVLSIgatearraychipsforits

CPU.Thesizeofthecabinetwasaboutone

sixththatofPSI-Lhsex㏄utionspeedwas

330KL】ff)S,about10timesfasterthanthatof

PSI-1.Thisimprovementwasattainedmainly

throughemploymentofthebettercompiler

optimizationtechniqueandimprovementofits

machinearchitecture.Themainmemorysize

wasalso
.expandedto320MBsothatprototyping

oflargeapPlicationscouldbedonequickly.

11 JCQNo.93,1993



FGCSProjectResearchResults

(2)ConstraintLogicProgramming

Constraintlogicprogrammingisoneof也e

mostpromisingareasinthefieldoflogicpro-

gramming.ThedomainofPrologisextendedto

covermostAIpK)blems.Theobjectiveisto

◎ombinecons紅aintsatisfactionandlogicpro-

gramming.Thereasonsfbritssuccessare1)it

isas血ightfbrwardextensionofPhologby

extendingthenotionofunificationtodealwith

constraintsatisfaction,and2)itextendsthe

scopeofdeclarativeprr)grammingtoawider

classofproblemssuchaslinearequaUonsand

inequationsbydealingwith也eminaway

uniformwithunificationbetweenterms.From

theconstraintsatisfactionviewpOint,itprovides

programmingcapabilitytothedescriptionof

theproblembasedonconstraintsatisfacdon.

Jaff釦randLassez、ite{jaffarclip〕gavecriteria

fbraconsロaintlogicprogrammingsystemto

inheritimportantaspectSoflogicprogramming

suchassoundness,completenessandfixpoint

semantics.Itiswor也notingthatconstraint

logicprogrammingisderivedbyextending

unification.Wewilldiscusslaterhowconcurrent

logicprogrammingisderivedbyrestricting

unification.

Webeganourconstraintlogicprogramming

researchalmostatthebeginningofourproject,

inrelationto血eresearchonnaturallanguage

processing.Mu㎞i[8]developedalanguage

calledCIL(ComplexlndeterminatesLanguage)

forthepurposeofdevelopingacomputational

mOdelofsituationsemantics.Acomplexinde－

temina嘘isa(ぬ 田stnlctu肥allowingμ 血ally

sp㏄inedtemswi血inde負nitearity.Dudngdle

designphaseofthelanguage,heencountered

theideaoffreezeinPrologIIbyColmerauer

[9].Headop¢dfr㏄zeasaproperconロol

structurefbrourCILlanguage.

Fromtheviewpointofconstraintsatisfaction,

CLonlyhasapassivewayofsolvingconstraint,

whichmeansthatthereisnoactivecomputation

forsolvingconstraintssuchasconstraint

propagationorsolvingsimultaneousequations.

Later,webeganourresearchonconstraintlogic

programminginvolvingactiveconstraintsolv-

ing.ThelanguagewedevelopediscalledCAL.

Itdealswithnon-linearequationsasexpressions

tospecifyconstraintS。Threeeventsロiggered

theresearch:onewasourprecedingeffortson

developingatermrewritingsystemcalled

METISforatheoremproveroflinearalgebra

[10].Anothereventwasourencounterwith

Buchberger'salgorithmforcomputingthe

GrobnerBasisforsolvingnon-linearequations.

SincethealgorithmisavariantoftheKnuth-

Bendixcompletionalgorithmforatermre-

writingsystem,wewereabletodevelopthe

systemeasilyfromourexperienceofdevelop-

ingMETIS.Thethirdeventwasthedevelop-

mentoftheCLPσ()theorybyJaffarandLassez

whichprovidesaframeworkforconstraintlogic

programminglanguages[11].

Thereisfumherremarkableresearchoncon－

JCQNo.93,1993 12



stmintlogicprogrammingin也efieldofgeneral

symbolprocessing[12].Tsudadevelopeda

languagecalledcu-Pholog.Incu-Prologcon-

straintSaresolvedbymeansofprogramtrans.

fbnnationt㏄hniquescalledunfbld!fbldtrans-

fbmaUon(血esewillbe(趾scuss(炬nmo佗

detaillaterinthispaper,asanoptimization

techniqueinrelationtOsoftwareengineering).

Theunfbld/foldprogramtransformationisused

hereasabasicoperationfbrsolvingcombina-

torialconstraintsamongterms.Eachtimethe

transformationisperformed,theprogramis

modifiedtoasyntacticallylessconstrained

program.Notethaほhisbasicoperationis

similanotermrewriting,abasicoperationin

CAL.Bothoftheseoperationstrytorewrite

programstoobtaincertaincanonical飴ms.

Theideaofcu-PrologwasintroducedbyHasida

du亘nghisworkondependencypropaga[ion

anddynamicalprogramming[13].Theysuc-

ceededinshowingthatcontext-freeparsing,

whichisasefficientaschartparsing,emergesas

aresultofdependencypropagationduringthe

executionofaprogramgivenasasetofgrammar

rulesincu-Prolo9.Actually,thereisnoneedtO

constructaparser.cu-Prologitselfworksasan

efficientparser.

Hasida[13]hasbeenworkingonafundamental

issueofartificialintelligenceandcognitive

sciencefromtheasp㏄tofacomputational

modeLInthiscomputationmodelofdynamical

programming,computationiscontrolledby

variouskindsofpotentialenergiesassociated

witheachatomicconstraint,clause,andunifi-

cation.Potentialenergyreflects血edegreeof

cons1エaintviolationand,therefore,thereduction

ofenergyconUibutestoconstraintresolution.

Consロaintlogicprogramminggreatlyenriched

theexpressivenessofPrologandisnowpro-

vidingaverypromisingprogrammingenvi-

ronmentforapplicationsbyextendingthedo-

mainofPrologtocovermostAIproblems.
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FGCSProjectResearchResults

(3)ParallelInferenceSystem

1.FGHC

ThemostimportantfeatureofFGHCisthat

血ereisonlyonesyntacticextensiontoPholog

calledthecommitmentoperatorandisrepre-

sentedbyaverticalbar"1".Acommitment

operatordividesanentireclauseintotwoparts

calledtheguardpart(廿1eleft-handsideofthe

bar)andthebodypart(theright-handside).

FGHCisasubsetofGHCandallowsonly

unificationandtestpredicatestobewritteninits

guardparttopreven"heguardfrombeing

nestedduringex㏄udon.FGHCismoreame-

nabletotheprocessinterPretationofprograms

thanGHCandisexpressiveenough。

TheguardofaclausehastwoimpOrtantroles:

oneistospecifyaconditionfbrtheclausetObe

selectedforthesucceedingcomputation,andthe

otheristospecify也esync㎞)nizationcondition.

ThegeneralruleofsynchronizationinFG]EICis

expressedasdataflowsynchmnizadon.This

meansthatcomputationissuSpendeduntilsuffi-

cientdataforthecomputationarrives.Inthecase

ofFGHC,guardcomputadonissuspendeduntil

thecallerissufficientlyinstantiatedtojudgethe

guardcondition.Forexample,considerhowa

丘cketvendingmachineworks.Afterr㏄eiving

money,ithastOwaitundHheuserpushesa

buttonfbr廿1edesdnation.Thiswaitingisde-

scribedasaclausesuch血aピ'iftheuserpushed

thel60-yenbutton,血enissuea160-yendckeご'.

TheimpOrtantthingisthatdataflowsynchroni-

zationcanberealizedbyasimplerulegovern-

ingheadunificationwhich㏄curswhenagoal

isexecutedandacorrespon(lingFGHCclause

iscalled.Thisruleisstatedasfollows:the

informationflowofheadunificationmustbe

oneway,fromthecallertothecallee.

ThecallercorrespondstOajobschedulerand

thecalleecorrespondstoworkersin也eoffice.

ThedataflowcorrespOndstothejobordersfrom

thejobschedulertoworkers.Eachworkerhas

aspecialityandconditionsabout血ejobs血at

canbedone.In也iscase,eachworkerhasto

waitforthearrivalofadetailedjoborderbefore

stardngworkinordertoch㏄ktheconditions.

Notethattheinformationflowofjobordersis

oneway--fromthejobschedulertoworkers.

Thisprincipleisveryimpo孔antintwoaspects:

oneisthatthelanguageprovidesanaturaltoolfor

expressingconcurrency,andtheo血eristhat血e

synchronizationmechanismissimpleenoughtO

realizeveryefficientparallelimplementation.

2.KL1

KL1(KernelLanguageversion1)isanexten-

siontoFGHCandconsistsoftwosublanguages,

KLlc(KLIcore),andKLIp(KLIpragma).

KLlenablesapr㏄esstoobserveandcontrol

theexecutionofotherpr㏄essesatthemeta－
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leve1,afeaturen㏄dedindevelopingouroper-

atingsystemPIMOSforMulti-PSIandPIM.

KLIpisasublanguageforannotatingmap

information;allocationofprocessestOproces-

sorsandprioritiesamongprocesses.

WhileFGHCprogramsrepresentconcurrency

independentlyfromthemachinearchitecture

onwhichtheyareexecuted,KLlpmaps也em

ontoparallelpr㏄essors.EveniftheFGHC

programsexpresshighpotentialparallelism,it

d㏄snotnecessarilymeanthauheymnfaston

existingparallelhardware.TheimpOrtantis-

suestobeconsideredinachievinggoodper-

formanceonparallelhardwareinclude:load

balancing,localityofcommunicationandpri-

oritycontrol.Notethattheseissuesaffectonly

efficiency,notcorrecmess.Althoughitisde-

sirabletOautOmatemapping,thereisnouniversal

waytOdothisapPropriately.Weareinvesti-

gatingvarioust㏄hniquesofloadbalancingand

prioritycontrol.Wesucc㏄dedindeveloping

automaticloadbalancingforaclassofsearch

problems[14].ThisindicatesthepOssibilityof

extendingtheproblemdomainsamenableto

automaticloadbalancing.

CommunicationcostSareveryhigh,especially

indistributedmemoryarchitecture.Primitive

operationslil(eunificadonarearoundlOto100

timesslowerwhentheyareperfomedacross

theinterconnectionnetwork.WeneedtOtake

comm皿icadonoverheadsi煎)accountwhen

wedistributeloadstoprocessors.The1㏄ality

ofcomputationisimportant,andifgranularity

isinsuf丘cient,perfomancemayd㏄rease.In

KL1,wecanadjustgranularityandincrease

localitybyapPropriatelyspecifyingloaddistri-

budonusingtheannotadonfacilitiesinKLIP.

3.PIMhardwareandKLIlanguage

processor

Tofindanoptimalarchit㏄turaldesign,wese-

lecte(iseveralimpOrtantfeatures,suchaselement

pr㏄essorarchit㏄tureandnetworkstmctue,

anddecidedtobuildfivePIMmoduleshaving

differentdesignchoices.Themainfeaturesof

thesefivemOdulesarelistedinTablel.The

numberofelementprocessorsrequiredforeach

mOdulewasdetermineddependingonthemain

purposeofthemOdule.Largemoduleshave256

to512elementprocessors,andwereintendedto

beusedforsoftwareexperiments.Smallmod-

uleshave160r20elementprocessorsandwere

builtforar℃hitectuialexperimentSandevaluation.

Table1.FeaturesofPIMModutes

1』m PIWP PIM/c PIM/m PIM刀 PIM水

MachinginsぴucUons RISC・ 呼P9+
,.

macrOIns『 ㏄Uons

Horizon凶

micrdnSUucUons

HOfizontal

micrdnsロucUO∩S

RISC・rype Rl3C－ 輪

Tar㊤tcwleOme 60nsec 65nsec 50nsec 100nsec 1∞n缶c

LSIde栖ces S巳ndardce{1 Gatea汀ay Cellbase S㎞dardcell Cust㎝

Pr㏄essT㏄hn◎ 畑

{lingwid由 》

0.96}m 0.8μm 0.8μm 1,2}m 1,2磐m

～匂chhgc㎝ngura㎞ Mu|Uclustgr

conn㏄ ㎞s(8PEs

lin㎏dbashared

c認 臨 一

MuωclUSbf
c㎝n㏄Uons(8PEs

+CClinkedtoa
sharedmemαy)

macrossba「ne㎞k

Twdimensk)naj

meshno!work

connecU㎝S

S』edmemαy

conn◎cUons

由∫ougha

pa∫alk∋lcachg

Ｔwk)∨d

parallelca⊆h◎
C㎝necUons

NumbeイofPEsconneClod 512Pεs 256PEs 256PEs 16PEs 16Pεs
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Figure1.KLILanguageProcessorandVPIM

Allofthesemodulesweredesignedtosupport

KLIandPIMOS,sothatsoftwareresearchers

couldr皿oneprogramonthedifferentmodules

andcompareandanalyzethebehaviorsofpar-

allelprogramexecution.

APIM/mmoduleemployedarchitecturesimi-

lartothemuhi-PSIsystem.Thus,itsKLl

languageprocessorcouldbedevelopedbysim-

plymodifyingandextendingthatofthemulti-

PSIsystem.Forothermodules,namelyPIM/p,

PIM/c,PIM/k,andPIM/i,theKLllanguage

processorhadtobenewlydevelopedb㏄ause

田10fthesemoduleshaveaclusterstructure.In

acluster,fburtoeightelementprocessorswere

dghdycoupledbyasha肥dmemoryanda

commonbuswithcoherentcaches.While

communicationbetweenelementprocessorsis

donethroughthecommonbusandshared

memory,communicadonbetweenclustersis

doneviaapacketswitchingnetwork.These

fourPIMmOduleshavedifferentmachinein-

S口ucnonsets.

Weintendedtoavoid血eduplicationofdevelop-

mentworkfbr山eKLIlanguageprocessor.We

usedtheKLI-ClanguagetowritePIMOSand

theusualapPlicationprograms.AKLI-Cpro－

gramiscompiledintotheKL1-Blanguage,

whichissimila口o血e'`WAM"asshownin

Figure1.Wedefinedanadditionallayerbe-

tweentheKL1・Blanguageand1heI℃almachine

insロuction.Thislayeriscalledthevirtualhard-

warelayer.Ithasavirtualmachineinstructionet

called"PSL"ThespecificationoftheKL1-B

inte叩reterisdescribedinPSL.Thisspecifica-

donissemiautomaticallyconvertedtoareal

inleq)reterorruntimeroutinesdedicatedtoeach

PIMmodules.ThespecificationinPSLiscalled

avirtualPIMprocessor(theVPIMprocessorfor

short)andiscommontofourPIMmOdules.

PIM/p,PIM/mandPIM/careintendedtobe

usedforlargesoftwareexperiments;theother

moduleswereintendedforarchitecturalevalu-

ations.WeplantoproduceaPIM!pwi山512

elementprocessors,andaPIM!mwith384

elemenゆrocessors.Now,atthebeginningof

March1992,aPIM/mof256pr㏄essorshasjust

startedtorunacoupleofbenchmarkingpro-

grams.Themainfeaturesandappearancesof

PIM/pandPIM/mareshowninFigure2and

Figure3,respectively.

Weaimedataprocessingspeedofmorethan

lOOMLIPSf()rthePIMmodules.ThePIM/m
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with256processorswillattainmorethan100

MLIPSasitSpeakperformance.However,for

apracticalapplicationprogram,thisspeedmay

bemuchreduced,dependingonthecharacter-

isticsof山eapplicationprogramandthepπ)-

grammingtechnique.Toobtainbetterper-

fom{m㏄,wemustattempttoaugmentthe

effectofcompileroptimizationandtoimple・

mentabetterloadbalancingscheme.Weplan

torunvariousbenchmarkingprogramsand

experimentalapPlicationprogramstoevaluate

thegainandlossofimplementedhardwareand

softwarefunclions.

4.DevelopmentofPIMOS

PIMOSwasintendedtobeastandardparallel

operatingsystemforlarge-scaleparallelma-

chinesusedinsymbolandknowledgeprocess-

ing.Itwasdesignedasanindependent,self-

containedoperatingsystemwithaprogram・

mingenvironmentsuitableforKLI.Itsfunc-

tionsforresourcemanagementandexecution

controlofuserprogramsweredesignedas

independentfromthearchitecturaldetailsof

thePIMhardware.Theywereimplemented

basedonanalmostcompletelynon-centralized

managementschemesothatthedesigncould

beappliedtoaparallelmachinewithonemil-

lionelementprocessors[15].

PIMOSiscompletelywritteninKL1.Its

managementandcontrolmechanismsareim-

plementedusinga"meta-cal1"primitiveofKLI.

TheKLIlanguageprocessorhasanembedded

automaticmemorymanagementmechanism

andadataflowsynchronizationmechanism.

Themanagementandcontrolm㏄hanismsare

thenimplementedoverthesetwomechanisms.

Theresourcemanagementfunctionisusedto

managethememoryresourcesandpK)cessor

resourcesallocatedtouserprocessesandinput

andoutputdevices.Theprogramexecution

contR)1functionisusedtt)startandstopuser

processes,control血eorderofexecutionfol-

10wingprioritiesgiventothem,andProtect

systemprogramsfromuserprogrambugslike

theusualsequentialoperatingsystems.

PIMOSsupportsmultipleusers,accessesvia

networkandsoon.ItalsohasanefficientKLl

programmingenvironment.Thisenvironment

hassomenewtoolsfordebuggingparallelpro-

gramssuchasvisualizationprogramswhich

showaprogrammerthestatusofloadbalancing

ingraphicalforms,ando血ermonitoringand

measurementprograms・

5.Knowledgebasemanagementsystem

Theknowledgebasemanagementsystemcon-

sistsoftwolayers.Thelowerlayerisaparallel

databasemanagementsystem,Kappa-P.Kappa-

Pisadatabasemanagementsystembasedona

nestedrelationalmodeLItismoreflexiblethan

theusualrelationaldatabasemanagementsys-

teminprocessingdataofimegularsizesand

structures,suchasnaturallanguagedictionaries

andbiologicaldatabases.

Theupperlayerisa㎞owledgebasemanage-

mentsystembasedonadeductiveobject-ori-

entedda田base[16].Thisprovidesuswitha

knowledgerepresentationlanguage,Quixote

[17].Theseupperandlowerlayersarewritten

inKLIandarenowoperationalonPIMOS.

Thedevelopmentofthedatabaselayer,Kappa,

wasstartedatthebeginningoftheintermediate

stage.KappaaimedtOmanagethe"natural

databases'taccumulatedinsociety,suchas

naturallanguagedictionaries.Itemployeda

nestedrelationalmodelsothatitcouldeasily
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handledatasetswithirregularrecordsizesand

nestedst皿lctures.Kappaissuitablenotonlyfor

naturallanguagedictionariesbutalsoforDNA

databases,ruledatabasessuchaslegaldata,

contractconditions,andother"natural

databases"producedinoursocialsystems.

Thefirstands㏄ondversionsofKappawere

developedonaPSImachineusingtheESP

language.Thesecondversionwascompletedat

血eendoftheintermediatestage,andwascalled
　
Kappa-II[18].

Inthefinalstage,aparallelanddistributed

implementationofKappawasbegun.Itis

writteninKLlandiscalledKappa-P.Kappa-

PisintendedfbrtheuseoflargePIMmain

memoriesforimplementingthemainmemory

databasescheme,andtoobtainaveryhigh

throughputratefbrdiskinputandoutPutby

usingmanydisksconn㏄tedinparalleltoele-

mentprocessors.

InconjunctionwiththedevelopmentofKapPa-

IIandKappa-P,researchonaknowledgerepre-

sentationlanguageandaknowledgebaseman-

agementsystemwasconducted.Afterrepeated

experimentsindesignandimplementation,a

deductiveobject-orienteddatabasewasem-

ployedinthisresearch.

At也ispointthedesignoftheknowledge

representationlanguage,Quixote,wascom-

pleted.Itslanguageprocessor,whichisthe

knowledgebasemanagementsystem,isunder

development.Thislanguageprocessorisbe-

ingbuiltoverKappa-P.UsingQuixote,con・

structionofaknowledgebasecanthenbe

madecontinuouslyfromasimpledatabase.

Thiswillstartwiththeaccumulationofpassive

factdata,山engraduallyaddactiveruledata,

andwillfinallyb㏄omeacompleteknowledge

base.

TheQuixoteandKapPa-Psystemisanew

knowledgebasemanagementsystemwhich

hasahigh-levelknowledgerepresentation

languageandtheparallelanddistributeddata-

basemanagementsystemasthebaseofthe

languageprocessor.Thefirstversionsof

Kappa-PandQuixotearenowalmostcom-

plete.Itwillbeinterestingtoseehowthislarge

systemoperatesandhowmuchofanoverhead

itWillreqUire.
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FGCSProjectResearchResultS

(4)ConcurrentLogicProgramming

Inthissection,wefirstpresentthemethodology

torealizesearchparadigminFGHC/KL1.Then,

wedescribethreeapplicationprogramsin

FGHC瓜L1:arou加gprobleminVLSICAD,

asequencealignmentp頁)blemingeneticin-

formationprocessing,andabOttom-up血eorem

prover.Theseitemsareverydifferentfrom

eachotherintheirapplicationareasaswellasin

theprogrammingt㏄hniquesusedinthe辻de-

velopment.

bindinginformationofallvariablesthathave

appearedsofarandtocontinuecomputations

foreachalternativecaseinparalleLButthis

doesnotworkb㏄ausecopyingnon-ground

termsisimpossibleinFGHC!KLLThereason

whyitisimpOssibleisthatFGHCA(Llcannot

guaranteewhenactualbindingwilloccurand

theremaybeamomentwhenavariableob-

servedatsomeprocessorremainsunchanged

evenaftersomegoalhasinstantiateditata

differentprocessor.

1.SearchParadigmsinFGHC/KL1

ThereisoneseriousdrawbacktoFGHC瓜Ll

becauseoftheverynatureofcommittedchoice;

thatis,itnolongerhasanautomaticsearch

capability,whichisoneofthemostimportant

featuresofProlo9.Prologachievesitssearch

capabilitybymeansofautomaticbacktracking.

However,sincecommittedchoiceuniquely

determinesaclauseforsucceedingcomputation

ofagoal,thereisnowayofsearchingfor

alternativebranchesotherthanthebranchse-

1ected.Thesearchcapabilityisrelatedtothe

nodonofcomple促nessof也elogicpmg㎜ming

computationprocedureandtheleakofthis

capabilityisveryseriousinthatrespect.

Onecouldimagineaseeminglytrivialwayof

realizingsearchcapabilitybymeansofor-

parallelsealch:thatis,tocopythecurrent

computationalenvironmentwhichprovidesthe

Onemightaskwhywe(lidnotadoptaProlog-

1ikelanguageasourkernellanguageforparallel

computation.Therearemainlytworeasons.

Oneisthat,asstatedabove,Prologdoesnot

haveenoughexpressivenessforconcurrency,

whichweseeasakeyfeaturenotonlyfor

expressingconcurrentalgorithmsbutalsofor

providingaframeworkforthecontrolofphysical

parallelism.Theotherreasonisthattheex-

ecutionmechanismofRolog-1il(elanguages

withasearchcapabilitys㏄medtoocomplicated

todevelopefficientparallelimplementations.

Wetriedtorecoverthesearchcapabilityby

devisingprogrammingtechniqueswhilekeep-

ingtheprogramminglanguageassimpleas

pOssible.Wesucceededininventingseveral

programmingmethodsforcomputingallsolu-

tionstoaproblemwhicheff㏄tivelyachievethe

completenessoflogicprogramming.Thr㏄of
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thesemethodsarelistedasfbllows:

(1)Continuation-basedmethod[19]

(2)Layeredstreammethod[20]

(3)Querycompilationmethod[21】

Inthispaperwepickup(1)and(3),whichare

complementarytoeachother.Thecontinua-

tion-basedmethodissuitablefortheefficient

processingofrather-algorithmicproblems.An

exampleistocomputeallwaysofpartitioning

agivenlistintotwosublistsbyusingappend.

ThismethOdmimicsthecomputationofOR-

parallelPrologusingAND-parallelismof

FGHCAND-serialcomputationinPrologis

translated
.tocontinuationprocessingwhich

rememberscontinuadonpointsinas田ck.The

intermediateresuksofcomputationarepassed

fromthepr㏄edinggoalstothenextgoals

throughthecontinuationstackkeptasoneofthe

argumentsoftheFGHCgoals.Thismethod

requiresinput/outputmodeanalysisbefore

translatingaPrologprogramintoFGHC.This

requirementmakesthemethodimpracticalfor

databaseapplicationsbecausetherearetoomany

possibleinput-outputmodesforeachpredicate.

Thequerycompilationmethodsolvesthis

problem.ThismethOdwasfirstintroducedby

Fuchi[22]whenhedevelopedabottom-up

theoremproverinKL1.Inthiscodingt㏄hnique,

themultiplebindingproblemisavoidedby

reversingtheroleofthecallerandthecalleein

straightforwardimplementationofdatabase

queryevaluation.Insteadoftryingtofinda

record(representedbyaclause)whichmatches

agivenquerypatternrepresentedbyagoal,his

methodrepresentseachquerycomponentwith

acompiledclause,representsadatabasewitha

datastructurepassedaroundbygoals,andtries

tofindaquerycompOnentclausewhichmatches

agoalrepresentingarecordandrecursesthe

processforallpotentiallyapPlicablerecordsin

thedatabase.).Sinceeveryrecordisaground

term,thereisnovariableinthecaller.Variable

instantiationoccurswhenquerycompOnent

clausesaresearchedandanappropriateclause

representingaquerycomponentisfbundto

matchacurrentlyprocessedrecord.Notethat,

asaresultofreversingtherepresentationof

queriesanddatabasesfromstraightforward

representation,theinformationflowisnow

fromthecaller(database)tothecallee(aquery

compOnent).Thisinversionofinformation

flowavoidsdeadlockinqueryprocessing.

Anotherimportanttrickisthateachtimeaquery

clauseiscalled,afreshvariableiscreatedfor

eachvariableinthequerycompOnent.This

mechanismisusedformakinganewenviron-

mentforeachOR-parallelcomputationbranch.

ThesetricksmakeitpossibletouseKLIvari-

ablestorepresentobjectlevelvariablesinda-

tabasequeriesand,therefore,wecanavoid

differentcompilationsof由eentiredatabase

andqueriesforeachinput/outputmodeofque-

ries.

Thenewcodingmethodstatedaboveisvery

generalandtherearemanyapplicationswhich

canbeprogrammedinthisway.Theonly

limitationtothisapproachisthatthedatabase

mustbemoreinstantiatedthanthequeries.In

bottom-uptheoremproving,'thisrequirementis

referredtoastherange-restrictednessofeach

axiom.Range-restrictednessmeans由at,after

successfullyfindinggroundmodelelements

satisfyingtheantecedentofanaxiom,thenew

modelelementappearingastheconsequentof

*) Weneedanauxiliaryqueryclausewhichmatcheseveryrecordafterfailingtomatchthe

recordtoalltherealqueryclauses.
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theaxiommustbegr皿nd.

Thisrestrictionseemsverystrong.Indeed,

thereareproblemsinthetheoremprovingarea

whichdonotsatisfythecondition.Wen㏄da

top-downtheorempmverforsuchproblems.

However,manyreallifeproblemssatisfythe

range-restrictednessbecausetheyalmosta1-

wayshavefiniteconcretemodels.Suchpro卜

lemsincludeVLSI-CAD,circuitdiagnosis,

planning,andscheduling.

2.ARoutingProbleminVLSICAD

Theaimoftheroutingproblemistodetermine

connectionpathsbetw㏄nterminalsofcircuit

blockSonaVLSIsurface.Well－ ㎞ownrouting

methOdsincludemazerouting,1inesearching

andchannelrouting.Weadoptedanextended

linesearchingalgorithmcalledlook-aheadline

searching[23].

Beforeintroducingthedetailsofthealgorithm

anditsimplementationinKL1,letusexplain

theproblemmorepreciselyasillustratedin

Figure1,Weassumethattherearetwolayers

forconnectioninVLSIchips:thefirstsurface

andthes㏄ondsurface.Letusassumethatthe

f丘stsurfaceisforvenicallinesandthes㏄ond

forhorizontallines.Therearetwokindsof

constraintstoconnection:thefirstaresurface

obstacleslikeBlock1,Block2andBlock3in
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Figure1,insidewhichwiringisprohibited,the

othera爬via-holeconstraintswhichprevenωse

ofvia-holecons{エaintstochangedirection(go

丘omonesurfacetotheother).Arouting

problemisgivenbyasetofnets,whicharesets

ofteminalstobeconnec¢d(anetisshownby

asetofterminalswiththesamenumberasin

Figure1).

Thelook-aheadlinesearchingmethOdロiesto

findaroutefbragivenpairincrementallyby

finding血ebestpositiontoturnbasedona1㏄al

es直mate.Estimationisdonebycomputingthe

nextnearestPOintstothetargetPOintforeach

possibletumandselectingtheclosestasthe

best,Sincethemethodtriestocomputeall

pOssibleturnstodeterminethenextturn,itis

calledlook-aheadlinesearching.

Toimplementthelook-aheadlinesearching

methodinKL1,weadoptedtheobject-oriented

programmingparadigm.Eachlinesegmentis

representedbyano切 ㏄t.Todeterminethe

tumingPOintof血ecuπentlinesegment,a

messagetocomp鵬thedistancebetweenthe

nearestattainablepointandthetargetpointis

senttoallcandidatelinesintersectingthecuぽ －

rentline.Afterreceivingallanswersfromall

candidates,thecurren"ineobj㏄tdetermines

thepointhavingtheshortestdistancetothe

targetasthenex"umingpoinLThen,the

selectedlinesegmentbecomesthenew銀1Tent

linesegmentandthesameprocessisrepeated.

AlineobjectisrealizedinKLlbyarecursive

programlikefilterinErastothenes'sievealgo-
rithm.Notethatacurrentlinesegmentis

dynamicallydividedintoafixedroutepartand

unused(free)parts.Preliminaryevaluation

showed16-foldspeed-upwith64processors

(compaiedtoasingleprocessor),andcompara-

bleexecutiontimewithahigh-endgeneral

pu】4)osecomputer.Thespeedwillbe20times

fasteronPIM/P.

3.SequenceAlignmentinGenome

Analysis

Sequencealignmentisaveryimportantyet

timeconsumingtaskingeneticinformation

processing.Itisdifficulttofindthebestalign-

mentofamino-acidsequencesfbrmorethan

oneprotein.Therearetwowaysofaligning

differentsequences:oneistomatchtwodiffer-

entamino-acidswithacostassociatedtoeach

pairofamino-acidsreflectingthesimilarity

betw㏄nthem,theotheristomatchanamino-

acidtoagap.Generally,thecostofmatching

twodifferentamino-acidsislessthanthatof

matchinganamino-acidtoagap.Awell-

knownalgorithmforaligningtwoaminose-

quencesistwodimensionaldynamicprogram-

ming(DP)matching.Letusexplainthealgo-

rithmfbrasimplecaseofaligningtwofour-

lettersequences:ADHEandAHIE.Theprob-

lemisformulatedastheproblemoffindingthe

shortestpa由fromthetop-leftcornertothe

bottom-rightcornerinthegraphinFigure2.

TheDPmatehingalgorithmproceedsfromthe

top-leftcornertothebottom-rightcomer.For

each(ij)node,itcomputesthedistance,Dij,of

thetwosequencesfromthetop-leftcomerto

thepointusingthefbllowingfbmula:

D..=min
り

Dら 」.∫+8apcos'・

D、 .,.ノ+gapc・st,

D` .∫.ノ.∫+Dαyん くガ

ma'rix(x,γ ▲

whereXandYareamino-acidsassociatedwith

山earcfromthenOdeof(i-1,j-1)tothatof(i,」),

andtheDayhoff-matrixisacostmatrixofpairs

ofamino-acids.Notethatthisformularepre-

sentsasimpleexpressionofdynamicprogram－
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食言竺E⇒
ADH-E⇒ A-HIE

Figure2TwoDimensionalDPMatchingforShortestPathFinding

mingwhichcancomputeeachcostlocallyand

prunespossibilitiesotherthantheminimumone.

relativelyshortexecutiontime.

4.TheoremProver

ImplementationofthisalgorithminKLIis

straightforward:first,asetofprocessesrepre-

sentingeachnodeiscreated,andtheneachDij

iscomputedbythisexpressioninadatadriven

stylefromtop-lefttobottom-right.

Wedevelopedathr㏄ －dimensionalDPmatch-

ingprograminKL1[24].IdeallyweneedN

dimensionalDPmatchingwhereNisthenumber

ofsequencestobealigned.However,the

computationalcomplexitygrowsexponentially

and,血erefbre,suchanextensionisnotfeasible.

Thus,wetriedtomergemultiplethree-dimen-

sionalalignmentSbyaligningsimilarsequences

ofdifferentalignments.Then,recognizingthat

thealignmentswerenotoptimal,wetested

differentgapstomaximizealignmentscores.

Fur由emore,weappliedasimulatedannealing

proceduretoavoidthelocaloptimumandattain

afurtherincreaseinalignmentscores.The

improvementinalignmentscoresbysimulated

annealingwassurprisinglygood,resultingina

Sinceheadunificationislimitedtoone-wayin

GHC/KLI,itisgenerallydifficulttoimplement

afirstordertheoremproversincetheseusually

requiretheextensiveuseoffullunification・

Therearetwowaystosolvethisproblem.One

istowriteafullunificationprograminGHC/

KLlandregardthelanguageasaverylow-level

languagelikeC.Theresultisnotveryattractlve

b㏄auseitdecreasesefficiencyby10to100

timesthatwithdirectuseofunification(inthe

caseofonewayunification).

Theotheristolimit也eusageofunificationto

onlyoneway.Man-theyandBryproposeda

newbottomuptheoremprover,called

SATCHMO,basedonmodelgeneration[25].

SATCHMOtriestogenerateallpossiblemod-

elsincrementallybybOttom-upevaluationof

ciauses.Ittriestoprovetheantecedentcon-

junctionofliteralsbysearchingfortheirin-

stancesineachmOdel.Ifitsucceedsinfinding
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amodelinwhichtheproofsucceeds,thenit

extendsthemodelbyaddingtheconsequent

disjunctivegroundliterals.If由ereismorethan

oneliteralinitsdisjunct,thenSATCHMO

splitsthemodelintothe皿mberofliteralsinthe

disjunct,andaddseachliteraltoeachsplit

modeLSinceeveryelementineverymodelis

ground,weneedonlyone-wayunificationto

searchmodelsduringtheprcofofantecedent

conjuncts.Thisenablesustoimplementan

efficientthcoremproverinGHCIKLI.

Onesignificantproblemwashowtoimplement

multiplebindingsforfindingallpossibleproofs

bydifferentinstantiationsofvariables.Inthe

caseofProlog,由isfunctionisachievedby

utilizingbacktracking.However,thereisno

backロackingmechanisminGHC凪1.Fuchi

[26]inventedanelegantcodingtechniquewhen

implementingSATCHMOinFGHC.Fuchi

utilizedFGHCvariablesasobjectvariables

appearinginthetheoriestobeproved.Thiswas

improvedbyFujitaandHasegawa[27].Intleir

codingtechnique,themultiplebindingproblem

isavoidedbyreversingtheroleofthecallerand

thecalleeinnaiveimplementationofdatabase

queryevaluation:insteadoftryingtofinda

modelelement(adatabaseitem)withapattem

apPearinginatheorem(aquerypattern),their

methodtriestofindatheorem(aquerycompo-

nent)withagivenmodelelement(adatabase

item)asaninstantiationofaliteralofthe

theorem.Sinceeverymodelelementisaground

literal,thereisnovariableinthecaller.The

variableinstantiationsoccurwhenatheorem

databaseissearchedandanapPropriateclause

representingaliteralofsometheoremisfound

tomatchagivenmodelelement.

WetriedtoapPlythistheoremprovertosolve

severalhardproblemsonourPIMwith256

pr㏄essorsand,forsomeproblems,weob-

tainedapproximately200timesperformance

improvementcomparedtotheruntimeona

singleprocessor.

Wehavebeenapplyingthetheoremproverto

suchdivergentproblemsasmathematicaltheo-

remproving,legalreasoning,designproblems

andsyntaxanalysis.Inparticular,wehave

succ㏄dedinsolvingseveraltheoremsofsemi-

groupwhichwerenotsolvedearlier.
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FGCSFollow-onProject&Forecasts

1.FGCSFollow・onProject

AsdescribedintheabOve,theFGCSFollow-on

Projectisatwoyearprojectwhichrunsfromthe

beginningoffiscal1993unti1也eendoffiscal

1994.Amajorrr)leoftheFGCSFollow-on

Pr()jectistopromoteadiffusionofparallel

knowledgeprocessingtechnologiesthathave

beendevelopedintheFGCSHoject.

MuchoftheKLIsoftwarewhichaimsatthe

provisionofthenewinfrastructureforad-

vancedcomputerresearchhasbeendeveloped

f()rresearchonparallelknowledgeprocessing

technologiesintheFGCSProject.Moreover,

themajorsoftwarehasbeenreleasedasIFS.

However,asequentialinferencemachine,PSI,

orparallelinferencemachine,Multi-PSIor

PIM,isrequiredtoexecutethesoftware.

Thougha"PseudoMulti-PSI,"thatis,apseudo

parallelsystemforKLIsoftware,hasbeen

releasedasFS,aPSI-IIIisrequiredtoex㏄ute

it.A"PDSS"IthatisaKLlprogramming

environmentonUNIXmachines,hasalsobeen

releasedasIFS,therearesomelimitstoits

efficiencyandfunctionsforexecuti .ngKLl

softwareonit.Thus,althoughthePDSS

systemissuitableforlearningKLIlanguage,

itcannotbeusedtoexecutelargeKLIsoftware

releasedasIFS.Therefore,itisdifficultto

executetheKLIsoftwarereleasedasIFSat

hand.

In廿1eFGCSFollow-onProjectaseriesofKLl

programmingenvironmentS,includingaKLl

languageprocessorandaparalleloperating

system,PIMOS,shallbepOrtedontosequential

andparallelUNIXmachinessothattheycanbe

usedeasilyatanysite.TheseUNIXbasedKLl

programmingenvironmentsshallbedesigned

asmachine-independentaspOssible.Theyale

alsoplannedtobereleasedasIFS.

AnexperimentalversionoftheUNIXbasedKLI

programmingenvironmentiscurrentlyunder

developmentforevaluatinganimplementation

scheme.AlthoughweplantoreleaseitasIFSin

Aprir93,thisversionisforlanguageimplemen-

tationexpertsandisnotsuitablef()rapPlication

userssinceitlackSsomeimpOrtantfeaturesfor

applicationusers,suchasdebuggingaids.

ThefirstversionforapPlicationusersisplanned

releaseinSeptember'93.Thisversionshall

providereasonablesoftwaredevelopment

functions,includingdebuggingandperformance

analyses.Thissystemshallbetentimesfaster

thanthePDSS,althoughitisforsingleprocessor

UNIXmachines.

ThereleaseofaKLIprogrammingenvironment

forpaiallelUNIXmachinesisplannedforthe

secondquarterof94.Itshallbedesignedavoiding

theuseofmachine-dependentfunctions.Various

improvemen〔sareplannedafterthesereleases.

2.ForecastsforSomeAspectsofsG

Machines

LSItechnologieshaveadvanceinaccordance

withpasttrends.Roughlyspeaking,thememory

capacityandthe皿mberofgatesofasinglechip

quadrupleeverythreeyears.Thenumberof

boardsfortheCPUofaninferencemachinewas

JCQNo.93,1993 26



10

1

O.1

r'一 石bζ †π 匪'一'1コ
1(RelativeCostcomparedl
コ コ

L壁 皿L・-tt・ 一 ±
。KUP～1PE

・(Parallel)

1

●300←400

1-?

MUPStPE

(Paral}el)

(Several

PE～)ノ1Board

Several
MLIPS/PE
(Para[[eb

Numberof

PE/1Boards

PE:CPU+Memory
匡1日

間[薗

30/ii。。(∋ ・～.↓(S㌫:濡1)

皆瓢 、、1)㌔'e-.一.

Sequential

400-500

KLIPS/PE

(Parallel)
・～

Boards
(1PE)....

PSI-1工

⊂lusterBoard

.日[ヨ.ぷ.◎ ㌧ ・

1PEIICHIP

,◎' Parallei(PIM)

PSI-1

'θ
.町.

Boards
(1PE)

PSI-III
PIM

..パ ◎

Clu～ter⊂hip

Several

⊂1u～ters

/IBoard

'こ こ ご

⊇◎ こ ・～._ .～ .～' 一 ・～ ・_◎'～

'M'Ul'ti'二PSr'"

目目麗

～ 〉
、

1Board/(pui

ざ エヘ
コ

ー.◎)

Fiscal

Year

、 ・
、.、

192 9 199 1993

VLSI★256Kbits

T・・h・。1。gyDRAMM,m。 ・y

GCSProject
★IMbits★4Mbits

DRAMMemoryDRAMMemory

2000

★16Mbits★64Mbits★256Mbits

DRAMMemoryDRAMMemoryDRAMMemory

Figure1.SizeandCostTrendsofsGMachines

1_

GIPS

100_

MIPS

10_

MIPS

1_

MIPS

10M_

LIPS

lM

UP5

100に

LIPS

10K

LIPS

Performan⊂e ・

!'1.

〆◎ ・ぐ,
.〆

'

Fisca

Yea

Performance/1CPU

/燈'

・

,!!

.!〆.

.!.〆'

!!

1蒔 〒ご品斎≡;乃 ξ戸01PSトIll「 一 「
一.... 'μi∫哩 理工goＬ

lPSI-II

l⊂H、 、 ○1,,'
1

..巴s」

!::'
.・ '!

,'ン":!
'

PIM._

・一 …〆 語い

ジ1グ 乙.

Parallel(LIPS)
,

一,-..

14ジ

、PSI-,Z、 、II
l

."

じ/〆
亭`一 コ

Performance/1Board 1
Mult∫-PSl|⊂IS⊂l

L__」

PSI-1

♂ ・・quen・i・1(UPS)

llllI

19--81993
FG⊂SProject

2000

Figure2.PerformanceTrendsofsGMachines

27 JCQNo.93,1993



morethantenforPSI-1,butonlythreef()rPSI-

II,andasingleboardforPIM.

The皿mberofboardsfor80Mbytesmemory

was16forPSI-1,butonlyfourforPSI-II,anda

singleboardforPIM(m).

Figurelshowstheanticipatedtrendforboard

numbersforonePE(pr㏄essorelement:CPU

andmemory)andthecostofonePEbasedon

theactualvalueofinferencemachinesdevel-

opedbythisproject.

Thetrendrevealsthatbytheyear2000apProxi-

matelytenPEswillfitononeboard,aroundlOO

PEswillfitinonedesksidecabinet,and500to

a1,000PEswillfitintoalargecabinet.This

trendalsoshowsthatthecostofonePEwill

haveeverythreeyears.

Figure2showstheperformancetrendsforsG

machinesbasedontheactualperfomanceof

inferencemachinesdevelopedbythisproject.

Thesequentialinferenceprocessingper-

formanceforonePEquadrupledeverythree

years.Theimprovementinparallelinference

prOcessingperformancefOronePEwasnot

aslargeasitwasforsequentialprocessing,

becausePIMperformanceisestimatedat

aroundtwoandonehalftimesthatofmultL

PSI.Furthermore,Figure2showstheper-

formanceofoneboardforbothsequentia1

andparallelprocessing,andtheperformance

ofaconventionalmicro-processorwithCISC

andRISCt㏄hnology.Inthisfigure,future

improvementsintheperformanceofonePE

areestimatedtoberatherlowerthanalinear

extensionofpastvalueswouldindicatebe-

causeoftheuncertaintyofwhetherfuture

technologywillbeabletoelicitsuchper-

formanceimprovements.Performancefor

oneboardisestimatedatabout20MLIPS,

whichis100timesfasterthanPIM.Thus,a

parallelmachinewithalargecabinetsize

couldhavelGLIPS.Theseparallelsystems

willhavetheprocessingspeedsneededfor

variousknowledgeprocessingapplications

inthenearfutu're.

SeveralparallelapPlicationsinthispr()ject,

suchasCAD,theoremprovers,andgenetic

informationprocessing,naturallanguage

processing,andlegalreasoningweredescribed

previously.Theseapplicationsaredistributed

invariousfieldsandaimatcultivatingnew

Pa「allelP「ocessingaPPIicationfields.

Webelievethatparallelmachineapplications

willbeextendedtovariousareasinindustryand

society,becauseparalleltechnologyw川be-

comecommonforcomputersinthenearfuture.

Parallelapplicationfieldswillexpandgradu-

allyaccordingtofunctionexpansionbytheuse

ofadvancedparallelpr㏄essingand㎞owledge

processingtechnologies・
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CurrentNews

*Toshibadevelopsvoiceentrysoftware

Toshibahasdevelopedvoiceentrysoftwareto

operatecomp山ersusingvoicecommandssuch

as"delete"and"end".Withthissoftware,the

usercanperfOrmjobssuchasretrievingdocu-

mentsandtransferringgraphssimplyby

speakingintoamicrophone.Thesoftwarealso

makesitpossibletorapidlycarryoutavariety

ofoperationsbymeansofmultimediaentry,

throughcombinationwithexistingentryde-

vicessuchaskeyboardandmouse.Thisgen-

eral-pu叩osesoftwarecanbeusedwithmany

typesofapplicationssuchasdesktoppublish-

ingandcommunicationssoftware.Nospecial

entrydevicesareneededotherthanthemicro-

phone.

Thesoftwarerunsonaworkstationplatform.

Wi血desktoppublishingsoftware,血eusercan

usevoicecommandssuchas``copy",``reverse

top-bottom　 ,and``reverseleft-right"tomove

aroundanillustrationtobeinsertedintoa

document.WithE-mail,由eusercanusevoice

commandssuchas``today",``yesterday",``firsピ',

and``1asゴ'tostartreadinglettersfromany

desiredposition.

Anotherfeatureofthesoftwareistheabilityto

performsimultaneous,parallelprocessingof

twojobs.Forexample,whilecreatingadocu-

mentusingthekeyboard,theusercansimulta－

neouslyretrieved㏄umentsusingvoicein-

structions.Toshibasaysthesoftwarecanrec-

ognizeamaximumof400words,usingany

voice,andthatithasarecognitionratewithan

accuracyof99%.

*Computervirusdamagemultiplies4 .4

times

Atotalof253casesofvirusdamagewere

reportedin1992,accordingtOthecomputer

virusdamagestatusreportforJapanasawhole

releasedbytheIPA(lnformation-technology

PromotionAgency,Japan).Thiswasasharp

growthof4.4timesoverthepreviousyear.In

1992,thevirusthatcausedthemostdamage

wasthe"Yank㏄Doo(ile"vims,with118re-

portedcases.(Thisvirusplays山etune"Yan-

k㏄DoodleDandy"whenitinfectSacompu-

ter.)Therewere43casesofthe`℃ascade"

virus,whichmakescharactersfalloffthescreen

aspecifiedperiodoftimeafterinfection.In

additiontotheseviruses,whichenteredJapan

fromoverseasviaPCcommunications,etc.,

newstrainsofdomesticallyproducedviruses

werealsoreported,suchas也eprogram-de-

stroyingvirusthatdisplays"BeMyValentine"

onFebruary14山.

Thesystemforreportingcomputervirusdam-

agewasinstitutedinApril,1990.Sincethen,a

totalof347caseshadbeenreportedasof由e
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endofJanuary,1993.Thenumberofdamage

reportSisthoughttOhaveincreasedsomarkedly

inl992duetorisingconcemaboutthemore

frequentapPearanceofnew,viciousviruses,

especiallyamongpersonalcomputeruserssuch

aseducationalandresearchorganizations.More

widespreadknowledgeofthereportingsystem

alsocontributedtr)theincreaseinreports.

*Sony ,MatSushita,andsotherJapanese,

U.S.,andEuropeancompaniestoinvest

in``GeneralMagic.,,

InFebruary,1993,GeneralMagic,amultime-

diatechnologyresearchcompanyassociated

withAppleComputer,announcedthatseven

companieswouldenterintocapitalpardcipa-

tioninthecompany,includingJapan'sSony

andMatsushitaElectricIndustrial,America's

AppleComputer,Motorola,andAT&T,and

Europe'sPhilips.ThroughthisU.S.-Japan-

Europebusinessparロ1ership,thecompanyw川

engageinjointdevelopmentofmultimedia

softwareandequipmenttounifyvideo,voice

andcharacterinformationusingcomputerand

communicadonst㏄hnology.The``Telescript"

mmsmissionprocessingstandard皿derdevel-

opmentatGeneralMagicappearslikelyto

becomeaworldwidestandard,leadingthe

variousenterprisestoplungeheadfirstintothis

capitalparticipationarrangement.

U.S.andJapanesecompanieshaveb㏄ncom-

petingtotaketheleadinstandardizationinthe

multimediafie}d,butGeneralMagicnowap-

pearstobein由eforefrontinthisarea.This

arrangementtiestogetherprincipalU.S.,Japa-

nese,andEuropeancompaniesintheaudio,

householdelectric,communications,compu-

ter,andsemiconductorfields.

*NTTandKDDtojointly .research

COmmOnSOftwarefOrnext・generatiOn

communicationswithworldwidecarri・

e「S

NTrandKDDareinitiatingresearchintosof卜

waretobeusedasacommonspecificationin

providingnex卜generationcommunications

servicesthroughcooperationwithtelecommu・

nicationscarriersinvariouscountries,suchas

America'sAT&T.Aresearchconsortium

knownas　 TINA"willbeestabllshedatanearly

datewithparticipationexpectedfromcarriers

inavarietyofcountries,includingNTT,KDD,

AT&T,BritishTelecom,FranceTelecom,and

KoreaTelecom,aswellasfromBellcoreand

fromcomputerandcommunicationsequipment

makerssuchasIBM.T㏄hnicalexpertsfrom

theparticipatingcompanieswillbedispatched

toBellcoreresearchfacilities,wheretheyw川

engageinjointdevelopmentofsoftware.

Fusionofcomputerandcommunicationsfunc-

tionsisexpectedtoprogressinnext-generation

communicationsservices.Itisexp㏄tedthatnew

communicationsservicesofferingawiderange

ofinformationprocessingfunctionswillappear

(suchastranslationservicesandautomaticre-

trievalsystemsthatoperatebyvoicecommand).

However,mostoftheworld'stelecommuni-

cationscarriershavedevelopedservicesinde-

pendently,andstandardizationworkhasfallen

behind.Theresultisthatlate-entrycarriers

havebeenconfrontedwithmountingcostswhen

openingnewservices,sincetoconn㏄t'lines

theymustrevisesoftware,etc.tomatchthe

systemsofother-partycarriersinothercoun-

tries.Under由isnewagreement,common

sp㏄ificationsforawiderangeofsoftwarewill

bedevelopedtorespondto口1eglobalizationof

communications.Thiswillenablecommuni-

cationshnestobelinkedandservicestobe

mutuallyextendedevenifcarriersinvarious
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countriesusedifferentcomputersandswitch-

lngsystems.

*Governmenttomakelegalinf(}rmation

availabletopublicatcharge

TheJapanesegovemmentwillsoonopenits

legislativeandgovernmentalordinance

databasestOprivateconcemsonafeebasis.

Previously,thesedatabasescouldonlybe

accessedbycentralgovernmentoffices.Atotal

of4,0071awsandordinanceswillbeincludedin

thisdatabaseservice,includingtheCons血u-

tion.TheInstituteofAdministrativeInforma-

tionSystems,whichisunderthejurisdictionof

theManagementandCoordinationAgency,

willtransfermagneticdatatoprivatedatabase

companies.Basedonthatdata,thecompanies

willdevelopsoftwarethatcanmeetthedemands

ofgeneralusers.Userswillreceiveinforma-

tionfromthecompaniesviaPCcommunica-

tions.Theywillbeabletoreviewallrelated

lawsandordinancesthatincludesp㏄ificwords

simplybyenteringtherelevantwordsbykey-

board.

B㏄auseupuntilnowonlycentralgovemment

officeshavebeenabletoutilizethesedatabases

forreferencetolawsandordinances,compa-

niesand1㏄algovemmentshavehadnochoice

buttomakefrequentvisitstonumerousrelated

governmentofficeswhentheymeedtoperform

legalreviews.(Forexample,whenprivateen-

terPrisesenterintOnewundertakings,theymust

investigatethegovernmentalprovisionsinre-

latedlawsandordinances,andwhenlocal

governmentsestablishregulations,theymust

referencetheentirecompendiumoflawsin

Japantoensurethattheregulationsdonot

conflictwithanylawsorordinances).Forthis

reason,theManagementandCoordination

Agencyhasbeenbesiegedwithstrongdemands

fortheopeningofthisdatatothepublic.The

decisiontoimplementthisnewservicewas

madeaspartofanadministrativereformpOlicy,

andtheserviceisscheduledtobegininJuly,

1993.InadditiontocorPorateenterPrisesand

localgovernments,itisexpectedthattheserv-

icewillalsobeutilizedbypersonsinvolvedin

thejudicialsystem,suchaSlawyersandjudicial

scriveners,andsp㏄ialistsfromthepatentde-

partmentsofmanufacturers.Feeswillbecol-

1㏄tedfromusers,butsincethesewillinclude

softwareprOductioncostsandhardwareoperat-

ingexpenses,theusagefeeshavenotyetbeen

determined.
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