inComputationspi� Multiley veculatiorneOsborationCorpLabh199021,Abstract hMarcparalleline-veagerhexpressions ofculative etionalenmandatory v conpro-paralleleeculativpromis-mostcomputa-reclaimresources.tionMultilisplanguagea tdel mohwhick.orerformancepdemon-resultscom-andgreatascomputation.� fororatoryScience.Computery LabM.I.T.in publishedWork-an1989Springer-Science,erlag.V1 2 1 tro uction The future ersa-vHal86a[w-Hothatrecognitionapplications,certainusing obtainedfuture computationofHal85[Hal86b,Hal86a,re-theasoten-pexecution.fastere-computationun-toort"\ab1 toyresources.computationthe computa-that,unnecessarycompu-promisingcomputationtrolresources. conec-spMultilisp. computationeotherinlanguages. erfor-pcomputation.e1.1 eculativl Hal85[withextendedandparadigm(future constructs). creates)aluate Thisresult.a emanipulated ofresultaluating . an(i.e.as tasktheis eter e aluating This1 in uselesskillcomputation. to saidt u placeholder. strictthealuating . ( e e likfuture exactly isaluate e-bThe additionalolater.use1. i s computation.ur85 the |tseeculativcomputation. sp e likfuture tially essen, constructparallelec-\spaccordingexecutioncomputation. suggestedurton81 tasks. thistedcomputation.ewith areebytransitivitSection .yausopelSection .1). lan-functionaldels. on istributed e distributedwith82 priori-no, and tedpresenuselessreclaim8 ypriorits. et tcurreny � heactasks. y to task. decrease. constrainedthek con-inin ork. ne side-e�ects.includesparalleland 8 has wningspa\ Section collectiongarbagecomputation. , ps8 extended]computation. eurton, except pri-pstein’s8 theofit. unneces-reclaimcomputation.further. First,ys.computation. p- su�ersstrategySection Sec-side-e�ects.ond, of , didtlying computation.futurest"computation. hasalsocomputation.unnecessaryer, Theon-going.islanguage.wprioritiesaddnoteree.offormcall ewmeans,yus88 , 8 , ed8 ].) of SM88 They].languages. aisoteddevcomputation.|computationin|t. theseort5 1. i terms.Section refereer. Section computationeexamples. eeculativcomputation. sp delmoSection ofresultsSection . nition .1 l i i groups:three1. toinrequired,e2. btoand. required.notandtimeTheedded.ebprogramThetheyt)n(sub ect conditions. e requirederequired. wledge,knocation. thewledge,cation. asexecutionprogramwithximationssome r r designations. is - computation. 6 is computation. group is com- putation. as usThcomputation,ofainstance,amongfrom. r, athat.required,isrequired.computationisassuranceycomputation.simpler. n cation whethertoorFparallel r Section aose.sticnondeterminihoiceca r demand- .) t computation,hoice\un-andcomputationhosenanddemandedrequired.notprogram nitions. computation in aluating demand undemands ). omputation demand .cablycomputation engivdemand .ance.andrequired,sharedcomputation e computation. theuseissuesywithcomputationcation). thesepursuehere.tionalnprograms.three hwhiceculation:sp1. for- computationthis ,taneouslynec-areis). this ortingabhes.approac2. unnecessary- computationthis the arecomputationserformed. t.ortanwn r r usThumminimtime). ariablyvresourcest.. computationthis fu-ossibleuse. leastatrequired. lso, eeculativcomputationofre-isquired). resultthree ors,vcomputation. or-ndeed,8 . i i i computa-eundo ybThatccurred.8 allhersist. ofylesnot del.t touseer..1 ll computation. forhingsubspaces 1 , , , tlyconcurren(sub subspaces hessearce hessearccomputation.Multi-tionalustmtheandSectionandciencyim-thein rti cial .parallel r and hwhiccall r and r 1 ) the rst the nil. trast,con( 1 ) y thenon-nil. remaining ortedaberhapsptheofof r and . . i i ll l f e e ue t ter te aluate e , e ue t and ter te time. f e aluatesevaluating e ue t of ter te progress). f e accept ter te and ort e ue t . omputing e ue t and ter te ofexamplecomputation.eylesstcriticalthelength. con-therallets. ob reductionthean ine e t manner. . s ll the r ab85 exampleanwist. expres-inputhe er onbasedexpressioninputhwhicforingngterestir.efor is f f t f f . f e f expression ducerprorewrite.this( or theuscomputation.,eagerlythiser,resourcescessorSection rewriteserewritesunnecessarytautologyandcouldif ndonse uent and alternate e same ort abd. 1 tcienparallelism. toresourcesor orderingotheforcessorproconsumerthee call ordering. ith the r order-basedofcomputation.etautologythetion.). i i s l s l problem. e sometotoursrst. explicitansolution.asworderings.the r talfundamentoaccordingpromise.ethe r er re-hcomputa-etohescomputation. itbutcurrencost.. i s s ob S8 main-isincremen-listois11 isetncomputation. doeer.I u ideaThereduceto. tortancomputationecomputation..1 lli i cateallothe demonstrates. e computations.promisingassumeusordering.ascomputations,inputs,function,prioritiesofwith ssue . e. tran-thisinstance,orcomputation 1 computation . f 1 than then 1 er-wy of 1 computations.othercompu-tothe r 12 computa-ethe r erwherevears. the u r t r e edbcomputa-subableein r othbcalloother.hyprioritcalhifashion. hierarcint. compu-eThisretained.ss. theysame ccup exam-ora r theinthewithuncts. computation. onsider r . e some r r thisbutdis-the r othersomeor mostthea�ectedissys-thesorttheewt. sb8 inandnested r and s. least(ate tal.s.hanism1 fortpriorities.. l i i i Thecomputation.compu-tassumeeplen-andresources.) state,computationissue.tare:ation1. reclameed.y2. klphenomenonytsdescendand. oided.vandonreclamation. problems.andtoerformt. ap-systemsreferenceignorestructures.) repre-isob taskitsob if onreclamatidea H 8 ]. wingfolloaccessible:is1. it1 2. functional.cancomputationerform.t. recla-tccurs,oim-ofendsdepnecessarilynotancomputation. irrelev little eryvation.reclamrecla-tmation: ciimpli1. ofconcerns).storagecollectiongarbageob tant.presen2. computationenoughisto cost.thetracing ob non-includingob generatinguallycomputation.. H8 ]. collec-garbageob traced.eesolvma remain:still(a) problemsorthe rate.ing(b) ob notorob ob ects. (c) ifdob getsindirectly)generations.iscomputation15 ti userthecomputation.hywherebcomputation. nationtermiprogrammerThesomektrue.isor])alue. trueareclamation.ofde),coextra-sometanareturningalue.termi-thede. tially)oteninarrangesourcethethethatfunctionavi-en.librarydowymaysaprogram.anationtermiThe decot. decosamethefunctionalinkinghthecallinstance. usingyinsertedstatically16 isproblemtermination. of r , staticallysysacomputation.understandustetakunct a r function the r . alue rst unct function presencetheccur. ewof|computation. casestaticwheresolution.generaltant,anas languagethecomputation.reclaimtoneeddynamicthede.coformthe,elng). orksin system).forms. one allthatoring,wn tainsmainthe formerTheof ollpcomputation). usthaerformingthe ainitiatingcomputation. when discussion.ane:olling.p1 computations. nam-dynamicusingifngkithee(i.e. ag computation.thecomputations. ebandtautomat-ustwnspats.descendanoidvt.anreclamation. yma. programming(orprogrammertheaus,directlyrequiringykcsemaphore).t,anthen irrelev ut itsdemandresult. later computationkilledcomputationat.andemandededeclaredenlymakingerror,repair. errors,euser’sthetime. informa-estinformationer,com-thethis thisexpresswledge.irrel-declared18 computationtheer-ptancomputations,ofteract.incomputationrestarte endencies.depthetcomputation.is:computation1. reclaimtothewl. automaticallytos.k2. heccations). computations. computationshared5. forreclamatione6. ersiblphenomena. i s erproportingabThe side-e�ects:ofne computation,ortederyvthe nce. ewrepairandthaticts,couldhesariable . that ards.afterwer for 1 side-e�ected notdid). considerable(atofyards.ecausebfunc-(mostlyewcoarse-grainedthanparallelism. otherythingymaaiftokyande�ectresult. withproblemsreclamation.. s i s exceptionandhandling: errorin1. issueserrorsen-y2. errorscom-t. ecogni this,ingMul-Tin[ HM8 ork.on or o on-spH81 2 ttr ute prioritieseexample. e attributestributere-computationtask. attributesThea ru e yieldtothe e e t e ttr ute task.thedel:mo1. ourattributes. discusseexternal.them2. calle| the1.1),theofdeterminestaskits hee e uturob onsorship).. | inattributesareonsorsofal,elyaskTdren.. epassivas otherfromsources. attributes amongit.some-et.anork. xternal dy-aonterconnecticonnec-trolconattributesofexternal.del. e a trollerconusThgroup. 21 groups,otherydularithe er canegroupsThesecomputation.h-toucsb8 del.I tion .1 i l hingtoucpriorities. externalanthe ur e externalThetask nedetermiwing ru e : e r ( ) max ( ur e r ( ) max ( e r ( )) max ( ( ))) where e r ( task , ur e r ( ofytask priorit , ( troller task , ( is)task and ( tasktrollercon6.2.ee�ectivofcesscalled r r t r t sb8 withbutofcycletasks: hainother. ecause theoutpropagation.]. ee�ectivwithtasksy are t e their22 hanismmecreclamation.) d,ee task’sthee the(Settingto Theonsor.)isandsotaskecomes reclamation.Section aeclaringto propagatingandonsoringspon). cess t . that t the(\declaringes e t e t")anthefromavidest.counofproblemandcomputationside-e�ects. shared latereit. tanside-e�ects. relev ensuresside-e�ectside-e�ect. towsb8 ]. com-ingork.. s The theretainfuture to asforortcomputation.ofdistinguished t r t and e u t e t y d.ey [ d.ecomputationofcomputation.ofengiveeculativcomputation. 2 thanytasks.etask. ofncreatedarewith hildren cfuture the. thatvided( e re utue r y r alu-evate to e result, as ustfuture es. ll e. executestaskfuture eitsfromt.tagion. mandatorya.mandatory( e r u e r as e e turob ect. a e r u itsalla e r u us e r u tasks. trollercontheinfuture.) onsorssp( t r u r u groupr u ers. groupaand t r u y-stats.descendan( r u ob group.group.ancestrals et r r t e r r t e r videprosb8 details.for,exampleregion. ehievconstructs.wing( r t task.mandatory( e te t manda-tostatus.tory( promotionr x e r e or the asr x e (see totaskthe ife 2 ( e t e ob ect. ofcollection5. withethe e r u arbitraryaret. threetedtrollercononsor:sp1. evclass,the2. ofersclass,theand of. intaskclass.the( t if undetermined e uturob ect ob ect then t with ob ect to class . therwise, t nothing. ed alue.v( re e fr e t esclass . aonsemaphore.a( e re optional inedthe describ class yprioritplaceholderthedetermined.is( e e optional ob andectclass theonplaceholder. aitingcriticalaoferthatonsorsinclasssb8 25 . l i silen-mHal85[ma nghedulishedulingolling. oftsdren. mitigateeareesb8 details.. l of r features. ascomputation.of r ts:en1. requiremnitiali ation unct 2. ciating the alue. detection nil. reclamation the rst returnedisof r argu-Theof r y)prioritheacyeunks.thgroupand(line callsandcedure t thein6). detection.the (line the),otherthe(line ). detectionterminationdeterminestask). theincreasee 26 ef e u r t et u t e re e re u t e re ef e t t u r f u t u r eter e re r et t u et t u u r r r t et r r t u r t e re e t u t u r r t t u r ef e e t u t u et t u f f r e re u t re u t e eter e u t t r u r u r u f e r re u t ter t r ef e ter ete t f r e f eter e u t ter t r t r u ure e r u t t u r t r re u t 1: of r 2 detail. cell.ts r ation. the r is re u t The r usedisdetection. Thee r u ingroupthe alle t u in(referencedline name r u ( r u ))) the r the wne t u thatr hastasky r to the alle t u aretasksossible.pceduret line de- the r ther running. toaluatestask thecallster t thet12. the),efore.bThe causetothe r ebreasonthethe t oft. this r computa-ek. the r resultthehed. erformpthe r the t The r u re tuob ect ob ect. . l s on-spsors. troller (seeside-e�ects[ sb8 theexample,e r ydularit28 the r to and uetinthe r the r returns).ityingstaard.u t .1 i the of M86 ]. systemertof rules. sametheas M86 usesrules.the theinof ere:w1. ersionsvtial 2. e the e r inted. . Mandatory e withinsteadtoycomputation.unnecessarythe S86 with pro-2e withersionmandatory v 2, and .etial Figurein)parallelism.tial paral-oferyvThe mandatory Figure huccan mostlythe eakpthatsoersion 2 ersion timeerageStd. ev. tial 2. 8 . 5 Mandatory 2. . e 2.28 .1 1: runs) 2: tial Figure : mandatory Figure : e time.Figure e y the (thoughalleyat . the started).previouslycomplete theincomputationuselessthe onersiendsersion,alleyrules. withsectiononersimargin. esdothereducedatabase.gemscon-the oferheade compu-eof the eedupspe mandatory withincreasedoutab15 . e-ben eenedobserve mandatory . the gemstheof the aresiple andnestingSection esmakmostofcon runsimplyccurredoruns.). the er Section . . threellpro-i.e.1 ame nput xpression tc2 c))bc))test-case x)))(hx)))(ix)))test-case2 x)))(hx)))(ix))) x))) 2: casestestwith createdfuture tasks erypriorit( uses ersionfuture vat y)priorituses e erformspuses e ey usthsub er-vthefortasks. istasky the tionedmenSection . . the aria-vof u e tautologies).allable results. sametheersions.able ofeedysdisplathisersion,inputthesi increases. arethererewrites,unnecessaryrewrites. increaseseexecutiony as . e and eager and highly 2 nput ersion of cessors8 16 2 2 tc2 eager 5.6 . . . la y 8. . 8. 8.2 e5.1 . . . test-case eager .8 22.1 16. 15.1 la y 18.5 18.2 18. 1 . e1 .8 1 .6 1 . 1 . test-case2 eager 5 185 1 211 la y .8 .6 5.2 6.8 e.2 28.1 2 .8 .6 able : of er arknput ersion of cessors8 16 2 2 tc2 eager 1.1 1. 1. 1. la y 1.6 2. 2. 2. test-case eager 2. 2.1 1.6 1.5 la y 1. 1. 1.8 1. test-case2 eager 11 6.6 6.1 6. la y 1.2 1.2 1.2 1.2 able time. eagerthetheon,inputthesi increases. isthereinsu alletime. increases,etheinputs,ersion.ws:satu-notinput.smallrewritesthetime.saturatedareTheninput.ybcomputation.ersionsvconditions. outwdedtheofeenwcomputation.mandatoryo(T2 e ure futTheorting.)of e e urthattaskis, e ure futfullynoreager concernsng.. i s l s l theusingyprioritvqtracreates expansions. toinon oncert tasks. heacexpansions.dethe Multipro-oncert.elytasks.erindi�erenceincreases.cessors(forwnto isviortion.pushesyleeed. ofdealuserthetation. easierit5 1. de. nstead, ordering.task2. erformontatiwithioncessors.. theasers.v.. i l The to1asoard,6. yemptob orderseFigure. ositionFigure Solutionparallelthreethe le. examinetoThe thecallcomputation.unnecessaryalltaskscomputation. ecspersion the tasks.he r The tnemenprioritiestask6 hersiondepth tialmand ecec2ying)ordering)order)1 sec. sec.11. sec. 1 sec.15 2 min. 1 sec.crash crash 2 2 min. crash 5 sec. 5: timeexecutionil8 ]. oard cost ( ) y ( ) ( where ( oard and( oard.b, ( ) 6. orderin(distributed)built-inSection . . ordering-andcomputation.eto the ositionpforsolutionil8 cessorsproan del 2 ). ersions,v(i.e. aorandmeasureexhaustnotrolconts.nmanda-ofsb8 The]).hsearcpri-Thethecusingpaths.Multima of oration.computa-etion the subtrees hwhicerwandheapcrashed. theexhaustedThis ersion orderingofeeculativcomputation. sp Section . yprioriteryqueues)y.elngtrollithenecessarilytrastconofdepth15. h evorkwfuture.onc u ion reducetothisofresources excesse e t fortse are:andcom-toputation. resourceson-spThists.frame-tork.Thedel.afrom. erthe-even-m8 wing:follo1. thedemonstratecomputationcomputation.useless2. ortingabcomputationand orderingofcomputation. ortance of factoraof edsph.. eeculativcomputation spforwith|con-andmaxthening-rule. aewith withasnationtermire-hinecomeserwithwith le. remains. andonsorstation. ofareasork.w1. maintroltoneedcon-thecomputation.e2. eculativpplications require-theofyconstructs.. tationylesstim-compiledtation. eeculativHM8 t.n i dide1.1.Sectiona e uturwrite-forthe language ik88 ]. ( e re utue). utur( eter e re placeholderundetermined( e) utur ut of aluee . alue. createdtaska yfuture b hor ac e t eter e ure fut. ,ermissiblea e uturwith createdfuture or e with eter e re. utu a euturonce.thanthe et r and et r .e( hemr e r e wing folloe atom-apically: sw the r of r is e to the r of r y e and r is returned. the r of r not ise to returned.is( nilr e r e same thee evthe r of r the r . 1 c no ork.thank d rall, and h-ecnology T inonedSection ti .1. thank aura agnall for ar ag8 onderfulwofpart2, and from ar 11 r nc [ S8 ] H. and Sussman. tru e ter t uter r r .T. ress, 8 . [ ag8 ] . agnall. ar is: Mas-Multilisp.Thesis, lectrical and .T., an- 8 . [ H 8] H. and cesses.. . Memo 5 8. [ ur85] F. . pro-functionalgramming. and r uter 11 , 85. [ 8 ] . and . el. optimisticforhnical 8 -85, of Sci-omputerence, ice 8 . [ 8 ] . S. . arlog: logic. n editor, t r e te er , 1, hap- ter .T. 8 . [ SM88] T. . infer-parallelM S). n t t e er t uter te 88. [ ps8 ] . . h-acThesis, randeis 8 . [ ab85] . abriel. er r e u t te .T. 85. [ 8 ] . and . abriel. lisp: in isp. t e5 , 8 . [ 81] . and . age. tedexpression-oriensystem. r r u e te , pages 5 , 81. [Hal85] Multilisp: computation.r r u e te 1 5 , erctob1 85. [Hal86a] Halstead. Multilisp: erience. ter t ur r e r r , 86. 1 [Hal86b] Halstead. computing. uter pages 5 , 86. [H S86] T. nderson, . Sterling. oncert: ofesignsystem. n t u uter r te epages 8, 86. [H 82] and . eller. in is- tributed e Systems. n r e u t r 1 82. [ H81] . and ti metaphor. r te er et , 81. [ HM8 ] . ran , and Mul-T: parallelisp. n r u e e e e t t , 8 . [ M86] . and . rule-asystem. t ur r e r r 2, 86. [ H8 ] H. and Hewitt. theonob ects. u t t e pages 1 2 , une 1 8 . [ us88] . The urora r-parallel system. n r t t e er t uter te 8 88. [Mil8 ] : T hnical - 2, for Science,omputerM. 8 . [ ik88] . ikhil. ual. Structures, for 88. [ il8 ] . ilsson. r e rt te e e Morgan 8 . [ sb8 ] . hnical - 6 , for .T., 8 . [ 8 ] . and . graphdistributedhine. n editor, r e u t te e e , pages 1 8 . 2 [Sha8 ] Shapiro. t rolog: ort. n editor,t r e te er , 1, .T. ress, 1 8 . [Sol8 ] . wocal - , for omputer 8 . [ ed8 ] . eda. clauses. n editor, t r e te er , 1, hapter .T. 8 .