Creation:askIncreasingforProgramsarallelMohrEric1 PofKranzA.2 vidDaJr.Halstead,3 H.ertorationCorpLabh199013,Abstract erb,yofbuilderstocompilerhapproactasksparallelsimpler theinlining dwhered,robustmoreation ecessingpro.ailable15[en-medescribandnes,cre-tasktiallysubstansystems.Lisppartitioning,programt.managemenc taskLisp, parallelmigration,ed.1 yersit2 UnivaleScienceComputer3 fororatory1 1 ductiontroonlanguagesproblem|yducesprohersresearc2[9,otherswhiletiallyotencane�orts,parallelismgivingconstructsother.theparallelfyingustmdeco6[13,withexamplecompileat�ne-grained.otocomplexebmissed. ymatoupashthe suc yameters ar5[7,8,innecessaryande�orterimen-expnehiti-userulresourcesofngparallelizine.hi15[er-vthe onfuture based e10[11,programmerTheing tifywhat iden ofngviexactly ofhow decision theInsystem.with programsfuture annotating meanswithoutparallelismto isose expthewhileto islimit task system’sparallelism. parallelismtaskprograms,eerbof um nfuture small aattaskswithsystems2 CTIONODUprogrammingparallel\para-functional"the12[14,ours.)toe�-ofaxMultim1 EncoreThe15[system’sT16[17,ebu-graneveykthe thatfuture thatfactcanonical Thefuture tations. terpreex- inerationalpression opcorrect( eralK sev has(future construct )) computation ua-tintion con tK paren itscomputecomputes taskK t paren. thewhile2 theossible;compute computes taskK hild cmostandtotask�rst then andK the ignoringfuture ,This .inlining of tparencreatingandalue.v3 itsholdprogram’s aanularity gractuallytasksits thananularity grofsizethe withinfuture de coexecutewilltaskofehievbalancing.loadis considerinlining,strategy(future this ) aluateinline threshold loadT A task."indicates tcurrenWhen-loaded.to callfuture a erdetermineslengthcreated.eitsbutywhebords,1 oration.Corp2 ComputerEncore(future of ) a u etual of . e place to e u ve til ’s alue la le. n usetot e e le. ouc a uet at to if future.ed3 uc inlinin a in 3 this Withation e, strategy( crK task lazye )) means aluating itsthatuation tinK con soidle."ecomescessors proal steecomesbsystem.thetialotentotheseandparallelismwithtrastedationtask.separateconcrete.An am le problem,yofestree:binary( ef u tree)ee( e f tree) ( e f- tree)ue( ( u tree))eft( u tree)))))t(where e f , e f- e, u eft and ,r t naturalThecallseto recursiv u -tree oneaddingfuture y: b( ef u tree)ree( e f tree) ( e f- tree)ue( u )tree))( u )tree))))With�ne-grained.2depth the;thiswstask.oroerformance.future on e tumene aluation en ( su tree)) completionefore su tree))) e parallelism ould ed. 4 N of u ree -t. of u ee -trcessors.proyularitone,thisarecessorseW(Breadth-�rst thenSaturation,cessors.ebfutures,somee wwant example this5 ( ef u tree ut ff- e t ) ( e f tree) ( e f- tree)ue( ( ut ff- e t ) ( u ( tree)eft(- ut ff- e t ))) ( u (r tree)t(- ut ff- e t ))))) for u ee- decoresources,cessingtheeearlier.notedparallelQlisp’srunatpredicate,h( e t ) 8[ourasothet-ypical h future write u e -treanto5[]). inexampleexample, ut e t ebpredicate The( ut ff- e t ) tells e futurinlinetoA ut ff- e t executionSDinlined.aretheyof ut ff- e t thiswhathe ut ff- e t .previouslytheximateB of u of u eIn.of u ree -theinlining,of ccurrencesfuture o threedes , and cessorsprotheofparameter thresholdT alue vhighisaretasks(depth-�rst).subtreeof u e -treat ngtiat ngtiat 6 CO RI D N IC T OD at and ngremainivisionallyprooneexecuting2.Figurean onoldest- rst idleantheexamplealmaxim.yreal-lifewithds.Com of ynamic dsethoresultsd15[e�ec-itsdecisionthe,timeene�cial.bwingfollostrategies.dynamic1. owwhatathreshold loadT and inlining,. load-basedapply2. towheninlinedyending.p3. aretasksprograms.of4. esypinliningload-baseddivision.SD5. isparallelismiteration.. program-requirestheythanin-load-basedcoarse-grainedaloadurt. I 7 inliningalluationstinancreatingcreation.taskofdangererformance.pasupplyingthreshold loadT the foraluevfor t righT the osingontati26[freedis.. enevhSucy bation eand cr taskwelding. ent-child taskurstyation eun-distributedthatear�nishtasks,tlyail-vtheseecausestealing.welding ent-childtogetherelds"tofutureforailablewsalloue.. programs,someoptimizationtoleadstandardateger forokingtoas,(addinglistdivisorduringtesting). tfron, - r e s.e , ic ject of insteadfuture used isto task,aa e etre indin . 8 CO RI D N IC T OD ( ef - r e t) ( etre (( - r e ( ( e (f - r e )))) (f - r e ( ( ) ( t) () ( - r e ( ))))) ( r e - r e ) ( re t) re ))t))))( - r e )))( ef r e r e ) ( r r r e ))) ( (( ( r e r e) ) t) (( er ( r e)) f) (e r e ( r r e ))))))4: rogram f - r e inlining.load-basedfunction Thef - r e of - r e futureae ng wn- r e generated.alreadyof executionf - r e 5a.ofatestingof futurestheof eagerduringfor 3 5 9 13 15 futuresthefor while 7 forlisttheprime.isInlininginlining.in futuref - r e of if;of illus-5cin inliningf - r e ecausebto callf - r e eforebof gest alue rst This.5d.task aT created hastest 11 9 7 or-thatect expT e W7 (and11Let . T T 9 of . enden-depcies. datatojectof . inlining.load-based5: for scenariosf - r e . to r e for tnof eleme - r e edunresolvfuture the til unT ailable vtestingccurred.odecou-theitsfromk-ccreation.. e u e -treanalyzedeen26[27,]. eening wnolength.queuecalcessor tcreates from atqueueof ( 2 tasks. e of ( 2 using thatoutproblemthein story|asymptoticallywhole10 CO RI D N IC T OD load-withsize.tialunableissubtrees.smallqueuethecessor time call, queueitsof ositionT p thein Butcall.ngtimitheardtree, theT of ssubtree.smallqueuesdistributedealternativetterbseenethantaskslargerinlineexecution.. tainconLoad-basedstructure.oTparallel ersionsvfunction af apply Bothlist ofdsop.forincreasedincreasingtasks,Increation.parallel subtasks,ywhen adf erhe v�ne-grained.isIn o r - r calling list,future the throughap-hof plicationf eac forincreaseonlye-blargeoferformance.pIn or r - r , future list;theapplies thenf task tcasethisinlinecouldfuture 1 , 1 eforebfuture 2 , etc andol ear it s. . - I 11 ( ef r - r f ) ( u ) () ( et ((e r )))) (re r - r r )))) ( e t)))) ( ef r - r f ) ( u ) () ( et ((re r - r r )))) (e r )))) ( e t)))) parallel fasterexecutedbuildserup. nevinliningload-basedofhedulinghesapproacmakingasthis.eforstrategiesparallelismelparal-itser - r exceed computing of cost s. oplo11[theon.busyytlshouldprogrammery tifwhat iden theout abhow orrying wdivisionthecan’teenoughwithparallelism.tostructurestructureeryoptimaltheersedv12 I NT ONTI( ef r - ter f ) ( ) (f ) ( et (( - ( u t e ) )) ( - ( - )) ( - r - ter f - ))))( r - ter f - ) (t u - ))f))for r - ter ecifyingsptasks.inorkframewin r - , function thef here; visiblear-indexwithoutparallelismtasks.tox-approasr - op.loparameterization.ofer.Im tationlemenin-load-basedaderhed.zeinstancesselectedof ignoring yfuture bwheninformationa enough tainingfuture main requiresthe stealfuture to’s cessorprois informationthe this ninginfactoriscostamsomewhatiscomparedsmallerforms.pofcostk,stacT 13 ontatimanipulations. ebpushingoferations.opk-basedstaceed-framandstructuresander,next.. the calledtask ueue , a makinglazy When l alantoof instancefuture onding corresptask aT de, cothe tofuture ter’s oinpeenbcessor, proT another yto referT e Wthe aser ductasks;lazya calledonsumerfromframesthefromtail. framesopstask ws kstaclazytoNotequeue.estnewccurs,ode:co( wingK follo the(future to )) uation tinK con newterointo p aK and k,of so to returnsK simply tasklazyto terK oin p8c.inconsumer from queue.task, hange futureeagercompute . andplaceholderdifying to (i.e. esupply,uation tinK con the. todirectlycalls thenK consumer Thet.argumenhadfutureducer hild anotherandconsumer t parenK the aluatingstealingtheeration: oper. ducotoconditions14 I NT ONTIcreation.tasklazyua-tinqueued.ebcallfuturedequeued.ebstolen.is. I 15 ymait.. theonMultimaxOurevaddressingorytest-and-setabus.thesec-tiguoustiguouscontheuationsuationstinofheadwso( i.e. ymaymasize.originaluationtinthe t - e the t to ter,fr e . replaces thenfr e thedirectingfrom framesfr e y e k,stacdating e and t - e .appropriatelytireenducerprodi�es t -t dify t - e and e . . . a t r a a t r 10Figureexpressionthe( (f ))) andcallandenqueuinguation.tin(e tr and - futurelazyto callf the forto . t 16 I NT ONTIk.stacas t -t anviater.queuetaskoneandter - tokthe t -t ableailqueue;taskeneards).wcalling Beforef wn dopush eretur fr - f- address.returnfuturelazyde. guardtothesimpli a eptkeac cessor; t -t t ilit e . I 17 ( ( ) ( (f )))) e tr er test instructions . u - r - tke t -t ( t ) r queuee (r ) uationqueuee (r ) kt ( t ) enqueuedu - r retur - f- to callf toretur -fr - f- e durf e instructions . - e instructions . retur - e t -t ( t ) r tailqueuete t et (r ) queuer- f- r - t ittask ueue. - t u t ( t ) dequeuedu t- - e vretur -fr - address keturn instructions . Encoretheon.tatitasklazyaitingbusy-wreturntheeitherealue - else ore e r eeenb.normally(i.e. wnunless,future kno isstreamlinedethe generatingretur - f- esv18 I NT ONplaceholder ject obT tasknew2 a, k 2 . steal.k 1 ynon-empt(i.e. queue t -t t - e ). k 1 cessor.of 1 queue skiped,cessor.of ter toink 2 . frame ua-tineen and 1 ’s e ter)oink 2 . Replace in 1 uation tin(re e- e er ) . date e and t - e in 1 . 1 of . of 1 to 2 . k 1 . k 2 placeholder as t.argumentation.ensystem.. . t a rat pro-anotherofhuationtintheandit.toobtained,kscreatednewlyducer’s e and t - e toinlazythequeue.consumer’st ilit er o t earlier til it in . I 19 the useold to careed-inappone thepassingstealingfurtherforalueplaceholder.. . c tasklazytask aT when queuetsu�cienof partT as queueouldwthatprobleminlining.load-basedfor isT here adoptedtail." itsT \bite toevtheonlywith alongT ed kcreatedisexecutingThecessor theofinaccessible. thedequeuest.argumenessence, the fromtail task aof stolen hasT problemOnesinceheduling,t. canerformancekingcAnqueue.ALEWIFE,forsection.. reasonablyerformsthe usingfuture of aderalsevad:erhe1. vodoing erationsfuture op erands.op2. theironw.o3. 20 I NT ONTIwithMITItsproblems.C1[terestinbitsyeratesopbitsythatinstructionsected.exptedrepresenstealingthe19[framecatedop-framepthatisthere-usewithciatedtionalncated.alloadoingwillerationframe.new18[ta-enframe.ktheinersion.vthe asstack toame rthe stubeddescriborarytempitstociatedassolater.clearstubs.frametheseInnames:register. stub).ducer. thetostub.onconsumersyfull/emptime.of un icros stems, nc. . I 21 slots:e t k-stacerformedploading e t to cated,e t .t aifausof t to . t results.f-fr e stub.frameslots:t - e t ardwarbitratingkeokuation.t - re ardwqueue).t - thethatuationtinthewithcreates.itfr e frame.kordinaryanop-frameponupsub-thissection.thiseforebccurred).oframe’s e t oftoph t ofottomaretsthe e t another,to,examplethe for t - e t ondingcorresp22 I NT ONTI12: call.futurelazy13: . I 23 shaded.structureservthe t - e t y fy|iframe.hstubframey tasklazy, the t - e t and t - re lazyedofpartedlinkofpartstub’s t - lazytherequired.asytuallFigureineb24 I NT ONTIk.blacconsumerastatetask’sa in shadedandviewalternatethatpartFigureinouldw,lyforstandducer),protheasstructuresdataregisters.)consumer’sducer’s t - newlytheitsthat. I 25 f- e t frame.f-fr e te stub.t re t ue t - te return.t re t - re ...t re te t - e t links.e te ter.e.t - re te tail,queuee t t - e t to t e stolen.e te ter.t ue t frame.t e ait or t - empty.-e t - te e.esol in eholderte the e.and do.totheintation.enthat t - closehandlesecting t - e t and t - re hasuationthe t - the t - �eld’s y" thisfory" placeholder.thesituationsthestub the t - re y the t - e t of In.in Figureinnot.isdepseudo-coel f- ; at t e algorithmThe17.Figureerformedp26 I NT ONTI1. its register , ng If pro-anotherconsumers.)among2. exclusionutualLoad m t - e t register ving t - e t Ift - e t queuetaskte to cessor.pro3. anothertoStore on to exclusionthefromuationseration.op4. stealitsLoad ues t - register acaddressreturncall.future5. lazytheregister aal . 6. Store al to t - ving t - ducerprothefreesplaceholder.the7. toinand14dataTheseducerproerations.op8. thesewiththe , and thetoaddress return acgiving ,al alue.vtation.enforalgorithmosttmthe t - e t itwhenhsucducer.proryetherebutfactors:mitigating1. eralinstruction).(one2. eensiv(e.g. themsequencesop-push. D 27 3. dueunnecessaryeb.necessarydi�erencethet.signi�cantaskalazinessandnormalforlazytask,cessor.pro1 ymaatask;runsit4.2.3.. mainTheerforms.piserationWhiled.whenyinguationtinenerequiretostealers(requiringoninformationcomparison.inandkfutures:generates( ef e) ( u -u - t - -t e - )) ( ef ) )...( )) Ask.upbuildingyediatelagain.1 as cessor 28 R OR NC to therequirescopied times. First, torewrittene r - r than r - r pro-aa Or,future copied. eraroundinsertedto once.onlyontatitheusingistationgaugetooframi�cationframecorrectwillspaceandtslotaupuseellwontatipromisingthisaluation.erformancePEx-ons.used system,ax.orytheofarks,hmerheadsOvng, hedulietc. scstatis-thets.en1. emakdoneesteps:11 in -referencin dela to uted-memor mac ne. E in sc eme 3 pre-s;at sc for E E ul- s o doen it s. . C T O 29 (seconds)rogram Mul-T T ratio f 0.24 0.12 2.00 uee 1.07 0.74 1.45 er e rt 1.82 0.99 1.84 ee 95.9 43.4 2.21 r159 98 1.62 er ute 11,600 8,500 1.36 T3.1.and1. Mul-Tsequen-theon?ersi2. vadded?arese-ossible17[stepsecond5.3.Sectionaderhenserted compiler-ifuture to Encorethe15[cancostialsequenprograms eralsev12 oftimesMul-TTheterparts.countial"\sequenal.tic13 idenaremea-cantialsequenersion.. wBeloervqueuefutureo�.Encore 12.6 sec ALEWIFE cycles12 in ection in 1 . 13 of ard c ma ni intmac parallel mac se tial isp. 30 R OR NC optimiza-compiler3 issequenceces-proEncoretheofhanismALEWIFE’sbus.hronization.syncnotistheinaStealingkstacsteal.erationInstructionsuture118 Steal150 copiedSteal100 task;ae.g. executingandqueueingplaceholder.. arkr strategiestask-creationularities. r ausingto u ree -treturningeforetrol.conforpro�le"e�ciency theusingaT T time alT tiandfuturestime parallelT theusing means1.0thatensureseedupspable.hievNS-y. 31 op.loternalinfuturestheitsto�gurese�ciencycomparable.E ciency y of S instructions hine Strategy Encore Eager . . . . . . . . . . Encore L I . . . . . . . . . . Encore La y . . . . . . . . . . LE I E La y . . . . . . . . . . �neatnoterhapsotoseeecreationtasketterbe�ciencyurtingleadsALEWIFE.e�ciencycom-wingtime"\seqwithcessoru-simeedupspload-basedorthreshold loadT the (\LBI"),timefastestcessors.proforheaderark,hmcreation.taskf - theex-�ne-grained;en efuture w etcre-taskencalculation|evelim-inliningSD toationB er-veedup"\spcolumn. 32 R OR NC f - seq eedupStrategytime seq 1 2 4 8 16 Eager.24 1.00 0.09 0.18 0.34 0.60 0.83 (T LBI 2) .24 1.00 0.69 1.09 1.60 2.40 3.43 Lazy.25 1.00 0.63 1.25 2.27 4.17 6.25 Lazy318 1.00 0.71 1.38 2.65 4.84 8.06 uee seq eedupStrategytime seq 1 2 4 8 16 Eager1.07 1.00 0.69 1.35 2.68 5.10 8.23 (T LBI 1) 1.07 1.00 0.99 1.95 3.45 5.63 8.92 Lazy1.01 1.00 0.95 1.91 3.61 6.73 11.22 Lazy1282 1.00 0.97 1.93 3.72 6.93 12.53 ee seq eedupStrategytime seq 1 2 4 8 16 Eager95.9 1.00 0.92 1.79 3.45 6.44 10.90 (T LBI 1) 95.9 1.00 1.00 1.92 3.62 6.27 9.05 Lazy96.4 1.00 0.99 1.96 3.74 6.69 10.37 Lazy85K 1.00 1.00 1.94 3.66 6.56 10.94 2: EncoreforALEWIFE).uee isqueenplaced, legallyfuture isqueentcurrenof uee tasklazyincolumnThe.fortheecausetasklazysmallertly33 f uee ee eager)eager)eager)ALE- ALE- ALE- Encore WIFE Encore WIFE Encore WIFE n LBI(2) TCLTCLBI(1) TCLTCLBI(1) TCLTC1 172 0 1 5 0 1 1378 0 0 2 587 5 4 62 9 9 6173 583 613 4 1140 23 15 371 27 37 12577 1907 1946 8 1693 58 54 702 71 106 18011 4440 4807 16 2083 106 118 817 238 183 21667 7875 9930 arkshmused.ee systemunderstanding�nd-problem,ngr - leafhcom-thistheanddest.moindiscussedSD arecreationdoeect tations.elated ork systemLisp15[using y( e ue- e) or ( e t ) thesense8[26,eu ee -tr26[27,]. eening generallyresultsQlisp;andtheexploredcreation.26[creationtaskstrat-Thisthaterages:34 R T D OR furthermore,e;taskLazyfuturesofMul-T.in15[], ined15[It].couldQlisp,erformedpk. toprogrammerstillandcreation.task23[fortendedor e oftop,lazilycalls e ue t e ( data ) otherwithappliesandits one, \steals"c oits todata prcalls t e seetothe e ue t e ifitself;onaluatedon u t re forhes23[]. �lesofMul-T’sandtlysigni�cany bc oebas passeddata e bebthe e ue t e and t e ceduresprolazilytheitMul-Tord wfuture ey klazyofcreation.taskfuturelazyframeskorkCrews.Wsystemsthecase,ycloseeryphilosophies.underlyingonrelyinghersresearcwith concernedottling thr4[20,]. een throt-ofincreasetohitecturesarc2[9,35 creation.and uture ork ene�tsbusecanfuture programmer theOneconsiderations.parallelism�ne-grainedybngolvidataaunderlyingthineMac22[the 21[]. delmotheexhibiterties:ag-ergregates. vde.coofsourcesrheadse(i.e. unicationict- creationtaskeforebaderheaggregates)datatoableparallelism.with24[25,t. e aggregatesdatathanthand". languageelis:idioms.ops).(loybh. 36 CONC U ION ND UTUR OR attemptingarew-loaters’Wstages.inarytheandcost,equalstigatingeof tagealitycdistributed.iserevtalnarehardw4.3Sectioninbitsinstruction.storeer-opfuturelazyplatedtemheacwhetherindicatingun-asthetocostthere-tounloaded. r,econ-itandory)ybwn.knoerwof elegancefuture and oorvun shfuture to erer-wtoprogrammersforcingthanerformance.perfor-parkhmryemaking ofuture direction theinsituationsof costfuture the h37 kno tsledgmenRandytoand aul er,papKirk theIBM,theirforort.eferences [1] wicz, A ces-rocessing," th nnual nt l. on omputer e1990.y[2] MaSeattle," nnual e in omputer eInc., 3.225{25[3] pp.1986,wicz, Scal-AMIT publication.for[4] SubmittedMemo.\Managing w ro- grams," Sci-ComputerMass., 1989.une[5] and Lisp," on and unctional amming1984,Aug.25{44.pp.[6] ex.,unctional rograms," nt l. lel ing .425{473[7] pp.. Imple-InitialQlisp," on and unctional amming, growbird, tah, .143{152[8] pp.R. \Qlisp: arallel Lisp,"inSpringer- 441, . . an on lelisp , ohoku Sendai, apan. [9] urd, hester woComputer," omm. , 34{52.pp.[10] 1985,Computation,"on g. and ystems 501{538.pp.[11] 1985,erience," nt l. . o lel amming 38 R R NC [12] udak, unctional rogramming," omputer August19(8):60-71,1986. ,[13] udak, B. binators: al’ of" unctional mming and omputer e, cturchiteSpringer- .382{388[14] pp.udak, unctional a for ro- Systems," th on o-ramming nguages, a .243{254[15] pp.1986,R. A igh- erformance arallel Lisp", on on ing anguage andmplementation , OR, 81{90.pp.[16] 1989,une, Rees, . udak, . \Orbit:Adams," c. on ompiler onstruction , 3.219{23[17] pp.1986," ale h-ecort ALE 1988.ebruary[18] F/DCS/RR-632,and forhniquethe of arallel rograms," onand unctional ng, ammi 1990.une[19] Moss, " c. ymp. on and e ues , .229{240[20] pp.1987,and of hesterMancData 274, unctional amming an- and omputer e, ctur 1{15pp.[21] 1987,erot, ., he alation delM.I.T. 1988.ress,[22] Steele, .L. W.D. rained ar- olic cessing," on and unctional am-grming o.279-297[23] pp.trolling" nt l. lel ing .347{366[24] pp.1988,in ommon isp the anguage Edition, . Steele, Digital MA.ynard[25] Maress,R.C., eries art ser s anual the eries o ackage calhniAIM-1082, R R NC 39 [26] eening, Dynamic 441,. . an on lel isp , ohokuSendai, apan. [27] eening, Lisp ortRepAN-CS-89-1265,