[13] threadsAddingCMU-CS-90-186,orter-Univ1990.Dec.[14] ,y.Rudy17715,UCIDeb.F1978. CA,ermore,[15] Liv,ortsuppCS-87-orter-Univ1987.June[16] ,yMacQueen.B.In ML.ecPrin-ones anguagJan.163{173,1991. pages,[17] Lmmingedi-alik,tor, w Koialrti�ceers,Publish1988.Boston,[18] AcademicerwithresultsIn Qlisp.ofgso-Pramming1988.July[19] 143{152,pagestconcurrencomputation. olicSyst., ang.L1985.Oct.[20] 7(4):501{538,.sub-eIn es.SIG-CMDe-genPub-1992.as lisheds1992.July[21] 27(7),,anforIn system.1992.mming, ar1992.June[22] 345{357,pagesMul-T:Mohr.In Lisp.SIGPLANCMandDesignImplementation e uagasds1989.July[23] 24(7),,.PIn threads.c.oPrinci-Systemsples ingas hedngatieview1991.Oct.[24] 25(5),,implemen-tCS-ECS-LFSci-ComputerEdin-of1991.Aug.[25] burgh,yMiller. J.systemgSchemeIn-usetts1987.Aug.[26] ,hnologyer. HarpofnML1990.Press,[27] MIT.Mohr. E.o-Prams1991.Aug.[28] ,yh-ecComputerof1990.Apr.[29] ,yML.StandardCom-of1990.Aug.[30] ,ylanguage.tIn concurren higher-ordereencion Implementat, andDesign1991.June[31] 293{305,pages. ycythe-PhD,yComputerUniv.92-1285.ort[32] Reph.AnLindstrom.BBNtheIn Butter y.eencamming132{141,pages1988.July[33] ,re-blyortRepCarnegieScience,1990.v.[34] No,h. olmacMLthesis,PhDUniv.PrincetonCS-TR-378-92.Rep.[35] h.ecconcur-eIn ML.CM/ONRADebugging dpages,as hedseofDept.CS-TR-352-91.Rep.[36] h.ecIn .o-Pre enc19{28,pages1980.Aug.[37] ,ConferortablepIn .o-PrSys-ngPrinciples1989.Dec.[38] 114{122,pagesNet-S.transac-ortIn tions.WorkshopSIGPLANo104{pagessup-systemortable.pisours20[21,eci�-sppar-elesyp ex-videsmigra-thread.e�ciencymoreandin-itheapk,otherandSTINGand,"stealingSML/NJ,Incosthneedno, yMP Similarl ons.has optimizatihSTING’sofes.inim-STINGthanerformancee elievMP bet,vironmeneratingopplatforms.system24[aofuni-comm8[s,tationortSupptoineasyforplatforms.are-ortabilCommonortable37[e-languagandt,oftationultiplexedmthewcustomized.einyour t ortabiliMP p andim-alsoevconse-andproblemthiscedureproes makcallcc h whicand frames, forthrow strategy onor-togarbageaftercollector’s theom frand of sizeto theWhenstrategythistiallyotencollec-altheince-proaccesstunfor-willtarget’sthehitecture.arctconcurrenmem-tandterfacesonbased2[tlyrecenultipro-m8[31,aefor ticsMP semanthereinforceforlanguageng.cessiwledgementsAcknoof ortMP p lSe-theNECtheac-videdpro�ling.andThe hmarking encs, allpair bmst forand ,abisort hine macadaptederethe Mohr;simple EricyGeorge.LalReferences yb[1] MLtoalterna-kcessors. ultipro-ansSystems1(1):6{16,,1990.Jan.[2] dDistributeanda,ernelksm.paralleliIn of tSystemsingPrinciples at1991.Oct.[3] 95{109,pagesfastere. cationrs, etteL1987.June[4] 25(4):275{279,ngncollection. catioe nc, erieExp1989.eb.[5] F19(2):171{183,system. timeandLispComputation c1990.v.[6] No3(4):343{380,el. AppnsCam-.1992.Press,[7] yersitofMLeditor, Wirsing,onSymp.amming gr, oPrerlag.Springer-V[8] 1991.Aug.forticsIn es.Nine-themmingas1992.Jan.[9] 119{129,pagessorting:bitonicma-shared-memoryhines. cComputing18(2):216{228,,1989.Apr.[10] ofJournalRevisedRees.4 J.andalgo-theheme. ScPointersIV(3):1{55,,1991.July-Sep.[11] LISPlanguageject:prohnicalecScience,Computer1991.Aug.[12] ,yh-ecDe-Scienceh-Benct)(Sequenhine-macAntime.forssystem-eratingSML/NJtireng includiMP 0.75 ersionaforCof.blytoesar-newthetoowta-implemenwithrwith unfamiliarMP butim-t-complicacouldhhapproacort.pour ofMP erformance pta-implemencom-aof topMP onagekaofh-mecuser-withof topLock on builtestsTIn-16MHz100usedcol-garbagetime.lectionthe wstive elae�vs:application� foresallpairs curv eedupshortestall27[]. graphde� no75mst aran-20027[]. algorithmPrim’s� usingtsabisort oin p9[run]2of12 inputan27[]. tegersin� onalgorithmsimple sorting14[], hmarkencgrida100 size� of acrossstep.time� oneformm run100 o� w tmatrices.tegeron, applicatimm Oneeself-relativmain-yon.catimaxi-a16withcessors promm MB/sec; 25intra�cotherandla-eeled bseq curvon obtainedp eedup sppro- thetsrunning yp b cessorsSML/NJsimpleon; catimm appli aell.wotherystrat-nummaximfor eedupsabisort sp theand omitted, eres allpairyconsiderablebklachucexample, orsimple Fv-aorcessorsmore. pro 10simple for 50%accessforappli-othertialSequennoteretheonbutcessorsbandwidth;bus4 largertlymain-hine,e�ects.other7 alledConclusionsandcomputingolicap-our�rst-onand),Wplat-cessorforeex-theconsis-istar-ultipleedescribhedulingscitselfMLhineMacofyemakuse.tosym-of19[and]17[ev18[22,25, cessorsultipro32 marioussubstan-forhedulingscsup-tofutures4 ces-pro6� onlyonsec46� ersusithannel,hannel.cal-hastryingyer’s received committsuc-isunicationcommwithalonger’s receivedcommitthemore,sendingishannel’s csndrs the totheofng callih. dispatcylistaaged ittinhannelsIfsender.wnoed ittunicationcommforsenderwn oedcommittunica-commin-thispassesandcalling yh. dispatcbinsertsithannel’s crcvr the toanothertriescessed,procalls erch. dispatreceiv5 theeenMP b eImplementation vhathe ofMP tation implemenatotendenimplemen-theaddingInMP . easilyexist-theortssupphard-ng5[6,generatescompilerhine-macdelmoerations,opandarithmeticas hcallcc sucprimops;bly-Assemhsucthatfunctions,timerunwithterfacetimeruncon-passingk,stacal-vusingsystemcalls.systemour InMP standard eratingex-toe|alternativin-ouldtheofari-vprotectionunderks.cire proc and release proc astedstati-ustcompile-acsprocallstacquire clien proc hed),reacthreaderneleci�edsposehocre-oidone.newarehvideprothreads ernelseUnix-for(thoughspaceandSGIh eacMP t, Sequencess.prothe tproc implemen datum SML/NJthevirtualdedicatedto ngget ondi datum and set datum Onregister.theedatac6[reg-virtualhitecturesarcandkter.oinun-onanvidesus,Tholeanoref bthetry implemen lock The.w-Hoks,cbus.andsetextensibleML asref ted implemenma-allerations optry k lock and unlock are es.subroutint presenMP Our eofoncollec-garbage4[(ap-tly6[page,ca-Alloareksotsroisiton.catipartseparateup-orits�llsmemorysparecompletelyiscsproerformedped.redivid6 isregionEvaluation cationallojudge oMP Tlinesofemakh eacMP of routinesta-implemenlines144system-tlines10ortedexp630of214er,’a}value:ck}lo,ock,ue}ue=v)k;ch_loc=()rcvrsdeqthend)ch_lock;k)),idelse (kont,vadloop() hre_tend ulereschedloop()in=>y=>cv};=;ch_lock())))ch=list)=>c()ockd}committe()ch=t)ch_lock;ksndrseqthendch_lock;ck;id)value) (kont,eelse ulreschedch_lock;ck())h=>yr;rcvrs;ch_lockrest))loopin ocknlchans)zeend) (randomiloopunction Fle thread er’s receivcont’1aand the erts’1a v cona tocont unitPROC:LOCK:QUEUE:=THREADctstru()e()ock1ref()ckk;loc);(cont,id)ock;ckreadyq;ckid;um()cont;ock))()=child=>parent)um(d))t_i=>csd)_iend; entrrck;lo;d)1;+k;loc();child))h()=()=>cont);m())h()()umend datt_3: FigureMP Proc.ge =tax: synexpr ML Morehandle Threads. ()exn id fun=> dispatc tuy dinstalls o bdy oexception forexn handler thetheduringof executionexpr as. b_da=SELECTsig reatuchan’a*)channel*)channel*)channelend onefromex-theybusing uationcallcc tinSince .e proc and e proc erat-opob-ousers)systemcall canacquire t proc up,startsthemtocomputation.the3.2 ofdurationDatacorFthe consideref example, state.the tainingd t_iof currenconsettingcessorall href whic inisitsingle aref ininstead,;of yid current_. copateProc priv aprogrammer-de�ned single,proc a datum erations opget The datum and set datum al- alinitiy binitial eci�ed datum . totegerinindirectlythe stored etum dacomplexmorede�ne canproc information datum orrecord.y3.3 arraaExclusionMutualincs;ca-locon ictsaccessariables, vMP utable mvides procks loto mutexsharedsharedone-bitset.andhro-syncsemaphores,ks,ks, cref los, utexmuations.tinunction Fmutex con lock edkstate. c unlotry in lock kca returnsbool y immediatelop-thesuccessful. asunlock w erationymathesetk). clock lo thatfunction:wing()dosys-eratingwnsho1[]). hniquestecmostontest-and-aof tationsLock Implemen e.sup-areossible.pt currenMP The asun-thehard-theconsis-ofthe ofMP y itma-theted, implemenMP tly currenex-estotsconsistencycommonortablepde.co3.4 tclienSignalsandof additionProc t expliciand the toLock n additiofacili- InI/OI/OSML/NJcessors.ultiprothatis,ultaneouslystructures.dataMP time-system runsincecon ictsin-orstruc-datausetoking.c29[adding],arehandlerssamethedeliv-hissno isMP There basis.forye-buniformticallyop-thesetheinc.pro4 targetgMP ollin pApplications entimer-drivof useMP the stratesgdescribinages.k4.1 pactageacksim-the1.Figuresim-and�rsternelrun-uepar-thethe onready ed kgcallindispatch c proinailablethe v aready threads noThe queue.ready are thereand queuenext if id reference sconditionThe cs.current pro id storedise.v4.2 oabytcom-forfairlyAse-ylethe ySELECT b edsignature describunication,colymorphi(chana ),send ’a hannelsatoa andereceivs-\nondeterminithem.ofw hoSELECT ws shousingtedMP implemen, e bref cantosimilarhannelcqueue asndrs of consistsqueue arcvrs andstatesk cch lo lock . theandcon-itsk, ced committesservdetermined.een3 b3 28[]. 2 SML/NJinaofSML/NJ.ssora calledesim-Aa isreimplemen-ana isfunctor terface inOur.AD THREfunctions: threefork orts expacreatesnewawithparallelt; parenyield its incessorproand thread;id another toofti�eroftutableimmyanyb(ref ariables vrequirescells)here).wnFig-inqueueaesgivdulemoa yQUEUE b parameterizedstructure functorawnshoThe here.QUEUE not isdis-queuingimplemen-queuehedul-scfunctor’sthet.argumen1 aryingvalarmtimerpre-,imple-otohandlere okyield v inhaspreemptioner.paprlyparticulau-tinwheresystemcaptur-cated,(via uationscallcc tin conthethat(viaedwtheonreclaimedareus, Thcallcc collector. garbageandcatesything;ancedure.pro2 arbitraryanymaim-k-basedca-alloinstruc-to3[oncatimplemen-k-basedwhileus,uationstincomputa-MLerallvsystems.k-basedan-adv12[kstacSML/NJSinceebof1 tohangestoyeration.op2 enqueuethesometimescand.erhea=PROCsig eurtumproc_da=te)tumunit->soc’a->umproc_datumproc_daunit->end umproc_dat=LOCKsig eurockmutex_lklocbool->unit->unit->end ockmutex_lThe 2:PROC Figure :and unlock valLOCK ock mutex_lterfacesInthreads.uation-basedthreadsjects,collected.garbage3 ebMP also caneci�cationSpybtmanagementheseforstructure AProc es. facilitisignaturethePROC ts implementheirandstructure ALock state. cessorsts implemenLOCK that prou-mcessors.pro3.1 amongoncsProA exclusi tualc oexecut-threadcessor. proProc ysical phcproexecutinganIni-c.cessor.proparal-inoking ve proc ebt-de�ned clienproc a datum w.elo, ypicallyProc T boferces-protocallsacquire hed, proc exception theNo raise More Procs w-Hoantocom-aop-thethreads,ernelysicalphone.ximateunction Fe proc stopto=THREADsig reatu*)thread*)thread*)idend threadown=QUEUEsig reatuqueue’aqueue’1a*)enqueue*)dequeue*)emptyend whendequeue=THREADctstru()e0ref1refd)(cont,ireadydeqid;:=()contend throwid=unit)=>parent;d)d;!next_i1;+();child)())=()=>contd);_i)))h(idt_end !curren=ord eywure signatdulemon; eci�catior functodule. moA.x parameterized at elemenx to refersdule moA of. declares spunit terface inoidve; ypt nitsfore�ects. only executedx refts tenx condereferencingexpliciterator op! the yerator op:= t. assignmen the=> cdy) o bthe(i.e.,the ofcallcc uation tinto cation)c o vexecutes anddy; o b() cuation tinc con. es ok’a v inand throw in’1a con uation"eypks:cortable PlatformcessingStandard of Jerseyew� J. regory orrisett arnegie ellon yersitj . . n re ol ac ortlan tate y. . A stract StandardrunningcanItulti-mcessors prowithin for agesua-tintdi�erenconstructs.nk-pacortedpUnix.oftation,implemenerformance.p1 anddesign,ductionIntroex-eofcollectionsthreadelvi-enetterberationsop2[15,23,]. callssysteminyprimi-hronizationw-o36[es-threecom-ultithreadedyabilitex-tarycon-�rst-classtlyeleganaone� the ancedAdvPro , ST Pro ect: anced A rder 3, y S /A under tract 628- - -0 The.T Bell y ill, The inorteda authorsecondPrinceton from SF t R- 002 .86ab-an10[hisaslanguage.tationanotherisuation-basedtin13[28,30,26[] MLStandardvidesprooly-perfulw6[7,sup-]16[videsprosig-of29[]. handlersnalbuildtoe-based languagmulti usedortsuppex-eultipro-mcalled platform,MP cessingarehardwdesignprimaryortedpthisoE�ciencye.goals.tor system,client thread, aofMP view ofabstraction cessorProc pro autexmabstraction kLock cu-tincessorultiprofashion. tMP enendersionv13[andage,withtation34[35,38[], systemtransaction11[]. programming systemsMP general andeenbConcur-of30[31,threads,gre-send,non-ylehoice).cMP stic determinirun-cessorsorting PMP systems. eratingma-newsystem-ofroutines. tMP enden deptheforunning4D/380SrunningLuna88krun-Symmetryimplemen-rgin