[LS83] dis-robust,programs. tributedSystems5(3),,1983. andanguages[LS88] LammingPro-hronousIn Systems.SIG-theImplementationpages,1988.July[Luc87] 7,No.Space. jectes22(12),,Languages,SYstems,Applications.and[RAK89] ProgrammingtedMem-Sharedransfer. TCon-Internationaling1989.August[Str86] ,essStroustrup. BjarneanguageCom-ng1986.MA,[YT87a] Reading,,Smalltalk. tSIGPLAN Concurrenofes1987.er[YT87b] bDecemoro. okammingPress,MIT1987.Mass.,21 References [Ana90] Distributedh, oratorycument1990.er[BDS87] bSeptemRepli-forDirectories. catedCM1987.er[BHJ Octob34(4),+ ,A87] theofAbstractandEmerald. inering1987.13(1),[BL89] ,Enginecols. ProtoSIGPLAN withLanguageesProgrammingSystems,Applications.and[BT88] Languages,tedData. SharedIEEE withComputingComputer Distributed1988.June[DC90] ,baum.del.MoSystems1990.er[Dij72] Octob,Dijkstra. W.amming1972.NY,[F ork,Y+ NewPress,86] Academic.hnicalecMadison,Wisconsin,1986.er[FP89] bemDesign. MemorygsdinPrinciples1989.,[Han87] SystemgSystems. DistributedeSoftware1987.17(4),[Hoa78] ,erienccesses. ProCM, Athe1978.21(8),[JLHB88] ofationsEmeraldthesystem. in ySystems1988.6(1),[LH89] ,ComputingSystems. MemoryCMASystems1989.er20 Chen,yyfunctionalithe ofClouds the toossible.p6 e�ortsprogrammingConclusions ourethe forClouds paradigmprogrammingThist.theecifyossiblepon is delClouds mo programmingthroughcomputationhanisms.mec19 executionserializabletsenoferheaddenoerations.op4 dateuporkWF[+ areas.o86 wtortsrepcom-ABT88[], infoundpres-theofdelanguage ortingainorkConcur-eYT87aSmalltalk[Luc87op[BL89col[DC90[areer,Aerience.Emer-inJLHB88[programmederetheofthe inClouds as ers,tation.implemenLS83Argus[applicationsdistributedYT87b[toersprogrammingparallelparadigms.jectprogramstill.separately5 applicationdistributedtsenThe edgem wlClouds kno Acon tedClouds implemen erethewithThe Shah.Clouds Gautam ofprogram-CC++18 *key to value to insert) f i;inthash function(key to insert); write lock(hash table h lock); i 0;< = (iNUM for BUCKET i++)ENTRIES;(hash table */entryf empty/*hash NULL) table key to insert; hash table value to insert; break; g unlock(hash table h lock); NUM BUCKET */fullE);return(FAILURelse table/*S);return(SUCCESg ENTRIES) */insert*key to delete) f i;inthash function(key to delete); write lock(hash table h lock); i 0;< = (iNUM for BUCKET i++)ENTRIES;(hash table key to delete) break; NUM BUCKET ENTRIES) return FAILURE;=else valuef ((i while< NUM BUCKET (hash table y entry[i+1].ke! NULL))=f hash table hash table entry[i+1].key; hash table hash table lue;entry[i+1].vag hash table NULL;=return y SUCCESS;=g valuern value); g */deleteend of */directoryject ObInsert Directory 4:and Figure /*Delete class dsMetho17 a de�neslock also Ita indeor shar acquiredexclusive e bsamethein dynamicallyClouds cated alloin ,directory edeclaredisof erationsdirectory op threeaUsingreadingortoaccesscompletes.thenfrom createddirectory ject obthefromthestartstlyconcurreniserthe hand,directory other thetersistenyberlappingvebtendenebs.facilitieof erationsdirectory op ThethepageThedistributed.existythetocanexistssince urthermore,lookup F dynamic.theirwhencoherenceDSMautomaticthereducingyebfortedreplication.withgetsitseparateadesno16 directoryclasshash table record f hash lock; bucket record f key[MAX KEY LENGTH]; value;intg bucket entry[NUM BUCKET ENTRIES]; g hash table entry[NUM HASHTBL ENTRIES]; *key to look) f return value; hash function(key to look); read lock(hash table entry[i].hash lock) i 0;< = (iNUM for BUCKET i++)ENTRIES;if(hash table key to look) return hash table ue);entry[i].valNUM BUCKET */foundreturn not FAILURE;=unlock(hash value table h lock); rn value); g */lookupject ObDe�nition Dataand Directory 3:okup odMethodesiredthe.directoryersistencepSim-programming.called classdirectory singleIt.the tsinsert lookup,and implemen adelete as programmed�guresinA 4.modify and 3highathe ydirectory b tedal-classus, Thlookup erations. opexecutede(insert erations opand date updelete wwhentlystored.arestoragede�nes15 programmed.isprimehighestgenerated.eClouds b topro-memorythe example,i orFth paradigm.grammingthe ofchannel t elementhreads yt bsharedi is� y1 arrasharedand our enablet hanismsmeci memorysharedhangesexcdes.nocolprotomessages.tmessages.hangehroniza-syncRAK89[erbtheus,.e�ciency3.3 ofistri ute irector of setitems a taina iskey item ananandciated assovalue wheredateupdifyingmoofgoaldistributednaturallycanrequestsofexecutione bserializable erations opBDS87[onlyalueeration.opebtenancemainfaultandofsetcouldersallwithyma14 The get and put The other.get h eacerationopedhievexecuting threadget a data,a onad esucceeds,ita signalingwrite a yThe semaphore.put b writertmeanexecuting threadput A bu�er.a onwrite aits wandsemaphore,signaling yad eA semaphore.put r bthestartsa Hencewrite example. thisa andad esemaphore r1the ofchannel t elemenbu�eroundedthreads.eensolutionspassingHoa78[using cessesprothe andi th y i . i to i +1 usingyking coutput blo bcommands. 0 ofexecutionthe the Insieve ers. blet ject,t obum0 ntheThision.the executesgenerate thread orkstatheokingfilter v inthread, Thist eration.op1 hronouslyasyncCSPtocess 1 thread yt bwritten0 iserthread whent onlyb1 umnindicates generatednewlypassingmessageWhen ed.t hievac1 isCSPthreadanotherthe okingfilter v in.dynamicallythreads eent weti bteractionand in Thet createdarei e+1 inelas samet theis0 piptheand in threadst theus,1 Thitself.threadsofcreatetothe thoughsieve en evthatthreadsthe Althoughfilter run{time. atno ,claim hronously asynccall edokalues.vtheInthread �ltert ersion,vi edvultiplesmthe ofi arehth whicerser bp umni primebeen wp etbi inersand b ump nrecognizes2 also,i umncreates It .ositei comp+1 stoppingtowhenonlythan greaterp erb2 umni aadditionthread fromt edreceivi is� in1 ,improdueossibleif thatp factthei top< is solutionnum te�cienp<2 moreThisi .2.and �gure innum wn shoy bp divisiblenot1 isdethrough co thep ofersioni ved, v impronum an testedprimeaer.bThe um nsieve also istocreatedexecute threads thefilter starting ythey13 sieveclass*/communicationchannel record f read sem,write sem; buf,value intg channel[MAX NO PRIMES]; generate(max prime) f write 1;to0;to*/threadupper dobound*/filterinate termination*/signalg invocation; synchronous*/generatenum)put(i,f entryofwrite sem.P; num;:=read sem.V; g */putnum)get(i,f entryofread sem.P; ;channel[i].bufwrite sem.V; g */getinit */channel[index]f fromnumbersnextnum;intinit val; init val; 0;=terminate token) f */invocationthene)f .valuchannel[index]*/threadext */invocation*/invocationg synchronous);/*g xtnum +1,ne*/while*/existsnate */invocationg synchronous token);/**/filterend of */sievejectOb12 3. rastot e es Dij72algorithm[to]demonstratesexamplesingle aClouds using tedcreatetoeenwers.servpre-areHoa78[Han87yce[cess 0 generatesthatocesseshEacThe it.i withciatedth assoerthe ofi ultiplesmth arethat1 out�ltersalunidirectinhannels. i from i � 1 ifdetermineto i +1 programsTheHoa78[Han87[unication.commis(send)tsimplemensemaphores.usingThe y bsieve threads eentheeeny arrachannel thet elemeni h Eaca hasvalue y arrathe storesi that�eldth thisofer bp umni prime.y i out �lterp toi unicatedcommthe throughbuf are erselikfourythe ofsieve erations opject: obget put,and generate, bfilter de�nedThe .generate is threadsiserationwhetherseethe yfilter b de�nederation.opexecuting threadfilter The deer bnu ofultipleIf it.nu discards itnu readtowrites itnum Otherwise, er.it.readthetofilter cation oitself.eration11 of tx elemen entoitstcounLH89[cre-threadatexecutedap-eitherer,evin delinear co thethemforalgorithmthemadeely. serialbwithdealingAssumecols.all thatn proto coherencecolprotoarecopiesmatrix and computehtheatin memoryClouds ject obthatthreadsof and theerof tshandle elemen theto copiedx arecopiesexistingof alidate vx inof i desnothe executecompute that ythatersof aluesx v thehedfetccandatadesignatedeof datax the ofLH89[RAK89,messageabut,ustmhwhicin ms.Clouds 3heacof aluesx vforuperformance.p10 linearclassinvocation clouds n ; float n n n , n ; = init values initiali e and init respectively; init ; element temp;intemp = [ i � i � [ i [ � i [ i [ [ i i ; return temp ; compute ; int ; error;floatdo for = ; < n; element handle compute ; invoke complete for = ; < n; claim handle ; to = ; for = ; < n; error abs handle ; = handle ; hile error ; output ; solve end class linear jectOb9 ariable vhandle a made,returned. ishandle is cationthe inclaim usedisThe requested.handle are resultsyarracomputedeenwhen b i dated.upthe ylinear b de�nedThe class.init ts ointheesmatrix ectors and x The .solve hronousasyncthe tocompute cations oof i aluesvector vx ofof ionscompute cat oof creationn theinouldwthe inhandle stored andIn .solve ythe ,claim arra computedheacof cationcompute o vistest.necessaryclass Thelinear when executeda createClouds to tiatedofsetThe nit thezeectors and x matrix fromuserthe thisent arofexecutionsolve eginresult, an As .ector vx the ofebresultathe ofcompute cations oThesedes.computationdistributedde.coymaaitwthe executingcompute thread aassignnotof tx elemenotherwhenybto themx assignstparencreates threadn the ,nextthein alueshandle v theto copiedx arealuesvin usedi the that1+th seetoiteration ini computedalgorithm.thethe oflinear ects aspcom-distributedandcreationthe insieve seen esinglea8 Clouds w alloClouds that featuresde�nedetiate instanClouds to usedforortdecoeenbin testedClouds and programmed. ev3. i ear o ersvTheequations.form x = where a isn n ers,of ectorn v aand ers,x b umsize ofn ector vthisInof tsx elemen theergesvtoleranceacceptabley t i of i the int computedth let i telemenw roi in thecolumn matrix , i the ei bth ector of aluesx v Thethe ini . 1+th relationship:t +1 i = i i � 1 1 i t i +1 i t i i (1) the inClouds algorithm Gauss-Siedelvi-eninalueswillethat assumen w ,ector vx the. oftprogramexamplethis.esingle aClouds within applicationcomputingforof i the th the 1 th ecomebfor i aluevnecessarythethe useclaim e wheaciteration, In cations.n o vustmdecoclass ylinear b de�nedIn1.e ypinvocation t handle Whendeclared.7 fromusera the yClouds b doneerformspsystemTheidleusethewheresystemthehronouslyasyncapplicationant.vironmensimilarhronizationthe usingclaim ed hievandhanismelye�ectivunderlying TheClouds systems. distributedop- ject-basedobtdi�erenyanthreads.othersolving fore uations generatedisproblemnextThe ound.ofsieveastothenes erHoa78[message-asingleaClouds using algorithmthe withinClouds execute hatjectpassingmessagemessages.viaa ofctory eanddeletetialotenareene�tsreplicationandnameasservices. hsucThe applications distributedClouds practical tAna90[extensionanStr86[the ofEi el programto6 .freelyordinatecoy bClouds handled isusing programmersClouds ject obsystem Thisdata.threadshanisms,execute.theye, vClouds o abwsalloaniseration, opClouds ork wedhievan yonous asynchrcallscedureLS88[thread Whent ].pro1 remotehronousject 1 ject 2 , thread newt a2 returnscationariable vp a oe ypin ti n h n aluevto similaromises prLS88Argus[regioneci�ceba executingclaim y bThread it.t oneration1 opobtainedject 1 in 2 y bt executedis2 laterathread time,t tA1 .y bt executedeing2 berationaexecutingclaim y bon callp opWhen .claim p returns, t 2 edokto ailablet va1 areerationthrough op vp inThread .t they1 breturnedwithhronizethread sync andt unicatecomm2 alsocaneralseva andclaim hronously asyncoutstandingthesecations.rogramming am les programmingmemorythe inClouds used istheofa asctexecutingyofdataject.obevofprogramming5 cationojects.. istri ute o utatio s of featureClouds el vmigra-automaticvia jectsClouds ob ofhanisms.mecer ject 1 theexecutes,of 1 to ersservwhere data 1 in 1 angeneratesject 2 either onorer ject 2 otheratde requestcationde ject 2 paging 2 datafromto de executionThein . 1 called isonous, synchrhanismer-opmade eonously asynchrishthe AlthoughClouds later. discussedcedureproecause noteswhere 2 resides.tlyBHJ[+ systemsother87 inossibletargettheexecutingcomputationSince distributed.Clouds e b,orthogonallytheseeenTheers.atexecutingreducetoIn times.Clouds access memoryanintdi�erenLH89[RAK89,FP89,atedLH89[read{writeandcopiede4 . e ect rea o e in structureClouds system Thedelmoa tod ct-orienteofsetctsconsistingecalled aredsAn.a ofclass instance anoferto ondmessages respSending.readsdonUpmessage.theClouds of senderel. levClouds system eratingjectsobaddressvirtualdule.moa ofClouds s tjectoba is,Clouds That ed.wnsutdodeleted.tlythe inClouds y Activitexecutionoftionalena system,Clouds erating opjectobprogramunderstoreddatay mainvoke ject ob,texecutioncommencescompletes.jectTheseerations.jectobornestedout.carrya inClouds tly concurrenymaus, ThClouds lifetime. itsstorageandcom-ofthat noteClouds Also putation.are t andstorage3 hasstoredneces-iscomputeatSecond, ers.Clouds serv donewshoprogrammingdistributedparadigm. use,tothe ofClouds erview veWofesesievdiscussedis4.rogramming n tironmenClouds atoof osedservers, ompute cservers dataand comp isuser systemTheworkstations system.functionerstelopmentheexecuteapplications. h whicserver Computeand ers servserver dataymaoth. bClouds as functioncalleda 1 SparcStationsSunrunning with 2 engines.terfaceClouds in userlanguagesofbutmonolith,ers.servin yClouds facilit computesystem.. . 2 ductiontrocom-distributedcom-parallelcomputationsdistributedpassingmessageitwhenassumedisare(RPC)theextenddistributedstructuredes.notlyexplicimessageInapplication,theassigningByehievde�nedetoordercomputation.theap-distributedare:distribution.unicatecomm.programthewritten.isde-onusing ymemory dLH89[RAK89,the asClouds hsucsystem. eratingClouds op distributedFirst,programming.1 musta du.