ProgrammingtatSaraswterCenUSA94304,AX)(Fcomx.ofceedingsOOPSLA/ECOOP90. ProthetConstrainingProgrammAbstract ing,Programmtconstrain14[computationsthats.constrainde�ned.eenkindsthetro-incall eLucy wdesigned,uni-commscollectiontconcurrenof subsetuscon-tprogramminglogic21[5[2[and]13[of subsetus Janishcon-andtconstrainprogramming). t concurrenLucy as onandlogicbutprogramming,the aslink missinggenera.language1 1 ductiontroandleanmessage-passinghronousebtheortofkdueistheethat caseus Janthe ofLucy erset supdirectthelanguagesactor10[]. ingprogrammdirectlynotsinceactorconceptsthetheincreasing1[tconstraineUnlikorts.paddresses",\mailonly areimplicitly They del.ofpartusuallyhexpres-theof enessus Janmade areexplicit xesfromreadunicatedcommsimple aus Janusetsabuildeultiplkbacu-commaccessofnotionslanguage22[h,sucs uthandirectlyactors.y2 bvidedPro-tgramming Constraint(cc t14[talfundamen8[tconcurren21[the Incc ]). Clausesrkoariousv2 areerationsask op traland cen mostl12[y mal telcon- tsAgenhithertoeresulttheof on upasking conditional yolois tdthat;oloA t.ation on�gurtheofof collectionagents athede�neevhitherto.osed1 impeenthe incc language Aask-and-particulartstell-constraintconstrainerations,op14[tconcurrenareHerbrandell Ask-and-Tcc the tiating\rand" Herbthecon-ythe ecc ectiv ersplanguages ptedeultiplofrangeandys,ex-ort constrainSpeed the tell> y ma140 t: agen3 an e,someating\Car ask the= on endedporsche suspcon-oft constrainSpeed the with> together ,140 y: ma3 store, theinthat tailCar en t= presen tsporsche strain. complexatoelanguages.ofob-oflarge-scaleingneedmore7[10,of subsetcc the tifyingprogrammthe ason-caint str( ddc distributeof haracteristicdc c jorlanguages maAin-ecomeist-solvingfor thatdc means thisde�nedareer vrandlanguage theusuni�ca-noes implil alts,1 eddistribut.ion3 Insteadvior.HornGuarded21[consis-storeactionsthetheofthe ofdc haracteristic cossiblepmanner.calthe incc languages newand exploring ofdc tage anorksframewparameterizedorhidingationprogramds,of classescc large forand etc. transformations,dc metho ofofareas17[needswholanguagenewh.scratc3 fromaActor design Computationofdescribingformessage-hronousmessage,aothertoAnmessages.createdasitthoseactorscreateeb1[3,7,]. infound4 canuc Programming eanguaghere tLucy presena ,dc e W)(informalanguage.actorthe onclausal n ariatiotaxsynandlanguages,14[of collectionclauses aform:theor name ( ask term ::; : ;ask term ::)agent : an whereagent in-eaorts:agen4 agent :: = tell nt constraij name ( l term ::; : ;tell term ) j ask t in! constra agent j agent ; agent : clauses.de�nite\! taxde-iserator.opusthhbrancprogram.theof ticsus Jany therebLucy (and.ecifypair ; where t,agenand an the iseform thec of pair: a where ,c t,constrainand a in and c of \telling"c The .storeac in0 : (c store c 0 : executionThe1 ; of 1 with of (c t agen! The store thetot that tails 1 ::; : :c (where 1 ::; : cal"\loisstoreariables 1 ::; : hwhic\query" 1 ::c \database" bags,ofoney.)arbitrarilyt ( 1 ::; : store aishead ( 1 ::; : query 1 :: 1 = 1 ::; : = store 1 = 1 := where1 ::; : thets,isthereclause,yis goalddefensible|thelogicallyonsimplicaticonjunctions.asIn than ratherLucy of kindsterm the (calledler telfor trighving Legal .Lucy (and ussatisfyusta of a whentermon) ariable anisfor the (calledasker In ).Lucy onlyarethisensuring15[hannels.cers.ask5 underlying systemLucy t constrainofsetin-ossiblytsconstraininclude:= where term.as , nteger ( etc.form clause,athat and theinclause.thethetainsterm con ynon-empteform = 1 :n osedimpthe hmatcequating and thetodetails.)formalin ermittedLucy p tsare: constrain= where ariable.= 1 :n that the Theariables.vwrite = 1 than = 0 1 and 0 = inccurts.agenLucy simple ow:elo1. basker. oneaccessreadexample,ore bna e ( 1 n1 ; n ). 2. askers. If form = aistheofthat teller.a3. ore. oicintaofconditions.askhasysmailoreplacesincomingofarexesternalintheisedvbag.ashouldxesasking = 1 messagefrom remainder 1 er, evLucy w honotesasplitexample, = 1 3 called 1 , and 3 The.message hannel cC a onforhannelunications commC tsubsequen1 ctheis name toC and = C 1 . Lucy andtsa wLucy ho tncapableeandt"rsimilauni-comm.replye( n ; ne ; o ::i i i ; i ; i i = ! ( = rivate ; message ( te; iva ; n ; ne ; o )) : ( rom t; ien o lient ; n ; ne ; o ::= ; constant ( e) n ! ( o nt lie= ne ; message ( n ; ne ; o )) ; = ; constant ( o ) ! ( o nt lie= o ; message ( n ; ne ; o )) ; = ; ne = ! ( = ; o lient = ; message ( n ; ; o )) ; = ; o = ! ( = ; o lient = ; message ( n ; ne ; )) : a essage essage1 ) x. essage1 insen-an1[originalther g na n tedenthemwrapIn source.Lucy their indicatingactorse(andout"ex-directde�ned eLucy v harestricttotellandinresultylestcomputation.that essage toondmessagea(asother).referencethese essage taccounbalanceandqueries: als,wacco t( n ; e::= ! i i ( = rom ; i acco nt ( ; ; n ; alance ): )acco ( rom ; o ; n ; e::i ; = ! ( = ; acco nt ( ; o ; riginal n ; alance ): )acco ( gnore ; o ; n ; alance ::i o = rom gnore ; = e osit ! ( e t( ; riginal n ; alance ) ; = ith ra ! ith ra ( ; n ; alance ) ; = c rrent balance ! balance ( ; riginal n ; alance ): )e t( rom ; n ; alance ::i ) = ! ( = ; e osit ( om ; n ; e)) alanc : e ( gnore ; n ; alance ::! acco t( n ; alance ) : :i i i ebacco t( ; ) ; = ; o ner ( ) ; o ner ( ) : o ner wningessage ( ; depos t ; 0 telling = 0 . in-actor3[e likLucy ], toliaAactors.asw hodc exploring tlye likLucy languages currende-einstanceswithaconsideringof ersionLucy v etoaskones"bLucy \bare thishwhicts.teed\guaraned.receivitsince9 where ts1 and If 1 messagessendingto y if to itthatebif 1 and to Ethernet.anfor desiredLucy isrestric-similarsequenceathesplittingthingtherestrictionfairnessunrestricted theLucy for expressedebbags.{ uc remo deThe Lucy areprogramsevthisromofkindsthe considerdc e wlanguage that dous Janaisof ersetLucy sup. hwhics utotsbagspleenience, vus Janalso conorform = 1 ::; : n sends sametheed.evlanguages.aselleUnlikfol-toevprincipledmoregoals.sames udstructuremessages. for butysytherebhanges.asconstructedform 1 ::; : n > tax.hwhic.same andye cleanthe10 of ysusrsimilathe essage ymatellersviabag.as uform = where includ-expressionttransparenIn messages.Lucy ofinstead,forced,arilyunnecesswith-tedy bus Jantoasonuparders.forwtell = t = since t. constans uybof and iseitherIn term.Lucy that tainingthis conbagform = . in extensionus Jant denotetothat = dropexplicitlyt = connectiontheirIn terminate.Lucy therefore canand andy)terminateandof cyclesus Jancollectorgarbageneeded. aiss uthan languageLucy etheexample,as:writtenacco t( n ; e::= e osit ; ; ! acco t( n ; e ) ; = ith ra ; ; ck ; alance ; ! ( ck = ok ; acco nt ( n ; alance )) ; = ith ra ; ; ck ; alance ! ( ck = over ra attem t ; ; acco t( n ; e)) alanc ; = c rrent balance ; e l ; n mber ( e) anc al! ( e l = e; alanc acco t( n ; e)) alanc: guard Then er ( a ance of vioracco nt to that a ance ethisiner.pap11 rd toleadrun-time.atactor/Lucy the yre- bexcludedeultipltdi�erenview-ordif-fromthe othoneonlyasker out aband asks agente oicsourcetheof non-determinismLucy of itsmessages. ofus Janalso orderingalre-incomingybMilner 17[]). (seebinatortsaccounauthorizedonesonlyhtheincludesvior:ehaacco t( n ; s n ; alance ::= close acco ! close acco nt ( n ) : where c osed acco nt closed.isparameter:extraacco t( n ; s n ; alance ::= e osit ; ; ! acco t( n ; s n ; alance ) ; :: :ceedingproin expressiblesthe atch theinw.e e ( n t ::)s lit ( n t ; n ; e ) ; match ( n ; e ) : s lit ( en e e ; ; est ; n ; e ::n = ; n ; s lit ( t; es n ; e ) : s lit ( e e e ; ; est ; n ; e ::e = ; e ; s lit ( st; e n ; e ) : match ( ; n ; ; e ::= ; match ( n ; e ) : 12 de�nes e e of sequenceen e e and de e e era-opa e e toinqueues,oandal)con-requesta tainsler telaforWhenrequest.todirectlythatotelist,enqueuelengtheto atch theis\dequeue"andthe atch needed.isin ys utsagene eWhucends.sameLucy the accomplish1[higher-eralthattaxparticularlynotwnoorpassing)thecase,theirdebuggingformasources.originaleen wLucy et band relationshipthes. u Janus Jana issu- hwhicerset pof language el"Lucy \higher-levthe fromLucy arising ene�tson restrictionsus Janto bTheoneisoth bLucy viewing ofand y ausJanconcur-yuni-commandsimplelanguages.thesee takus Janlan-ng5[21[]. Clauses ofalltoerstsarian11[in atesh-tecin expressibleus Janin notLucy butofenesssstillare13 uni-commdataeprinciple.actor"arious Vs uofonsthat indicates uStrand.andof ersionus Janis vedSince construction.Lucy under alsoof subsetus Janthen tacticsyne bLucy also willtaxsynrestrictions additionalLucy the thated.d or 19[couldactorsemaklanguagesng9[4[inlanguagestconstrainh whicis language ngcanthatimplement one not19[example,fortheexploredonbasedatomicasariables.vhwhic20[ortsupphwhicmessages.in11[tsigni�canandShapirore-thatyabilitdis-areofonein writtenus Jantheisulti-casting).Summar frame-actoreenwted presenLucy e Wsimple adc orks. framewactoranais14 language. ngLucy i programmis aofof subsetus Jantorestrictionsated. the tous Jantoyof con�gurations uanitselfof trueLucy not isonupLucy placed restrictionsuseful eryus Janonuports.Ac no stof discussionsLucy fruitful theMarkwithon orks udoneeingincluding aHaridi, Carlsson.seference[1] Agha. ctors systems. ddistributePh 1985.higan,[2] Micoflogic.8(1):1{49, . [3] Clinger. semantics.y1981. MaMIT,[4] thesis,A. ort,1988.London,[5] College,erialingprogrammIn t e ort an gic amming on- e1989.,[ ] H. andOhki,Insystem.editor, t e nternation on on i t ationomputer ystems 1984.,[7] Hewitt. e omputation systems.en1988.orth-Holland,[8] xan a�ar, Maher. c unc- tions and uations Languageing. 15 [9] and . w. inb d ngOb-t1987.Press,[10] MITTheMiller. e omputation Lan-hapterguage c Systems. 1988.Holland,[11] orthIn t e d anon on b d ammingbridgeCamPress, 1989.uly[12] Hector wledgeknotation. rti�cial e1984.23:155{212,[13] ,ligenc. Prolog.tScience, 1984.er[14] becemat. languages. amming c-otoral 1990,Press,forthcoming. MITSeries.[15] ngiand . ardswing. ingProgramm1990.er[1 ] and . con-istributedand Xe-ort,1989.August[17] C,ARprogram-tIn e on amming anguages an o, ancisc 1990.uary[18] anabstractullyort,rep1990.h[19] MarcC,tconcurrenprolog. in e ation omputing 1983.1:25{48,[20] ,withhronizationIn on on b d ystems and e ouisiana 103{pages1989.er[21] Octob112,ICOT, une 1985. 1 [22] M. Rashid, Golub, Eppinger, Chew,.W. , . and . com-andsystem.eratingIn op t e le ent on ating ystem rinciples , 1987.er17 A csti14[ticssemanparticulartheunderlying systemLucy the forcc tics semanlan- natio17[ectresp18[]. inenLet ( 1 ::; : ) and 0 ( 1 ::; : y = 0 themean= ; = ; 1 = 1 ::; : = for = ( ; urther,Fy y a ( ariablesvin y : ula 1 ::; : : where1 ::; : = a ( ) . Let :: let = a ( Let 0 clausethefrom t sub-agenc h eac! replacing 0 in :c ) ! ( c; ). or de�neclauses,[ ] = 0 in of ticsLucy seman erationalall forcc as |lan- de�nediscon�gurationslet of setesformthec of pairs: is, where and store),c theunderlyingon A .ation on�guriscon�gurationform ; where and a eIfc : that ! c 0 i� c ! c 0 let ofsetsetthehwhicthat ( ( = ( ariable assumeethat (W ).Let y a eLucy b relation ! is w.eloeration:cc;0 : ! ( c c 0 : (1) store.theLet ( :: ) [ aethat = Let that (c = ! ( 0 = ( e:0 c ;: ! ( ) ; ( c 0 = ( a ( )) (2) asktheclause.the18 rd:= ! c c ! ; ! ; = ! c c ! ; ! (3) atomicbasiced:1 ; ! 0 1 ; 0 0 ( 1 ; ) ; ! ( 0 1 ; ) ; 0 ) ; 0 ( ; 1 ) ; ! ( ; 0 1 ) ; 0 ) ; 0 (4) 19