programmingtatSaraswKleerdeWilliamsC.C,ARRoadHill94304Ca199125,Abstract erbtconstrainprogram-logicSar89[SR90,SRP91,JSS91,SRH91,aonsystemstof systemsinformation artialof ,t ainand tr onss-s-aercom-forcesses.proecify-spJSS91[, orkwSRH91 priorIntegrate inProlog othlyk-bacork.framewal-theAI, intruth- tpredominansystems ey79DoMcA90,deK86a,particular,Inhing enricany for hanismsystem tB constrain mecwith genericasystem tA constrain( anotherB obtain tooTt implemenA ).( sB assumption ofwithtegratedfor erB t-solv constrainusual thecc All .ask,asrecur-underof topA on( ailableB v aandsimplecanbinatorssassumptionbinatorscomop-closureandsimplenotionsprogrammingdeK86b[]. consumers)1

1 ductiontro(andAIin-trallyelopdevoftheoryts.constrainThe on basedaint onstr( ccc entSar89[SR90,SRP91,] happroacinformationpartiala aSco82[structure)ternaltconstrainJL87[Mah87[Sar87,], ngprogrammialuationstore-as-vcon-athataluesemakof executionask the viaand progresses computationl telactions. insteadsense;, yc (sastructurethetail enc to. ninformatiostore.the)tion.teractinksct constrainc a ontail enc toedkenoughadd.querysys-teryvSar89[tconcurrenng.i(determi-|to ondatorsersystem tE constrain underlyingerewof inE aer-domSRP91[JSS91,arethatsumma-algebranotionnaturalSar89[SRH91,tsaccounoforkdKS80[Ste80[ost-pcallots.constrain2

1.1 searc . Prolog,withinforhniquesex-orprinciple,t\determinate"And-phase:wnkno�rst.expandedcom-forapplications,eralkbacheachniquestectotendthe trollingphase ddeter-thathniquestecthe withcc these ofreasonablywHen89[SRH91,tsigni�canincon-detectinghwhicdsmethoof hniquessystems elastthey79odeK86a,McA90,]. di�er-erylanguages.ere-isy bsplitting ectedtheofeptkdone,isan insteadassumption conceptually: enandh,oTa ^ ( 1 2 as)^ 1 ) ( ^ 2 t)alena ^ ( 1 ) ^ ( : 2 (for new Inariable).in addition,assumption- d asedeK86a[deK86b,deK86c,ulaforma withla el of(conjunctionsasserted.eenenstokofnotiontconstraincabulary formthe( 0 ::; : n � 1 cthe and ariables,c vositionalin , on informatic of pieceholdtoassumptions 0 ::; : n � 1 force.injust nota yields hlan-ngan butin nite onuptheinewer.u ti con tr t t andsystem,system \base"(thesystem ( under-somehsucen.givset let ( ( ofsetof ol subset�nitesets.system e ; e an ison on ( ) satisfying c ery c if c ery c and then if and then . letting (for ; assertions alle on ( ybpre-order . tokens the er ( ) en y ; ( ; ) that and that i et the hentconstrainer d ( ) is ; ( ; ) or gain that and ample that ; nowithtokens system the dacuous vin ( \sumtheconjunction. ( \strongest"theen-set on than ( , ( relationston en . ( e ( builtdit: en , . set des" ( asofTMSs.underlyingsystems ( from)system set of (called esdesthat is from subset of assumptions writtenin in eassumptivsystem ( ) ; ning with ( ain.Let A a calleddatum isa;from i.e., a aint onstrit(ifrom ). 1 de�ne ; where aisof and ; that ustmin call the dent eand c the onse uent aretscalled usti ations. c justi�cationh( 1 ::; : ; clause 1 ^ ::^ :; a calledd otsrepresenultaneously).simts tstecedenebSection . datum telemenof an of ; for; of ected,expset ( ; ) for erwhenev( ; of etakset ( ; ) ( ; ) set let( just( ).) de�ne en-antheondata-set relation de�ne . J those the will terminolo y sli .

relation y: con-thein ositionallyproptails ofconjunctiondes de , i� . 2 relation extending and to , if tails con-basesystem or tails system" ( The).handlede.e ne ( ) y i lowingfolor lentails in as and or ( ) and (A2).des ens the ofdenoted set( ; ) ; ( ) in de�nition:systemdes assumptions on-csystem ( ) e ; e en y ( ; ) i denoted ( ) theof set ythe est taining des to e bonsistent incin i� ( ; ). - d taking to the the of ( ) e form the( ; ) and entail-ositionalment an withctlyan e that l on s, sho ld . 6

; itthatrialogic:set ; and ( ; ) i Since that( ; get ( ; ) and ( ; ) since,( ; ) ( ; ew; ) ( ; ). that ( ) store inisy y thethatdes true..1 anon t tsnan ,en onment ira assumptions,la el de ts ; fromablet for e bsound to said; is); el0 ::; : � 1 for e bsound to saidh for , onsistent cif h for , omplete ct for there,an that and minimal all if and soundafor then sound,tainssomewalgorithmpropagationTMS.Ades ; that i� or . or ; ( ) and ( ) ( ; ) ( ; ) whene er urther implies a)t.any ( ) ( ; ) ( ; ) l incon-anof ). ofonen-set ofthinkybens : 7

; (for ; ) tsvironmenels).; ; ) for viron-ents).menen consis-eal.i ro r in n u noisaofelyrecursivinenstheofpro-usertingentheInconceptuallycanen-managingtenerproblem-solvtheuscon-acuoussystem.)terewSRP91[cantorstrolconthede�ningdescribingthensimplerfaronpurelyuetintconstraincase ( ) setthets.ens tokc oft agenc inensc tok thestore. nator bic is : c . of o on a as . 8 someA o e, some aria the o r in ser ro s. is y aria rin r assin . 1: TMS-based Acc the forlanguages ticsseman9 in ensc tok: theallc c agent l( 1 ; 2 ; 1) tokenthe( 1 ; 2 ; 1) to ausescfor 1 to ofunctionsassumptions 1 and 2 ause 1 1 ::; : ; ) justi�cation 1 ^ ::^ : 1 ::; : ; set1 ::; : d.ens tokc of set t agenc \ask" \c (read: then input if has in) enc tokofresultrunning the in return hanged. functiontheis: on, da-notatic b : if c then ( ) else ade�nes(if ts:oinc �xed-p c agent he(( 1 ; ) ; ( 2 ; )) ( ; 1) ts onmentsentail 1 entail e to token the( 1 ; ) for similarly( 2 ; ) whenandagent token the( ; 1) es donot d addeha to e ens actionask( ; in inen de de eryevfor for .) the ofinclusi onsumers cof ationimplicdeK86c[ask-and-hts.agenthe ,onsumers cFdK88[ofcaset erwhenevt dexpressetagen( ; ) ; ifandruns . 10 notareref-explicitlytheof; for and assumption.ts 1 and 2 osition,comp1 ; 2 store applies 1 and 2 hedreacwshooth 1 and 2 store resultingesdoend depts.ts,oindenotation:simple( 1 ; 2 ) 1 2 1 ; 2 settheof 1 and 2 . collectionaofcollectionconsumer.exploithin The form:arehassumptions execute Morestore.run store thejusts t , - set runs in to tconstrain( ; ( is:: ( ; ( )) of .en is theinse en e . he ossi in en theresen re .Re that y , set losed tnrelation lme . 11

1 ; 2 ( 1 ) ( 1 ; 2 ; 1) ( 1 ; 2 ; ) (recursion-free)�nitethe withoutprogramthe t nator. thatt)agene. esgivisitext.c ( c) ;( ) ( ) ( c ) ( c) ; ( ) ( 1 ; 2 ) ( 1 ; 2 ) de�nitions.toondsFdK88[ybexample.wingt ; ( storetel ; for el for t,agenof cus" ; ignored.aret tenexecutingofor e sametheto:theorem,( ; ; ) ( ; ; ). sing tsetsallassumptions theiftcurrensincet.)vironmen12 agent( ) for cksery evwhether t and adds t basicat ( ebt t the:tconsistenh holds, �nitarysimple,on.onsumers cillus-asexample:an -gate would e ( ; ; ; ) onment ofoneaints ; ; in taken the agent is e d assumption ondingespon des,noan-inbasicthet deto t ( isthisfor ( ; ) ( ; using use h hold,tode desired.as1 onc u ion determinate generalcc a ofonlanguagewhocanlanguagesset-up.thisyantagennewoand aretslanguages,TMS-basedork.framewSe-ard.to derrst-orela-t,erationallydes.notoseema der settingaositionalpropof , , themwos-pasubsumesis itly internalt; anisebtotationRdK87[practicalurtherted.arrantconstrainouldwthey;systemork.eryvhelpful. eenr nc [deK86a] TMS. rti al e, ligencntel28:127 1986.62,1

[deK86b] deKleer. TMS. rti al e6,191986. [deK86c] TMS. rti al e, ligencntel28:197 1986.,[dKS80] and tsconstrainthesis. cuit and ations8:1271 1980.,[ y79]oJon system. rti cial e, ligencntel12:2 1 1979.72,[FdK88] 2Kenneth In1988.,[ KK 80] . andeditors. esSpringer-.erlag New 1980.ork,[Hen89] k. am-grming o1989.Press,[JL87] MITSeries.ng.iIn programm the - on rinciples of amming anguages 1987.uary[JSS91] JanCM,non-Angelicre-hnical, 1991.uary[Mah87] JanC,hoicetted-cIn th nternational on c amming. gro1987.y[McA90] MaIn of , 1990.July[RdK87] 1116,assumption-ofIn d-eof - 1987.August[Sar87] 188,languageIn the- on of amming an- guages pages 9 1987.uary1

[Sar89] at. ent aint amming anguages . Ph Carnegie-Mellon ear,ctoral MITSeries,1990.Press,[Sco76] ingScott. lattices. , ( ): 22 1976.7,[Sco82] 8Scott. In dingseof e 1982.,[SR90] pro-tIn of e enth on rin- of amming anguages an o1990.uary[SRH91] Jan,k.tenrychnicalec, 1991.ebruary[SRP91] FC,Se-anangaden.In o-rof enth on of am-grming o anguages rlando 1991.uary[Ste80] Jan,Ste�k. ntsStanford1980.uary6] arski. meta-mathematicsOxford ni- dger.o ur o r tor ismonotonea calledator era ,onse e uenc6 ]). KK 80 op-closureSco76[es.yperties. uniquelyefunctiontheevrange,itswriting with mean ( ) of aofrangethetain This.)the callondition c|wsa euni ue least input.that16 rangeitsonorderall , ( ) ( erse-revts: i� erator range telemento ery range seetoer y (algebraic)completey c c; yandosition,eryvterpretation.innec-ecomesdisjunctionaeultiplkindsomefrom of JSS91[sim-hnicallyclosurelinearin ( ) the ower-pdomain mythhasainof set-inclusion.A ar linecalled (alsodistri uti e closureay ( ) ( ) , ( theisducedprostore . eratorsopinputsc (for c ts. set function function c: c . JSS91[one-to-oneinof tortan(forconditioner eva east leebof setl alinput.theer ( ) algebraiceglbsandunion.ore re the er to ott om a thatt,is, om a ott to .h linear n not om n tselemenset, .ly17