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Abstract

The needsof areal-timereasonesituatedin an environmenimay makeit appropriatego view error-correction
andnon-monotonicityasmuchthe samething. This hasled usto formulatesituated(or step)logic, anapproacho
reasoningn which the formalismhasa kind of real-timeself-referencehat affectsthe courseof deductionitself.
Herewe seekto motivatethis asa usefulvehiclefor exploringcertainissuesn commonsenseasoningln particular,
a chief drawbackof moretraditionallogicsis avoided:from a contradictionwe do not haveall wffs swampingthe
(growing)conclusiorset.Ratherwe seelpotentiallyinconsistentbutneverthelesaseful logicswherethereal-time
self-referentiafeatureallows a direct contradictionto be spottedand correctiveactiontaken,as part of the same
systemof reasoning.Somespecificinferencemechanisméor real-timedefaultreasoningare suggestednotablya
form of introspectiorrelevantto defaultreasoning Specialtreatmenof “"now" andof contradictionsarethe main
technicaldeviceshere. We illustrate this with a computer-implementerkeal-timesolutionto R. Moore's Brother
Problem

1 Introduction

A resourcdimitation thatis highly evidentin commonsenseeasonindi.e., in reasoningaboutandwithin a real
environment)is simply the passagef time while the reasonereasons.The paradigmfor sucha reasoningagent
would seemto be that suggestedby Nilsson[3], namely,a computerindividual with a lifetime of its own. Whatis
of interestfor the agentis notits “"ultimate" setof conclusionsput ratherits changingsetof conclusionovertime.
Indeedtherewill be,in generalnoultimateor limiting setof conclusions.

This facilitatesthe study of fallible agentsreasoningovertime. A fallible agentmay derive or encounteran
inconsistencyidentify it assuch,andthenproceedo remedyit. Contradictionshenneednotbebad;indeed theycan
begood,in thattheyallow sourcef errorto beisolated(se€[4]). Of course contradictionganalsobeproblematic.
Onedesideratunmay bethattheagentbeableto recoverfrom aninconsistenstateinto a consistenbne;we address
this *“self-stabilizing" propertyin Sectior4.

The “passag®f time" phenomenoris a limitation in the following sense:the conclusiongbeliefs)that may
be logically (or otherwise)entailedby the agent'searlier beliefs take time to be derived,and time spentin such
derivationsis concurrenwith changesn theworld. Theissuethenis not somuchoneof weakresourcessit is of
areal-worldfact aboutprocessesccurringovertime. Indeed,implementedeasoningystemsbviouslyproceedo
drawconclusionsn stepssee[5, 6, 7, 8].

Thepresenpaperextendddeaspresentedh [1, 2].
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The agentshouldbe ableto reasoraboutits own ongoingreasoningefforts, andin particular,reasonwhetherit
hasor hasnotyetreachedh givenconclusiont Oneof our mainfocuseshereis the problemof anagent'sdetermining
thatin factit doesnot (currently)know somethingThis negativeintrospectionwill beakey featureof thededuction,
andsubsequermesolution of contradictionsn our laterexamplef defaultreasoningn Section6.2. 1t turnsout that
negativentrospectiorpresentgertaintemporalconstraintghatwill stronglyinfluencetheformal development.

Traditionalapproachew formalizingcommonsenseasoningsufferfrom the problemof logical omniscienceif
anagenthas ;, in its belief set,andif is logically entailedby ;, , ,thentheagentalsobelieves

. As a specificexamplejf anomniscientagentbelieves , andalsobelieves , thentheagentbelieves . As
anillustration, referto Figure1l. The reasonebeginswith a setof axioms,andthe deductivemechanisngenerates
theoremalongtheway, e.g., , later , still later . Suchmechanism$iaveusuallybeenstudiedin termsof
thesetof all theoremsleducibletherein,whatwe call the ““final tray of conclusions"into which individually proven
theoremsarerepresente@sdropping,therebyignoring their time and meansof deduction.Oneasks,for instance,
whetherawff isatheoren(i.e.,is in thefinal tray),notwhether isatheorenmprovenin steps.

time — axioms —

— final tray

Figurel: Final-traylogical studies

A particularlyvexingaspecbf this type of reasonings whatwe call the swampingporoblem--namelythatfrom a
contradictiorall wffs areconcludedForthisreasommostformal studief reasoningleliberatelyavoidcontradictions;
thosethat do not (e.g., Doyle [9]), provide a separatalevicefor noting contradictionsand revising beliefs while
the “"main" reasoningenginesits quiescent.In general,however,this will not do, sincethe knowledgeneededo
resolveconflictswill dependon the samewealthof world knowledgeusedin any otherreasoning.Thusreasoning
aboutbirds involvesinferencerules appliedto beliefsaboutbirds, whetherusedto resolvea conflict or simply to
producenon-conflictingconclusionsWe contend then,thatoneandthe sameon-goingprocesf reasoninghould
beresponsibldothfor keepingtself apprisedf contradictionsandtheir resolution andfor otherformsof reasoning.

The literature containsa numberof approacheso limited (non-omniscientyeasoningapparentlywith similar
motivation as our own. However,with very little exception,the idealizationof a ““final" stateof reasoningis
maintainedandthe limitation amountdo areducedsetof consequenceastherthananever-changingetof tentative
conclusionsThusKonolige[10] studiesagentswith fairly arbitraryrulesof inferenceputassumesogical closurefor
the agentswith respecto thoserules,ignoringthe effort involvedin performingthedeductionsSimilarly, Levesque
[11] andFaginandHalpern[12] provideformal treatment®f limited reasoningsothat,for instancea contradiction
maygo unnoticedputtheconclusionghatare drawnaredonesoinstantaneously,e., thestepsof reasoningnvolved

1This separateswo directionsfor study.First, onewould like a meta-theonallowing usto determinavhata givenagenthasandhasnot done
atanygiventime. Secondtheagentshouldalsobeableto reasor(in somedanguage/structufermalism)aboutwhatit hasandhasnotdoneatany
giventime. Theseareobviouslyinterrelatedandyet canbetackledsomewhatndependentlyThis is takenup below.



arenot explicit. FaginandHalpernin particularpostulatea notion of awarenesssothatif and areknown,
still  will not be concludedunlessthe agentis awareof ; justhowit isthat fails to bein the awarenessetin
unclear. Our own approactprovidesa ratherdifferent notion of awarenessyherethe agentis awareof all closed
sub-formulasof its beliefs; hencethe awarenessetchange®vertime. Goodwin[5] comesalittle closerto meeting
our desideratdut still maintainsa largelyfinal-tray-like perspective.

In whatfollows we will outlineour own suggestiorfor formalizingcommonsensgeasoningn away thatseems
amenabldo real-timeissues.Section2 presentghe underlyingidea,which we call step-logic Section3 givessome
moredetails,andSectiord presentseveratechnicaldefinitionsandresultsfor step-logicsin Sections we discusghe
mostprimitive step-logic,andin Section6 we presenta muchmoresophisticatesne. Both havebeenimplemented
in PROLOG.In Section7 we discusdifficulties with representing' now" andwith handlingcontradictions.

We expectfurther researchn step-logicto leadto insightsinto a numberof issuesh commonsenseeasoning.
In particular,we think thatstep-logicis a naturalsettingfor real-timeversionsof reasoningappropriateor problems
suchasthe Gunproblem? andthe Three-wise-meproblem in which eachwisemanreasonsboutthetime available
vis-a-visthe others'thoughtprocesses.

Onefurther commonsensproblemis the Nell and Dudley problem in which Dudley mustsaveNell from an
onrushingtrain. Clearly he mustformulateand carry out a plan of actionquickly, and musttakeinto accountthat
everyextrasecondspentplanningleaveshatmuchlesstime for acting.Thefactthat™ 'now" changessonethinksis
particularlygermaneén this problem.The presenpaperwill not offer a solutionto this problem;it is currentlyunder
investigationHowever,we havedesignedtep-logicwith aneyeto this problem,andthuswe havemadethe concept
of "now" anintegralpartof theformaltreatment.

2 A Time-situatedView

Ordinarylogic servesvell thepurposeof modellingareasoninggent'sactivity from afar, asa meta-theonabout
theagent. This is a usefulthing; still, it is alsoof interestto havea directrepresentationf the evolving procesof
thevery reasoningtself. This canbe donein ordinarylogic if therepresentatiors in the meta-theorysayby means
of atime argumento a predicaterepresentinghe agent'sproof processIndeed the mostelementarystep-logicwe
haveproposeds just of this sort. However,in orderfor theagentto reasoraboutthe passagef time thatoccursasit
reasonstime argumentsnustbe putinto theagent'sownlanguageThatis, suchanagent'slogic (astep-logicwould
evolveandrepresenthatevolvinghistoryatthe sametime. Canthis beanythingatall like atraditionallogic? It can,
andnot merelyby implementinga deductiveengineandwatchingit go throughstatesoneby one.Thisis notsovery
surprising for this seemgo bewhathumangdo: we areconstantlygoingonin time, andyet reasoningn time, even
reasoningabouttime aswegoonin time.

Therewill besalientdifferencedrom ordinarylogic, however Sincetime goeson astheagentreasonsandsince
this phenomenoiis part of whatis to be reasonedbout,the agentwill needto takenote of factsthatcomeandgo,
e.g., It isnow 3pmandl amjust startingthistask  Now it is no longer3pm, but ratherit is 3:15pm,and| still
havenot finishedthe taskl beganat 3pm." So,astime (andthe agent'sreasoninggoeson, the formerconclusion
that "It is now 3pm" needso be retractedjn favor of the new conclusion™It is now 3:15pm". Thisimmediately
putsusin a non-traditionaketting,for we losemonotonicity:asthe historyevolves,conclusionsnaybe lost.* Their
loss,howeverneednotbeconsideredweaknesshutratherastrengthpasedn areasone@dssessmeitf a changing
situation. It is clear,then, that a step-logiccannotin generalretain or inherit all conclusiondrom one stepto the
next. We cautionthe readerto keepthis in mind in our examples Despitethis feature we will seethatstep-logicis
primarily a deductiveapparatus.

2SeeHanksandMcDermott[13]. In partwe seethe approachwe will advocatebelowaslying mid-way betweertheir positionandthelogicist
traditiontheycriticize.

3See[14] and[15] for variousdescriptionsf this problemandits final-tray-like solutions and[16] for asolutionusingstep-logic.

4Thatis, the newinformationthat *it is now 3:15pm" canbethoughtof aserasingheold informationthat it is now3pm". While this is not
strictly non-monotonién theusualsenseit hasa similar flavor.

5To be sure,non-monotonidormalismsalreadyexistin the literature[17, 18, 19]. However theydo notexplicitly treaton-goingprocessein
thereasoningnodelled. We suspecthat the finely honednon-monotonicitiesn thosestudiesmay amountto a kind of temporalreasoninghat
would bebroughtoutif theywereappliedto problemsn which anagentcomesacrossconflicts; see[4].



Theissueof representingime within a logic hasbeenstudiedintensively,e.g.,by Allen [20], McDermott[21],
and McKenzie and Snodgras$22]. However,suchrepresentationsf time are not relatedin any obviousway to
the procesof actuallyproducingtheoremsn thatsamelogic. In effect, we wantto augmentogic with a notion of
“now", which appropriatelychangesasdeductionsare performed.It turnsout that this is not an easytask. While
therearemanyissuegelatedto the generabpproactwe areadvocatingwe will concentratéereon describingsome
usefultechnicaldevicesn time-situatedeasoninghatpertainto negativeintrospection.

In contrasto alreadyexistentapproachesye proposestep-logicto modelreasoninghatfocuseson theon-going
proces®f deductionsedrigure2. Thereasonestartsoutwith anemptysetof beliefsattime 0. Certain “conclusions”
or “observations"'may ariseat discretetime steps At sometime, , it mayhavebelief , concludedasedon earlier
beliefs,or asan observatiorarisingat step . At somelatertime, , it comesup with . Laterstill, the agent
might deduce . Of course muchthe samemight be saidof any deductivelogic. Howeverin step-logicthesetime

parametersanfigure in the on-goingreasoningtself. The restof the paperis devotedo describingsomedetailsand
usesof this phenomenon.

Figure?2: Step-likelogical studies

3 The Basics

A step-logicis characterizedby a languagepbservationsandinferencerules. We emphasizehat step-logicis
deterministidn thatateachstep all possibleconclusiondrom therulesof inferenceappliedto the previousstepare
drawn(andthereforeareamongthewffs at step ). However for real-timeeffectivenessindcognitiveplausibility, at
eachstepwe wantonly a finite numberof conclusiongo be drawn® Thusa numberof issuespresenthemselves:
smallnes®f the conclusionsetat eachstep,contradiction-handiig, etc. In this paperwe are principally concerned
with studyingdefaultreasoningn termsof contradiction-handlingl'hatis, wewantstep-logicto allow contradictions
to ariseasdefaultsareinvokedandyetalsowewanttheconsequencexf contradictiongo becontrolledin areasonable
mannerconsistenwith commonsense.

We returnnow to the ideathat thereare two distinct typesof formalismsof interest,that occurin pairs: the
meta-theory aboutan agent,andthe agent-theory itself. Here is simply anindexservingto distinguish
differentversionsof step-logicslt is thelatter, , thatis to be step-like;theformer, , Is simply our assurance
thatwe havebeenhonesin describingvhatwe meanby a particularagent'sreasoningThusthe meta-theorys to be
ascientifictheorysubjectto the usualstricturessuchasconsistencyandcompletenessi heagenttheory,on the other

hand,may beinconsistenaindincomplete;indeedif the agentis an ordinaryfallible reasoneit will beso. Thetwo
theoriegogetherform a step-logicpair.

6 Indeedit shouldbenotjustfinite, but small.Our currentidealizationdoesnotgo thisfar; we intend,however to eventuallymakebroaduseof
a " retraction" mechanisnio keepthingsto areasonablsize.Specifically,we anticipatethe introductionof a notionof relevancealongthelines
we pursuedn [6, 7, 8] for acomputationamodelof memory;in fact, our entireapproactctanbeviewedasa formalizationandabstractiorof our
memory-modelvork. However the presenpapemakesonly a modestseof retraction(seeSection6.1).



We proposethreemajor mechanismso studyaspossibleaspectf an agent-theoryself-knowledgetime, and
retraction.Sinceit is importantfor the agentto reasoraboutits own processes self, or belief, predicatds needed.
We employa predicatesymbol, , for thispurpose: ( ~ ')isintendedo meanthattheagentknowswff attime

mayor may not be partof theagent'sown languagehowever manykindsof reasoningequirethatit be.Note
that™ 'isanamefor ,i.e.,aconstanterm® Wedropthequotesn ( ° ')in theremaindewof thepaper.

In orderfor theagentto reasorabouttime, atime predicatds neededThis notonly amountgo a parametesuch
as in ( )aswejustsaw,butinformationasto how relatesto the on-goingtime asdeductionsare performed.
Thustheagentshouldhaveinformationasto whattimeit is now, andthis shouldchangeasdeductionareperformed.
We usethe predicateexpression () to meanthetime currentlyis . Again, this may or may not be partof the
agent'slanguagebutin manycasef interestt is.

Finally, sincewewantto beableto dealwith commonsenseasoningtheagenwill haveto usedefaultreasoning.
Thatis, a particularfact may be believedif thereis no evidenceto the contrary;however later,in the faceof new
evidencethe formerbelief may beretracted.For this, we needsomekind of a retractiondevice. Retractionwill be
facilitatedby focusingon thedual: inheritanceWe do not assumehatall deductionsattime areinherited(retained)
attime + 1. By carefullyrestrictinginheritancewe achievea rudimentarykind of retraction.The mostobviouscase
is that of (). If atagivenstepthe agentknowsthetime to be , by havingthe belief (), thenthatbelief
shallnotbeinheritedto the nexttime step.

Herewe encounter generalphenomenormf temporalconstraintthat will pervadethe restof our development.
Considetheproces®of concludingby default,onthebasisof notknowing  ““now," that isfalse(where isany
assertionpossiblydependenbntime). But how, attime , cananagentdeterminghatit doesnotknow  attime ?
Intuitively, certainbeliefshaveaccumulatedt time , andonly thencanthe further belief be formed,that is not
amongthe former. Thusthe negativeintrospectiveconclusionrseemgo comeafter thetimeatwhich  isin factnot
presentit is concludedsay,attime +1,that wasnotknownat . Now this introspectiveime-delaymay seento
beamerequibble;butif we ignoreit, troublearises For supposehatwe write the abovedefaultasfollows:

(e O () ]

Thatis, if we don't currentlyknow , thenconclude . If thisis oneof the beliefspresentat time , andif the
beliefs ()and ( ) arealsopresentattime , thenindeedthe conclusion may be derivedby some
appropriateule of inferencein thenextstep, + 1. Butnow,let's considethebelief (). Thisappeargthrough
negativentrospectionjn the setof beliefsattime , onthebasisof notbeingin thatsameset.Thereareproblems
with this, for we thenarenot really dealingwith a fixed setfor time , but rathera two-stageproductionin which
beliefsaregatherednitially andthenanintrospectiveprocesss allowedto addto thatset,playingfastandloosewith

the meaningof “"not beingknown at time ." This in turn leadsto severeambiguities,in that the very processof

inserting,say, () intothebeliefsattime resultsin somethingoeingknownafterall, somethinghatwasnot
reallyknownattime , namely () itself.

But supposeve grantthatsomeoraclemanageso placeall negativeintrospectiveconclusionsaboutthe time-
belief setinto that very sameset This unfortunatelyforcesan infinite setof beliefsinto that set, sincethereare
infinitely manyunknownformulasat any step.Yet our approactof real-timereasoning-ommitsusto afinite belief
setat all steps.Thuswe mustforegotheluxury of havingtheagentbe ableto knowthatit doesn'tknow a givenfact
now; insteadthe bestthat canbe doneis to know thatit didn't know the fact a momentago,whenit lastwasable
to scanits belief set. The act of scanninghaschangedhe world, at leastin the sensethatit hastakentime. Thus
the agent'sself-knowledgdagsslightly behind.We thenwill representhe abovedefaultreasoningn the following
alteredform:

(e O ( 1) ]

If wedidn't know amomentago,thenconclude . Supposehisis abeliefattime . If attime 1, wedid not
havethebelief , then,usingthe revisednotion of introspectionattime we cannegativelyintrospecto produce

“We arenotdistinguishincherebetweerbelief andknowledge See[23] for adiscussiorof beliefvs. knowledge.
8In this papemwe do notaddresshecaseof ~havingfreevariablesn ( ~ ').



thebelief (1 ). If wealsohavethe belief () attime , a suitableform of modusponensallowsusto
conclude  attime +1.

Aside from obviousreal-timerelevancethe predicateis importantin otherways. For instanceabovewe
illustratedits usein representingefaultinformation;morewill appeapnthislater,in Section6.2. TheThree-wise-men
probleminvolvesdrawingthe conclusionthat onehasa white spoton the basisof the behaviorof othersovertime,
andin particularon how muchtime haselapsedproposedsolutionsthatdo not usesomethindike a predicate
assumeomnisciencedf the reasonerandthuslosemuchof the senseof the original problem.Finally, the Nell and
Dudleyproblemrequiresa changingtime so that Dudleywill be ableto recognizevhenit hasbecomeoo lateto do
anything.

In [1] we proposectightstep-logigoairs,arrangedn increasingophisticationwith respecto thethreemechanisms
above(self-knowledgetime, andretraction).In our currentnotation theseare o 9, 7 .

o hasnoneof thethreemechanismsand 7 hasall. Of the eightagent-theory/meta-theopairs,only  ° and

7, thesimplesimeta-theoryndthemostcomplexagent-theoryhavebeenstudiedn anydetail ® Themeta-theories
all areconsistentfirst-ordertheories andthereforecompletewith respecto standardirst-ordersemanticsHowever,
their associate@dgent-theoriegsre anothemmatter. Thesewe do not evenwantin generalto be consistentfor they
are (largely) intendedas formal counterpart®of the reasoningof fallible agents. ¢ is an exception for it, asan
initial effort, was constructedo do merely propositional(tautological)reasoningso we could more easily testits
meta-theory, °©.

A notionof completenesfor the meta-theorys definedasfollows:

Definition .1 Ameta-theory is analyticallycompleteif for everypositiveinteger , andeveryconstant naming
an agentwff of the correspondingagent-theory either ( ) or ( )1

We showedhatour  © formalismis in fact analyticallycomplete But whatkind of completenessight be wanted
for anagenttheory?In o, it is desirableghateverytautologybe (eventually)provable Thisis thecasesinceevery
tautologyhasaproofin propositionalogic and,for asufficientlylargevalueof , all axioms(i.e.,the™ observations")
in sucha proof will haveappearedby designof () by step . Thus ¢ is completewith respecto the intended
domain, namely, tautologies. However,for other step-logicsthe caseis not so simple, for the intendeddomain,
namely,the commonsensgorld, hasno well-understoodprecisedefinition. Neverthelesswe canisolate special
casesn which certainmeta-theoremare possible.In particular,if no non-logicalaxioms(beliefs)aregivento an
agentat stepO (or any latertime), thenit is reasonabléo expectthe agentto remainconsistentThis we will be able
to establisHor all ouragentogicsin which thelogical axiomsdo not containthe predicatesymbol ™

4 Definitions and Theorems

We now presentseveraldefinitions,mostof which areanalogougo standardiefinitionsfrom first-orderlogic.
Consequentlgertainresultsfollow trivially from their first-ordercounterparts.

Intuitively, we view an agentas an inferencemechanisnthat may be given externalinputs or observations.
Inferredwffs arecalledbeliefs;thesemayincludecertainobservations.

Let beafirst-orderlanguageandlet bethesetof wifs of

Definition .2 An observation-functioms a function °N (), where ( ) isthepowersetof , and
wherefor each N, theset () isfinite. If (), then iscalledan -observation

Definition .3 A historyis afinite tuple of pairs of finite subset®f . istheclassof all histories.

Definition .4 Aninference-functioris a function : (), wherefor each , () isfinite.

Intuitively, a historyis a conceivabldemporalsequencef belief-set/observation-spairs. The historyis a finite
tuple; it representshe temporalsequenceip to a certainpointin time.  consistsof all conceivabléhistories,not

9Wedescribe Cin Sections5and 7 in Section6.
10 thenhastwo roles:in asusedhere,andin . Thecontextwill maketherole clear.



merelythosethat occurin someactualcourseof reasoning.The inference-functiorextendsthe temporalsequence
of belief setsby onemore stepbeyondthe history. Figure 3 illustratesone suchobservation-functioandinference-
function. We canseethat dependdoth on andthe histories,andthat any given history dependdoth
on and . We haveillustratedone suchhistory: the history of the first five stepst! Definitions.5 and.6
formalizetheseconceptsn termsof a step-logic

Let
() () if =1
()= ( ) if =3
otherwise
0 ; 0=
( 0 (1) 1 () )=

1 () O CHeO O ) 1 @)
Thehistory of thefirst five stepsthenwould be:

= ) ()
() ()
() () ( )
() () ( ) ( )
() () ( ) ( )
Figure3: Exampleof aparticular and
Definition .5 An -theoryoveralanguage is atriple, , Where is afirst-orderlanguage,
is anobservation-functiorand is aninference-functionWeusethenotation, ( ), for such
a theory(thelanguage is implicit in the definitionsof and ). If wewishto considera fixed but
varied , Wewrite ( ).
Let ( ) bean -theoryover .
Definition .6 Letthesetof O-theoremgjenoted o,beemptyFor 0, letthesetofi-theoremsjenoted ,be
( 0 1) 1 (2) 1 () ) Wewrite ( )
tomean isan -theoremof ( ).12
Definition .7 Given a theory ( ), a corresponding -theory, written ( ), is a
first-ordertheoryhavingbinary predicatesymbol ' numeralsandnamedor thewffsin , suchthat
( ) () iff ( )
Thusin ( ), ( )isintendecdoexpresghat isan -theoremof ( ).14

Let bethelanguagénavingthesymbolsof andthe(possiblyadditional)predicatesymbols and . Thus
maybe itself.

Definition .8 A step-interpretatiofor isasequence = 0 1 , Where

1. Each isanordinaryfirst-orderinterpretationof

2. = ()

11This exampleservesto illustratehow thesethreeconceptsareinter-related Therearemanypossibilitiesfor definingthe functions and
; hencemanydifferenthistoriesarepossible.

12Notethenon-standardseof theturnstilehere.

13we seethatthe predicatdetter  hastwo roles:in andin . Thecontextwill maketherole clear.

HIn[1, 2]weused ( )for ().




Definition .9 A step-modefor ( ) is a step-interpretation satisfying
1. = () iff ( )
2. = whenever ( )

Condition1 insureghata chronologicakecordof the -theoremsexistsin each ; andCondition2 insuresthat
the -theoremsarein facttrue.  shouldnot be thoughtof asthe real externalworld, correspondindo anagent's
beliefs.Rather, isjustareflectionof thosebeliefsandmayor maynotcorrespondo externalimattersin particular,
awff canbetruein andfalsein 1 simply becaus¢heagenthaschangedts mind.

Definition .10 Awff is -truein a step-model (written = )if =

Definition .11 ( ) is step-wiseconsistentif for each N, the setof -theoremsis consistent
(classically,i.e.,thesethasa first-order model).

Definition .12 ( ) is eventuallyconsistenif ~ suchthat , thesetof -theoremss consistent.
Definition .13 Anobservation-functio®BSis finite if ~ suchthat ()=
Definition .14 ( ) is self-stabilizingf for everyfinite OBS, ( ) is eventuallyconsistent.
Remark .15 1. Evenif ( ) is step-wiseconsistentjt can haveconflictingwffs at different steps,
e.g.,
( ) 10 (10)and ) 1 (10).

2. Anystep-wiseconsistentheoryis eventuallyconsistent.

3. Intuitively a self-stabilizingtheory ( ) correspondgo a fixed agentthat can regain and retain
consistencyfterbeinggivenarbitrarily (butfinitely) manycontradictoryinitial beliefs.

Theorem .16 If ( ) hasa step-modelthenit is step-wiseonsistent®

Proof: Let ( ) havea step-model = 0 1 . Let N bearbitrary.Thenfor
each inthesetof -theorems, = .Thismeanghatthesetof -theoremss consistentsinceit hasa(standard
first-order)model

Theorem .17 (Soundness)Everystep-logic ( ) is soundwith respectto step-modelsThatis, every
-theorem of ( )is -truein everystep-model of ( ), i.e.,
if ( ) then =
Proof: Let bean -theoremof ( ), andlet  beastep-modebf ( ).
( ) , soby definitionof step-model, = , andhence(by definitionof -true) =
5 oand ©
Thefirst step-logicpair we investigatedvas o 9 . Thelanguageof | is propositionalwherethe

propositionalettersare ¢ 1 » .Themeta-theory O is afirst-ordertheoryasdescribedn Definition.7. ¢
correspondso the reasoningof a very simple agentthat can deduceonly tautologies. The agentis ~“fed" beliefs
(its ““observations")consistingof specialtautologies,from which it is to draw others. In [24] we formalizedthe
meta-theory © for describinghe stepstakenby suchanagent:®

15This resultwill be usefulin showingcertainstep-logicsare consistenthowever,by the sametoken, sincemany interestingstep-logicsare
inconsisten{andin fact derivemuchof theirinterestfrom their inconsistency)step-modelsrenot sufficiently generalasdefined.We intendto
exploreabroaderconcepbf step-modein futurework.

18Althoughtherewe did notyetusethe notationaldistinctionof  gand ~ ©.



To havetheagentdeduceall tautologiesit is necessario providesufficientlymanyaxioms.Theusualapproaches
involve schemat&ncodinganinfinite numberof axioms(se€[25]), yetwe wishtheagentto haveonly afinite number
of beliefsateachstep.To achievethis,we ““feedin" first-orderlogicalaxiomslittle by little (accordingo increasing
boundsontheirlengthg(i.e. thenumberof connectivesandrangeof symbolsused)throughthe observation-function.
Thatis, aninstance of an axiom schemas an -observationff the lengthof andthe highestindex of any
propositionaletter in arebothlessthan . Forexample, ¢ ( o 0) is a 3-theoremputis nota0-,1-, or
2-theorem Althoughthe highestindex of this wff is zero,it hasa lengthof two, andis thereforenot “*fed in" until
step3.

Theorem.18 O is analyticallycomplete.

Theproofis along seriesof lemmasinvolving inductionon thelengthof formulas.See[24] for the completeproof.

0 was studiedto gain an understandingf the underlyingidea of step-logic,andto gain some practical
experiencé/ Although © wasstudiedin somedetail, ¢ is not an appropriatestep-logicfor commonsense
reasoningnotonly is the propositionalanguageoo weak,butanarbitrarily largenumberof tautologiesarefedin at
eachstep.A commonsenseeasoneshouldhaveonly arelatively smallnumberof active beliefswith which to work
ateachstep?®

6 7

In this sectionwe outline what is so far the mostambitiousstep-logic: ~ 7.° 7, as statedearlier, is not
intendedn generako be consistentlf suppliedonly with logically valid wffs thatareNow-freeon which to baseits
reasoningthenindeed 7 will remainconsistenbvertime: therewill be no step at which the conclusionsetis
inconsistentfor its rulesof inferencearesound(seeTheorem?22in Section6.1). However virtually all theinteresting
applicationsof 7 involve providing the agentwith somenon-logicaland potentiallyfalse axioms,thus opening
theway to derivationof contradictionsThis behavioris whatwe areinterestedn studying,in a way thatavoidsthe
swampingproblem.The controlledgrowth of deductionsn step-logicprovidesa convenientool for this, aswe will
see.

Section6.1 providessomedetailsof 7, andin Section6.2we useMoore's Brotherproblemasanillustration.

6.1 The Details

Thelanguagef 7 isfirst-order,havingunarypredicatesymbol, , binarypredicatesymbol, , andternary
predicatesymbol, , for time, knowledge andcontradictionyespectively We write () to meanthetime
isnow ; ( )canbethoughtof asstatingthat isknown?° atstep ; and ( ) meanghat and are

in directcontradiction(oneis the negationof the other)andbothare -theorems.

Theformulasthattheagenthasatstep (the -theoremsgarepreciselyall thosethatcanbededucedromstep 1
usingthe applicablerulesof inference.As previouslystated the agentis to haveonly a finite numberof theorems
(conclusionsbeliefs,or simply wifs) atanygivenstep.We write:

1

17An implementatiorof 9 hasbeenwrittenin PROLOG andwasrunonanIBM PC-AT.

18Thisfailing of  ( canbeseerin ourimplementationwhereat a very early stepsomanytheoremshaveaccumulatedhattheir computation
onanlBM PC-AT is severelyhindered.

19Theearlier 's areweakerversionsmissingeithertime or retractionor belief/knowledgeredicatesandthereforeooweakfor our purposes
in this paper. Also, 7, unlike o, is intendednot for derivationof tautologiesbut ratherfor the study of particulardefault capabilities;in
particular, tautologiesand other logical axiomsare not generallyemployedin 7. Finally, we usethe notation 7 for any of a family of
step-logicsvhose and involve the predicates and andcontainaretractionmechanismChoosing and therefore
fixes thetheorywithin thefamily.

20known, believedor concludedThedistinctionsbetweerthese(see[23, 4, 26]) will notbeaddressetiere.



to meanthat is an -theoremand isan + 1-theorem.Thereis noimplicit assumptiorthat (or any otherwff
otherthan ) is present(or not presentlat step + 1. The ellipsis simply indicatesthat theremight be otherwffs
presentWffs arenotassumedo beinheritedor retainedn passingrom onestepto the next, unlessexplicitly stated
in aninferencerule. In Figure4 below,we illustrateonepossibleinferencefunction,denoted , involving arule
for specialtypesof inheritanceseeRule7.

Fortime, we envisiona clock whichis ticking asthe agentis reasoning At eachstepin its reasoningthe agent

looks at this clock to obtainthe time?! The wiff () is an -theorem. () correspondsntuitively to the
statement Thetimeis nowi."

Self-knowledgénvolvesthe predicate , and(in ) a new rule of inference,namelya rule of (negative)
introspection;seeRule 5 in Figure4 below. This rule is intendedto havethe following effect. ( )istobe

deducedatstep +1if isnotan -theoremputdoesappeaasa closedsub-formulaatstep .>?> Weregardtheclosed
sub-formulasat step asapproximatinghe wffs thatthe agentis ““awareof" at .2® Thustheideais thatthe agent
cantell at + 1 thata givenwff it is awareof at step is not oneof thoseit hasasa conclusionat . See[12] for
anothertreatmenbf awarenessNe will usethe concepto allow theagentto negativelyintrospectj.e., to reason
atstep + 1thatit did notknow atstep . Thus,using ,if and are -theoremsthen and ( )
will be +1-theoremgconcludedria Rules3 and5, respectively)Currentlywe do notemploypositiveintrospection
(i.,e.,from at infer ( )at +1),althoughit canberecapturedrom axiomsif needed.

Retractionsareusedto facilitate removalof certainconflicting data. Handlingcontradictionsn a systemof this
sortcanbequitetricky. Currentlywe handlecontradictionsy simply notinheritingthe formulasdirectly involved 24
Unlike ¢ whichis monotonidthatis, if isan -theoremthen isalsoan + 1-theorem), 7 isnon-monotonic.
In 7 ), aconclusionin agivenstep, , is inheritedto step + 1if it is notcontradictedat step andit is not
thepredicate (), for some ; seeRule7 in Figure4 below.

We formulated  ( ) with applicationssuchasthe Brotherproblem(seeSection6.2) in mind. Thisled
usto therulesof inferencdistedin Figure4. Rule 3 statesfor instancethatif and are -theoremsthen
will bean + 1-theoremRule3 makesno claimaboutwhetheror not and/or are +1-theoremsTheaxioms
(i.e.,the " observations")arethoselistedin Section6.2.

Notethatcentralto our approachs theideathat, for atleastsomeconclusionghatour agentis to make,thetime
the conclusionis drawnis important. For instancejf it concludedattime (step)5 thatsomewff  is unknown,we
prefertheagento conclude (5 )ratherthansimply (). Thereasorfor thisis thatit mayindeedbetruethat

isunknownattime 5, butthatlater become&nown;thislattereventhowevershouldnotforcetheagento forget
the(still true)factthatattime5, wasunknown.Ontheotherhand,if we puttime stampnall conclusionsthen
itself, onceconcludedwill requiremorecomplexinheritance$n orderto carry onfrom stepto stepasa continuing
truth. Thusit seemgreferablenotto time-stampeveryconclusion.This leavesuswith a problemof decidingwhich
conclusiongo stamp;currentlywe arestampingonly introspectionscontradictionsand " clock look-ups".

It is worth amplifyingon theuseof Contra.Supposehatatstep theagenthasthewffs ,and . (They
areall -theorems.)While theseareindeedmutually inconsistentthey do not form a direct contradiction;it takes
somefurtherwork to seethe contradiction|f, for instanceatstep +1theagentdeduces (say,from afurtherwff

( ) alsopresentat step ), thenat step + 1 therewould be a direct contradiction.This would then
be noticed(via Rule 6) atstep + 2 with the wff (+1 ). Then(by Rule7) neither nor  wouldbe
inheritedto step + 3. Notethatwhatis notinheritedis context-dependenif: aslightly differentline of reasonindad
led from the samewffs atstep to adifferentcontradictiorat + 1, differentwffs wouldfail to beinherited.Thusit
is the actualtime-traceof pastreasoninghatis reflectedin the decisionasto whatwffs to distrust.Also notethatif
theextrawff thatallowedtheimplicit contradictionto becomedirecthadnot beenpresenttheimplicit contradiction

2IRichardWeyhrauchanalyzedhis ideain a ratherdifferentway in his talk at the SardiniaWorkshopon Meta-ArchitecturesandReflection,
1986;see[27].

22/ sub-formuleof awff is anyconsecutivgortionof thewff thatitselfis awff. Notethatthereareonly finitely manysuchsub-formulasatany
givenstep.Rule5 formalizestheintrospectivegime-delaydiscussedh Section3.

23>You can't knowyou don't know somethingif youneverheardof it." Thusfrom beliefs () ()and ( ) atstep ,
( ) ( ) mayfollow atstep + 1. Thenatstep + 1, Flies(tweetywould becomesomethinghe agentis awareof. (In
thiswill certainlybethe caseandin fact ( ) will evenbeatheorem.)

24In future work we hopeto havea mechanisnfor tracingthe antecedentandconsequentsf aformula when  is suspecta la Doyle and
deKleer(se€[28, 29]), thoughin the contextof areal-timereasoner.
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The inferencerulesgiven herecorrespondo aninference-function, . For any given history, returnsthe setof all
immediateconsequenesof Rules1--7 appliedto thelaststepin thathistory.NotethatRule5 is theonly defaultrule.

Rulel: 1 : +1) Correspondso looking at clock
Rule2: 4—17 If ( +1)---Obs.becomebeliefs
Rule3: 1 Modusponens
Rule 4 : : ! +(1 _)[( ! ) ] Anotherversionof modusponens
Rule5: +1: () Negativeintrospection
Rule6: 1 : ( ) Presencef (direct)contradiction
Rule7: LN Inheritance

+1:

where isnotatheorematstep , butis aclosedsub-formulaatstep .
wherenothingof theform (1 ) nor (1 ) is an -theoremandwhere is not of theform (). Thatis,
contradictionsndtime arenotinherited.

The intuitive reasontime is not inheritedis that time changesat eachstep. (Clearly, in generalone would want a strongerrestrictionon the
inheritanceof time. It is not obvious,however,what thatshouldbe. This problemis relatedto the dangling-time-parametéssuediscussewn
pagel5. Forthepurposef illustrating certainbehaviorshowever a strongerrestrictionis notnecessary.)

Theintuitive reasorcontradictingwffs and arenotinheritedis thatnot both canbetrue,andsotheagentshould for thatreasonpe unwilling
to simply assumeeitherto bethe casewithoutfurtherjustification. This doesnotmean however thatneitherwill appeaiatthe nextstep for either
or bothmayappearor otherreasonsaswill beseenNotealsothatthewff ( ) will beinherited,sinceit is notitself eithertime ora
contradictionand(intuitively) it expresseafact (thattherewasa contradictionatstep ) thatremaingtrue.

Figure4: Rulesof inferencecorrespondingo

11



mighthaveremainedndefinitely. Thisbehaviomwe regardaswithin thespirit of thereasoningve wishto study,since
it follows real-timevagarieof whatis actuallydoneratherthanan externallyproscribechotionof validity.

Definition .19 A wffis saidto be P-freeif it doesnot containthe predicateletter P.

Definition .20 Anobservation-function is saidto be P-freeif ( ) is P-free).
Definition .21 Anobservation-function is saidto bevalid if ( O) is logically valid).
Theorem.22  ( ) is step-wiseconsistentf OBSis bothvalid and Now-free.
Proof: Seethe appendixfor the details. The ideais to show  7( ) hasa step-modeland apply
Theorem16.
Remark .23 WhenOBSis empty(i.e. =) « ) reducedo a ““clock", i.e.,
oo ) iff = O)-

6.2 The Brother Problem

In this sectionwe useMoore's Brother problem(see[30]) to provideexampleof  7( ) atwork. One
reasons, Sincel don't know | havea brother,| mustnot." This problemcanbe brokendowninto two: the first
requireghatthereasonebeableto decidehe doesn'tknow hehasabrother;the secondhat,on thatbasis he,in fact,
doesnot havea brother(from modusponensandthe assumptiorihat “"If | hada brother,I'd knowit.") Thefirst of
theseseemdo lenditself readilyto step-logic,in thatthe negativereflectionproblem(determiningwhensomething
is not known) reducedo a simplelook-up. As anillustrationof how  ; works, we presenta real-timesolutionto
Moore's Brotherproblem?®

In the following three sub-sections6.2.1--6.2.3,we presentsynopsef computer-generategesultsfor three
differentscenariosvherethe agentdeterminesvhetheror nota brotherexists.Let bea0-argumenpredicatdetter
representinghe propositiorthata brotherexists.Let bea0-argumenpredicatdetter(otherthan ) thatrepresents
apropositionthatimpliesthata brotherexists?® In eachcaseatsomestep theagenthasthe axiom , andalso
thefollowing autoepistemiexiomwhich representthebeliefthatnotknowing ““now" implies

Axiom1 (I () ¢ 1)) I

Thefollowing behaviorsareillustrated:

If  is amongthe wffs of which the agentis awareat step , but not onethatis believedat step , thenthe
agentwill cometo knowthisfact( (), thatit wasnotbelievedatstep ) atstep + 1. As aconsequence
of this, otherinformationmaybe deducedIn this casetheagentconcludes  from the autoepistemiaxiom
(Axiom 1). Clearlythe predicateplaysa critical role. Section6.2. 1belowillustratesthis case.

Theagentmustrefrainfrom suchnegativeintrospectiorwhenin fact  is alreadyknown;seeSection6.2.2.

A conflict mayoccurif somethings comingto beknownwhile negativeintrospectioris simultaneousljeading
to its negationThethird illustration (seeSection6.2.3below) showsthis beingresolvedn anintuitive manner
(thoughnot onethatwill generalizeasmuchaswe wouldlike; thisis anareawe arecurrentlyexploring).

25\e usethis problemalthough,accordingto Moore, it technicallydoesnot involve “true" defaultreasoning.We could aseasilyhaveused
a standardsimple defaultsuchasone aboutbirdstypically flying. Also, notethatthereis a wealthof backgrounccommonsensknowledgenot
usuallymadeexplicit in formal treatmentssuchasthatbrothers,if they exist, are known not merelyat onemomentbut by repeatedexperience
overlong periodsof time. However,we will notattempta detailedformal treatmenbf suchfine points,astheybelongto a differentdomain:naive
perceptuapsychophygs.

26p mightbe somethindike *“My parentshavetwo sons,"togethewith appropriateaxioms.

27|t appearshatsomearithmeticis involvedhere but simplesyntacticdevicescanobviateany genuinesubtractionWe canreplacefor instance,

(1 )by ( )withtheintuitive meaninghat wasknown  justamomentago”, i.e.,at . Alternatively,we canusesuccessonotation
for naturalnumbers.
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6.2.1 Simplenegativeintrospection succeeds

In thisexampleheagentis notableto deduceheproposition , thathehasabrother,andhences ableto deduce

, thathe doesnot havea brother. SeeFigure5. Here,andin Sections6.2.2and6.2.3,for easeof readingwe
underlinein eachstepthosewffs which arenew (i.e., which appeathroughotherthaninheritance) For the purposes
of illustration,let bearbitraryandlet

()= (O O) ¢ 1)) 1 it =

otherwise

Since isnotan -observatior(andthusis notan -theorem)the agentusesRule5, the negativeintrospectiorrule,
toconclude ( ) atstep +1. At step +2theagentconcludes from the autoepistemiknowledgestated
above(Axiom 1) andthe useof the alternateversionof modusponensRule4.

O 0 ) (1) ]

+1: (+1) (e 0) ( 1) 1) € )
()

+2: (+2) e 0) ( 1) 1) )
( )—_(+1 ) (+1 ) (+1 )

Figure5: Negativeintrospectiorsucceeds

6.2.2 Simplenegativeintrospection fails (appropriately)

In thisexamplejet

(O O) ¢ 1)) ] if =

()= otherwise
Thustheagenthas atstep , andis blocked(appropriatelyfor this example)from deducingat step + 1 thewffs
( )and . SeeFigure6.
O I Q) (1) 1 _
+1: (+1) ( IC () ( 1) ] ( ) ()

Figure6: Negativeintrospectiorfails appropriately

Notethatatraditionalfinal-tray-like approactcould producequitesimilar behaviorto thatseenn Figuress and6
if it is endowedwith a suitableintrospectiordevice,althoughit would not havethe real-timestep-likecharactemwe
aretrying to achieve.

6.2.3 Introspection contradicts other deduction

In thisexamplejet

()= (O O) ¢ 1)) ] if =

otherwise
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In Figure7 we seethenthatthe agentdoesnot have atstep , butis ableto deduce atstep +1 from

and atstep . Sincetheagentis aware(in oursensepf atstep , andyetdoesnothave asaconclusiomat ,

it will deduce () atstep +1.Thusboth and ( ) areconcludedatstep + 1. At step +2 Axiom 1

(the autoepistemi@xiom), togetherwith ( +1)and ( ) andRule4,will produce . A conflictresults,

whichis notedatstep + 3. Thistheninhibitsinheritanceof both and  atstep +4.Althoughneither nor

is inheritedto step +4, isre-deducedatstep + 4 via modusponensromstep +3. Thus “winsout" over
dueto its existingjustificationin otherwffs, while  's justificationis ““too old": ( +2 ), ratherthan
(), wouldbeneededWe seethenthattheconflict resolveslueto the speciainatureof thetime-bound "now"

featureof introspection.

O 0 ) (1) 1 _
+1: (+1) ¢ ) ( 1) 1 - ) )

+2: (+2) (e 0) ( 1) ] c ) )

—_(+1 )
+3: (+3) (e ) ( 1) ] c ) )
(+1 ) (+2 )
+4: (+4) e 0) ( 1) ] c ) )
(+1 ) (+2 ) (+3 )

Figure7: Introspectiorconflictswith otherdeductiorandresolves

A traditionalfinal-tray-like approactwould encountedifficulties with thisthird examplefor atstep + 2 thereis
a contradiction.This meanghatthefinal tray for a tray-like modelof a reasoningagentwould simply befilled with
all wffs in thelanguage---ando basisfor aresolutionis possiblewithin suchalogic.

Remark .24 Thefollowing are true abouttheconsistencyf eachofthe 7 theoriesgivenin thebrotherexamples:

1. o« . ) is step-wiseconsistent.
2. A ) ) is step-wiseconsistent.
3. A 5 ) is eventuallyconsisten{but not step-wiseconsistert?).

Proof: We briefly sketchthe proof of part1 of the precedingemark. Parts2 and 3 aresimilar; part 3 involves

constructinga modelfor eachstepafterthelastinconsistenstep(which happengo bestep + 3).

Since ()=, for , by Remark.23, if , iff = (). Thereforeeverystepin
7( . ) upto andincludingstep 1 is consistent.Fromstep on we haveadditionaltheorems

whichmustbeconsideredThisis dueto thefactthat () isnotempty.To showthatstep andall subsequent

stepsareconsistentyve proposea model  for eachstep . In each interpretthe predicatesn the following
way: () = ,where isanypredicateotherthan , ,or .

28Thisis why atraditionalfinal-tray-like approactwould encountedifficulties with this example.
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We canthenseethatwe havea modelfor eachof steps thru + 2. Noting thatfor anarbitrarystep + 2,

(+)
oo 0 ¢ 1) ]
( ) (+1 )
() (+ 1)
() (+ 1)
we seethat,again, . is anappropriatemodel. Therefore by Theorem.16,  7( . ) is step-wise

consistent.

7 Discussionand Future Work

We havearguedhatexplicitrepresentationf individualreasoningtepsastheyoccurwill provecrucialfor many
problemsn theformalizationof commonsensgeasoningWe aredevelopingstep-logidfor this purposeSpecifically,
we haveimplemented real-timeinferencemechanisnthatcorrectlyinfersalack of knowledgeof certainwffs; that
correctlywill notinfer alackwhentheknowledges in fact presentandthatcorrectlyresolvesa contradictionwhen
timing is suchthatnewknowledgearisesconflictingwith a prior (or simultaneousgonclusionof its lack. Of course,
we haveshownthis only in averylimited context.

One of the difficulties we encounteredn our efforts to representeal-timereasoningnvolved the conceptof
“now." Theapproactwe havefoundmostusefulsofaris theonegivenin Rulesl and7, coupledwith Rules3 and4

for modusponens(seeFigure 4), where is a predicatesymbolwith specialtreatmentregardinginheritance.
However therearevariationson our examplewherethis is not completelysatisfactoryln particular,a difficulty can
arisewhenthereis adetachmenofa ™ ()" sub-formulafrom therestof theformula, producingwhatwe call a

““danglingtime parameter."
Forexamplejf in Figure7, insteadof Axiom 1, we hadusedthefollowing:

Axiom2 () () ( ( 1) e

thenanintermediateconclusionnamely,

@) ¢ )

wouldhaveoccurredatstep +2. Theproblemisthat(1) inheritsto futurestepsgventhoughtheintendedsignificance
of in (1) wasthatit wasthe currenttime step(i.e., linked to () ratherthanany particularfixed step; by
step +2,theterm haslostits tie to the wff (), andso ““dangles"inappropriately.Modusponenscanthen
beusedwith (1) to conclude  atanystepafter +2inwhich () appearsSincewedohave ( )at
step + 1 andall subsequerdteps(inheritedvia Rule7), theconclusion is re-deducedrom step + 3 on,despite
the contradictiorresolutionmechanismwe havediscussed.

This emphasizethat 's merelynotbeingknown sometime agois insufficientreasorto conclude . Thatis,
if we havededuced from ( )atstep +2,butlater(orin themeantime)ve conclude , we nolongerwant
to beableto deduce . Any satisfactorytreatmentthen,shouldreferto the factthattheagentdoesnotknow  at
the currenttime step,beforeautoepistemicallgeducing . Theparticularformulationof the Brotherproblemthat
we presentedn Section6.2 satisfiesthis conditiondueto the specialform of the autoepistemi@xiom (Axiom 1). A
similar, but evensafer,approachs that of employinga specialpurposeinferencerule (insteadof the autoepistemic
axion) suchas:

@ O (1)

Howeverwe prefera treatmenthatallows the agentto explicitly represensucha train of deductionasin Axiom 1,
for thentheagentalsohasthepossibilityof reasoningaboutthis very proces®of reasoningOntheotherhand thefact
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thatthe alternateversion(Axiom 2) aboveis not satisfactorysuggestshatdanglingtime parameterbse avoidedin a
moregenerallesssyntax-dependentyay. We arecurrentlyworking on this.
In additionto further explorationof the dangling-time-parametgaroblem,further mechanismsre desirablefor

handlingcontradictionsForinstancejff and  arededucibldrom otherbeliefs 3 (withouttheuseof the
introspectiverule, sothatearlierstepscontainindirectcontradictions)it is not enoughto block inheritanceof — and
. Rathertherootsof the contradiction, 1 , mustbeinvestigatedn orderto unwindthe contradictionOne

interestingfeature however|s thatit is notatall critical whethera contradictionis instantlyresolved The swamping
problemis muchlessserioughanin final-tray-likelogics.In step-logictheagentcancontinuereasoningtep-by-step
in thepresencef a contradictionThepossible “spread"of invalid conclusionsrom a contradictionitself goesonly
step-by-stepthuspresentinghe possibilityof controllingit by effectivemeans.

However, it shouldbe emphasizedhat ““resolving" a contradiction,as opposedsimply to preventingit from
upsettingones'reasoningis not necessarilya goodthing. Consideragainthe Nell and Dudleyproblem If Dudley's
reasoningincoversa contradictiornit may bebestthathe ignoreit---thatis, thathe seeit andput it aside ratherthan
stopto examineits sourcesn an effort to resolveit asthe train rushesowardNell. Thusthe spirit of step-logicds
towardunencumberedndeffectivereasoningnorethanthetraditionalstrictureof logical consistency.

Anotherapproactto contradictionss asfollows: in additionto stoppingtheinheritanceof contradictandsye can
alsodisallowtheir useasantecedentt certaininferencerules.We intendto explorethis approachn futurework.

On the otherhand,it appeardhat any step-logicappropriatefor broadcommonsensesasoningshouldbe self-
stabilizing,ratherthancontinuallyfacedwith emergingor inheritedcontradictions---urdssof coursgheenvironment
is unfriendly enoughto maintainan unlimited (infinite) supply of new contradictiondo currentbeliefs. We regard
thisasanacidtestof thelong-rangesignificanceof our approachwhich we formulateasa conjecture:

Conjecture .25 Thereis a powerfulandnatural classof self-stabilizingstep-logics.

Althoughthepresenpapemakesonly very modestuseof a retractionmechanismwe expectretractionto play a
muchgreaterrolein moresophisticatedersionsf 7. Weintendeventuallyto makebroaduseof suchamechanism
in orderto keepthe belief setat any given stepto a reasonableaize. We anticipatethe introductionof a notion of
relevancewherethe beliefsthatare “"relevant” to the currentsituationare the only onesin the currentbelief set.
Thiswill alsolenditself to the re-inclusionof tautologiesandotherlogical axioms.In sequepaperswe will address
this relevanceproblemaswell asthe furtheraspect®f inconsistencynentionedabove the dangling-time-parameter
problem step-model$or inconsistentheoriesanda real-timesolutionto the Three-wise-meproblem

In thispapemwehavearguedhataformaltreatmenbf commonsenseasoningituatedn timeis notonly possible
butcanremainlargelydeductivan characterWe haveindicatedcertainkey pointsof differencefrom moretraditional
deductivemechanismsin particular,negativeintrospectionrbecomesomputationallytractable while alsoforcing
a “time-delay" betweenknowledgeand self-knowledge.Anotherdifferenceis tolerancefor contradictionsfound
in step-logicbut not in traditionallogic. We illustratedthis with somerathersimpleexamplef defaultreasoning.
Finally, we haveoutlinedseverabreador further study,particularlya moreambitiousretractionmechanisnsuitable
bothfor the problemof relevanceandfor deepeiprobingof contradictions.
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A Proof of Theorem .22

Proof: Weshow  7( ) hasastep-modelandapply Theorem16.Let  besuchthat:
1. (MODEL-NOW) = ()iff =.
2. (MODEL-K) = ( )iff
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3. (MODEL-P) = (1 )if isapredicatesymbolotherthan

Weshow = 0o 1 astep-modefor  7(
Foreachindex , wewantto showthefollowing:?°

1. (HYP.CONTRA) ( )
2. (HYP.NOW)If = ( )and isnotNow-freethen = ().
3. (HYP.MODEL) = if

4. (HYP.CONSISTENT) is consistent.
Basecase: =0

1. (HYP.CONTRA)Thisis truesince g is empty.
2. (HYP.NOW)By (MODEL-K), o= (0 )iff o
Since pisempty, o= (0 )forany .
Thereforethis hypothesiss trivially true.
3. (HYP.MODEL) Since g is empty,this hypothesiss trivially true.
4. (HYP.CONSISTENT) ¢ is consistensinceit is empty.

AssumeHypothesegHYP.CONTRA), (HYP.NOW), (HYP.MODEL), and (HYP.CONSISTENTYfor

mustshowthesearetruefor .

1. (HYP.CONTRA)To show ( )
By , ( ) only thrutheRules1-7.But:
(a) Rule1 will notbringin anywffs of theform ( ).
(b) Rule2 will notbringin anywffs of theform ( ).
(c) Suppose ( ) 1.
Then,by Hyp. (HYP.MODEL), 1= and
1= ( )-
Hence since 1 isaninterpretation, 1 = ( ).
But, by (MODEL-P), 1= ( ).
Thusboth and ( ) cannotbe 1.
ThereforeRule 3 will notproduce ( ) atste
(d) Suppose ; [( 2 ) ( )] 1
Then,by Hyp. (HYP.MODEL), 1= 1 and, ,and 1= and
1= (1 ) ( )]
Hence since 1 isaninterpretation, 1 = ( ).
But, by (MODEL-P), 1= ( ).
Thus 3 [( 1 ) ( )] cannotall be
ThereforeRule4 will notproduce ( ) atstep .
(e) Rule5will notbringin anywffs of theform ( ).
(f) By inductivehyp.(HYP.CONSISTENT), ;isconsistent.
Thus and cannotbothbe 1.
Therefore Rule 6 will notapply.
(g) By theinductivehypothesis, ( ) 1.
ThereforeRule 7 will notbringin anywffs of theform (
Therefore ( )
29 step-modetequiregthat = ( )iff . Thisweknowto betrue and directlyfrom (MODEL-K).
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2. (HYP.NOW)Suppose = ( )and isnotNow-free.Toshow = ()-
From(MODEL-K),

By , either:
(@ = O)-
(b) ( 1).SinceOBSis Now-free,Now doesn'tappeain
(c) 1

Then,by (MODEL-K), 1= (1 ).

Since isnotNow-free, is not Now-free.

But by theinductivehypothesisif is not Now-free,then is ( 1.
(d = and . [( 2 ) ()] 1.

Since containsNow, mustbe .

Thenby (MODEL-K), 1= ( 1 [( 1 ) (D

But, by theinductivehypothesis, [( 1 ) ( )] mustbe ( 1.
(e) = ( 1 )and 1 and 1, Where is aclosedsub-formuleof .

SinceNow appearsn , Now mustalsoappeain , andthusmustalsoappeain
Now, by (MODEL-K), 1= (1)

But then,by theinductivehypothesis, = ( 1).Hence =

But then, 1.

M = ( 1 ).
But by (HYP.CONTRA), ( )

9) rand = ()and ( 2 ) 1and (2 )
Then,by (MODEL-K), 1= (1)
Thenby theinductivehypothesis, = ( 1.
Thereforejf = ( )and isnotNow-freethen = ()
3. (HYP.MODEL) Let .Toshow =
By , either:
(@ = 0)
Thenby (MODEL-NOW), =

(b) ( 1).Then isvalid.

Hence istruein anyinterpretationandin particular, =
(c) 1
Then,by theinductivehypothesis, ;= and 1=
Hence since 1 is aninterpretation, 1=

Now, by (MODEL-K), 1= (1 ).
And by Hyp. (HYP.NOW),if Now appearsn , then is ( 1.
Therefore, is Now-free;hence is Now-free.
Thenby Lemma.26, = .
(d = and [( 2 ) ()] 1.
Then,by theinductivehypothesis,
1= 1and and ;= and 1= [(1 ) ()l
Hence since 1 iIs aninterpretation, 1= e 1= .
Now, by (MODEL-K), 1= (1 [(1 ) ()D-
And by Hyp. (HYP.NOW),if Now appearsn [( 1 ) ()1
then [( 1 ) (Olis (1.
Therefore, [( 1 ) ( )] is Now-free;andin particular, isnot
Hence is Now-free.
Thenby Lemma.26, =
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(e) = ( 1 )and 1 and 1, Where is aclosedsub-formuleof .
By (MODEL-K), 1= (1)
And since 1 is aninterpretation, 1= ( 1 )ie. 1=
Toshow is Now-free,it is sufficientto show is Now-free.
Now, by (MODEL-K), 1= (1)
And by Hyp. (HYP.NOW),if Now appearsn ,then = ( 1.
Now isaclosedsub-formuleof , hence = (  1).Then 1-
Therefore is Now-free;hence, is Now-free.
Since is Now-free, isalsoNow-free.

Thenby Lemma.26, = .

M = ( 1 ) and 1.
But by Hyp. (HYP.CONSISTENT)we cannothaveboth 1 and 1-
Therefore = (1 ).

9) rand = ()and ( 2 ) 1and ( 2 ) 1
Now, by (MODEL-K), 1= (1)
And by Hyp. (HYP.NOW),if Now appearsn , = ( 1.

Therefore, is Now-free.
Now by theinductivehypothesis, 1 =

Thenby Lemma.26, =
Thereforejf ,then =
4. (HYP.CONSISTENT)Toshow is consistent.
Suppose is inconsistentThenthereexistwffs which aremutuallyinconsistent.
By Hyp. (HYP.MODEL), = jand and = .
Butsince isaninterpretation, ; cannotbe mutuallyinconsistent.

Therefore, is consistent.
Thereforeby inductionwe haveshownthat(HYP.CONTRA),(HYP.NOW),(HYP.MODEL), and
(HYP.CONSISTENTholdfor all .
Now, (HYP.MODEL) showsthat = 0 1 is astep-modefor  ( ).
And by Theorem16, +( ) is step-wiseconsistent.
(Wealsohavestep-wiseconsistencyirectly from (HYP.CONSISTENT).)

Lemma.26 = |f 1 = and isNow-free.

Proof: By (MODEL-K), if awff ( )istruein some ,thenit istruein every
Likewise,if awff () isfalsein some |, thenitisfalsein every

By (MODEL-P),wffs (1 ), wherethe predicatesymbol is neither nor , arefalsein every
It follows thateveryNow-freewff  will eitherbetruein every  orfalsein every , for suchwffs will bebuilt
outofwffs ( )and ( ) whosetruth-valuesdo notchangewith .
Thereforejf 1 = and isNow-free,then =
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