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Abstract

In this paper we develop anaccountof thekind
of deliberationthat an agentthatis doing plan-
ning or executinghigh-level programsunderin-
completeinformation must be able to perform.
Thedeliberatorsjob is to produceakind of plan
that doesnot itself requiredeliberationto inter-
pret. We characterizéheseasepistemicallyfea-
sible programs programsfor which the execut-
ing agent,at every stageof execution,by virtue
of whatit knew initially andthesubsequentad-
ings of its sensorsalways knows what stepto
take next towardsthe goal of completingthe en-
tire program.We formalizethis notionandchar
acterizedeliberationin the IndiGolog agentlan-
guagen termsof it. We alsoshaw thatfor certain
classesf problems,which correspondo con-
formant planningand conditionalplanning, the
searcHor epistemicallyfeasibleprogramsanbe
limited to programsof a simple syntacticform.
We alsodiscussmplementatiorissuesand exe-
cutionmonitoringandreplanning.

1 INTRODUCTION

While alargeamouniof work on planningdealswith issues
of efficiengy, a numberof representationaduestionsre-
main. Thisis especiallytruein applicationsvherebecause
of limitationsontheinformationavailableat plantime,and
quite apartfrom computationatoncernsno straight-line
plan (thatis, no linearsequencef actions)canbe demon-
stratedo achiezeagoal. In verymary casesit is necessary
to supplementvhatis known at plantime by information
thatcanonly beobtainedat runtime via sensing.

In casedik e these whatshouldwe expecta plannerto do
givenagoal? We cannotexpectit to returna straight-line
plan. We could getit to returna more generalprogram
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of somesort, but we needto be careful: if the programis
generaknoughjt maybeaschallengingo figure out how
to executeit asit wasto achieve thegoalin thefirst place.

This is certainlytrue for programsn the Golog family of
high-level programmindanguage$lLevesquestal., 1997,
De Giacomoet al., 2000, Reiter 2001a]. Thoselogic lan-
guageffer aninterestingalternatve to planningin which
theuserspecifiesiotjustagoal,butalsoconstraint®nhow
it is to be achieved, perhapdeaving small sub-taskgo be
handledby anautomaticplanner In thatway, a high-level
programsenesasa “guide” heavily restrictingthe search
space By ahigh-level programwe meanonewhoseprimi-
tiveinstructionsaredomain-dependeuictionsof therobot,
whosetestsinvolve domain-dependerituentsaffectedby
theseactions,andwhosecodemay containnondeterminis-
tic choicepoints. Insteadof looking for a legal sequence
of actionsachieving somegoal, the (planning)tasknow is
to find a sequencehat constitutesa legal executionof a
high-level program.

At its mostbasic, planningshouldbe a form of deliber
ation, whosepurposeis to producea specificationof the
desiredbehaior, a specificationwhich shouldnotitself re-
quire deliberationto interpret. In [Levesque 1996]it was
suggestedhat a planners job wasto returna robot pro-
gram, a syntactically-definedtructurethat a robot could
follow while consultingits sensord¢o determinea condi-
tional courseof action. Otherforms of conditionalplans
have beenproposedfor example,in [PeotandSmith,1992,
Smithetal., 1998,Lakemeyer, 1999]. Whattheseall have
in common,is that they define plansas syntacticallyre-
strictedprograms.

In this paper we considera differentand more abstract
versionof plans. We proposeto treat plansas epistemi-
cally feasibleprograms:programdor which the executing
agentateverystageof execution by virtue of whatit knew
initially andthe subsequenteadingof its sensorsalways
knowswhat stepto take next towardsthe goal of complet-
ing theentireprogram.



This paperwill not presentlgorithmsfor generatingepis-
temically feasibleprograms. What we will do, however,

is characteriz¢henotionformally, prove thatcertaincases
of syntacticallyrestrictedprogramsareepistemicallyfeasi-
ble, andthatin somecasesvherethereis anepistemically
feasibleprograma syntacticallyrestrictedonethathasthe
sameoutcomecanalsobe derived.

To make theseconceptsrecise,it is usefulto considera
framewvork wherewe cantalk aboutthe planningand ex-
ecutionof very generalagentprogramsinvolving sensing
andacting.IndiGolog[De GiacomoandLevesque1999a]
is a variantof Gologintendedto be executedonlinein an
incrementalvay. Becausef this incrementaktyle execu-
tion, an agentprogramis capableof gatheringnew infor-
mationfrom theworld duringits execution.Most relevant
for our purposesds that IndiGolog includesa seach op-
eratorwhich allowsit to only take a stepif it cancorvince
itself thatthestepwill allow it to eventuallycompletesome
userspecifiedsubprogram. In that way, IndiGolog pro-
videsanattractie integratedaccountof sensingplanning,
andaction. However, IndiGologsearctdoesnotguarantee
thatit will notgetstuckin a situationwhereit knows that
somestepcanbe performed but doesnot know which. It
is this searchoperatoithatwe will generalizéhere.

Therestof the paperis organizedasfollows. First,in Sec-
tion 2 we setthe stageby presentinghesituationcalculus
andhigh-level programshasedon it. In Section 3, since
we aregoingto make a specificuseof the knowledgeop-
eratorfor characterizingheprogramreturnedoy the delib-
erator we introduceepistemicallyaccurate theoriesanda
basicpropertythey have w.r.t. reasoningln Section 4, we
characterizepistemicallyfeasibledeterministigorograms
i.e., thekind of programthatwe considersuitableresults
of thedeliberatiorprocessandin Section 5, we studytwo
notablesubclassesf epistemicallyfeasibledeterministic
programsthatcanbecharacterizeth termsof syntaxonly.
In Section 6 we discusshow someof the abstracinotions
we have introducedcan be readily implementedn prac-
tice. In Section 7, we discusshow thedeliberategprogram
couldbemonitoredandrevisedif circumstancesequireit.
Finally, in Section 8, we draw conclusionsanddiscussu-
tureandrelatedwork.

2 THE SITUATION CALCULUS AND
INDIGOLOG

Thetechnicalmachinerywe useto defineprogramexecu-
tionin thepresencef sensings basen thatof [De Gia-
comoandLevesque1999aDe Giacomoetal.,2000]. The
startingpointin thedefinitionis thesituationcalculugMc-

Carthy and Hayes,1979]. We will not go over the lan-
guagehereexceptto notethe following componentsthere

is a specialconstantS, usedto denotethe initial situa-
tion, namelythatsituationin which no actionshave yetoc-

curred;thereis a distinguishedinary function symboldo

wheredo(a, s) denoteghe successosituationto s result-
ing from performingtheactiona; relationswhosetruthval-

uesvary from situationto situation,are called(relational)
fluents andaredenotedy predicatesymbolstakinga situ-

ationtermastheirlastargumentandthereis aspeciapred-
icate Poss(a, s) usedto statethatactiona is executablen

situations. To dealwith knowledgeand sensingwe fol-

low [Moore, 1985, ScherlandLevesque 1993, Levesque,
1996]anduseafluent K (s', s) usedto representvhatsitu-

ationss’ areconsidereepistemicallypossibleby theagent
in situations. Know(¢(now), s) is thentaken to be an
abbreviation for the formulaVs'.K(s',s) D ¢(now/s').

In this paper we only dealexplicitly with sensingactions
with binary outcomesasin [Levesque, 1996]. However,

theresultspresentedherecanbe easilygeneralizedo sen-
sorswith multiple outcomes.To representheinformation
providedby a sensingaction,we usea predicateSF'(a, s),

which holdsif actiona returnsthe binary sensingesult1l

in situations. For a sensingactionsensey thatsenseshe
truth valueof ¢, we would have [SF(senseg, s) = ¢(s)],

andfor ary ordinaryactiona thatdoesnotinvolve sensing,
wewoulduse[SF (a, s) = True].

Within this language we can formulate domaintheories
which describehow the world changessthe resultof the
availableactions.Onepossibilityis anactiontheoryof the
following form [Reiter,1991,2001a]:

e Axiomsdescribingheinitial situation,Sy.

e Action preconditionaxioms, one for eachprimitive
actiona, characterizingPoss(a, s).

¢ Successostateaxioms,onefor eachfluent ', stating
underwhatconditionsF'(Z, do(a, s)) holdsasafunc-
tion of whatholdsin situations; theseaake the placeof
effectaxioms,but alsoprovide asolutionto theframe

problem.

¢ Sensedluent axioms, one for eachprimitive action
a of the form SF(a,s) = ¢.(s), characterizing
SF [Levesque;1996].

¢ The following successostateaxiom for the knowl-
edgefluent K [ScherlandLevesque1993]:

K(s",do(a,s)) =
ds'.s' = do(a, s') N K(s',s) A Poss(a,s') A
[SF(a,s') = SF(a,s)]

¢ Uniquenamesaxiomsfor the primitive actions.

e Some foundational, domain independent ax-
ioms [Lakemeger and Levesque, 1998, Reiter
2001a].



To describea run which includesboth actionsand their
sensingresults,we usethe notion of a history; i.e., a se-
qguenceof pairs (a,z) wherea is a primitive action and
z is 1 or 0, a sensingresult. Intuitively, the history
(a1,21)-...-(an,z,) isonewhereactionsay, . .., a, hap-
penstartingin someinitial situation,andeachactiona; re-
turnssensingvaluez;. We assumehatif a; is anordinary
actionwith no sensingthenz; = 1. Noticethattheempty
sequence is ahistory,

We useend[o] asan abbreiation for the situationterm
called the end situation of history ¢ on the initial situa-
tion Sy, and definedby: end[e] = So; andinductively,
end[o - (a, z)] = do(a, end|o]).

We also use Sensed[c] asan abbreiation for a formula
of the situationcalculus,the sensingresultsof a history;

and definedby: Sensed[e] = True; and inductively,

Sensed[o - (a,1)] = Sensed[o] A SF(a,end[o]), and
Sensed[o - (a,0)] = Sensed[c] A ~SF(a,end[c]). This

formulausesS F' to tell uswhatmustbetruefor thesensing
to comeout asspecifiedoy o startingin Sy.

Next we turn to programs.The programswe considehere
are basedon the ConGologlanguagedefinedin [De Gia-

comoetal.,2000]. This providesarich setof programming
constructsummarizedelow:

a, primitive action
7, wait for acondition
d1; 02, sequence
01 | 02, nondeterministibranch

Tx. 9, nondeterministichoiceof argument
o*, nondeterministidteration
if ¢ then §; elsed, endlf, conditional
while ¢ do 6 endWhile, while loop

01 || 02, concurreng with equalpriority
41 )) 02, concurreng with §; atahigherpriority
sl concurreniteration
(Z:9—>0), interrupt
p(6), procedurecallt

Amongtheseconstructswe noticethe presencef of non-
deterministicconstructs. Theseinclude (6; | d2), which
nondeterministicallghoosebetweerprograms; andd,,
m z. §, which nondeterministicallyicks a binding for the
variablez andperformstheprogramd for thisbindingof z,
andd*, which performsd zeroor moretimes. Also notice
that ConGolog,includesconstructsor dealingwith con-
curreng. In particular(é; || §2) expresseshe concurrent
execution(interpretedasinterleaving) of the programss,
andd,. Beside(d; || d2) ConGologincludesothercon-
structsfor dealingwith concurreng, suchas prioritized

For thesale of simplicity, we will notconsidemprocedurein
this paper

concurreng (41 ) 62), andinterrupts( & : ¢ — 6 ). We
referthereaderto [De Giacomoetal., 2000]for adetailed
accounibf ConGolog.

In [De Giacomoet al., 2000], a single steptransitionse-
manticsin the style of [Plotkin, 1981]is definedfor Con-
GologprogramsTwo specialpredicated rans andF'inal

areintroducedT'rans(p, s, p', s') meanghatby executing
programp startingin situations, onecangetto situations’

in oneelementanstepwith theprogramp’ remainingto be
executedthatis, thereis apossiblgransitionfrom thecon-
figuration(p, s) to the configuration(p’, s'). Final(p, s)

meanghatprogramp may successfullerminatein situa-
tion s, i.e., the configuration(p, s) is final 2

Offline executionsof programs,which are the kind of

executionsoriginally proposedfor Golog and ConGolog
[Levesqueetal., 1997,De Giacomoetal., 2000],arechar

acterizedisingthe Do(p, s, s') predicatewhichmeanghat
thereis anexecutionof programp thatstartsin situations

andterminatesn situations’:

Do(p, s, s") e 3p'.Trans*(p,s,p',s') A Final(p',s'),

whereT'rans* is thereflexive transitive closureof T'rans.
An offline executionof programp from situations is ase-
guenceof actionsay, . . ., a,, suchthat:

Azioms = Do(p, s,do(ay, . ..,do(ay, s))).

Obsenre thatanoffline executoris in factsimilarto a plan-
nerthatgivena program,a startingsituation,anda theory
describingthe domain, producesa sequencef actionto
executein the ervironment.In doingthis, it hasno access
to sensingesults,which will only be availableat runtime.
See[De Giacomoetal., 2000]for moredetails.

In [De Giacomo and Levesque,1999a], IndiGolog, an
extension of ConGolog that deals with online execu-
tions with sensingis developed. The semanticsdefines
an online executionof an IndiGolog programp starting
from a history o, as a sequenceof (online) configua-
tions (po = p,00 = 07),...,(Pn,0,) suchthat for i =
0,...,n—1:

Azioms U {Sensed[o;]} =
Trans(p;, end[o;], pit1,end[oit1]),

end[o;+1] = end[o;],
end[o;4+1] = do(a, end[o;])
anda returnsz.

2For example thetransitionrequirementgor sequencare

g; if
o;-(a,z) if

Oi+1 =

Trans([pl;pQ],s,p’,s’) =
Final(p1,s) A Trans(pa,s,p',s') V

3¢'. Trans(p1,s,¢',s") Ap' = (¢'; p2)
i.e., to single-stegthe program(p:; p2), eitherp; terminatesand

we single-stepp2, or we single-stepp: leaving somegq’, and
(¢'; p2) is whatis left of thesequence.



An online executionsuccessfullyerminatedf

Azioms U {Sensed[o,)} |E Final(pp, end|oy]).

Thereis no automaticlookaheadin IndiGolog. Instead,
a seach operatorX(p) is introducedto allow the pro-
grammerto specifywhenlookaheadshouldbe performed.
Final andTrans aredefinedfor the new operatorasfol-

lows. For Final, we simply have that (X(p), s) is afinal

configurationof the programif (p, s) itselfis, i.e.,

Final(%(p),s) = Final(p,s).

For Trans, we have that the configuration(2(p), s) can
evolve to (X(q'), s') provided that (p,s) can evolve to
(¢', ") andfrom (¢', s') it is possibleto reacha final con-
figurationin afinite numberof transitionsj.e.,

Trans(X(p), s,p',s') =
3¢, sp.p' =%(¢") A
Trans(p,s,q',s') ADo(q',s', s¢).

This semanticsmeansthat Azioms U {Sensed[o]}

Trans(X(p), s, X(p'), s") iff Azioms U {Sensed[c]}

Trans(p, end[o],p',s') and Azioms U {Sensed[c]} E

dsz.Do(p',s',sf). Thus,with this definition, the axioms
entail that a step of the programcan be performedpro-
vided that they entail that this stepcan be extendedinto

a completeexecution(i.e., in all models). This prunesex-

ecutionsthat are boundto fail later on. But it doesnot
guaranteghatthe executorwill notgetstuckin asituation
whereit knows thatsometransitioncanbe performed but

doesnot know which. For example,considerthe program
(a;if @ thenb elsec) | d, whereactionsa, b, ¢, andd areal-

wayspossible put wherethe agentdoesnot know whether
¢ holdsaftera. Therearetwo possiblefirst stepsd which

terminatessuccessfullyanda after which the executoris

stuck. Unfortunately ¥ doesnot distinguishbetweenthe
two casessinceevenin thelatter, theredoesexist an (un-
known) transitionto a final state.

3 EPISTEMICALL Y ACCURATE
THEORIES

In this paperwe aregoingto look at theoriesthatareepis-
temicallyaccurate, meaninghatwhatis known accurately
reflectswhat the theory saysaboutthe dynamicsysten?
Formally, epistemicallyaccurateheoriesaretheoriesasin-
troducedearlier but with two additionalconstraints:

e Theinitial situationis characterizedy an axiom of
the form Know(¢, Sq) where ¢ is an objectivefor-
mula, i.e., a formula wherethe knowledgefluent K

%In [Reiter, 2001b], a similar notion is usedto deal with
knowledge-basegrograms,and reduceknowledgeto provabil-

ity.

doesnot appearwhich describegheinitial situation,
So. Notethattherecanbefluentsaboutwhichnothing
is known in theinitial situation.

e Thereis an axiom statingthat the accessibilityrela-
tion K isreflexivein theinitial situationwhichisthen
propagatedo all situationsby the successostateax-
iom for K [ScherlandLevesque1993].

For epistemicallyaccurateheorieswve have establishedhe
following result:

Theorem1 For any objectivesentenceaboutsituations,
#(s) (Trans and Final mayappearin ¢(s)),

Azioms U {Sensed[o]} = ¢(end[o]) if andonlyif
Azioms U {Sensed[o]} E Know(¢, end[o]).

Proof Sletch: < Follows trivially from the reflexivity of
K in theinitial situation,andthefactthatit is preseredby
the successostateaxiomfor K.

= Supposethe thesisdoesnot hold, i.e., there exists a
model M of Azioms U {Sensed[c]} suchthatfor some
s', M | K(s',end[c]) andM [ —¢(s').

Then take the structure M’ obtainedfrom M by inter

sectingthe objectsof sort situationwith thosethat arein

the situationtree rooted in the initial ancestorsituation
of ', saysy;. M’ satisfiesall the axiomsin Azioms

except the reflexivity axiom, the successoistate axiom
for K, andthe initial stateaxiom, which is of the form

Know(¥(now), So) (the otheraxiomsinvolve neither K

nor Sp). ObsenethatTrans and F'inal for the situations
in the tree are definedby consideringrelationsinvolving

only situationsn the sametree.

Now considerthe M" obtainedfrom M' by addingthe
constaniS, andmakingit denotes,. AlthoughM' andM"
do not satisfy Know(¥ (now), Sp), we have that M" |=
¥(Sy). Moreover, thesuccessostateaxiomfor K implies

Azioms U {Sensed[o'] - (a,1)}
Know(SF(a,now), end[o’ - (a,1)])

Azioms U {Sensed[o'] - (a,0)} =
Know(=SF(a,now), end[o’ - (a,0)])

and the fact that the successostateaxiom for K holds
in M ensureshat all predecessorsf s’ are K accessi-
ble from predecessorsf end[o] in M, imply that M" =

Sensed[o].

Finally let us defineM'" by addingto M" the predicate
K andmakingit denotethe identity relationon situations.
ThenM"' = Azioms U {Sensed[c]}. Ontheotherhand
sinceM' |= —¢(s'), sodoesM"’, acontradiction®

This meanghatif someobjective propertyof the systemis
entailed thenit is alsoknown andvice-versa.



4 DELIBERATION PROGRAM STEPS

We are going to introduceand semanticallycharacterize
the deliberationstepsin the program. The basicidea of
the semanticave are going to developis that the task of
the deliberator(that performssearchjs to try to find ade-
terministic programthat is guaranteedo be “executable”
andconstitutesa way to executethe programprovided, in
the sensethat it alwaysleadsto terminatingsituationsof
the givenprogram. Anotherway to look at this is thatthe
deliberatortries to identify a “strategy” for reachinga fi-
nal situationof the suppliedprogram. In sucha stratayy,
all choicesmustbe resoled, i.e., the correspondingro-
gramneedsto be deterministic,andonly informationthat
is availableto the executoris required. In doing this task,
the deliberatorperformsessentiallythe sametask as the
offline executor: it compilesthe original programinto a
simplerprogramthat can be executedwithout any looka-
head.Theprogramit produceshowever, is notjustalinear
sequencef actions;it canperformsensingpranchingit-
eration,etc. Moreover, the programis checled to ensure
that the executorwill alwayshave enoughinformationto
continuethe execution.Amongotherthings,thisaddresses
the problemraisedabove concerningthe original seman-
tics of search.Note thatour approachs similar to that of
[Levesque1996]; however, therethe stratgy wasstatedn
a completelydifferentlanguagerobotprograms)herewe
useConGologj.e.,thelanguageausedto programtheagent
itself.

4.1 EPISTEMICALL Y FEASIBLE
DETERMINISTIC PROGRAMS

The first stepin developingthis approachis formalizing
thenotionmentionedabove of a deterministicprogramfor

which anexecutorwill alwayshave enoughinformationto

continuetheexecutionj.e.,will alwaysknow whatthenext

stepto be performedis. We capturethis notion formally

by definingthe classof epistemicallyfeasibledeterministic
programs(EFDPs) asfollows:

def

EFDP(dp, s) =
Vdyp', s'.Trans*(dp, s,dp',s') D LEFDP(dp',s").
def

LEFDP(dp,s) =
Know(Final(dp, now), s) V
Adp’ Know(UTrans(dp, now, dp', now), s) V
Adp', a.Know(UTrans(dp, now, dp', do(a, now)), s)

def

UTrans(dp, s,dp',s') =
Trans(dp,s,dp',s') A
Vdp", s" Trans(dp, s,dp",s") D dp" =dp' Ns" =&

Thusto bean EFDP, aprogrammustbesuchthatall con-
figurationsreachabldérom theinitial programandsituation

involve a locally epistemicallyfeasibledeterministicpro-
gram(LEFDP). A program,is an LEFDP in asituation
if theagentknowsthatit is currently Final or knows what
uniquetransition(with or withoutanaction)it canperform
next.

Obsere that an epistemicallyfeasibledeterministicpro-
gramis notrequirecto terminate However, sincetheagent
is guaranteedo know whatto do next at every stepin its
execution,it follows thatif it is entailedthat the program
canreachafinal situation,thenit canbe successfullyexe-
cutedonlinewhateverthe sensingoutcomesnaybe:

Theorem?2 Letdp besudthat AziomsU{Sensed[c]} =
EFDP(dp,end[c]). Then, Azioms U {Sensed[o]} |
3s¢.Do(dp, end|o], s5) if andonlyif all onlineexecutions
of (dp, o) areterminating

Proof Sletch: Firstof all we obserethatdp is adetermin-
istic programandits possibleonline executionsrom ¢ are
completelydeterminediy the sensingoutcomes.We also
obsenethatin eachmodeltherewill bea singleexecution
of dp, sincethe sensingoutcomesarefully determinedn
themodel.

= If Azioms U {Sensed[c]} = Jss.Do(dp, end[o], sf)
thenin every modelof Azioms U {Sensed[o]} the only
executionof dp from end[o] terminatesNow since offline
executionsof dp terminatein all modelsand thesemod-
els cover all possiblesensingoutcomesan online execu-
tion musteither successfullyterminateor get stuckin an
online configurationwhereneitherfinal nor anothettransi-
tion is entailed. Supposehatthereis suchanonline con-
figuration (dp;, o;) wherethe agentis stuck. Sincein all
modelsof Azioms U {Sensed[o]} with sensingoutcomes
asdeterminedy o;, LEFDP (dp;, end[o;]) holds,thenei-
ther the agentknows that the remainingprogramis final
or knows what the unique next transitionis. By reflex-
ivity of K, the agentis correctaboutthis, so Azioms U
{Sensed[o;]} eitherentailsthatdp; is final or entailsthat
somenext transitioncan be made. If the latter the next
transitionfrom (dp;, o;) mustbethe samein all modelsof
Azioms U {Sensed[o;]}. Indeedif therewere modelsof
Azioms U {Sensed[o;]} thathaddifferentnext transition
for (dp;, end[o;]) thentherewould bea modelwherethere
are distinct epistemicalternatves correspondingo these
differentmodelsandsotheagentwould notknow whatthe
next transitionis in thismodel.Hence githerway, theagent
is notstuckin (dp;, o;), thusgettinga contradiction.

< If anonlineexecutionof dp from ¢ terminatest means
thatthe programdp, from end[o], terminatesn all models
of Azioms U {Sensed[c]} with the sensingoutcomesas
in the online execution. Sinceby hypothesisll online ex-
ecutionsterminate thuscoveringall possiblesensingout-
comesthendp, from end[c], terminatesn all models.m



4.2 SEMANTICS OF DELIBERATION STEPS

We now givetheformal semantic®f thedeliberatiorsteps.
To denotethesestepsin the programwe introducea delib-
eration operator A., a new form of the IndiGolog search
operatodiscussedn Section 2.

We definetheTrans and F'inal predicatesor thenew de-
liberationoperatorasfollows:

Trans(Ae(p), s, dp',s') =
Adp.EFDP (dp, s) A
dsy.Trans(dp, s,dp’, s') A
Do(dp', s', Sf) A Do(p, S, Sf)'

Final(Ac(p), s) = Final(p, s).

Thus,the axiomsentailthatthereis a transitionfor A, (p)

from a situations if andonly if they entail that thereis
someepistemicallyfeasibledeterministicprogramdp that
reaches Final situationof theoriginal programp no mat-
ter how sensingturnsout (i.e., in every model of the ax-
ioms). Notealsothattheremainingprogramafterthetran-
sition, dp’, is whatis left of dp; thus, the agentcommits
to the stratgy/EFDP foundin theinitial deliberationand
executest.* Notethatwe do not needto put dp’ insidea
A, block, sinceit is deterministic.

The following theoremshaws that our semanticsor the
deliberationoperatorsatisfiessomebasicrequirementsif
thereis atransitionfor a deliberationblock in a history o,
then(1) the programin the deliberationblock canreacha
Final situationin every model,and(2) socanA.(p), and
moreawer (3) A.(p) canbe successfullyexecutedonline
whatever the sensingresultsare (thus,the agentwill never
getto aconfiguratiorwhereit cannolongerreacha Final
situationor doesnotknow whatto do next):

Theorem3 If  Azioms U {Sensed[o]} =
Trans(A¢(p), end[o],p, s'), then

1. Azioms U {Sensed|o]} = 3s;.Do(p, end[o], s¢)
2. Azioms U {Sensed[o]}
ds¢.Do(A

e (p)a end[a], Sf)
3. All onlineexecutionsrom (

A (p), o) terminate

Proof Sletch: 1. and 2. follow immediately from the
definition of Trans for A,. For 3. considerthat by
the definition of Trans for A,, there exists a dp such
that Azioms U {Sensed[o]} &= EFDP(dp,end[o]) A
ds¢.Trans(dp, end[o],p’,s") A Do(p', s', s¢). Thecondi-
tionsof Theoren? aresatisfiedthuswe havethatall online
executionsfrom (dp, o) areterminating. Sincethesein-
cludeall onlineexecutiondrom (p', o) with end[c'] = ¢/,

“We discusshow this commitmentto a given “strategy” can
berelaxedwhenwe addresgxecutionmonitoringin Section?.

all online executionsfrom (p', ¢') mustalsobe terminat-
ing. Hencethethesisfollows. m

5 SYNTAX-BASED ACCOUNTS OF
EFDPs

In generaldeliberatingo find awayto executea high-level
programcanbeveryhardbecausé amountgo doingplan-
ning wherethe classof potentialplansis very general. It
is thus naturalto considerrestrictedclassesf programs.
Two particularlyinterestingsuchclassesre: (i) programs
that do not performsensingwhich correspondo confor
mantplan$ (seee.g.,[Smith and Weld, 1998]), and (ii)
programsthat are guaranteedo terminatein a bounded
numberof steps(i.e., do not involve ary form of cycles),
which correspondto conditional plans (seee.g., [Smith
etal., 1998]). We will shav thatfor thesetwo classespne
canrestrictone’s attentionto simple syntactically-defined
classesof programswithout loss of generality Soif for
instancepneis designinga deliberator/planneonemight
wantto only considemprogramdrom theseclasses.

5.1 TREE PROGRAMS

Letusnow definetheclassof (sense-bandh) treeprograms
TREEFE with thefollowing BNF rule:

dpt :=nil | False? | a;dpt, | True?; dpt; |
sensegy;if ¢ thendpt, elsedpt,

wherea is ary non-sensin@ction,anddpt; anddpt, are
treeprograms.

This classincludesconditional programswhere one can
only testa condition that hasjust beensensedor trivial
tests— theseare introducedonly for technicalreasons).
Wheneer sucha programis executableijt is alsoepistem-
ically feasible— the agentalwaysknows whatto do next:

Theorem4 Letdpt beatreeprogram,i.e., dpt € TREE.
Then, for all historieso, if Azioms U {Sensed[c]} =
Jss.Do(dpt, end[o], sf) then Azioms U {Sensed[o]} =
EFDP(dpt, end|o]).

Proof Sletch: By inductionon the structureof dpt.

Basecases. For nil, it is known that nil is F'inal, SO
Azioms U {Sensed|o]} = EFDP(nil, end|o]) holds;for
False?, theantecedens false,sothethesisholds.

Inductive cases. Assumethat the thesisholds for dpt;
and dpt.. Assumethat Azioms U {Sensed[c]} |
ds¢.Do(dpt, end[o], s¢).

SWe remind the readerthat conformantplansare sequences

of actionsthat, even underincompleteinformationaboutthe do-
main,areguaranteetb reachthedesiredgoal.



For dpt = a;dpt;: Azioms U {Sensed[c]} k
Jsf.Do(a; dpty,end[o], s¢) implies that Azioms U
{Sensed[o]} = Tsy.Do(dpt,do(a,end[o]),ss). Since
aisanon-sensin@ction,Sensed[o - (a,1)] = Sensed[o],
sowe alsohave that Azioms U Sensed[o - (a, 1)] entails
ds¢.Do(dpti, end[o - (a,1)],s5). Thus,by theinduction
hypothesiswe have Azioms U {Sensed|o - (a,1)]} E
EFDP (dpti,end|o (a, 1)]). It follows that
Azioms U {Sensed|o]|} &= EFDP(dpti,do(a,end|o]).
The initial assumptionthat Azioms U {Sensed[o]}
entails Jsy.Do(a; dpt1,end[o],ss) also implies that
AziomsU{Sensed[o]} = Poss(a, end[c]) andthis must
beknown by Theoreml, i.e., Azioms U {Sensed|c]} =
Know(Poss(a,now), end[c]). Thus,we havethat

Azioms U {Sensed[o]} =
Know(Trans(a; dpty, now, dpt , do(a, now)), end[o])

It is also known that this is the only transition pos-
sible for a;dpt;, So Azioms U {Sensed[c]} |
LEFDP (a; dpty, end|c]). Therefore,

Azioms U {Sensed[o]} = EFDP(a;dpty, end|o]).

For dpt = True?;dpt,: theargumentis similar, but sim-
pler sincethetestdoesnot changehessituation.

For dpt = sensey;if ¢ thendpt; elsedpt,: Sup-
pose that the sensing action returns 1 and let
o1 =0 - (sensegy, 1). The initial assumption that
Azioms U {Sensed[o]} entails3s;.Do(dpt, end[o],sy)
implies that Azioms U {Sensed[oy]} =  3Is;.
Do(dpty,end[o1],sf).  Thus, by the induction hy-
pothesis, we have Azioms U {Sensed[o1)]} kE
EFDP(dpt;,end[o4]). It followsthat

Azioms U {Sensed[o]} =
¢(do(senseg, end[o]) D
EFDP (dpt1, do(senseg, end[o]).

By a similar argument,it alsofollows thatwe musthave
that

Azioms U {Sensed[o]} E
—¢(do(senseg, end[o]) D
EFDP (dpts, do(sensegy, end[o]).

The initial assumption Azioms U {Sensed[c]} |
ds¢.Do(dpt, end[o], sy) also implies that Azioms U
{Sensed[o]} = Poss(sensey,end[o]) andthis mustbe
known by Theoreml, i.e., Azioms U {Sensed[c]}
Know(Poss(senseg, now), end|o]). Thus,we have that

Azioms U {Sensed[o]} E
Know(Trans(dpt, now,if ¢ then dpt,
elsedpts, do(sensegy, now)), end|o]).

It is also known that this is the only transition
possible for dpt, so Azioms U {Sensed[c]} E
LEFDP(dpt, end[o]). Thus, Azioms U {Sensed[o]} E
EFDP(dpt,end[c]). m

By Theoren?, we alsohavethatundertheconditionsof the
above theoremall online executionsof (dpt, o) aretermi-
nating. The problemof finding a tree programthat yields
an executionof a programin a deliberationblock is the
analoguen our framework of conditionalplanning(under
incompleteinformation)in the standardsetting[Peotand
Smith,1992,Smithetal., 1998].

Next, we show thattreeprogramsaresuficientto express
ary stratgly wherethereis a known boundon the number
of stepsit needsto terminate. Thatis, for any epistemi-
cally feasibledeterministicprogramfor which this condi-
tion holds,thereis a tree programthat produceghe same
executions:

Theorem5 For anyprogramdp thatis

1. anepistemicallyfeasibledeterministigorogram,i.e.,
Azioms U {Sensed[o]} E EFDP(dp, end[o]) and

2. sud that there is a knownboundon the numberof
stepsit needsto terminate i.e., whee ther is ann
sud that

Azioms U {Sensed[o]} =
3p',s', k.k < n A Trans®(dp,end[o],p’,s') A
Final(p',s")

there exists a tree program dpt € TREE sud that
Azioms U {Sensed[o]} |= Vsz.Do(dp,end[o],sf) =
Do(dpt,end[o], sf).

Proof Sletch: We constructthe tree programdpt =
m(dp, o) from dp usingthefollowing rules:

e m(dp,0) = False? iff Azioms U {Sensed[o]} is
inconsistentptherwise

e m(dp, o) = nil iff
Azioms U {Sensed[o]} & Final(dp,end[o]), oth-
erwise

e m(dp,o) = a;m(dp’,o - (a,1)) iff

Azioms U {Sensed[o]} =
Trans(dp, end[o],dp’, do(a, end[o])

for somenon-sensingctiona,
o m(dp, o) = sensey;if ¢ thenm(dp', o - (senseg, 1))
elsem(dp', o - (sensey,0)) iff

Azioms U {Sensed[o]} =
Trans(dp, end[o], dp', do(sensegy, end[o])

for somesensingactionsenseg,



e m(dp,o) = True?;m(dp', o) iff

Azioms U {Sensed[o]} =
Trans(dp, end[o], dp’, end[o]).

Let usshaw that

Azioms U {Sensed[o]} E
Do(dp, end[o], s¢) = Do(m(dp, o), end[c], s¢).

It turnsout that, underthe hypothesisof the theorem for
all dp andall o, (dp, o) is bisimilarto (m(dp, o), o) with
respecto onlineexecutions.Indeed|t is easyto checkthat
therelation[(dp, o), (m(dp, o), o)] is a bisimulation,i.e.,
for all dp ando, [(dp, o), (m(dp, o), )] impliesthat

o Azioms U {Sensed[o]} = Final(dp, end|o]) iff
Azioms U {Sensed[o]} E Final(m(dp, o), end[c]),

o for all dp', o' if Azioms U {Sensed[o]} [
Trans(dp,end[o],dp’,end[o’]) with the set
Azioms U {Sensed[c’]} being consistent, then

Azioms U {Sensed|o]} E
Trans(m(dp, o), end[c], m(dp', o), end[c'])

and([(dp', o’), (m(dp', 0"),0")],

e for all dp', o' if Azioms U {Sensed[o]} |
Trans(m(dp, o), end[c], m(dp', o), end[c']) with
Azioms U {Sensed[o']} consistentthen

Azioms U {Sensed[o]} =
Trans(dp, end[o], dp’, end[o"])

and[(dp', "), (m(dp',o'),")].

Now, assume that Azioms U {Sensed[o]} entails
ds¢.Do(dp, end[o],sf). Then since dp is an EFDP,
by Theorem2 all online executionfrom (dp,o) termi-
nate.Hencesince(dp, o) and(m(dp, o), o) arebisimilar,
(m(dp, o), o) hasthe sameonline execution (apartfrom
the programappearingn the configurations).

Next, obsere that given an online execution of (dp, o)
terminatingin (dpg,oy), in all models of Azioms U
{Sensed[o]} with sensingoutcomesasin o ¢ boththepro-
gramdp andm(dp, o) reachthe samesituationend[o#].
Sincethereareterminatingonline executionsfor all possi-
ble sensingoutcomesthethesisfollows. m

This theoremshaws that if we restrict our attentionto
EFDPsthatterminatein a boundechumberof stepsthen
we canfurtherrestrictour attentionto programsof a very
specificsyntacticform, withoutary lossin generality This
may simplify thetaskof comingup with asuccessfustrat-
egy for agivendeliberationblock.

5.2 LINEAR PROGRAMS

Let the classof linear programsLINE be definedby the
following BNF rule:

dpl ::= nil | a;dply | True?; dply

wherea is ary non-sensingction,anddpl; is alinearpro-
gram.

Thisclassonlyincludessequencesf actionsor trivial tests.
Sowheneer sucha planis executablethenit is alsoepis-
temically feasible— the agentalways knows what to do
next:

Theorem6 Letdpl bealinearprogram,i.e.,dpl € LINE.
Then, for all historieso, if Azioms U {Sensed[c]} =
Jss.Do(dpl, end[o], s¢) then Azioms U {Sensed[o]} =
EFDP(dpl, end[o]).

Proof Sketch: Thisis acorollaryof Theorem for treepro-
grams.Sincelinearprogramsaretreeprogramsthe thesis
followsimmediatelyfrom thistheoremm

By Theorem2, we also have that underthe conditionsof
theabove theoremall onlineexecutionsof (dpl, o) areter
minating.Sincetheagentmayhaveincompleteknowledge,
the problemof finding a linear programthatyields an exe-
cutionof aprogramin a deliberatiorblock is theanalogue
in our framavork of conformantplanningin the standard
setting[Smith andWeld, 1998].

Next, we show thatlinearprogramsaresuficientto express
ary stratgy thatdoesnot performsensing.

Theorem7 For any dp that does not include sens-
ing actions, sud that Azioms U {Sensed[c]} [
EFDP (dp, end|o]), ther existsa linear programdpl suc
that AziomsU{Sensed[o]} |= Vsz.Do(dp, end[o],s¢) =
Do(dpl, end[o], s¢).

Proof Sletch: We shaw this using the sameapproachas
for Theoremb5 for tree programs. Sincedp cannotcon-
tain sensingactions,the constructionmethodusedin the
proof of Theoremb producesa tree programthat contains
no branchingandis in factalinearprogram.Then,by the
sameargumentasusedthere thethesisfollows. m

Obsere thatthis implies thatif no sensings possible—
for instance pecausehereare no sensingactions— then
linearprogramsaresufiicientto expressevery strateyy.

Let A; be a deliberationoperatorthatis axiomatizedust
as A, exceptthat we replacethe requirementhat dp be
an epistemicallyfeasibledeterministicprogramby there-
guirementhatit bealinearprogram|.e.,wherewe usethe
axiom(the LINE predicatas definedin theobviousway):

Trans(A;(p), s,dpl',s') =
Adpl. LINE(dpl) A
Jsy.Trans(dpl,s,dpl’,s') A
DO(dpl', s', Sf) A DO(p, S, Sf).



Then,onecanshaw thata programusingthis deliberation
operatorA;(p) canmaleatransitionin ahistoryif andonly
if onecanidentify asequencef actionghatis anexecution
of p in all modelsfor the history:

Theorem8 Thee existsa situations; sud that
Azioms U {Sensed[o]} |= Do(p, end[o], sy)
if andonlyif thereis adpl € LINE andan s’ suc that

Azioms U {Sensed[o]} = Trans(A(p), end[o],dpl, s")

Proof Sketch: < By hypothesighereexists a dpl thatis
a LINE. If ¢ = s andthendpl = true?;dpl’ andif
s’ = do(a, s), for someactiona, andthendpl = a;dpl’.
In both casesdpl’ mustbea LINE. In every modeldpl’
reachedrom s’ a final situationof the original program
p. Obsenre that sucha situationwill be the samein ev-
ery model sincethe sequencef actionsstartingfrom s’
is fixed by dpl’. It follows that the sequenceof action
doneby dpl startingfrom s reaches situations; suchthat
Azioms U {Sensed[o]} |= Do(p, end[o], s¢).

= If for somes; we have Azioms U {Sensed[o]} =
Do(p,end[o],ss) then the sequenceof actions from
end[o] to sy is a LINE program,which trivially satis-
fies the left-hand-sideof the axiom for A;. Obsenre that
if s; = end[o] thenthelinearprogramcanbe simply nil.
[ |

This providesthe basisfor a simpleimplementation.

6 IMPLEMENT ATION

Let usnow examinehow the deliberationconstructcanbe
implementedaccordingto the specificationgiven above,
i.e.,by having theinterpretelook for anepistemicallyfea-
sible deterministicprogramof a certaintype, linear, tree,
etc. We alsorelatetheseémplementationso earlierimple-
mentationproposalgor IndiGolog.

The simplesttype of implementatioris onethatonly con-
siderslinear programsaspotentialstratgiesfor executing
the programin the deliberationblock, asin the specifica-
tion of A; above. Thiswill work if thereis a solutionthat
doesnotdo sensingHereis the codein Prolog:

/* inplenentation using |inear programs */
trans(delib_I (P), H DPL1, H1): -
bui | dLi ne(P, DPL, H), trans(DPL, H, DPL1, H1).
bui l dLine(P,[],H:- final (P, H).
bui | dLi ne(P, [(true)?| DPL], H): -
trans(P, H, P1, H, buildLine(P1, DPL, H).
bui | dLi ne(P, [ A| DPL], H) : - /* Ais not */
trans(P,H PL, [(A 1)|H), /* a sensing */
bui | dLi ne(P1,DPL, [ (A, 1)|H ). /* action */

Insteadof situationsthis codeuseshistories which arees-
sentiallylists of pairsof actionsandsensingutcomesince
theinitial situation.Thebui | dLi ne( P, DPL, H) predicate
basicallylooks for a sequencef transitionsthat the pro-
gram can perform and that that is guaranteedo leadto
a final configurationwithout performingsensing(sensing
outcomesfor non-sensingactionsare assumedo be 1).
This approachto implementingdeliberationis essentially
thatusedin [De Giacomoetal., 1998,LesperanceandNg,
2000,De Giacomoeetal.,2001],astheseassumehatdelib-
erationblocksdo not containsensingactions.

A more generaltype of implementationis one that con-
siderstree programsas potential stratgjies for executing
theprogramin thedeliberatiorblock,assuminghatbinary
sensingactionsareavailable. This canbeimplementedy
generalizingheabove asfollows:

/* inplenentation using tree prograns */
trans(delib_t(P), H DPT1, H1): -
bui | dTree(P, DPT, H), trans(DPT, H, DPT1, H1) .
buil dTree(P,[],H:- final (P, H).
bui | dTree(P, [(true)?| DPT], H): -
trans(P, H, P1, H), buildTree(Pl, DPT, H).
bui | dTree(P, [A i f(F, DPT1, DPT2)]): -
trans(P,H P1, [ (A )| H), senses(A F),
bui | dTree(P1, DPTL, [ (A 1) | H),
bui | dTree(P1, DPT2,[ (A 0) | H ).
bui | dTree(P, [ A DPT], H): -
trans(P,H P1, [ (A )| H), not senses(A _),
bui | dTree(P1, DPT, [ (A 1) | H).
buil dTree(P, (fal se)?, H:- inconsistent (H).

inconsistent([(A 1)|H):- inconsistent(H)
senses(A, F), holds(neg(F),H.

inconsistent([(A 0)|H):- inconsistent(H)
senses(A F), holds(F H).

A transitionis performedonaprogramsear ch_t (p) only
if it is alwayspossibleto extendit into a completeexecu-
tion of p. To ensurethis, whene&er a binary sensingac-
tion is encounteredhe codeverifiesthe existenceof com-
pleteexecutionsfor both potentialsensingputcome® and
1 (3rdclauseof bui | dTr ee). For non-sensingctions the
sensingoutcomeis assumedo be 1, andthe existenceof
an executionis verified in this single case(4th clauseof
bui I dTree). This implementationis similar to that of
[De Giacomoand Levesque,1999a]. Both of the above
implementationsiresoundbut not complete®

®The incompletenessomesfrom the fact that they stick to
the form of the programwhile the semanticdoesnot. One ex-
amplethat bringsthis outis: ¢?;¢?;a | ~¢?; 29?; a, whereit
is known that¢ = 1. For our semanticsthe LINE program
True?; True?; a is astratgy for executingit, but theimplemen-
tationsfail to find it.



7 DELIBERATION WITH EXECUTION
MONIT ORING

Sofar, we have providedaformal accounf plansthatare
suitablefor an agentcapableof sensingthe ervironment
duringthe executionof a high-level program.We have not
addressedthough, anotherimportantfeatureof comple
ervironmentswith which arealisticagentneedgo copeas
well: exogenousactions Intuitively, an exogenousaction
is anactionoutsidethe control of theagent,perhapsa nat-
ural eventor anactionperformedoy anotheragent. Tech-
nically, theseare primitive actionsthatmay occurwithout
beingpart of the userspecifiedprogram. It is not hardto
imaginehow onewould slightly alterthe definition of on-
line executionof Section2 soasto allow for theoccurrence
of exogenousctionsafter eachlegal transition. Nonethe-
less,an exogenousactioncan potentiallycompromisethe
online executionof a deliberationblock. This is dueto
thefactthat A, commitsto a particularEFDP which can
turnoutto beimpossibleto executeafterthe occurrencef
someinterferingoutsideaction. If thereis anotherEFDP
thatcouldbeusedinsteadto completethe executionof the
deliberatiorblock, we wouldlik e theagentto switchto it.

To addressthis problem, the searchoperatordefinedin
[LesperanceandNg, 2000]implementsanexecutionmoni-
toringmechanismTheideais to recomputea searctblock
wheneerthecurrentplanhasbecomenvalid dueto theoc-
currenceof exogenousctionsduringtheincrementakxe-
cution. The new searchstartsfrom the original program
andsituation(thisis importantbecauseftencommitments
are madeearly on in the programs execution,and these
may have to berevisedwhenanexogenoushangeoccurs)
andensureghatthe plan produceds compatiblewith the
alreadyperformedactions.

Basedon[De Giacomoetal., 1998],onecancomeup with
acleanandabstracformalizationof executionmonitoring
andreplanningor our epistemioversionof deliberatiorde-
scribedin Section4.2. Theideais to avoid permanently
committingto a particularEFDP Instead,we definea de-
liberationoperatorA.,,, thatmonitorsthe executionof the
selectedEFDP and replanswhen necessarypossibly se-
lecting an alternatve EFDP to follow. The semanticsof
this monitoreddelibemtion construcgoesasfollows:

Trans(Aem(p),s,p',s') =
Adp, dp'. EFDP(dp, s) A p' = mnt(dp', s',p,s) A
dsy.Trans(dp, s,dp',s") A
Do(dp',s',s¢) A Do(p, s, s5).

Final(Aem(p), s) = Final(p, s).
The main differenceis in the remainingprogramwhich

containsnot only the epistemicallyfeasiblestratgy cho-
sen, but alsothe original programp, original situations,

andnext expectedsituations’. Thesecomponentarepack-
agedusinganew languageconstructnnt, which basically
meansthat the agentshouldmonitor the executionof the
selectedstratg)y dp usingthe original programand situa-
tion to replanwhennecessary

The next step, then, is to define the semanticsfor the
nenv “monitoring” construct mnt.  With that objec-
tive, we first introducetwo auxiliary relations. Relation
perturbed(mnt(dp, s, i, si), s) stateswhetherthe strat-
egy dp hasjust beenperturbedn situations by someex-
ogenousction. Thereareobviously severalwaysto define
whena stratgly hasbeenperturbed.A sensibleoneis the
following: a stratgyy hasbeenperturbedf the exogenous
actionsthat just occurredrule out a successfukxecution
for boththe stratgy andthe original programof the delib-
erationblock.

perturbed(mnt(dp, se, pi, $i),8) =
Se # 8 A—3sg.[Do(dp, s,s5) A Do(p; || Dezs Sis S5)]

Notice that we make use of the special program
pemd:ef(m.Emo(a)?; a)*, see[De Giacomoetal., 2000],to

allow for alegal sequencef exogenousactions.Also, ob-

sene thata stratgy canbe perturbednlyif anactionout-

sidethe strat@y occurred,in which casethe actualsitua-
tion s would differ from the expectedsituations,. Thusin

practice,thereis no needto checkfor perturbatiorunless
anexogenousactionor anactionotherthanthatperformed
by thechoserstrategy occurs.

Thenext auxiliary relationis usedto calculatearecovered
stratgyy dp, whenthe currentonedp wasperturbedn sit-
uations. A sensibledefinitionfor it is:

recover (mnit(dp, se, pi, S;i), 8, dp,) =
ap;'TTG’nS*(pi || DPez, sz'ap; H Pezx, 3) A
EFDP(dp,,s) A 3sg.Do(dpr, s, sg) A Do(p}, s, sy).

Obserne thatthe above definitionmay endup choosingan
alternativeepistemicallyfeasiblestrateyy thantheonecho-
senbefore. In a nutshell,a new recovered stratgy is an
epistemicallyfeasibleonethatis ableto “solve” the origi-

nal programp; while accountingor everyactionexecuted
sofar, eitherby the deliberatiorblock or not, sincethe be-
ginningof thedeliberatiorblock.

We now have all themachineryneededo definetheseman-
tics for themonitoringconstructmnit:



Trans(mnt(dp, Sey Dis Si)a Sapl’ Sl) =
[~perturbed(mnt(dp, s, pi, $i),8) A
Adp' . Trans(dp, s,dp’,s") A
p' = mnt(dp', ', pi, s:)] V
[perturbed(mnt(dp, se, Di, i), $) A
Adp,.recover (mnt(dp, se, pi, $i), $,dpr) A
Adp' . Trans(dp,,s,dp’,s') A
pl = mnt(dpla Slapia 51)]

Final(mnt(dp, se,pi, $i),8)) =
[-perturbed(mnt(dp, se, i, $i),s) A Final(dp, s)]
V [perturbed(mnt(dp, se,pi, $i), ) A
Do(p; || pexs si» 8)]

For Trans, we have two possibilities: (i) if the stratey
hasnot beenperturbedthenwe continueits executionby
performingonestepandupdatingthe next expectedsitua-
tion; (i) if thestratgy hasjustbeenperturbedarecovered
new strat@y dp, is computedandthe executioncontinues
with respecto this alternatve stratey. It is importantto
notethattheoriginal programandsituationarealwayskept
throughouthe whole executionof a deliberatiorblock. In
that way, the recovery processcan be as generalas pos-
sible. The casefor Final is simpler: (i) if the stratey
hasnotbeenperturbedthenwe checkwhetherthe strateyy
is final in the actualsituation;(ii) if the stratgy hasbeen
perturbedthenthereis a chancethatthe original program
might be terminatingin the currentsituationandwe check
for this.

Summarizinggdeliberationcanbe naturallyintegratedwith
executionmonitoringin orderto copewith exogenousac-
tionsthatmake the choserstrategy unsuitable.

8 CONCLUSION

In this paper we developedan accountof the kind of de-

liberationthatanagentthatis doing planningor executing
high-level programanustbe ableto perform. Thedeliber

ator’s job is to producea kind of plan thatdoesnot itself

require deliberationto interpret. We characterizedhese
as epistemicallyfeasible programs: programsfor which

the executingagent,at every stageof execution,by virtue

of whatit knew initially andthe subsequenteadingsof

its sensorsalways knowswhat stepto take next towards
the goal of completingthe entireprogram.We formalized
this notionandcharacterizedeliberationn the IndiGolog

agentlanguagein termsof it. We have also shovn that
for certainclassef problemswhich correspondo con-

formantplanningandconditionalplanning,the searchfor

epistemicallyfeasibleprogramsanbelimited to programs
of asimplesyntacticform.

Therehasbeena lot of work in the paston formalizingthe
notion of epistemicallyfeasibleplan, e.g. Moore [1985],

Davis [1994], Lesperanceet al. [2000], Levesque[1996],

and our accountsbuilds on this. One its distinguishing
featuresis thatit is integratedwith the transitionsystem
semanticof our programminglanguage. In Lespérance
[2001], a similar approacltis usedto formalizea notion of

epistemicfeasibility for multiagentsystemspecifications.
In Mcllraith and Son [2001], a notion of “self-sufficient

program”very similar to EFDPs is formalized; but this

accounis moresensitve to the syntaxof the programthan

ours.

In this paper we have only dealtwith binary sensingac-
tions. However, the accountof deliberationdevelopedin
Section4 andits extensionto provide executionmonitor
ing in Section7 do not rely on this restrictionand apply
unchangedo theorieswith sensingactionsthat have even
an infinite numberof possiblesensingoutcomes. This
comedrom thefactthatour characterizationf “good exe-
cutionstratgies” throughthe notionof EFDP is notsyn-
tactic, only requiring the agentto know what action to
do next at every step. The resultsof Section5.1 show-
ing that tree programsare sufiicient to solve ary plan-
ning/deliberatiomproblemwherethereis somestratey that
solves the problemin a boundednumberof stepsalso
generaliz¢o domainsinvolving sensingactionswith non-
binarybut finitely mary outcomesthisis easyto seegiven
thatary suchsensingactioncanbeencodedisa sequence
binary sensingactionsthat readthe outcomeone bit at a
time (onecouldof courseaxtendthe classof treeprograms
with anon-binarybranchingstructureto avoid the needfor
suchanencoding).Whethera similar characterizatioan
be obtainedfor sensingactionswith aninfinite numberof
possibleoutcomess an openproblem. While the above
holdsin principle, assoonasthe numberof sensingout-
comesis morethana few, conditionalplanningbecomes
impracticalwithoutadvicefrom the programmensto what
conditionsthe plan should branchon [Lakemeyer, 1999,
Thielscher,2001]. In [Sardiia, 2001], a searchconstruct
for IndiGolog that generatesonditional plansinvolving
non-binarysensingactionsby relying on suchprogrammer
adviceis developed.This approactseemssery compatible
with oursandit would be interestingto formalizeit asa
specialcaseof our accountof deliberation.Therearealso
moregeneraltheoriesof sensingsuchasthatof [De Gia-
comoandLevesque 1999b]which dealswith online sen-
sorsthat always provide valuesand situationswherethe
law of inertiais not always applicable. In [De Giacomo
et al., 2001], a searchoperatorfor suchtheoriesis devel-
oped. It would be worthwhile examiningwhetherthis set-
ting could alsobe handledwithin our accountof delibera-
tion. Aswell, onecouldlook for syntacticcharacterizations
for certainclassesf epistemicallyfeasibledeterministic

"Onecanintroducenon-binarysensingactionsin our frame-
work asin [ScherlandLevesque1993].



programsn this setting.
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