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Abstract

This paperis a first attempttowardsa theoryfor reactve planningsystemsj.e. systemsableto plan andcontrol
executionof plansin a partially knowvn andunpredictableervironment. We startfrom an experimentalreal world

applicationdevelopedat IRST, discusssomeof the fundamentatequirementandproposea formal theorybasecdn

theserequirementsThetheorytakesinto accounthefollowing facts:(1) actionsmayfail, sincethey correspondo

comple programscontrollingsensorsindactuatorsvhich have to work in anunpredictablenironment;(2) actions
needto acquireinformationfrom therealworld by actvating sensorandactuators(3) actionsneedto generateand
executeplansof actions,sincethe plannerneedsto actvate differentspecialpurposeplannersandto executethe
resultingplans.

Keywords Dynamiclogic, failure,sensingactions planningactions theoryof actions reactve systems.

1 Introduction

A lot of recentresearchin planningis moreandmorefocusingonreactiveplanningsystems
i.e. systemawhich areableto planandcontrol executionof plansin a partially known and
unpredictablesrnvironment(seefor instance[5, 14, 17, 18, 41]). While formalizationsof
classicalplannershave beenproposedseefor instance[32], [37] and[27]), this is not the
casefor reactve planningsystems. Thereactually seemso be a big gap betweenthe ap-
proachedollowed andthe issuesfacedin the implementatiorof reactive planningsystems
andtheoriesof actionsand planning. For instance the literaturein reactive planningdoes
not mentionat all somemain theoreticalproblems,e.g. the frame problemandthe rami-
fication problem. Moreover, while mostof the theoreticalworks focus on the problemof
reasoningaboutactionsat planningtime, mostof theliteratureon reactive planningsystems
is actuallyconcernedvith controlof actionexecution,executionmonitoring,sensorgontrol,
interlearing of planning/e&ecution/percegon, failurerecovering.

In this paperwe analysesomeof the characteristicef reactie plannersand proposea
formal theorywhich capturessomeof the basicaspect®of reactve planning. Thelong term
goalis twofold. First, we aim at a betterunderstandin@f the requirementandbehaiours
of reactive planningsystemswhich have to work in realapplications.The secondyoalis to
provideaninitial framevork which canbeusedto specifyreactive plannerdormally, to prove
their propertiesandto designthemin a principledway. This papershouldbe consideredh
preliminaryattemptto achieve thesetwo maingoals.
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2 A DynamicLogic for Acting, SensingandPlanning

Theapproachwe arefollowing in this attemptis somehev unusual.We do not startfrom
aformal theoryandexplain how it extendsexisting onesin orderto bridgethe gap. We go
theotherway around.We startfrom anexperimentabpplicationdevelopedat IRST [1, 2,11,
48] (briefly describedn Section2). This applicationis essentiallya reactive systemwhich
controlsarobotnavigatingin anin-doorenvironment(e.g. a hospital).A plannerdealswith
actionswhich have to be executedby realsensor/actuataontrollers.

We proposethena logical theorywhich takesinto accountthe lessondearnedfrom this
application(Section3). Thetheorytakesinto accountwo mainfacts:

(1) Acting and sensing failures: Actions may fail, sincethey correspondo comples pro-
gramswhich control sensor@andactuatorsvhich arenot perfectandwhich have to work
in anunpredictableervironment. This is the casealsoof actionsthat acquireinforma-
tion from the realworld, the so-called‘sensingactions”. Indeed sensingactionsacquire
informationfrom therealworld by activatingbothsensorandactuators.

(2) Actionswhich generate and execute plans: Actions cangenerateand executeplansof
actions,sincethe plannercanactivatedifferentspecialpurposeplannersn orderto con-
struct, executeand control the executionof plans. We call actionswhich generateand
executeplans,“planningactions”.

Ontheonehand thelogical theoryis still farfrom capturingall the behavioursof reactive
plannersOntheotherhand,in spiteof thefactthatthetheorywe have developeds grounded
on the particularapplication,the theory capturestwo aspectswhich are characteristicof
reactve planners.First, classicalplannersassumehatit is possibleto definethe conditions
sufficientto guarantesuccessfuctionattempts This assumptioris notrealisticfor reactve
plannersworking in realworld applicationswhereno action,evenif apparentlysimple,is
guaranteedo succeed.This is mainly dueto the intrinsic complexity of reality, to the fact
thattheexternalervironments usuallyincompletelyknown andunpredictableandto thefact
thatactuatorssensorsand modelsof the world arenot perfect: neitheracting, nor sensing,
nor planningis guaranteedo succeed.As a consequencef fact (1), thelogic we propose
hasin its languagethe basicoperationdor failure handlingandcanthereforereasonabout
failuredetectionandrecoveryin acting,sensingandplanning.

Secondjn reactize planners planningis not necessarilyoff-line anda priori reasoning”
aboutaction preconditionsand effects. The notion of planningis extendedw.r.t. classical
planningin severalways: planning(deliberation)andexecution(action)arestrictly intercon-
nectedandapparentlindistinguishableplansare often pre-compiledratherthangenerated;
plansare modified, abandonednd substitutedwith alternative plansatruntime. Theidea
of reactve planninginvolvesthe whole behaiour of the system,including execution. As a
consequencef facts(1) and (2), the theory can expressplanswhich containboth actions
which actin therealworld (like “move the block™), andactionswhich performdeliberation
(like “constructa planto move the block”) andactionswhich executeconstructeglans(like
“executethe plan which movesthe block”). During the executionof this kind of plans,the
plannercanthereforeinterlease flexibly deliberationandactionandperformrun time deci-
sionmaking.

Facts(1) and (2) are discussedn detail in Sections3.1 and 3.2. In thesesectionswe
first sketchthe intuitions behindthe theory Thisis doneby explainingactionbehaioursin
termsof statetransitions. This canbe the basisfor a formal semanticof differentformal
languagese.g.languagedasednthe situationcalculus[35, 25, 33], dynamicandtemporal
logics[47], actiondescriptionanguage$16]. This allows usto keepthe discussiorgeneral
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and independenbf the particularformalism which might be chosen. We then describea
formal language(syntaxand semanticshich formalizessuchintuitions. The languagds
anextensionof dynamiclogic [26].

In Section4 we presenthe deductve system.We prove thatit is soundandcompleteand
thatvalidity is decidable We alsoshav how thetheorycanbeusedin verifying plans.

Finally, we draw someconclusionsgxplain the limitations of the currentwork and dis-
cusstherelationsanddifferencesin focus,approacheandcontentswith respecto existing
theoriesof actionsandtheoreticalpproacheto planning(Section5).

2 TheApplication

We focuson an experimentalreal world andlarge scaleapplicationdevelopedat IRST by a
largeteam.In this paperit is describednly to the extentneededo explain the motivations
for our theory (for a more detaileddescriptionsee[1, 2, 11]). The applicationaimsat the
developmentof a systemableto controlandcoordinatea mobile robot, navigatingin unpre-
dictableervironmentsand performinghigh level tasks,like transportatiorin hospitalsand
offices. A simplified versionof the architectureas depictedin Figure 1. In the application,
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Goal-Tactic Tahle —
x Planner Mission Schedule]
— | ==
Database of Facts% \
Path Planner

Acting and Sensing Level Reactive Sensors/Actuator€ontroller
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FIGURE 1. Thesystemarchitecture

userscanrequesthe mobilerobotto performdesiredtasks(seethe“userlevel” in Figurel).
The planner(seethe “planninglevel”) is enchagedto planactvities in orderto performthe
requestedasksandto controltheir execution.Executionis performedoy meansof modules
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controllingrobot’s sensoraindactuatorgthe “acting andsensindevel”). Considerthe fol-
lowing example. The userrequestgo transporioads(e.g. food) to a givendepartmente.qg.
afood storage) Thisis agoalfor theplanner First, the plannerextractsfrom the“goal-tactic
table” (seeSection2.2) a program(called“tactic”). Secondthe programgetsexecutedand
activatesa “path planner’anda “mission scheduler”. The pathplanner givenatargetloca-
tion, the currentpositionof therobot(containedn the “databasef facts”)andatopological
map of the building, returnsa pathplan (e.g. the shortesipath)to reachthe targetlocation.
Themissionscheduleallocategimefor thecurrenttask. Third, theplanneractivatessystems
atthe“acting andsensindevel” (seeSection2.1). Thesesystemsexecutethe planby means
of a setof programscalledbehavious, which activateandcontrolactuatorsandsensorsA
behaviouris for instancehe programcalled“follo w-wall(landmark)” whichmovestherobot
along(the wall of) a corridor of the building till a“landmark” (e.g. the endof the corridor,
aparticularsignon thewall) is reachedThis behaiour makesuseof dataacquiredthrough
a sonaranda camerato keepthe robotalongthe wall while it is moving andto detectand
avoid obstaclege.g.trolleys, people)alongthe way.

In theremainingof this sectionwe describesomeof thefundamentatharacteristicsf the
actingandsensindevel (Section2.1) andof the planninglevel (Section2.2).

2.1 Theactingandsensindevel

The setof behaiours at the actingandsensingevel arecomplex programs.As a matterof
fact,in ourapplicationbehaioursareimplementedy thousand®f linesof C andassembler
code.They areenchagedwith all thelow level control of sensorsandactuatorscommands
anddata.Most operationge.g. checkingthe sidedistancerom thewall, checkingthe pres-
enceof anobstaclen front of the robotandmoving the robotforward) areexecutedn par
allel. Informationis continuouslyacquiredthroughsensorsn orderto decidethe commands
to be sentto actuators.

Someof the existing behaiours are executedwith the main purposeto acquireinforma-
tion from the externalervironment. We call thesebehaviours, sensingoehavious. In most
casessensingoehaioursactivateactuatorsn orderto put sensorsn the positionto acquire
information. For instance the behaiour “calibrate(position)”is a complex programwhich
movestherobotanda cameraaroundtill the cameracandetecta landmarkwhich makesit
possibleto computethe robot position. This behaiour is necessaryn practice. The robot
oftengets“lost”, sincethe positioncomputedby the actuatorscontrolling the wheelsis not
reliablewhentherobotis moving on certainsurfacesof thefloor.

Behavioursarehighly “reactive”, i.e. they allow therobotto copewith someof the (mary
andfrequent)unpredictablesituations.ln our application,it is impossibleto predictall pos-
sible situationswhich might arise during execution. For instance,it is impossibleto pre-
dict whetherpeoplemoving within the building or trolleys moved aroundwill obstaclethe
robot’s navigation. For this reason for instance the behaiour “follo w-wall(landmark)”is
programmedo avoid unpredictablebstaclesalongtheway (seeFigure?2).

Neverthelessgvenif behaiours arereactve, they cannotguarantedghat their execution
will end as expected. Most often, behaiours do not manageto perform their task. For
instance the behaiour “follo w-wall(landmark)”might find a not avoidable obstaclealong
its way (seeFigure2). The samebehaiour may fail to detecta landmarkandget stuckat
theendof thecorridor. The behaiour “calibrate(position)’may move the cameraagainsian
obstacle All thesesituationsaremainly dueto theintrinsic complexity of reality, to thefact
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void main()

{

while (!landmark && !obstacle)
{

/* send to the actuator the commmand
to move the robot of 1 step */
fprintf(engine,"%d",STEP);

/* acquire the value of the boolean variable "landmark"
from the semsor, it is true when the given landmark
has been detected */

wait (mutex1);

fscanf (sensorl, "%h", &landmark);

signal(mutex1);

/* acquire the value of the boolean variable "obstacle"
from the sensor, it is true when the sensor detects
an obstacle */

wait (mutex2);

fscanf (sensor2, "%h", &obstacle);

signal (mutex2) ;

}

/* if there is an obstacle then abort */
if (obstacle)
{

fprintf(stderr, "There is an obstacle");
exit(1);
T

/* otherwise terminate normally */
exit(0);

FIGURE 2. A simplifiedversionof theimplementatiorof the behaiour “follo w-wall(landmark])

thattheapplicationdomainis unpredictablendhighly dynamicandto thefactthatactuators
andsensorarenot perfect(e.g. sonarsarenot preciseenoughwheelscannotfollow desired
pathsprecisely).In all thesecasesthe behaiour is programmedo interruptexecutionand
reportan exceptionmessagéo the planner We may think of this asa kind of abortof the

programimplementingthe behaiour. For example,Figure 2 shavs a simplified versionof

the implementation‘follo w-wall(landmark)”. The programmovesthe robot (controlsthe
actuatorslill the landmarkis detectedor an obstacleis perceved:. When an obstacleis

foundthe programterminateswith an exception(the statementxit (1)), in otherwordsit

aborts. In sucha situationwe saythatthe behaiour fails or thattherehasbeenits failure.

Whenit terminatesnormally (e.g. terminateswith exit (0)), we saythatit succeedsr that
therehasbeena successObviously the systemknows how a behaiour is terminated.

1The sensorsaind*“follow-wall(landmark)”work concurrentlyasa consequencavo semaphore synchronize
thebehaioursareneeded.
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2.2 Theplanninglevel

The plannerprocessesiserrequestg§rom the userlevel. Eachuserrequestcorrespondso

a goalfor the planner For eachgoal, the plannerhasa correspondingprogramwhich can
be executed.We call this kind of programstactics Givena goal, the correspondindactic
is retrieved immediatelyby meansof a look-up table (the “goal-tactictable” in Figure 1).

At this level, tacticsmay be thoughtas“precompiledplans”. Actually, tacticsareprograms
which canactivateandcontrolthe executionof (seeFigurel):

¢ behaioursattheactingandsensingevel, and
¢ specialpurposeplannersat the planninglevel.

Whenatactic executesa behaviour at the actingandsensingevel, it musttake into account
possiblebehaiour failures. Thetactictrapsthe abortandreactsto failure. For instancewe
have tacticsthat activatethe behaiour “follo w-wall(landmark)”and,whenit fails, activate
sensingoehaiours (e.g. “calibrate(position)”)in orderto getinformationaboutthe causeof
failure. The behaiour “calibrate(position)’may reveal thatthe robotis alongthe expected
path. A further sensingbehaiour is thereforeactivatedwhich may detecta not avoidable
obstaclealongtheway. In this casethetacticactivatesthe pathplannerto getanalternative
path.If “calibrate(position)revealsthefactthattherobotis notalongthe expectedpath,the
behaiour “follo w-wall(landmark)’may have missedto detectthe landmark.In this casethe
tacticletstherobotfollow thewall backto thelandmark.Notice thattacticsmanageo “take
into accountpossiblefailures”, but the plannerdoesnot try to build plansby “predicting
(andthus avoiding) all possiblefailures”. As a matterof fact, in this kind of application
domains,behaiour failurescannotalways be predicted. In otherwords, it is impossible
thatthe conditionsunderwhich a behaiour mayfail canbe a priori stated.Notice alsothat
tacticsmustexecutesensingoehaioursin orderto acquireinformationaboutpossiblecauses
of failures. A furtherreasorfor the needof executionof sensingoehaioursis the factthat
tacticsmay needto acquireinformation which is not available a priori of execution. For
instancemostoftenwe cannotpredictwhetherdoorsareopenor closed.Theonly wayto get
to know this is to activatesensingoehaiourswhich acquireinformationat executiontime.

The execution of behaiours at the acting and sensinglevel causesthe updatingof a
databasef facts(seeFigure 1). In practice,factsarevariable-alue pairs, expressibleby
meansof atomic propositions. For instance after that “calibrate(position)’hasbeenexe-
cutedwith successthe databaseontainghefactAt(position) which stateshe currentposi-
tion of the robot; the successfuexecutionof “follo w-wall(landmark)’updateshe database
by changingthe factAt(position)with At(landmark)

The systemdescribedso far doesnot do reasoningat all. But somereasonings actually
required. For instance,it is not realisticto hardcode(in a tactic) all the possiblepathsto
reachall the possibletargetlocations. For this reasontacticscanactivate “special purpose
planners”at the planninglevel. Specialpurposeplannersgeneratelans. They aremodules
which, givenin inputa goalandsomefacts,returnatactic. They areconstructedo generate
plansefficiently and effectively. For instance the pathplanneris a dedicatedalgorithmto
searchfor optimal pathsin a topologicalmap. Thetopologicalmapis a graphwhosenodes
correspondo locationsin the building. Pathsare sequencesf nodesthe robot hasto go
through. The path plannertakesin input particularkinds of goals,i.e. target positions,
andinformation containedin the databasef factsaboutthe currentpositionof the robot.
It computesa path which getsthen translatedinto a tactic which activatesbehaiours (at
the acting and sensinglevel) which move the robot alongthe path. The planninglevel of
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the actualapplicationis equippedwith a setof very differentspecialpurposeplanners(the
missionscheduleis oneof them,seeFigurel).

Somefinal remarksarein ordet First, a tactic caneasilyinterleave the executionof be-
havioursattheactingandsensindevel andof planningactiities attheplanninglevel. Thisis
highly requiredin our applicationwhereit is oftennecessaryo postponglanningactiities
aftersomeexecutionis performedvhichacquiresnformationfrom theexternalervironment.
Secondaplanneris any modulewhich generatega plan,it doesnot matterhow. Theplanner
may useactingandsensingoehaiour, asa consequenci mayfail. It mayinteractwith the
useraswell. Most oftenthe bestway to find the properplanis simply to asktheuser In our
application the systemoperator(seeFigurel, userlevel) canberequestedo providea plan.
For instancewhena loadis particularlycritical or dangerousthe systemasksthe operator
for apath.Finally, the operatomight requestheplannerto giveinformationaboutthe activ-
ities of the systemseg.g. the statusof the taskbeingperformedthereasondor failures,the
informationacquiredthroughsensingbehaiours, the taskswhich have beenschedulecand
the pathswhich have beenplanned.

3 From the Application to the Theory

Giventheapplicationdescribedsofar, we areinterestedn providing a formal theoryfor the
plannercomponenbf the systemarchitectureshovn in Figurel. In section3.1 we motivate
anddescribea formal languagefor describingactionsfor the actingand sensinglevel, i.e.

actionswhich might fail andwhich possiblyacquireinformationfrom the ervironment. In

section3.2 we extendthe languageto representctionsfor the planninglevel, i.e. actions
which generateandexecuteplans.

3.1 Actingandsensindailures

3.1.1 Intuitions

The theory of actionswe aim to mustcompriseactionswhich correspondat the planning
level) to behavioursimplementedat the actingandsensingevel. The activity performedby

the plannerhighly dependson behaviour failures. We thereforehave to provide a notion of

actionfailure which correspondgo that of behaiour failure. Notice that a behaiour that
fails may modify theworld. For instance;follo w-wall(landmark)”and*“calibrate(position)”
may abortafter somenavigation hasbeenperformedand,asa consequencehe positionof

therobot(or of thecamerahaschangedEvenmore,if the behaiour is not reliableenough,
it may move (or even break)objectsaroundthe robot. As an exampleindependenbf our
application think of anaction(behaiour) which, while moving a block a from thetableon

ablockb, doesnot managdo keeptheblock in handsandtheblock dropson c. Theaction
hasfailed, but the actionhaschangedhe positionof the block.

We considerthereforean actionasa transitionfrom aninitial stateto afinal state, where
the final statemight be “dif ferent” from the initial stateevenin the casethe action fails.
We call final stateswherean action a hasfailed (succeeded)failure (success)tates(of
the actione). Still intuitively, andinformally, let us denotethe fact that an action« suc-
ceedsandthe factthatit fails with Succ(a) and Fail(a), respectiely. For now, Fail(«)
and Succ(a) canbe thoughtaskind of atomicformulasor propositionalfluentswhosear
gumentis the actionitself. For instance the action follow-wall(landmark)may leadto a
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statewhere Fail(follow-wall(landmark) (Succ(follow-wall(landmark)) holds (seeFigure
3). This makesthe notion of failure very differentfrom that of not executability which

Doy,
Charged(battery '/'/‘3//(/6,7 i,
ar/()

Fail(follow-wall(landmark))
FIGURE 3. SuccesandFailurestates

capturegthe fact that actionsare not executablein certainstates. Let us supposehat the

preconditiongor executabilityof theactionfollow-wall(landmark)arethatthe batteryof the

robotis chaged,sayCharged(battery) (seeFigure3). In statel, theactionis executable,
neverthelesst mayfail, i.e. endupin state3, whereFail (follow-wall(landmark) holds.On

the otherhand,follow-wall(landmark)causeso transitionsfrom stateswherethe batteryis

notchaged,say—Charged(battery).

29 @ Succ(follow-wall(landmark))
Ex(follow-wall(landmark))

W
o\
foIIowMark)@ Picked_up(b)
- Ex(follow-wall(landmark))
Toyy;
W
w,
a//(/andn7 _
ark) @ Fail(follow-wall(landmark))

Ex(follow-wall(landmark))

FIGURE 4. Exampleof a“not reachable’state

¢ Fromthe point of view of failure, behaiours at the actingandsensingevel canendup
only in two possibleways. Either they terminatewithout an abortor they abort. We have
thereforethatin all the “reachable’statesof anactiona, i.e. thefinal statesof the transition
causedy a, either Fail(«) or Success(a) holds. We denotewith Ex(«) the setof states
which are“reachableby the actiona”. We have of coursestateswhich are not reachable
by anactiona. For examplethe statewherethe blockb is pickedup is not reachabléy the
actionfollow-wall(landmark)whichis implementedy abehaior which doesnot controlthe
robot’s manipulator(seeFigure4). As a consequencef this fact, the setof failure statesof
anactiona cannotbe definedasthe complementelative to the entiresetof statesof the set
of successtatesof the actiona. In otherwords, it is definedasthe complementelative to
thereachablestatef the setof successtates.

Somefurther remarksarein order First, the samestatemay be a successstatefor an
actiona anda failure statefor a differentaction3. Thisis shaovn in the exampleof Figure
5, wherewe supposethat landmarkland landmark2are two different landmarksin two
differentpositionsof the building. More in generalwe may have two actionswith the same
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follow-wall(landmarkl)
A At(landmarkl)
@ @ - At(landmark?2)
Succ(follow-wall(landmark1))

Fail(follow-wall(landmark?2))
follow-wall(landmark?2)

FIGURE 5. Successtatefor follow-wall(landmark1)andfailure statefor follow-wall(landmark2)

behaiour (statetransitions)but one succeedsvhile the otheronefails andvice-vesa For
example,we mayhave suchasituationif we exchangeexit (0) with exit (1) in theC code
in Figure 2. Second noticethat successHilure of an action doesnot coincidenecessarily
with the achierement/not-achiementof arelatedgoal. Intuitively, theformeris a property
of actions,while the latteris a relationbetweenactionsandgoals. An actionmay fail and,
neverthelessachieve the goal the actionhasbeenexecutedfor. Indeed failure of anaction
correspondgo the fact that the code of the correspondingoehaiiour aborts. Evenif the
behaiour aborts,its effectsmay achieve a desiredgoal. For example,considerthe simple
blockworld examplein Figure6. Let ussupposeheplanneris giventhegoal Clear(c) and,

FIGURE 6. Action which fails [succeedsindachieses[doesnot achieve] thegoal

in orderto achieve the goal, the plannergenerateshe plan composedf the single action
put-on(a, b) whichmovestheblocka ontheblockb. Let ussupposehattheactionfails and
theblock a dropson thetable. Theactionfails andneverthelessachievesthe goal Clear(c).
Vice versa,an action may succeedand may not achieve the goal. Indeed,succesof an
actioncorrespondso thefactthatthe correspondindpehaiour doesnot abort. This doesnot
guarantedhatits effectsachieve the desiredgoal. For example,considera systemthat has
thegoalof deliveringamessag¢o a personsay Deliver-to(Fred, msgl). Let ussuppose
it plansthe action send (mbox1, msgl) sincembox1 is the usualaddresof Fred. Let us
supposédheactionsucceedbut Fred is currentlyat a differentaddressThe actionsucceeds
butit doesnotachievethegoalfor whichit hasbeenplanned.Thisis actuallywhathappensn
therealapplication wheresometimedhe plannerhasno choiceotherthanexecutingactions
which may not achieve desiredgoalsevenwhenthey succeed.

Sensingbehaiours areexecutedto acquireinformationfrom the realworld throughsen-
sors. We call actionscorrespondingo sensingbehaiours, sensingactions Thus,for in-
stancegalibrate(position)is a sensingactionwhich is executedn orderto acquireinforma-
tion aboutthe the position of the robot. As ary otherbehaiour, a sensingbehaiour may
modify the world, e.g. “calibrate(position)”’may changethe orientationof the robot. As a
consequencegt leastin our application,it doesnot seemfeasibleto separatehe action of
“pure sensing’from the actinginvolved. All the considerationsiboutfailurein actinghold
thereforefor sensingactionsaswell.

A requirementrom the applicationis that sensingactionscanbe usedin plans. Let us



10 A DynamicLogic for Acting, SensingandPlanning

supposehat the behaviour “sense-Closed(door)activatesa cameraand a sonarto detect
whethera dooris openor closed. The following expressiongcorrespondindo a conditional
plan,takesinto accounthe outcomeof the sensingoehaviour.

follow—wall(doorl);
if Succ(follow-wall(doorl)jhen {
sense-Closed(doorl);
if (Succ(sense-Closed(dooraydClosed(doorl))
then open(doorl}.

The robotfirst follows the wall to the landmarkdoorl If the actionsucceedsthe sensing
behaiouris activated. Thesensindehaiour mightfail. If it succeedandthedooris closed,
thentherobotactivatesa behaiour which triesto openthe door.

Sensingactionsupdatethe stateof knowledgeof the systemaboutthe world. Considerfor
instanceheactionsense-Closed(doorllf we arein astatewherethe sensingactionhasjust
beenexecutedwith successe.g. Succ(sense-Closed(doorh)lds,theninformationabout
the world hasjust beenacquired,or in otherwords, is up-to-date,e.g. information about
thefactwhetherthe dooris closedis up-to-date Considerfor instancedigure 7. Information
aboutthestatusf thedooris up-to-daten state? and3. Noticethatthefactwhethemwe have
acquirednformationwith successs independendf theparticularresultof thesensingaction.
For this reasonjnformationis up-to-datej.e. Succ(sense-Closed(doorhplds,bothin the
caseClosed(doorl)state2) and—Closed(doorl)state3) hold. In caseof failure,we cannot
rely onthefactthattheinformationhasbeenacquired.For example informationis notup-to-
datein state4. Finally, afterwe executean actionwhich doesnot acquireinformationabout
thefactwhetheradooris openor not (e.g. follow-wall(landmark), theinformationis notup
to date,i.e. =Succ(sense-Closed(doorhplds(seestatess and6, wherealso—Fail(sense-
Closed(doorl)hold). Indeedthelastactionmight changethe statusof thedoor, or thedoor
might be moved (closedor opened)by an externalagent(e.g. a person). Independenbf
whetherthe dooris actuallyclosedor openedandof thefactwhetherit changestatusor not,
thevalueof Closed(doorlyoesnot changesincetherobotcannotrealisticallygetto know
this (states5 and6). The only factthe robot knows is thatinformationaboutthe door has
not been“recently” acquired(with success)i.e. =Succ(sense-Closed(doorl)Jhis notion
of sensingactionsderive from theapplicationdescribedn Section2.1. A relatedandequally
importantnotionis the notion aboutthe knowledge. Briefly, whetherthe systemknows the
value of a propositionis differentthanthe propositionvalueis up to date. The notion of
knowledgeis not coveredby this paper but it is a futurework.

3.1.2 FormallanguageSyntaxandSemantics

We call the language,FSP (which standsfor Failure, Sensingand Planning). It is an ex-
tensionof PropositionalDynamic Logic (PDL) [26]. More precisely it is an extensionof
PropositionaDynamicLogic with the CorverseOperator(CPDL) [26] 2.

Thesyntaxof FSP is basedupontwo setsof symbols: Py, the setof atomicpropositions
and Ay, the setof atomicactions. From P, and.4y we inductively constructthe setP of

2We startfrom CPDL ratherthan PDL sinceCPDL provides someusefultechnicalitieswithout increasingthe
compleity of the decidability problem(seefor instance[26], pages538,539). Basically we needthe Corverse
Operatorto definethe executabilityof anactionasa statewhereit is possibleto executethe converseaction(to go
backalongthetransitiongraph). This motivationwill bemuchclearerafterwe will statetheconditionformally (see
condition(3.18)in this section)andgive the correspondingixiom (seeaxiom (REACH) in Section4.1).
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S:Jcc(ze(;\se-CIosed(doorl); Succ(sense-Closed(doorl))
Closed(door1) ~ Fail(sense-Closed(doorl))

i e \lesed(doorl)
y oIIow—wall(Iandmark) @

° \ow—\Na\\ \a“dmaﬂ( @
3 fol 1 Succ(sense-Closed(doorl))
sense-Closed(doorl) - Fail(sense-Closed(door1))
Succ(sense-Closed(doorl)) - cClosed(doorl)

— Closed(doorl)

Fail(sense-Closed(doorl))

FIGURE 7. Sensingactions

propositionsandthe set.4 of actions.? and.A includethe setof propositionsandactions

of CPDL, respectiely. We referthe readerto [26] for the formal definition of the language
of CPDL (a completedefinition of the FSP language,ncluding the CPDL portion, can
be foundin AppendixA). In orderto make this sectionself-containedwe remembeithat
in PDL, P is constructednductively with the usualpropositionalconnectves(e.g. A for

conjunction,— for negation,— for implication, v for disjunction); P includesformulasof

theform [a]p (wherea is anactionandp is aproposition)whoseintendedmeanings “every
possibleexecutionof « leadsto a statein which p holds”; compoundactions(or plans)in

A areconstructedhroughsequenceéx; 8 — do « followed by 3), non-deterministichoice
(e U 8 —do eithera or 8, non-deterministically)non-deterministicepetition(a* — repeat
« afinite, but non deterministicallydetermined humberof times), andtests(p?, wherep

is a formula— proceedif p is true). CPDL is PDL with the corverseoperatoron actions,
inductively allowing o asanactionin A for eacha € A —intuitively, if apossibleexecution
of a startsfrom a states andendsin a statet, then(t, s) is a possibleexecutionof a¢. We

extendCPDL by inductively allowing thefollowing actionsandpropositions:

Y, e A (3.1)
If a € Ao, thenSucc(a), Fail(a) € Py (3.2)

FSP extendsCPDL with the basicconstructswhich take into accountthe factthatan ac-
tion mayfail andwhich provide the capability of controllingfailure. ¥ and® representhe
primitive actionsthat generatesuccessand failure, respectiely. ¥ (®) doesnothingbut
terminateexecutionwith succesgfailure). Fail(a) and Succ(a) hold iff o hasfailed and
succeededespectiely. Besidethe standarddefinitionsof CPDL (e.g. («)p is anabbreia-
tion of =[a]—p; if p then a else 3 andwhile p do a areabbreviationsof (p?; a)U(—-p?; 3)
and(p?; a)*; —p?, respectiely), we usethefollowing abbreviations':

Ex(a) := Succ(a) V Fail(a) (3.3)

3In [26] actionsarecalled(atomicandcompound)programs.
4p := ¢ meansthatthe propositionp is an abbreiation for the propositiong. o := 8 meansthata is an
abbreiation for 3. As aconsequencee have that Succ(a) := Succ(8) andFail(a) := Fail(3).
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Suce(a; B) := Suce(B) A {(o; 8)°)True (3.4)

Fail(o; B) := Fail(B) A {(a; B)°)True (3.5)

Succ(a U B) := Succ(a) V Suce(f) (3.6)

Fail(a U B) := (Fail(a) A Fail(8)) V (Fail(a) A —~Ez(8)) V (3.7)
(nEzx(a) A Fail(B))

Succe(a*) := - Fail(a) (3.8)

Fail(a*) := Fail(a) (3.9)

(£)°:=3% (B):=d (3.10)

iffail o then g else v := ((a; Fail(a)?); 3) U ((o; Suce(a)?); ) (3.11)

then(a, ) := iffail a then @ else 3 (3.12)
= ((a; Fail(2)?); @) U (o Suce(a)?); B)

orelse(a, B) := iffail o then § else © (3.13)
:= ((a; Fail(a)?); B) U ((o; Suce(@)?); E)

repeat(a) := o; (Succ(a)?;a)*; (Fail(a)?) (3.14)

Ezx(a) stateghatanactionhasbeenexecuted,.e. it succeededr failed. The succesgfail-
ure)of thesequencey; 8 (abbreviations(3.4) and(3.5)) depend®ntwo facts:first, we areat
theendof thesequenced,e. areachablestateof a; 3 (expressedy ((a; 3)¢)True®); second,
thesecondactionof the sequenced,e. 3, succeedgfails). Considemow abbreriations(3.6)
and(3.7). a U 8 succeedsvhenat leastone of the two actionssucceeds.Therearethree
possiblewaysin which « U g canfail. Thefirst caseis obvious: both« and g fail. In the
othertwo casesq U g failswhenonly oneof thetwo actionscanreachthefinal stateandthe
otheronecannot.Thisavoidsarny ambiguityin thecasewhenoneof thetwo actionssucceeds
andthe otheronefails. In this casethe conditionassureshata U 8 succeedsConsiderab-
breviations(3.8)and(3.9). Accordingto CPDL, a* standdor n repetitionsof «, with n > 0.
As a consequence stateis the final stateof a* whenit is the final stateof (oneor more
concatenationsf) « or thefinal stateof no concatenationf «, i.e. ary stateis thefinal state
of o*. We supposehatif we have noconcatenationsf « (i.e. n = 0), a* succeedandthatif
we have oneor moreconcatenationsf « (i.e. n > 1), o* succeedsr fails dependingnthe
succes®r failureof « itself. Abbreviation (3.10)takesinto accounthefactthatthecorverse
of anactionwhich doesnothingis anactionwhich doesnothing,i.e. theactionitself. Abbre-
viations(3.11)-(3.14)definethe constructdor failure handling. iffail is the basicconstruct
for failurehandling. Theintendedmeaningof iffail a then  else 7 is: “do «, if « failsdo
3, otherwisedo~”". ThePDL sequencef actionsa; 3 doesnottake into accountfailure: the
semanticof a; 3 is suchthatif « is executablethenj is executedarnyway, independently
of the failure/successf a.. For this reasonwe definethe constructthen. If thefirst action
fails, then doesnot executethe secondaction,but simply terminatesxecutionwith failure.
then captureghe behavior of executionsof plansby real planners:if the first actionfails,
theseconds not executedandthe controlis passedo a modulefor failurerecovery. orelse
is the constructfor failure recovery. orelse(a, 8) reactsto a failure of « by executingg.
repeat(a) ° controlsfailureovertherepeatedxecutionof actions:it repeatshe execution

SThereason®f this choiceareclearerobservinghow thereachabilitycondition(Condition(3.18))is represented
by Axiom (REACH) andTheorem(4.13).
Srepeat(a) shouldnot be confusedwith the CDPL assertionrepeat(a) which statesthat a programa can
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of a till « fails. Intuitively, if a never fails, executiondoesnot terminate. Notice thatif it
terminatesrepeat(a) alwayssucceeds.

The semanticgs basedon the standardsemanticgor CPDL. It is definedrelative to a given
structure/ of theform/ = (W, p, R), whereWV is thesetof statesp assignsnterpretations
to propositionsyp(p) C W is thesetof statesn whichp istrue (wewrite s = piff s € p(p));
R assignsnterpretationgo actions:R(a) C W x W is thesetof pairsof stateqs, t) such
thatoneof thepossiblesxecutionof o canleadfrom s to t. Wereferto [26] for thedefinition
of = andR for CPDL (whichis alsoincludedaspartof the semanticgivenin AppendixA).
We extendl= andR for CPDL to supplymeaningghe constructof FSP which take into
accounffailure:

(nulry R(E) ={(s,8) | s € W} R(®) = {(s,5) | s € W} (3.15)
(sf-null) s = Suce(X); s fE Fail(2); s = Suce(®); s = Fail(®) (3.16)
(sf-test) s = Suce(p?) iff s = p; s = Fail(p?) (3.17)

(3.15) statesthat ¥ and ® do not changethe world. ¥ alwaysterminateswith a success
and ® with a failure, as statedby condition (3.16). Condition(3.17)is a consequencef

thefactthatatestneverfails. Finally, noticethatwe have no constraintson the succesand

failure of anatomicaction(a)¢, i.e. in generafformulassuchas Succ(a) — Succ(a®) and

Fail(a) — Fail(a®) donothold. Thisis a consequencef thefactthatin FSP, aswell as

in CPDL, the corverseof an atomicactionis an atomicactionaswell. This simplifiesthe

proof of completenessThe corverseof non-atomicactionscanbe translatedn lineartime

in actionswherethe corverseactionsareonly the atomicones(see[26] page539).

We imposetwo further semanticakonditions. The first condition statesthat Suce(«) and
Fail(a) musthold only in stateswhich are“reachable™y «:

(readhability) p(Succ(a))Up(Fail(a)) = {s | 3t.(t,s) € R(a)} foreacha € Ay (3.18)

In condition(3.18),thefactthat“there existsaninitial statet of theactiona suchthats is a
final stateof a” impliesthatthe initial statesof a arereachabldrom thefinal statesof a, in
otherwords,thereexiststhe corverseof a, i.e. a¢. Indeed,condition(3.18)could be stated
equialentlyasp(Succ(a)) U p(Fail(a)) = {s | 3t.(s,t) € R(a®)}. Thesecondcondition
is thefollowing:

(nonambiguity) p(Succ(a)) N p(Fail(a)) =@ for eacha € Ao (3.19)

It makesatomicactions’not ambiguous'with respecto failureandsuccessActionsarenot
ambiguougw.r.t. failureandsuccessif it is alwayspossibleto determinewhetheranaction
hassucceededr failed. This is a reasonableondition, sincethis correspondgo the fact
that the plannerknows whetherthe executionof (the codeof the behaiour corresponding
to) the atomicactionhasterminatedwith or without anabort. The semanticof the success
andfailure of compoundactionscanbe derived by meansof the formulas(3.4)-(3.9). They
producea setof recursve equationsthat hasbeenproved to have a solution (the proof is
omittedsinceit is fairly straightforvard).

executeforever (see[26], pp. 539).



14 A DynamicLogic for Acting, SensingandPlanning
3.2 Actionswhich genemate andexecuteplans

3.2.1 Intuitions

In our application,the plannercanconstructa plan by activating specialpurposeplanners,
e.g.path-plannerandmodulesreasoningaboutavailableresourcegseeSection2.2). These
specialpurposeplannersgivenagoal,construcia planwhich canbe executedoy the planner
itself. The theory mustcapturethis ability of the planner Sincea plan is constructedoy

executingthe codeimplementinga (specialpurposeplanner we expressplangeneratioras
an actionwhich canbe executed. Whenthe actionis executed,it constructsa plan which,

in turns,canbe executedby the planner The plannerneedsthereforeto “refer to” the plan

which hasbeenconstructedIn otherwords,we neednamesof plansin the languageof the

planneiitself. Thetheorymusthave:

1. Actionswhich constructplans,calledplan genertion actions
2. Syntacticexpressionsvhich denoteplans,callednamesof plans
3. Actionswhich, giventhe nameof a plan,executethe plan, calledplan executionactions

Plangeneratioractionscanbe written as actionsof the form plan for(w, p), wherep is
a proposition(the goal we have to planfor) and « is the nameof the plan which is gen-
erated. For example, plan-for-moving-blokgw, Clear(c)) canbe a plan generationac-
tion that invokes a plannerfor the block world which generateshe plan put-on(a, b) de-
notedby = (seethe examplein Figure 6). Each special purposeplannercan therefore
have a correspondinglan generatioraction. For instance we might have an actionwhich
generateghe navigation plan of minimal length to reacha given location (for example,
plan-pati{w, At(landmark))), an actionwhich generateshe bestnavigation plan accord-
ing to a differentcostfunction (for example,plan-best-patlir, At(landmark))), andsoon.
Eachplandenotedby a nameof planhasa correspondingctionthatmay be executed.

Planexecutionactionsareof the form exzec(w). Theirintendedmeaningis: “executethe
plandenotedby 7”. For example,if 7 is the nameof the plan correspondingdo the action
follow-wall(landmark) theintendedneaningf exec(r) is: “executefollow-wall(landmark)
(seeFigure8). Sometimesve write “«” for thenameof the plan(action)a. For example,we
may have exec(“follow-wall(landmark}). In our application,plansgeneratedy plangen-
erationactionsareall executedby the sameexecutionmechanisnof the planner We assume
thereforewe have only oneplan executionactior’. Accordingto this assumptiona reason-
able constraintis that the semanticf the executionof a nameof an actionis the sameas
thatof theactionitself. As anexample thestatetransitionof exzec(“follow-wall(landmark})
shouldbethe sameasthatof follow-wall(landmark)(seeFigure8).

Notice that a plan generatioraction cancorrespondo ary modulewhich, givena goal,
returnsaplan. Themodulecanbeacomple« systemwhichgeneratea planfrom “scratch’by
searchinghroughthespaceof statesor partialplans(likein classicaplannerse.g.[13, 37)),
which implementsprobabilisticreasoningsuchasin [14]), or which implementsa simple
“look-up table” whichgivenagoalreturnsa pre-compiletplanimmediately(suchasin [17]).
As a consequencehe notion of plan generatiomactionis generalenoughfor a variety of
possiblydifferentplanningmechanisms.

“In principle,we might have differentwaysto executeplans,i.e we might have differentplan executionactions.
We limit to the casein which we have only onepossibleexecutionmechanismsincethis is enoughto expressthe
behaioursof the plannerin our application.
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follow-wall(landmark)

@Succ(execa'r )

//ﬁ Succ(follow-wall(landmark))
" @\_‘}

n= foIIow-waII(IaM Failexec( 1)

©

follow-wall(landmark) Fail(follow-wall(landmark))

FIGURE 8. Planexecutionactions

Giventhis generahotion,a majorissueis whethera plangeneratioractioncanaffectthe
world. In classicalplanningthe commonassumptionis that plan generatiordoesnot affect
theworld, i.e. plansaregeneratedby reasoningnoduleswhich searcHor aplanby usingan
internalmodelanddo notoperatdn therealworld. We donothave suchanassumptionAs a
matterof fact,atleastin ourapplication plangeneratioomayinvolvetheactvationof actions
at the actingandsensingevel. This is alsowhat happensn mostof the reactive planners
(e.g.in[17, 5]) where,sometimestheonly wayto decidefor aplanis to do somethingn the
world.

In orderto capturethis extendednotion of plan generationplan generatioractionshave
to be thoughtsimply asactionswhich constructplans,with no constraintson whetherthey
operatén therealworld or not. As a consequencglangeneratiormayfail in the sameway
asary otherkind of action.

Plan generationactionsupdatethe stateof knowledgeof the system. After thata plan
generatioractionhasbeenexecutedwith successthe plannerhasa planavailablefor agiven
goal, or in otherwords, the plan for that goal is up-to-date. Notice however that, the fact
thata plangeneratioractionsucceed generatinga plan doesnot meanthatthe execution
of the plan will succeedand neitherthatit will achiese the goal). This is not realisticin
presencef uncertainty Theknowledgeof the agentis relative to its (possiblyincompleteor
wrong) modelof theworld. Only the executionof the planwill determinewhetherthe plan
executionwill besuccessfu{andalsowhetheiit will achiesethegoalor not). As anexample,
considerFigure9, whereafter that the plan follow-wall(landmark)(denotedby 7) hasbeen
generatedvith succesdy the actionplan-path{w, At(landmark)), the plan (denotedby =)
canbe executeceitherwith succes®r with failure.

Succ(exec(t ))
-1 Succ(plan-path(mt , At(landmark)))

— Fail(plan-path( 1, At(landmark)))

lan-path , At(landmark
@ plan-path( 1 (landmar ))@
Succ(plan-path(mt , At(landmark Fail(exec( ))
n = "follow-wall(landmark)"” (4) = succ(plan-path(rt , At(landmark)))

— Fail(plan-path( 1, At(landmark)))

FIGURE 9. Planningactions

Finally, plan generatiorand executionactionsallow for interlearing of planningand ex-
ecution. For instance the following exampleis a plan which decomposethe generatiorof
aplanto reachthe locationposition; in the generatiorandexecutionof a planto reachan
intermediatdocationin front of the door, , the detectionof whethera dooris openor closed
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andthe generatiorof a secondplanfollowedby the executionof the secondplan (seeFigure
10).

5 =
then(plan-pathf,At(door)),
then(eec(ry),
then(sense-Closedifor, ),
if ~Closed(door;)
then then(plan-pathf,, At(position, )),execfrs))
dse @)))

FIGURE 10. An exampleof planwhichinterleavessensingplangenerationandexecution.

3.2.2 Formallanguage SyntaxandSemantics

We have to extend FSP to take into accountactionsthat generateand executeplans. In
orderto managenamesof planswe have to introducethe notion of equalityamongthem.
This is importantin orderto allow the plannerto decidewhat to do dependingon plans
comparisons.This is also a necessanstepin orderto formalize forms of reasoninglike
plantransformatiorandadaptationNeverthelessve would lik e to avoid the complexity of a
theorywith quantificationover namesof plans.As a consequencere introducethe equality
amongnamesf plansasatomicpropositions Furthermorewe introducethe null planname
which doesnot represenary plan. Thisis usefulto representvhena plan generatiordoes
not produceary plan.

Formally, we addto FSP asetIl of symbols,thatwe call the setof the namesof plans
Let II, andPF betwo finite setsof symbols. We inductively definell asthe smallestset
suchthat:

Lel, T, CI (3.20)
If # € Iy, p € P andplanfor € PF, thenplan for(w,p) € Ag (3.21)
If 7 € I, thenexec(w) € Ag (3.22)
If a € A, then“a” €11 (3.23)
If m, 72 € I, thenm; = 5 € Py (3.24)

In (3.21)and(3.22),we extendthe setof atomicactionswith plangeneratiorandexecution
actions,respectiely. We call actionsof the form plan for(w, p) andezec(w) plan genei-
tion actionsandplan executionactions respectiely. We call plangeneratiorandexecution
actions,planningactions L is the null planname.Il, is the setof symbolsusedto repre-
sentplansconstructedy plan generatioractions. P.F is the setof symbolscorresponding
to differentplan generatiormechanismsintuitively, we needmorethanonesymbolin I,
to represenplansconstructedy different(occurrencesf) plan generationsFor example,
givenIly = {m1, m2, w3} andPF = {plan-path plan-best-path, we might have thefollow-
ing plan



A DynamicLogic for Acting, SensingandPlanning 17

plan-pathgry, At(position,));
execry);
plan-pathfrs,At(positions));
plan-best-pathts, At(positions));
if T # m Am = g then ...

which “stores” in 7; andwy two differentoccurrence®f the plan generatedy plan-path
andin 73 the plangeneratedy plan-best-pattandthencomparesr;, 7, andrs in orderto
decidewhatto do next.

For ary possibleplana in A, we have its name“a” (see(3.23)). Notice that, sinceplan
generatiorandexecutionactionsareplansin A, we mayhave aplangeneratioractionwhich
generateplanscomposef plangeneratiorandexecutionactions.This allows for akind of
“meta-planning’[46]. As anexample theresultof theactionmeta-plan-patht,At(positions))
mightbesuchthat

w=“plan-pathr;,At(position;));
exectr,);
plan-pathrs, At(positions));
plan-best-pathfs, At(positions));
if T 75 o N\ o = T3 then ..”

In (3.24) we extendthe setof atomicpropositionswith statementgxpressinghe equiva-
lencebetweemameof plans.
Thesemanticss extendasfollows.

(ref) sEx=n (3.25)
(sym) sEm=miffsEm=m (3.26)
(ran) s|=m = ands = m = w3 thens = m = 73 (3.27)
(nil) s “a”=1 (3.28)
(plan) if s | Succ(planfor(w,p)) thens . m = L (3.29)
(exec-i) if s E w = Lthenforallt. (s,t) € Rexec(r)) (3.30)

(exec-i)) s | 7= “a” thenfor eachp € P
s |= [exec(m)lp < [a]p and
s E [exec(m)](Succ(exzec(m)) + Suce(a))A
(Fail(exec(m)) +» Fail(a))

(3.31)

(3.25),(3.26) and (3.27) are the usualconstraintsor equivalencé. (3.28)and(3.31)area
sort of mappingfrom namesof plansandactions. (3.28) statesthat a null plan namecan
notrepresenary actiong, i.e. it cannotbe equalto theactionname“a”. Consider(3.31).
Whena nameof plan represent@n actiona (i.e. « is equalto the nameof «), (3.31)
constrainghe executionof the planto behae asa. Theintuitive notionthata nameof plan
canbe executedonly if it containsan action(i.e. = is not L) is representedby condition
(3.30).(3.29)constrainsa successfuplangeneratiorto “store” anactionin , i.e. 7 cannot
beanull planname.Noticethat,in orderto keepthe semanticgeneral the only condition

8The equalityof namesof plansis only syntacticabut not semanticalln generaljf two actions(a: and8) have
thesamebehaiour (i.e. R(a) = R(3)) we cannotinfer that “a” = “4” holds.
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we have given on the interpretationsof plan generatiomactionsis condition (3.29). They
areatomicactions,andassuchthey areassignedarbitrarydisjoint succesandfailure sets.
Their semanticgdependson the particularplanningmechanismsvhich are availableto the
planningsystem. As ary otheratomic action, both plan generationand executionactions
havethegenerakestrictionamposedoy (3.18)and(3.19). Neverthelessthereareconditions
on planningthatseenreasonableWe mightintroducesomeof themto furtherconstrainand
specifythenotionof successfuplangeneratiordependingpn thedomainapplicationandthe
planningmechanismWe list someof the possibleconditionsbelow:

Letplanfor € PF. Foreachr € Iy, p € P.

(plan-i)  p(Succ(plan for(m,p))) C
{ s | 3t.(s,t) € R(exec(w)) and (3.32)
if t = Succ(exec(m)) thent |= p }
(plan-ii)y  p(Suce(planfor(n,p))) C
{ s | Vt.if (s,t) € R(exec(r)) and (3.33)
t = Succ(exec(m)) thent = p }

(plan-iii)y  p(Suce(planfor(m,p))) C

{513t.(s,t) € R(ezec(n)) andt = p } ©39
(plan-iv)  p(Succ(planfor(m,p))) C

{ 5| Vt.if (s,1) € R(ezec(n)) thent |= p } (3:39)
(plan-v)  p(Ez(planfor(m,p))) C

{s | 3t.(s,t) € R(exec(r)) andt = p} (3:39)
(plan-vi)  p(Ex(planfor(x,p))) C (3.37)

{s | Vt.if (s,t) € R(ezec(n)) thent |= p}

The conditions(3.32)—(3.37aredifferentandalternative constrainton the succesandfail-
ure of planningactions. They constrainthe generateglan representedby = to satisfythe
goalp undercertainconditions. (3.32) allows only for plan generationghat whensucceed
they producea plan which hasat leastan executionthatif succeedst achievesthe desired
goal. (3.33)is astrongercondition,indeedit stateghataftera successfuplanning,arny suc-
cessfulplanexecutionsatisfieghe goal. The conditions(3.34)and(3.35)dropthe constraint
onthesuccessfuplanexecution.Any successfuplangeneratiormustproducea planwhich
satisfieghe goalin atleastoneexecution(condition(3.34)) or all the executions(condition
(3.35)),no matterif they aresuccessesr failures.The conditions(3.36)and(3.37)dropthe
furtherconstrainton the successfuplangeneration.

4 TheDeductive System

We now introducean axiom systemfor FSP andprove thatit is soundand completeand
that validity is decidable(Section4.1). In this system,we can prove theoremsaboutplan
failure/successind we can describeactionswhoseeffects dependon their failure/success
(Sectiomd.2). Finally, we give anexamplethatshavs how thetheorycanbeusedin verifying
plans(Sectior4.3).
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4.1 AxiomSystem

Thedeductie systemof FSP is basenthedeductive systemof CPDL. Theaxiomsystem
for FSP includesthe Segerbeg’saxioms,the axiomsfor the corverseactions,andthe usual
inferencerules modusponensand necessitatior(see[23, 26, 29]). We add the following

axiomschematavhichtake into accountfailureandplanningactions.

Forarya € Ag,a, 8 € A, p € P,andn,wy,m, w3 € II:

(NULL)  ([Z]p ¢ p) A ([2]p ¢ p) (4.1)
(SF-NULL) (=Fail(X) A Suce(X)) A (=Suce(®P) A Fail(P)) 4.2)
(SF-TEST)  (Suce(p?) & p) A (=Fail(p?)) (4.3)
(REACH) Ez(a) ¢ (a®)True (4.4)
(NON-AMB) —(Succ(a) A Fail(a)) (4.5)

(RER T=T7 (4.6)
(SYM) T = T 4> Ty = M1 (4.7)
(TRAN) (m = m) A (w2 = m3) = (71 = 73) (4.8)
(NIL) =(“a” = 1) (4.9

(PLAN)  Succ(planfor(m,p)) = —~(xr = 1) (4.10)
(EXEC-l) 7 =1 — —{exec(r))True (4.12)
(EXEC-II) 7= “a” — ([exec(m)]p + [a]p)A (4.12)

[ezec(m)]((Succ(exec(m)) < Succ(a))A
(Fail(exec(m)) «+» Fail(a)))

Axioms (4.1)—(4.5)correspondo the semanticrestrictions(3.15)—(3.19),axioms(4.6)—
(4.12)to restrictions(3.25)—(3.31).Thanksto the possibility of rewriting condition(3.18)as
p(Succ(a)) U p(Fail(a)) = {s | Ft.(s,t) € R(a®)} we canwrite the correspondingixiom
(REACH). This explainsthe needfor the corverseoperatormentionedn Section3.1.

Provability in ZSP is denotedusingthet symbol. It is immediateto prove thatthe con-
ditions (3.18) and(3.19) on atomicactions(correspondingo axioms(REACH) and(NON-
AMB)) hold on all actions. Indeed,we canprove in FSP the following theoremdor ary
a € A

F Ex(a) « (a®)YTrue (4.13)
F —(Suce(a) A Fail(a))) (4.14)
Axioms (REACH) and (NON-AMB) hold only for atomic actions, Theorems(4.13) and

(4.14) statethat the above propertiescan be extendedto ary action. (4.13) can be refor-
mulatedas“t [a]Exz(«)”, i.e. aftertheexecutionof «, the propositionEx(«) holds.

We prove that FSP is soundand completewith respecto the previously definedclassof
structuregseeAppendixB).

THEOREM 4.1 (Soundnes& Completeness)

Foreveryp € P
Fpiff Ep
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We alsoprove thatvalidity in FSP is decidablgseeAppendixB).
THEOREM 4.2 (Decidability)

Validity in FSP is decidable.

As mentionedat the endof section3.2, we may introducefurther constraintgo plangener
ationactions. For example,the following axiom schemataorrespondo conditions(3.32)—
(3.35):

Letplanfor € PF. Foreachr € Iy, p € P.

(PLAN-l)  Succ(planfor(m,p

( — (exec(m))(Succ(exec(w)) = p)  (4.15)
(PLAN-II)  Succ(planfor(m,p
(

— [ezec(m)](Succ(exec(m)) — p) (4.16)

—_ -~
— — — —

(PLAN-III)  Succ(plan for(m,p)) — {exec(w))p (4.17)
(PLAN-IV)  Succ(planfor(m,p)) — [exec(n)]p (4.18)
(PLAN-V) Ezx(planfor(m,p)) — {exec(r))p (4.19)
(PLAN-VI) Ez(planfor(m,p)) — [exec(r)]p (4.20)

It is easyto shav thatwhenwe introduceoneof theabove axiomschematasoundness;om-
pletenessanddecidabilitystill hold. Theseaxiomsallow usto prove furthertheorems.For
example,it is straightforwardto prove from (EXEC-I) and(PLAN-I) thefollowing theorem.

Suce(planfor(n,p)) - -7 =1 (4.21)

Similartheoremsareprovablefrom the otheraxioms.

4.2 Reasonin@boutfailure andsuccess

FSP, like PDL, is alogic of programslin FSP, likein PDL, we canthereforereasorabout
the effects of actionsand planscomposedhroughthe usualprogrammingconstructsjike
conditionalsanditerations:

F [if p then a else Slg + (p — [a]g) A (—p — [B9) (4.22)
F [while p do a]g + (—p = ¢) A (p = [a][while p do «]q) (4.23)
Like in PDL, we candescribeactionsthroughpreconditionsand effects. For instance we
mightuseaxiomsof theform of (4.24)to describeactionswherep arethepreconditionand

q the effectsof theactiona
p — [alq (4.24)

In FSP we canreasoraboutfailure andsuccessanddescribethe effects of actionsde-
pendingon whetherthey fail or succeedFor instancejn FSP, we canreasoraboutfailure
andsucces®f plansconstructedhroughconditionalsanditerations:

F ( Succ(if p then a else 3) + (Succ(a) A{a®)p) V (Succ(B) A (8°)-p) ) A
( Fail(if p then «a else 3) « (Fail(a) A {(a)p A (Succ( YA{B)-p)) vV (4.25)

(Fail(5) A {5°)~p A ~((Suce(a) A {a)p))) )
F (Succ(while pdo a) & —p) A (—Fail(while p do a)) (4.26)
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(4.25) statesthat the succesof if p then « else 3 dependson the succesf a whenp
wastrue andthe succes®f g otherwise. The caseof failure is analogouswith the further
conditionthat we never have the succes®f anaction(e.g. «) with the failure of the other
one(e.g.). Theorem(4.26)stateshatawhileloop neverfails andendswhenthe condition
(e.g.p) isfalse.

We can also reasonaboutsuccessand failure of plans containingoperatorsfor failure
handling.For instanceconsiderthefollowing theorems:

F [iffail o then § else v]p < [a]((Fail(a) — [B]p) A (Suce(a) = [v]p)) (4.27)
F ( Succ(iffail a then g else ) < Ez(iffail a then § else v) A (4.28)
((Suce(B) A (B°)Fail (@) V (Suce(y) A (%) Suce(@))) ) A
( Fail(iffail a then § else v) + Ex(iffail a then § else ) A
((Fail(B) AN {B°)Fail(a) A =Succ()) V (Fail(8) A {B°)Fail(a) A ={y°)Succ(a)) V
(Fail(y) A (v°)Succ(a) A =Suce(B)) V (Fail(y) A {(¥°)Succ(a) A —{8°) Fail(a))) )
Thetheoremsabove statethatwhena fails (succeeds)d () is executedandthusthe effects,
thesuccessindthefailuredepend®nthoseoneof 3 (). Thefailurealsodepend®nthefact
thatwe do nothave asucces®f v (3) or v (8) hasnotbeenexecutedafterasuccesgfailure)
of a. The propositionEz(iffail a then 3 else ) assureghatwe arein a statewhich is
reachabléy iffail. repeat(a) neverfails andendssuccessfullywhena fails:
F [repeat(a)lp < [@]((Fail(a) — p) A (Succ(a) — [repeat(a)]p))  (4.29)
F (Succ(repeat(a)) ¢ Fail(a)) A (—Fail(repeat(a))) (4.30)

Action descriptionsof the form (4.24) are often non adequatdor reactve systemswhere
mostof the effectsof anactionwill dependonwhetherit will fail or succeedln FSP, we
candescribeactionswhoseeffectsdependon the failure/successf the action. Considerfor
instancg4.31):

p = [a](Suce(a) — q) (4.31)

Theintuitive semantic®f (4.31)is depictedn Figurell. We havethatif thepreconditiong

Succf )
Q q

. () Fail(a)
p ->[a](Succ ) ->q)

Q Succf )
q
FIGURE 11. Representationf actionpreconditionsandeffectswith failure

hold beforetheexecutionof «, theng holdsafterits executiononly if o succeedsNoticethat
succesandfailurearenot predicted put simply obsened. Indeed,n realworld applications



22 A DynamicLogic for Acting, SensingandPlanning

therearecaseswherethereis no possibilityto predictfailure andsuccessStatementsf the
kind
p— [a]Fail(e) p— [a]Succ() (4.32)

canbeusedto predictfailure or successvheneer possible.
We canstartfrom actiondescriptionsuchasthatformalizedby (4.31) andreasonaboutthe

effectsof actioncompositiongseeSection4.3). For instancethe derivedrulesin figure 12
canbe seenasthe naturalextensionof the Hoares rules[28, 29]. Thefirst rule of figure 12

p1 — [a](Suce(a) = q) , p2 — [a](Fail(e) = 1) , ¢ = [B](Succ(B) = s) , r — [B](Succ(B) — t)
(p1 Ap2) = [a; Bl(Succ(a; B) — sV E)

(g1 Ap) = [](Succ(a) 2 1) , (g2 A=p) = [B](Suce(B) = s)
(g1 A g2) — [if p then a else B](Succ(if p then a else 3) — r V s)

qAp = [a](Succ(a) = q) , g Ap = [o](Fail(a) — q)
q — [while p do a](Succ(while p do a) — (¢ A —p))

FIGURE 12. Rulesfor ; if andwhile

statesthat whenan action (e.g. «) hasthe effect of satisfyingthe preconditionof another
action (e.g. ), the two actionsmay be concatenated.The sequencéehaes differently
dependingon the succesr failure of . Notice that, in the third rule of figure 12, the
operatorwhile needsan invariant (¢) that mustbe true after ary executionof a. We can
derive anothersetof inferencerulesfor failure handlingoperatorse.g. the operatorsffail,

then andrepeat (seefigure 13). Thefirst rule of figure 13 captureghe intuitive ideaabout

p1 = [o](Succ(a) = @), p2 = [a](Fail{a) — 1) , g = [Y](Suce(y) = 5),, T — [B](Succ(B) — 1)
(p1 A p2) — [iffail o then § else v](Succ(iffail o then 3 elsey) — s V t)

p = [o](Succ(a) — q) , ¢ — [B](Suce(B) — s)
p — [then(a, B)](Succ(then(a, B8)) — s)

p = [@](Succ(a) = p) , p — [0](Fail(e) — p)
p — [repeat(a)](Succ(repeat(a)) — p)

FIGURE 13. Rulesfor iffail, then andrepeat

the behaiour of the operatoriffail. Whena fails the overall actionbehaesasthe sequence
«; 8. This meanshatthe preconditionsof  mustbetrue in the failing stateof «. Similar
considerationganbe madewith the preconditionsof ¥ whena succeedsThe secondrule
formalizesthe behaviour of the operatorthen Whenanactiona hasthe effect of satisfying
the preconditionsof anotheraction 8 andboth the actionssucceedthe two actionsmay be
concatenatedT he differencewith the operator; is thatthe operatorthentakesinto account
the failures. Considerthe third rule of figure 13. Notice thatthe operatorrepeat needsan
invariant(p) aswell asthe operatomwhile.

4.3 Anexample

This Sectionprovidesanexampleof planverificationwith ourtheory i.e. it shovshow taking
into accounffailures,sensingandplanning. Let us supposeo bein the situationdescribed
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in Section3.2. Thegeneratiorof a planto reachthelocationposition, is decomposeth the
generatiorandexecutionof aplanto reachanintermediatdocationin front of thedoor, ; the
detectiornof wetherthedooris openor closedthegeneratiorandexecutionof a secondlan.
Theresultingplanis in Figure10.

Let us supposehat a plan generatioractionplan-pathsatisfiesthe condition (PLAN-II).
Considerto have the following laws of motion (that may be axiomsor theoremsalready
proved):

At(door,) — [sense-Closddoor, )] Succ(sense-Closédoory )) (4.33)

Succ(sense-Closgdoor:)) A =Closed(door,) — (4.34)
[plan-pati{m, At(position1))]Succ(plan-pati(mr, At(position1)))

The intuitive meaningof (4.33)is: “when the robotis in front of a doorit cansuccessfully
sensdf the dooris openor closed”. (4.34) means:“if arobothassuccessfullyexecuteda
sensingactionandthe door is openthenit cansuccessfullygeneratea planto go inside”.
Underthesehypothesisve have thefollowing theorem.

THEOREM 4.3
Let 6 betheplandefinedin Figure10. Thenary successfuéxecutionof ¢ satisfieghe goal,
ie.

[0](Suce(d) — At(position,)) (4.35)

PrRoOF. Theproofproceeddackward.4.35is obtainedoy meanf thethenrule (thesecond
rule of Figure 13) from the following formulas.

True — [plan-pati{m1, At(door1))](Succ(plan-patimy, At(door1))) —

Succ(plan-path{m1, At(door1)))) (4.36)

Suce(plan-pati{w1, At(door1))) —
[then(exzec(m1),
then(sense-Closddoor1 ),

if =Closed(door:) then then(plan-patima, At(positioni)), exec(n2)) else ®))] (4.37)
(Succ(then(exec(nt), ‘

then(sense-Closédoor ),
if =Closed(door1) then then(plan-patmz, At(position1)), exec(nz2)) else ®)))
— At(positioni))
(4.36)is aneasyCPDL theorend. (4.37)canbederivedapplyingthethenruleto (4.38)and
(4.39).
Succ(plan-patt{m1, At(door1))) — [exec(m1)](Succ(exec(m1)) — At(doory)) (4.38)

At(door1) —
[then(sense-Closddoory ),
if =Closed(door1) then then(plan-path(ma, At(position1)), exec(n2)) else @)] (4.39)
(Succ(then(sense-Closddoor ), '
if =Closed(door1) then then(plan-patina, At(position1)), exec(m2)) else ®))
— At(positiony))

(4.38)istheaxiom(PLAN-II). Concerning4.39),it canbeobtainedf weapplythethenrule
to (4.40)and(4.41).

At(door1) — [sense-Closddoor1)](Succ(sense-Closddoori)) — Succ(sense-Closddoori))) (4.40)

Succ(sense-Closddoory)) —
[if =Closed(door1) then then(plan-path(ma, At(position)), exec(ns2)) else @]
(Succ(if —Closed(door1) then then(plan-path{ma, At(position1)), exec(mz)) else ®)
— At(positiony))

(4.41)

True — [o](p — p) for eacha € A,p € P.
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If we applymodusponenso (4.33)andthefollowing CPDL theorent®.

[sense-Closddoor; )] Succ(sense-Closddoor; ) —

[sense-Closddoori )](Succ(sense-Clos€door1)) — Succ(sense-Closgdoor ))) (4.42)

we derive (4.40). We derive (4.41) applyingthe if-rule (the secondrule of Figure12) to
(4.43)(thatis straightforvardto prove) and(4.44).

Closed(door1) — [®](Succ(®) — At(positiony)) (4.43)

Succ(sense-Closddoor;)) A ~Closed(door1) —
[then(plan-pati(72, At(door1)), exec(m2))](Succ(then(plan-patina, At(door1)), exec(n2))) (4.44)
— At(positiony))

Again, thethenrule canbe usedto prove (4.44). The formulasto useare(4.45) (the axiom
(PLAN-I11)) and(4.46).

Succ(plan-path{n2, At(position1))) — [exec(m2)](Succ(exec(n2)) — At(positiont)) (4.45)

Succ(sense-Clos€door:)) A ~Closed(door1) —
[plan-path{ma, At(position1))](Succ(plan-pati{7a, At(positiony))) (4.46)
— Swucc(plan-pati{ma, At(position1))))
The above formulais proved with modusponens the axiom (eg-lom-planpath)and the
following CPDL theorem?.
[plan-path(2, At(position1))]Succ(plan-path(ms, At(position:))) —
[plan-path{7a, At(positioni))](Suce(plan-path(ma, At(positiont))) (4.47)
— Suce(plan-patt{m2, At(position))))

5 Final Considerations, Related Work and Future Work

In the previous sectionswe have first describedan experimentalapplicationall developedat
IRST andthensketcheda formal theorywhich takesinto accountthe lessondearnedfrom
the application. As we alreadyremarledin the introduction,this pathis somehav unusual
if comparedwith much of the currentresearctin theoriesof actions. In theoriesof action
(seefor example[6, 7]) thefocusis from thevery beginningon how to reasorformally about
actionsandtheir effectson the world. The hopeis that the theory developedwill be more
or lessdirectly implementabldo controlarobotor, atleast,will sene asa specificatiorfor
theimplementation.Indeed this doesnot seemyet to be achievableif the goalis to build a
theoryand an implementatiorof robotsreasoningactingand perceving in a partially and
unpredictableervironment. As Lésperancet al. [30] acknavledge“[robot programming]
remainsverytightly couplecdto robotichardware” andeventhoughthey feel“that it shouldbe
possibleto fully controlarobotwith minimal attentionto the detailsof sensor@andeffectors,
thisis certainlynotthecasetoday™?!. UnfortunatelylL ésperanceetal. [30, 31] commitment
of “no implementationwithout a situation calculusspecification”doesnot seemyet to be
exploitablefor building robots.

Developingtheapplicationdescribedn this paperhasnot beenanexception.Much of the
efforts have beenin defininga syntaxfor interfacingthe plannerwith lower level modules
(i.e. asyntaxfor primitive actionsandfor the interchangeof data,e.g. failure). Of course,

0 7a)p — [a](p — p) for eacha € A,p € P.
111 [30], the commain the quotationis afull stop.
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all the problemswe have beendealingwith are groundedon the particularapplication. A

different project might have raiseda differentsetof problems. However, we believe that
the mainissueswe have raisedin this paper(failurein acting/sensingndplanningactions)
have to be dealtby any robot-planneperatingin a partially known ernvironment. Relaxing
thisassumptionpnemight needto introducelesscomplicationsn his own formalismand/or
implementationFor example,in [40] arobot-planneis describedn which failureandplan-
ning actionsdo not seemto play ary role. One of the motivationscould be the relatively

simplerobottask(hypothesizingheexistence)ocationsandshape®f objectsfrom a stream
of sensoidata).Anothercouldbetherelatively simplerobot’s sensorgthreebumpers).

Of coursewe do believe thatit is necessaryo provide aformal theoryfor the application,
eithera priori or a posteriori. This is whatwe aretrying to do. However, thingsarevery
complicatedsince,asfar aswe know, few formalizationshave beenproposedfor failure,
sensingactionsand planningactions,and nonecombiningall of them. Even more, some
of the traditionalissuesin theoriesof actions,like the frameandramificationproblemsare
just behindthe cornerandawait to be faced. Indeed,even thoughwe have never explicitly
mentionedthe frame problembefore,we have to dealwith it in our formalization. As a
matterof fact,in Section3 we implicitly assumedo have a solutionfor it, seefor example
Figure7. Eventhougha formal treatmentof the frame problemhasyet to be carriedout,
in the applicationdescribedn Section2 things are madeeasierthanit could be expected
sincewe have to dealwith “simple” actionsandconstraints.By “simple” actionswe mean
actionswhoseeffectscanbe describedby a setof literals. Analogouslyfor the constraints.
As aconsequencattheformallevel, asfaraswe have to formalizeapplicationof this kind,
we do not have to dealwith all the complicationscausedy disjunctive information(seefor
example[36, 34]), e.g. ramificationsare not possible.As a consequencat the application
level, theframeproblemcanbe—andindeedt is— solvedby simplyupdatingheknowledge
baseof the scenario.

Suchatheorycanbe usedto verify systempropertiesand plans. We proposein Section
4.3anexamplewhereit hasbeenprovedthata plansatisfiedts goalundercertainconditions.
One of the limitations of our work is that we do not provide any particularproof theory
decisionprocedurer planningalgorithmfor building plans.Thisis oneof themajortasksfor
future researchyhich canfollow two maindirections.Onepossibility is to seeplanningas
deduction.This seenthedirectionof muchof theworkin theoriesof actionsandin deductve
planning. The domainandthe effectsof actionsarerepresenteéh alogical formalism(e.g.
the situation calculus,a programminglogic) and then planning problemsare dealt asking
whethera certainsentencéogically follows from thetheory(seefor example[25, 33, 47, 43,
19)). Anotherpossibility would be not to provide a formal systemwith a proof theory but
ratheralanguagewith semanticanda modelbaseddecisionprocedurdor planning,likein
[8, 9, 10, 22], whereplanningis performedby modelcheckingwithin the “high level action
language”AR [20], which extendsGelfondandLifschitz [16] languageA.

Therearesomeworkswhich do not treatfailure, sensingactionsandplanningactionsbut
which are basedon the sameunderlyinglogic, i.e. a programmingogic. Seefor instance
[47, 19]. To this extent, a relatedwork is that of Stephanand Biundo [47], wherea tactic
basedheoremproveris usedto generatglansdeductvely. The constructsve have usedfor
failure handling(e.g. then, orelse, andrepeat) have beeninspiredby the work on tactic-
basednteractize theoremprovers(seefor instancg24, 12)).

Therehave beensomeworkstreatingfailure, sensingactionsandplanningactions.About
failure, the closestwork is thatdescribedn [38]. RaoandGeogeff extendthe computation
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treelogic CTL* introducingexplicit notionsfor failure andsuccessHowever, in their logic
actionsarenot explicitly representedndthusit is not clearhow, for example,to do action
compositions,.e. formalize planswith the programminglogic constructdike sequences,
conditionalsanditerations.

A formalizationfor sensingactionshasbeenproposecby ScherlandLevesque39] and
later extendedby Bacchuset al. [3]. Thereare however somedifferencesetweenScherls
andLevesques formalizationandours. The major differenceseemdo be thatthey assume
thatsensingactionscannotaffecttheworld. We do nothave suchanassumptionAs amatter
of fact, at leastin our application,it would have beenimpossibleto separatehe action of
“pure sensing”from the actinginvolved. As we said,sensingor examplethe actualposition
of therobotmayinvolve someadjustmentse.g.in the orientationof therobot. On the other
hand,our theoryhasyet to be refined,for exampleto introducesomenotionsanalogougo
ScherlsandLevesques[39] Knows, Kwhether andKref. Bacchusetal. [3] extendScherls
andLevesques work introducingprobabilitiesmeantto embodythe “degreeof confidence”
in sensorsln our application,all the sensorstdataareequallyprobableor handledwith the
samedegreeof confidence.This hasnot beena choicebut determinedby the architecture.
Thefusion of sensorsdata—andthusthe eventualhandlingof inconsisteng— happensat
thelower level. For somefurtherwork on sensingactionssee[4].

Planningactionshave beendealtby Steel[43] (seealso[42]). However, Steelregards
planningactionsas“non operational”j.e. actionswhichcannotbeexecutedIn ourapproach,
planningactionsare “normal” actionswhich canbe executed,canfail and canchangethe
world. For example,a planningaction may needto askthe userfor a plan. However, in
somerecentwork Steelconsidergplangeneratiorandexecutionasactionsof the similar sort
[45, 44]. Suchactionsareformalizedusingoperationakemanticsnsteadof a denotational
approachi.e. possibleworlds. This approachprovidesthe ability to focuson “how may he
dosomething.”” insteadof “what arethe effects...”.

Finally, somepreliminaryideasandresultsaboutthiswork have beenpresentedh [21, 50,
51, 49). [21] presentsomeintuitions aboutfailure, [50, 51] describesa formal frameawork
basedn procesdogic and[49] discussesheintuitionsraisedfrom theapplicationdescribed
in this paper
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Appendices

A ThelLanguage
(FSP)is basedon PropositionaDynamicLogic with ConverseOperato(CPDL) [26].

Syntax. Thesyntaxof FSP is basediponfour setof symbols: Py, thedenumerablsetof atomicpropositions,Ag,
the denumerableetof atomicactions,PF, the finite setof planningsymbols,IIp, thefinite setof plan symbols.
¢FromPy, Ap, PF, andlly we inductively constructhe setP of formulas,the set.A of actions,andthe setII of
actionnames

o If a € Ag, thena® € Ao.

e Ay C A

o If o, B € A, thena; 3 € A.

elfa,B€ A thenaUpS € A.

If a € A, thena* € A.

If p € P,thenp? € A.

e Po CP, TruecP,

If p,q € P,then—p,pVqeEP.

elfpe P, a€ A thenlalp € P.

e X, ® € Ag;

If a € Ag,thenFail(a), Succ(a) € Po.
o L€l Il CII

If planfor € PF,n € Ilg andp € P, thenplanfor(w,p) € Ap.
o If € II, thenezec(w) € Aop;

o If a € A, then“a” € 1I.

o If w1, w2 € II, thenw; = 72 € Poy.

WeuseFalse, A, —, <+ and{a) asabbreiationsin thestandardvay. In addition,we usethefollowing abbreia-
tions'2:

Ez(a) := Suce(a) V Fail(a) (A.1)
Suce(a; B) 1= Succ(B) A {(a; B)°)True (A.2)
Fail(a; 8) := Fail(B) A {(a; 8)°)True (A.3)
Succ(a U B) := Succ(a) V Suce(f) (A.4)
Fail(a U p) := (Fail(a) A Fail(B)) V (Fail(a) A —~Ez(B)) V (A.5)
(—=Ez(a) A Fail(B))
Succ(a™) := ~Fail(a) (A.6)
Fail(a*) := Fail(a) (A7)

12Noticethat CPDL assumesorverseoperatolis appliedto atomicprogramsonly, sinceEquationgA.8)-(A.10)
provide alineartime translatiorto the desiredformula (see[26], page$38,539).
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(05 B)° i= 8% a (A8)
(@UB)° i=a U g (A.9)
(@)= o (A10)
(@) : (A11)
) =gt (B (@ = (A12)
if p then a else 8 := (p?;a) U (—p?; 8) (A.13)
while p do o := (p?; a)*; —p? (A.14)
iffail o then § else v := ((a; Fail(a)?); 8) U ((a; Suce(a)?); ) (A.15)
then(a B) := iffail a then ® else § (A.16)
= ((&5 Fail()7); ) U ((o; Suce(@)?); B)
orelse( ,B3) := iffail a then § else & (A.17)
= ((&5 Fail()7); B) U ((; Suce()?); )
repeat( ) == o5 (Suce(a)?; @) (Fail(a)?) (A.18)

Noticethat.4 is adenumerablset(sinceit is asetof finite lengthstrings)thenll is denumerableAs aconsequence,
therelation= whichis asubsebf II x II is alsodenumerableFinally, P is alsodenumerable.

Semantics (Standard Models). Thesemanticss definedrelative to a givenstructurel/ of theform
U=W,pR)

whereW is the setof statesp assignsnterpretationso propositions(i.e. p(p) C W is the setof statesn whichp
is true), R assignsnterpretationgo actions(i.e. R(a) C W x W is thesetof pairswhich representhe possible
executionsof a).

p:Po— 2" R:Ag = 2VXW

Wewrite s |= p (i.e. p istruein s) iff s € p(p). = andR areextendednductiely to supplymeaningdor thefull
setsP and.A asfollows:

=
o

11.

12.
13.

© ® N U~ WN P

-R(e; 8) = R(a) - R(B)
- R(a U B) = R(a) UR(B)
. R(a*) = (Ra))*

)
R(p?) = {(s;5) | s = p}
R(a®) = {(s,8) | (¢, 5) € R(a)}.

CR(E) =A{(s,8) | s € W} R(®) = {(s,5) | s € W}.

s = True.

sk piffslEp, sEpVeiffs=pors = g

s = [a]p iff Vi.if (s,t) € R(a) thent = p

.8 | Suce(p?)iffsEp

s £ Fail(p?)

s = Suce(E) s E Fail(X)

s = Suce(®) s = Fail(®)

s = Succ(a) V Fail(a) iff 3t.(¢,s) € R(a)
s = Suce(a) A Fail(a)

dsEnr=m
15.sE i =miffsEm =m
16.if s ‘: T = wy ands ': T :ﬂgthens': T = T3

17' S # “ ” e
18.if s = Succ(planfo'r(ﬁ,p)) thens e mw = L
19.if s = m = L thenforall . (s, t) & R(exec(w))

20.

if s =« = “a” thenfor eachp € P
o s |= [exec(m)]p <> [a]p and
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o s E [exec(m)](Succ(exec(n)) «» Succ(a)) A (Fail(exec(n)) <> Fail(a))
Axiom Schemata. Let FSP bethesmallestsetof formulasthatcontainsthe schemata

Axioms:
(TAUT) all instance®f tautologiesf the propositionalkcalculus
(K) [al(p = @) = ([a]p — [a]g)
(COMP) [e;; Blp <> [@][B]p
(ALT) [a U Blp < ([a]p A [B]p)
(MIX) [a*]p < (p A [][a*]p)
(IND) [a*](p — [a]p) — (p — [a"]p)
(TEST) [p?]g <> (p — q)
(CONV) (p — [al(a®)p) A (p — [a°a)p)
(REACH) Ez(a) < {(a®)True
(NON-AMB) —(Swucc(a) A Fail(a))
(NULL) ([2]p > p) A ([®]p <> P)
(SF-TEST)(Succ(p?) <+ p) A (—Fail(p?))
(SF-NULL) (=Fail(X) A Suce(E)) N (—Suce(®) A Fail(®))
(REF)m ==
(SYM) 1 = w2 > 2 =71
(TRAN) (71 = m2) A (w2 = 73) — (m1 = 73)
(NIL) ~(“a” = 1)
(PLAN) Succ(plan for(m,p)) — —(m = 1)
(EXEC-l) m = L — —({exec(n))True
(EXEC-Il) m = “a” — ([exec(n)]p « [a]p)A
[exec(m)|((Succ(exec(m)) «» Suce(a))A
(Fail(exec(m)) <> Fail(a)))
andit is closedunderthefollowing rules

InferenceRules:
(MP) p,p — g + g (ModusPonens)
(NEC) p F [a]p (Necessitation)

B Soundness, Completeness, & Decidability: Proofs
We decompos¢hetheorem4.1in two theoremstheoremB.1 andtheoremB.13.

THEOREM B.1 (Soundness)

Foreveryp € P, if - pthenf= p.

It is immediateto prove from the definition of semanticshat all instancesof the axiomsare valid and that the
inferencerules presere validity. In orderto prove the theoremB.13 we give in the restof the sectiona setof
definitionsandlemmas.

DEFINITION B.2 (Maximal Set)

A sets C P is definedto be maximalif

e sisconsisten{i.e. s I/ False)

e forary A € PeitherA € sor-A€ s

LEMMA B.3 (Lindenbaunms Lemma)
Every consistensetof formulasis containedn a maximalset.

See[23] at page20.
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DEFINITION B.4 (CanonicaModel)
Thecanonicaimodelof FSP is thestructure

uf = wr, pf, R¥)
where
e WF = {5 C P | sis maximal}
o p"(p)={seW" |pes}
o (s,t) € R(a) iff {A€P|[a]JAes} Ct foreacha € A
NoticethatWF £ @ is guaranteetby the Lindenbauns Lemma.

We extendto FSP thedefinitionof FischerLadnerclosure[15].

DEeFINITION B.5 (FischerLadnerclosure)

Let p € P beaformula. The FischerLadnerclosureof p, denotedFL(p), is the smallestset S of formulas
containingp andsatisfyingthefollowing closurerulesfor all a € Ag, o, 8 € A, ¢,7 € P, 71, 72,73 € II, and
planfor € PF:
g€ S=>q€S
qVreS=>qe S, res
lalg € S=q € S,[a’]|q € S, Succ(a) € S, Fail(a) € S
[o; Blg € S=[a][Blg € S
[@UBlqg € S=[alg€ S, [Blge S
[a*]g € S=>q € S, [a]la*]g € S
[q?r € S=>q € S, 7 € S,Succ(q?) € S,Fail(q?) € S
Succ(a) € S=[a]True € S
Fail(a) € S=[a]True € S
Succ(q?) € S=q€ S
Fail(q?) € S=q€ S
=Suce(X), Fail(X) € S
=Suce(®), Fail(®) € S
T =72 €S=>m1 =M1 €ES,m2=m1 €Sm1=1L€S

» »

M1 =72 € S,y =73 € S=>m1 =73 €S
w = “a” € S=>[exec(n)|True € S, [a]True € S
lexec(m)]lge S=n =7 € S
[planfor(m,q)lr € S>> =mw € S,q€ S

LEMMA B.6 (Finitenesof FL Closure)

Let| FL(p) | denotethe numberof elementsn FL(p). Then
| FL(p) | is finite.

PRrROOF. Sletch. The proof proceeddy induction on the structuresof actionsandformulas. Notice that rulesfor
atomicformulas,T'rue and Flalse do not producearything. Rulesfor atomicactionsproduceformulas.The other
rulesproduceformulasandactionsthatareshorterandshorter |

Having determinedhatFL(p) is finite, we performafiltration.
For eachs € WF, define

FL(p)s = {B € FL(p) | UF,s = B} € 2F1®

andput
$ ~FL(p) t iff FL(p)s = FL(p)t
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sothat
s ~prp t iff forall B € FL(p),U",s = Biftu*,t = B

Then~pr,(p) is anequialencerelationon W', Let
|s|={tew”|s ~FL(p) t}

bethe ~ 1, (,,)-€quivalenceclassof s, anddefine

Wrrp) ={lsl:s e W'}
to bethe setof all suchequivalenceclasses.

Now, let Pog ., = Po N F L(p) bethesetof atomicformulasthatbelongto F'L(p), anddefine

w
PFL(p)  Poprpy =2 FL(P)

by putting
' s|€prrp)(P) iff s€pf(p) foraype Po,, .,

Finally, let Ar 1,y bethesmallestsetof actionsthatincludes:
all atomicactionsoccurringin memberf F L(p),
all testsB? occurringin memberof F L(p)
andis closedunder; , U andx, we candefinea FL(p)-Modelasfollows:

DEFINITION B.7 (FL(p)-Model)
A model
Urrp) = WrLp): PFL() R)
is definedto bea FL(p)-Modelif
o for eachatomicactiona € Apy () suchthata is notexec(w), we useary binaryrelationsuchthat

(Is],|t]) € R'(a) iff forall B, if [a]B € FL(p) andU¥, s |= [a]B B.1
thentd ¥t |= (B A Ex(a) A ~(Succ(a) A Fail(a))) (B.1)

o for eachexec(n) € Apr(p), We useary binaryrelationsuchthat

(Is|,|t]) € R (exec(n)) iff UF, st m=1
and
forall B, forallm = “a”,
if 7= “a” € FL(p) andU¥,s = = = “a” and
[@]B € FL(p) andU¥ s | [a] B
thend ¥, t = (B A Ex(a) A =(Succ(a) A Fail(a)))
and
if [exec(n)]B € FL(p) andU¥ | s |= [exec(n)]B
thentd¥ |t = (B A Ex(exec(m))A
—(Succ(exec(m)) A Fail(exec(n))))

(B.2)

o foreachB? € Apr(p),
R'(B?) ={(s|,|s]) [U",s = B} (B.3)
andotherwiseR' (a) is giveninductively by the standardnodelconditionson a.

LEMMA B.8
WL (p) is finite andit hasatmost2' 'L (®)| elements.

PROOF. For each| s | we have the correspondingF"L(p)s. As a consequenceWrgr,y C FL(p). Hence
| WrL) |< ol FL(p)I,
|
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DEFINITION B.9 (Filtration)
UrL(p) is calledFL(p)-Filtration of U if thebinaryrelationR(a)’ on WrL(p) Satisfies:

(F1)if (s,t) € R(a) then(| s |,| t |) € R()’
(F2)if (| s |, t|) € R()’, thenfor all B
if []B € FL(p) andUT, s |= [a]B, thenF,t = B

THEOREM B.10
U 1(p) is aFL(p)-Filtr ation of /¥

PrRooF. We prove thetheorenonly for atomicactions,X:, and®, sincetheprooffor theotheractionsdoesnotdiffer
from the proof for PDL (seefor example[23]).
o AtomicActionswhich arenotof theform ezec(r). Proofof thefirst filtration condition(F1). For eachB such
that[a] B € FL(p), for each(s,t) € R(a) we havethat¥,s |= [a]B impliesF,t = B by definition of
thesemantic®f [a] B. Moreover, noticethatwe canderie [a] = (Suce(a) A Fail(e)) by (NEC)andtheaxiom
(NON-AMB). Hence we canalsoprove thatfor each(s, t) € R(a) wehaveUF |t |= Ex(a) A ~(Succ(a) A
Fail(a)) by theabore formulaandthetheorema] Ex(«) (i.e. (4.13)). As aconsequenceyvhen(s, t) € R(a)
we have thati/ ¥, s = [a]B impliesUF,t |= (B A Ex(a) A ~(Succ(a) A Fail(a))). Butthisis equivalent
to(] s |,] t]) € R(a) by the condition(B.1) of the definition of FL(p)-model. Hencewe have proved the
condition(F1).
The proof of the secondfiltration condition (F2) easily follows from the condition (B.1) of the definition of
FL(p)-model.

e exec(w). Proofof thefirst filtration condition(F1). (s, t) € R(exec(n)) (i.e. s |= (exec(n))True) implies

s # m = L thanksthe axiom (EXEC-I). Furthermordor eachB suchthat[a]B € F L(p) andfor eachr =
“a” € FL(p) whenwehaeUF s = [a]B andUF,s = m = “a” thenld ¥, s = [exec(m)](B A Ex(a) A
—(Succ(a) A Fail(a))). Thisis provableby the axiom (EXEC-II), thetheoremda]Ez(a) (i.e. (4.13))and
[a]-(Succ(a) A Fail(a)) (obtainedoy (NEC)and(4.14)). Hencewe have thatfor each(s, t) € R(ezec(r))
wehavethatid ', s |= [a] B andU¥ s = 7 = “a” implyUT ,t |= (B A Ex(a) A—(Succ(a) A Fail(a))).
Takinginto accounthatwe canalsoprove thatfor each(s, t) € R(exec(m)),UF ,t = (B A Ex(exec(r)) A
—(Succ(exec(m)) A Fail(exec(m)))) aswell asary otheratomicaction,we canapplythecondition(B.2) and
obtain(| s |, | t |) € R'(exec(w)) which provesthe condition(F1).

Thecondition(F2) easilyfollows from (B.2).

e X and®.

o Let(s,t) € R(X). Thenif B € s,s0[X]B € s by axiom(NULL), henceB € t. Thuss C t, andtherefore
s = t ass is maximal. Thuswe have s = ¢ implying | s |=| ¢ | thatimplies(| s |,| t |) € R'(X) by
definitionof R/ (X). Hence(F1) holdsfor X.

olet(| s |,| t|) € R(Z). Then| s |=| t |. Thusif [Z]B € FL(p) andU¥,s = [Z]B, we hae
u¥,s = B, by axiom(NULL). ThendF',¢ |= B since| s |€ prr(,)(p) andB € FL(p). Hence(F2)
holdsfor X.

Theprooffor @ is similar.

LEMMA B.11 (Filtration Lemma)
Forary B € FL(p)

U, s = B iff Upry,|s|E B

ProoF. The Lemmais proved accordingto the usualproof given for modaland dynamiclogics (seefor example
[23]). With respecto thatproofwe just have to addthe proofsfor the following stepcases.
e Succ(B?).
UF s |= Suce(B?)iffUF,s = B by axiom (SF-TEST)
iffUrrp), | s|= B by inductive hypothesis
iff Upr(p), | 8 |= Succ(B?) by axiom(SF-TEST)
e Fail(B?). Theproofis similarto the proof for Succ(B?).
e Theprooffor Suce(X), Fail(X), Suce(®), andFail(®) aresimilar.

COROLLARY B.12
UrL(p) is astandardnodel.
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ProOOF. Thedefinitionof U 1, () guaranteeall theconditionsof standardnodelsof 7SP thefollowing condition
abouttests:

R'(B?) = {(=z,z) |uFL(p)zz E B}
Neverthelessthe above conditionholdsfor the Filtration lemmaandthe definitionof R’ (B?). |
THEOREM B.13 (Completeness)

Foreveryp € P, if = pthent p.

ProoF. Equivalently we needto prove thatif p is consistentthenit is satisfiedin a standardnodel. In fact, the
Lindenbauns Lemmaguaranteethatif p is consistenthenit is containedn a maximalsets, which is a stateof
the CanonicaModel/¥". By theFiltration Lemma,p is satisfiedat state| s | in thestandardnodelt g, () - |

THEOREM B.14 (Decidability)

Validity in FSP is decidable.

PRrROOF. It is aconsequencef theproof of Completenes$heoremandLemmaB.8. |
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