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Abstract

Schedulingthe tasks of an autonomousrobot of ce
courierandcarryingoutthescheduledasksreliablyand
efciently posechallengingproblemsfor autonomous
robot control. The controllerhasto accomplishlong-
term efciency rather than optimize problem-solving
episodeslt alsohasto exploit opportunitiesand avoid
problems e xibly becauseoften the robot is forcedto
generateschedule®asedn partialinformation.

We proposeto implementthe controllerfor scheduled
actvity by employing concurrentreactive plans that
reschedul¢he courseof actionwhenevernecessargnd
while performingtheir actions. The plansare repre-
sentedmodularly and transparentlyto allow for easy
transformation. Schedulingand schedulerepair meth-
odsareimplementedasplantransformationrules.

Intr oduction

To carryouttheirjobsreliably andef®ciently mary au-
tonomousgnobile servicerobotsactingin humanwork-
ing ernvironmentshave to view their jobs as everyday
activity. We considera particularinstanceof everyday
activity: performing of®ce courier service. Schedul-
ing everydayactvity differsin importantaspectsrom
mary otherschedulingaskssuchasjob shobschedul-
ing (FS84) spaceshuttleschedulingDSB94),or trans-
portationschedulingn thefollowing aspects:

Long-term efciency. The goal of schedulingev-

erydayactiity is the optimizationof long-termef®-
cieng ratherthanproblem-solvingepisodesThere-
fore, a competentof®ce courier distributesfor in-
stanceempty envelopesaccordingto an expected
consumptionpro®le while performingits delivery
jobs. Distributing the envelopes beforehandde-
creasesthe chancesthat the robot must search
for empty ervelopesbefore delivering a letter and
therebymiss a deadline. Such preparationactions
makethe performancef individual jobs slower but

they canbe expectedto improve the overall perfor

mancesigni®cantly

for robust and ef®cient

Flexibility and RobustnessSchedulesreto begen-
eratedbasedon partial information aboutthe ervi-

ronmentandthe tasks.For instancejncompletetask
speci®cationdike “pick up the letter from Wolfram
anddeliverit,” lack properdescriptionsof envelope
aswell asthe destinationof the letter. Acting ap-
propriatelybasedon partialinformationrequiresthe
robot courierto watchout for opportunitesand ex-

ploit themaswell asdetectandavoid problemswhile
executingscheduledhctivity.

Experience.Informationacquiredthroughextended
experiences exploitedto computemoreappropriate
schedulesFor instancethetimeit takesfor different
peopleto loador unloadat differentplaces.

It is importantthat the schedulerof an autonomous
robot of®ce courieris ableto interleare delivery jobs,
reschedulsvhenproblemsaredetectedandexploit op-
portunities.Theschedulealsohasto beableto predict

whetherexploiting anopportunitythathasjustbeende-
tectedmight causdailuresin otheractivity threadssuch
asmissingdeadlinegBG98). What seemdessimpor-
tantis thecomputatiorof scheduleshatguaranteenin-

imal pathlengthbecausdoading and unloadingtakes

signi®cantamountof time.

Our researchon schedul-
ing everyday actvity is
carried out in the contet
of FAXBOT, a structured
reactve controller (SRC)
(Bee98) that is designed

execution of delivery plans
on the autonomousmobile
robot RHINO (seeFig. 1), an
RwI B21 robot. RHINO is equippedwith three PCs
connectedo theuniversity-widecomputemetworkvia
a tetherlessradiolink. Its sensorsystemcontains24
ultra-sonicproximity sensorstwo laserrange®nders,
anda CCD stereacolor camerasystem.

Fig. 1: RHINO



FAXBOT operatesn apartof anof®ce building con-
taining a large hallway, several of®ces,a library, anda
classroon{seeFigure2). FAXBOT usesa symbolically
annotate®D world modelof its environmentthatcon-
tains oor planinformation for walls, doorways,and
roomsand staticpiecesof furniture. The world model
providesall theinformationrequiredby the RHINO hav-
igation systemto exhibit fast and collision free nav-
igation and accuraterobot localization(TBB 98). It
alsocontaingetailedgeometrianodelsof thefurniture
itemsthatcanbeusedfor theirrecognition.Finally, the
world model storessymbolicinformationthat is used
to interpretnaturallanguagecommandsndasdomain
knowledgefor missionplanning.

FAXBOT operateover extendedperiodsof time and
carriesout a scheduleof multiple jobs, which can be
changedatary time. Jobsareissuedvia electronicmail
usingstronglyrestrictedhaturallanguage.

Classroom
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I

Fig. 2: Ervironmentof the of®ce courier
To accomplishits commandg$-AxBOT usesa library

of routineplans. Theroutineplanfor deliveriesspeci-
®esthatRHINO is to havigateto the pickup place,wait
until letteris loaded,navigateto the destinatiorof the
delivery, andwait for theletterto be unloaded.

The main contributions of this paperare that we
shav (1) the installation of modular and transparent
schedulesin complex concurrentand reactve robot
control programs;(2) explain the designof schedules
andcontrollersthatallow for the opportunisticandro-
bust executionof scheduledactivity; and(3) describe
novel plan transformationtechniquesfor scheduling
andreschedulingverydayactivity.

Theremaindef this paperis organizedasfollows.
The section2 presentsan examplein which FAXBOT
scheduledts delivery jobsbasecbn partialinformation
andreschedulefts actvities to avoid taskfailuresand
exploit opportunites. The section3 givesa glimpseof
the plan representatiomisedby FAXBOT and presents
the control structuresusedfor the implementatiorand
revision of actiity schedulesSection4 presentgech-
nical detailsof FAXBOT's actiity scheduleandshowvs
how schedulingmethodsare implementedas declara-
tive plantransformatiorrules. Section5 describesion
theFAXBOT controlleraccomplishethebehaior of the
robotthatis describedn Section2.

An Extended Example

Considerthe following experimentthat is carried out
by RHINO using FAXBOT's schedulingcapabilities.
RHINO recevestwo commands!put thered letteron
the meetingtablein room A-111 on the deskin room
A-120" and“deliverthegreenbookfrom thelibrarian's
deskin roomA-110to thedeskin roomA-114"

Wheneerthejobschange-AXxBOT computesanap-
propriateschedulevery fast. FAXBOT'sinitial schedule
is to pick up the red letter ®rst, then pick up the green
book,thendelivertheredletter, andthe greenbookaf-
terwards.If thesecondob involvedalsoared letterto
bedelivered thentheschedulewould®rst carryoutthe
®rst job completelyandthencarry out the secondob.
Thisis doneto avoid carryingtwo redlettersatthesame
time andtherebyyield possibleconfusions.

Fig. 3. Default
schedule.

Fig. 4. Scheduleghat
avoidscarryingtwo
redletters.
Proposinga schedulealso implies making assump-
tionsaboutwhetherandwhendoorsareopenor closed.
Thuswhenadoptinghescheduld=axBoT assumethat
the doorsof the roomsA-110, A-111, A-114, and A-
120 are open. To performthe necessanadaptations
e xibly, FAXBOT monitorsthe assumptionsinderlying
its schedulewhile performingits deliveries: wheneer
it passes doorit estimateghe openingangleof that
doorandrevisesthescheduléf necessary

Fig. 5: Completetrajectoryfor thetwo deliveries

Figure5 picturesRHINO's trajectoryduring the ac-
complishmentof the two delivery jobs. Initially, all
doorsin theenvironmentareopen.FAXBOT startswith
the delivery of thered letterandheadsto the meeting
tablein A-111 wherethe letter is loaded(step2). At
this momentthe door of A-120is closed. Thus,when
FAxBOT entersthe hallwayto deliver the red letter at
Michael's desk, it estimateghe openingangleof the



doorof roomA-120. At this momentFAXBOT detects
thatthedoorhasbeenclosedandthatit cannotcomplete
thedelivery (step3). A failureis signalled.

SinceFAxBoOT doesnotknow whenroomA-120will
be openagain, it revisesthe schedulesuchthatit de-
liversthe greenbook ®rst and accomplisheshe failed
delivery asan opportunity ThusFAXBOT navigatesto
thelibrarian's deskin A-110to pick up the greenbook
toroomA-114 (step4). At thismomentroomA-120is
openedagain.As FAXBOT headsowardsA-114to de-
liverthe greenbookit passesoom A-120 (step5). At
this pointthe doorestimatiorprocesssignalsan oppor
tunity: A-120is open! Therefore,FAXBOT interrupts
its currentdelivery to completethe delivery of thered
letter. After the delivery of the red letteris completed
(step6), FAXBOT continuesthe delivery of the green
book(step7). Thebehaior generatethy FAXBOT if all
doorsstayopenis shovnin Fig. 6 andtheoneif A-120
is closedbut not openedagainin Fig. 7.

Fig. 6. Trajectoryif
A-120staysopen.

Fig. 7. Trajectoryif
A-120is closed
again.
Thebehaior exhibitedby FAXBOT demonstratethe
following capabilitief FAXBOT's scheduleandits in-
tegrationinto the overall controller: interleaving deliv-
ery tasks,revising schedulesvhile they are executed,
andexploiting opportunities.

The FAXBOT Controller

FAXBOT's delivery routinesare implementedin RPL
(Reactve PlanLanguagejMcD91). RPL providescon-
ditionals,loops,programvariablesprocessesandsub-
routines. RPL alsoplaceshigh-level constructy(inter-
rupts, monitors) to synchronizeparallel physical ac-
tionsandmakeplansreactive androbustby incorporat-
ing sensingand monitoringactions,andreactiongrig-
geredby obsenedeventsatthe programmes disposal.
The RPL constructsusedto specify scheduledactivity
arethe pPLAN-, WITH-POLICY-, WHENEVER-, and wAIT-FOR-
statementdyut see(McD91)for acompletedescription.
The pLaN-statementhas the form (PLAN STEPSCON-
STRAINTE STER have the form (:Tac NamME susPLAN and
tag SUBPLANwith the nameNAME. constaints have
the form (orRDER ) where s arenametagsof the
plan steps. Stepsare executedin parallelexceptwhen
they areconstrainedtherwise.The:orber constraints

makesurethat a subsequenstepis startedonly if all
stepscomputingthe inputshave beencompleted.The
Top-LEVEL commandindicatesdeclaresits subtasksas
usercommandsndcauseshegeneratiorof failureand
successeportsupontheirtermination.

WITH-POLICY P B, anothercontrolstructuremeans'ex-
ecutetheprimaryactiity B suchthatthe executionsat-
is®esthe policy p." Policiesare concurrentprocesses
that run while the primary actvity is active andinter-
ruptthe primaryif necessary

EventsthatrequireRHINO to performactionssuchas
“passinga door” are handledthrough uents, program
variableghatsignalchange®f theirvaluesandthereby
enablecontrolthreadgto reactto asynchronousvents.
TheRpL statementvHENEVER F B is anendlesdoop that
executess wheneer the uent F getsthe value“true”
WAIT-FOR F, anothercontrol abstractionplocksathread
of controluntil the uent F becomegrue.

Primary Activities and Policies

The FaxBoT controller carriesout two kinds of sub-
plans: primary activities actionstakento accomplish
the robot's mission and policies which monitor and
maintaintheconditionsnecessarfor thesuccessfuand
ef®cientexecutionof the primaryactiities.

Primaryactiities includefor examplethe navigation
to placeswhereobjectsareto be pickedup anddeliv-
ered. A policy might, for instance monitor the doors
the robot is passingto detectwhetherthey are open
or closed. Anotherpolicy might monitorhow well the
robotknows its positionandinvoke active localization
wheneer necessaryPrimaryactiities musthandlein-
terruptsand,dueto thepossibleside-efectsof policies,
theseactivities have to makesuitablepreparationgor
their successfutontinuatiorafterreactiation.

Policiesarebestviewed asconstrainton the execu-
tion of primary actvities. Constraintssuchas“when-
ever you passa door estimatethe openingangleof the
door using its laser range ®nders” and opportunites
suchas“completethe delivery to room A-120 assoon
asyou learnthe of®ce is open; which are both nec-
essaryfor carrying out the jobs opportunistically are
speci®edusingthe reL constructwith-poLicy. Events
thatrequireFAXBOT to performactionssuchas“pass-
ing a door” arehandledthrough uents thattriggerac-
tions like estimatingthe door angle. Whena delivery
getsinterruptedbecausd-AxBOT hasdetectedhatthe
door to A-120 is open, that opportunity hasthe side
effect of moving the robotinto the of®ce A-120. The
interrupteddelivery plan hasthereforeto be replanned
beforeit canbe continued.



The Structure of the FAXBOT Controller

The FAXBOT controlleris structuredn a modularand
transparentvay suchthat automaticplan transforma-
tion techniguesanretrieve partsof theplaneasilyand
modify the plan without makingit opaquefor subse-
guentplanrevision processes.

WITH-POLICY | Global Policy

WITH-POLICY | Global Policy

‘TAG PRIMARY-ACTIVITIES
WITH-POLICY :TAG OPPORTUNISTIC-PRIMARIES

Opp-Pri
TOP-LEVEL PP

6pp-Pri

:TAG ACTIVE-PRIMARIES
PLAN

TAG CMD Act-Pri
TOP-LEVEL| —

TAG CMD  Act-Pri

:ORDER

‘ Order Constaints

The overall plan of the FAXBOT controller consists
of the planbodytaggedrrivArY-AcTIVITIES thatcontains
theplansfor accomplishingheusercommandsndthe
surroundingpoliciesthat specifythe constrainton the
executionof the primaryactiities. The primary activ-
ities are separatednto the opportunisticprimariesand
the active primaries. The active primariesarethe ones
thatthe robotis ableto accomplishwithout help. The
orderin which the subplanof the active primariesare
executeds givenby theorder constaintsthatspecifya
(partial) orderon the navigation taskscontainedn the
active primary tasks. The opportunisticprimariesare
the onesthat robot cannotaccomplishautonomously
To completethemit hasto waitfor enablingconditions.
For example,becausd-AxBOT hasno actionfor open-
ing doorsit mighthave towait for doorsto openin order
to completeits deliveries. The opendoor might be an
opportunityto completea usercommand.

The FAXBOT Scheduler

The schedulingmethodtakesconstraints ressources,
and deadlinesinto accoundandtries to minimize the
numberof interruptionsfor people. The methodcarries
out a sequencef steps: (1) the schedulerextractsall
navigationtasksfrom the structuredeactve plan;(2) it
comhutesanef®cienttotal orderonthenavigationtasks
that(if possible)meetsall givendeadlinesvoids over
loadingthe robot; (3) it installsthe scheduleinto the
structuredreactve plan; and (4) installs a monitoring
procesghat monitorsall the assumptionsnadeby the
scheduleandtriggersareschedulingprocessvheneer
anassumptioris detectedo beviolated.

The extraction stepis simple becausall navigation
tasksarerequiredto have the form (ACHIEVE (LoC RHINO
loc)) (BM92). In theextractionstepevery navigationtask
is taggedwith a uniquenamethat canbe later usedto
specifythe orderon the navigationtasks.A moredif®-
cult issuein the extractionstepis guessinghe destina-
tions of navigationtasksthatarenot completelyspeci-
®ed. (McD92) describestechniqudor guessinglesti-
nationsof navigationtasksbasedon Monte Carlo sim-
ulationsof theplan.

The algorithm for ordering the navigation tasksis
alsosimple. Essentially it sortsthe destinationnorth
of the hallwayin ascendingandsouthof the hallwayin
descendingrder (the ervironmentis picturedin Fig-
ure2). After thisinitial sortthescheduleiteratively re-
solvesproblemssuchasmisseddeadline®r confusions
causedy carryingobjectsthatlook identical.

SCHEDULE-DELIVERIES
1 for each in

2 doif North-of?

3 then

4 else

5

6

7 for each in

8 doif East-of?

9 then

10 else

11

12 while Conict-free
13 do Remove-a-Con ict(Swdule)
14 return

Becauseof the hierarchicalstructureof of®ce ervi-
ronmentghis simpleheuristicalgorithmfor computing
schedulesvorks surprisinglywell. Theoptimal sched-
ule askstherobotto visit every of®ce with the orderof
the of®cesbeingclockwise(or anti-clockwise)starting
atthe of®ce closesto therobot. TheVoronoidiagrams
of of®ceshave oftenalmosttreestructurg(with few cy-
cles) so that the deskscanbe easily reachedrom the
doorandthe centerof theroom.

Therearevariouscasedor whichthis algorithmpro-
ducessuboptimalschedules. For instance,you can
place destination®nadcircle (equallyspaced)In this
setting thealgorithmasksherobotto gobackandforth
onthecircle andtakearoutethatis longerthanneces-
sary The algorithm canbe extendedeasily so that it
computeswith a high probabilitynearlyoptimal sched-
ulesfast. Thequestioris whethetaving nearlyoptimal
schedulesausesherobotto accomplistits tasksmore
ef®ciently. Oftentighter scheduledail moreoften. In
our opinion it is more promisingto learn scheduling



1.) ?PRIM-ACTIVITIES
AT PRIMARY-ACTIVITIES
2.) ?ACTIVE-PRIMARIES
AT ACTIVE-PRIMARIES
== (PLAN ?CMDS ?CONSTRAINTS)

UNSCHEDULED-PLAN-BUG (a)
(?ROOT-TASK ?ACTIVE-PRIMARIES)
NAVIGATION-TASKS (b)

1.) WITH-POLICY WHENEVER (NOT (AND !?SCHED-ASSMTS))
SIGNAL(UNSCHEDULED-PLAN-BUG

(?ROOT-TASK ?ACTIVE-PRIMARIES))

?PRIM-ACTIVITIES
2.) PLAN ?CMDS ?CONSTRAINTS I?SCHED-CONSTRAINTS

(?ACTIVE-PRIMARIES ?NAV-TASKS)
SCHEDULE ?NAV-TASKS(?SCHED-CONSTRAINTS) (c)
SCHEDULING-ASSUMPTIONS (d)
(?NAV-TASKS ?SCHED-ASSMTS))

Figure8: Planrevisionrule for thetheinstallationof taskschedules.

heuristicsfrom experience. Information relevant for

schedulinghatcanbelearnedirom experiencanclude
the expecteddurationof loadingandunloading,when
peopleareusuallyin their of®ces,whendoorsareopen
or closedandsoon.

The schedulingroutine is implementedas a plan
transformationrule that can be appliedto FAXBOT's
overall planwhile the planis executed(BM97; BM94).
We will diagramplan-transformationules

(pl AT cp == pat)

cond
pl

wherecondis the applicability condition, (! AT cp == pat)
the input plan schemaandpl' the outputplan schema
of the rule. The applicability conditionis a conjunc-
tion of literals. The input plan schemaconsistsof a
patternvariableto which the subplanwith code path
cp is boundandan optionalpatternpat thatis matched
againstthe subplarpl. Theruleis applicablef the ap-
plicationconditionholdsandthe planpl with codepath
cp matcheghepatternpat Theresultingplanfragment
pl' replacegheinputfragmentin therevisedplan.

Figure8 shaws the formalizationof the transforma-
tion rule thatschedulesf®ce delivery tasks.Thetrans-
formationrule revisesthe primary activities by adding
anotherglobal policy that generatesan unscheduled
plan bug wheneer an assumptiorunderlyingthe cur
rentscheduldas detectedasviolated. Therule alsore-
visesthe active primariesby addingthe orderingcon-
traints of the scheduleto the constraintsof the pri-
mary activities. The schedulingrule is applicableun-
der a set of conditionsspecifying that (a) Thereis
a bug of the catgyory “unscheduledplan;” (b) The
navigation taskscontainedin the active primariesare
2NAV-TASKS; (C) ?SCHED-CONSTRAINTS are orderingcon-
straintson 2nAv-TAsks suchthatary orderwhich satis-
®es?scHED-CONSTRAINTS Will accomplistthe active pri-
marytasksfastandavoid deadlineviolationsandover
loading problems;(d) »nav-TAsks canbe accomplished
if 2scHED-ASSTS aresatis®ed.Theruleis appliedwhen-
everthe setof usercommandghanges.

Robust and Ef cient Schedules

To accomplistrobustandef®cient executionof sched-
uleswe (1) explicitly recordandmonitorschedulingas-
sumptionsy(2) install opportunistt delivery tasks;and
(3) rescheduléhe primary actiities while they areex-
ecutedvheneer abrokenschedulingassumptioris de-
tected.

Currently we only consideronekind of scheduling
assumptionsnd opportunites: the stateof doors. To
monitortheseassumptionghe FAXBOT controllerem-
ploysaglobalpolicy: when&er therobotpasses door
it estimatesheopeningangleof thisdoor. Theopening
anglesof eachdoorarestoredin an uent thathastwo
dependentuents: onesignallingthatthedooris closed
andonethatthedooris open.

The schedulingassumption®f the active primaries
are that all roomsthat are destinationsof navigation
tasksareopen.Schedulingassumptionarehandledoy
apolicy of thefollowing form:

WITH-POLICY SEQ WAIT-FOR(CLOSED(ROOM ) ...
CLOSED(ROOM ))
SIGNAL(CLOSED-DOOR-BUG ...)

Plan Body

Thus eachviolated schedulingassumptiorntriggers
the applicationof the schedulingtransformationrule
shavn in Figure9. In orderto apply schedulingrans-
formationsto the primary actvities while the primary
actiities areexecutedthe primaryactivities have to be
restartabl§BM96). Restartabilityneanghattherobot
controller canrepeatedlystartexecutinga plan, inter-
rupt the execution,andstartit anev, andthe resulting
behaior of the robotis very similar to the behaior of
executingthe plan only once. Restartabilityfacilitates
the smoothintegration of plan revisionsinto ongoing
activities: apartiallyexecutedrestartabl@lancanbere-
visedby terminatingthe plan andstartingthe new plan
thatcontaingherevisions.

In practice,however, restartableplanswork differ-
ently. Considerfor example,a planfor the delivery of
anobject. To determinewhich partsof the plancanbe
skippedit is suf®cientto know theobject'slocationand
someaspectof the robot's state(like its locationand



1.) ?ACT-PRIMARIES
AT ACTIVE-PRIMARIES
2.) ?0PP-PRIMARIES
AT OPPORTUNISTIC-PRIMARIES

CLOSED-DOOR-BUG
(?CMD-FAILURE ?DOOR-FCT ?2ROOM
(?TLC) ?FAILED-TASK)

TLC-NAME(?TLC ?TLC-NAME)

1.) ?REM-ACT-PRIMARIES
2.) TOP-LEVEL
TAG ?TLC-NAME
SEQ WAIT-FOR(OPEN(?ROOM))
2TLC-PLAN
120PP-PRIMARIES

ROOT-TASK(?ROOT ?FAILED-TASK)
DELETE-ACTIVE-PRIMARY-TLC-PLAN

(?ROOT ?TLC-NAME ?REMAINING-TLC-PLANS)
TAGGED-SUBTASK(?ROOT ?TLC-NAME ?TLC-TASK)
RPL-EXP(?TLC-TASK ?TLC-PLAN)

Figure9: Planrevision rule for delivery tasksthatcannotbe completechecausef closeddoors.

what it carries). Becausethe FAXBOT controllerup-
datesthe objectdescriptionsvheneer it percevesand
“manipulates”the object, FAXBOT can determinethe
stateof executionbasedn the descriptiorof theobject
to bedelivered.

To actef®ciently, FAXBOT hasto exploit opportuni-
ties. A necessarpreconditionof exploiting opportuni-
tiesisthatFAXBOT is ableto specifywhatopportunites
are. Onekind of opportunitythat FAXBOT canexploit
is the opportunisticcompletionof delivery tasks. Sup-
posea usercommanccannotbe completecbecausehe
roomwherethe objectis to be deliveredis closed. In
this case,the executionof the active primary plan for
accomplishinghedeliveryfails andtheplanisinstalled
asanopportunistt primary.

The revision of the FAxBOT controllerthat is trig-
geredby closeddoorsis accomplishethy theplantrans-
formationrulelistedin Figure9. Theplanrevisionrule
is triggeredby a “closeddoor” bug that causes user
commandto fail. The rule deletesthe failed plan for
theusercommandrom theactive primaryactvitiesand
addsthe planto theopportunistigprimaryactiities.

FAXBOT's SchedulingMethods at Work

This section describeshow FAxBOT accomplishes
the courier jobs describedearlier In the beaginning,
FAXBOT carriesout no primary actvities. Its outer
most policy ensureghat new commandsare receved
andprocessed.

WITH-POLICY | integratecommandevisions| (P-1)
WITH-POLICY| replan/leschedulwhennecessar;{ (P-2)

| PRIMARY ACTIVITIES |

Upon receving the two commandshe policy P-1
putsplansfor thecommandsénto theactive primaryac-
tivities of the src. Theinsertionof thecommandsrig-
gersthescheduleof thepolicy P-2 thatordersthe nav-
igationtasksin the primary actiities. The scheduling
policy alsoaddsanadditionalpolicy P-3 thatmonitors
theassumptionanderlyingtheschedulethatis thatthe
roomsA-110,A-111,A-114,andA-120areopen.

WITH-POLICY | integratecommandevisions| (P-1)
WITH-POLICY| replan/leschedulwhennecessar;{ (P-2)
WITH-POLICY reschedulevhenA-110,A-111,A-114, (P-3)

or A-120are closed

PRIMARY ACTIVITIES

TAG CMD-1 |Plan for: Delivertheredletter
:TAG | NAV-1 | go to pick up ...
:TAG | NAV-2 | go to deliver ...

TAG | CMD-2 |Plan for: Deliverthegreenbook
:TAG | NAV-3 | go to pick up ...

:TAG | NAV-4 | go to deliver ...
:ORDER NAV-1  NAV-3, NAV-3  NAV-2, NAV-2  NAV-4

After FAXBOT has picked up the red letter from
the meetingtableandleft room A-111, it noticesthat
roomA-120 hasbeenclosedin themeantime Because
FaAxBOT cannotcompletethe delivery of thered letter
the correspondingommandfails. This failure triggers
the replanningpolicy P-3. BecauseFAXBOT cannot
foreseewhenroom A-120 will be openagainit trans-
forms the completionof the delivery into an opportu-
nity. ThusassoonasFAXBOT noticesroom A-120 to
be openit interruptsits currentmission,completeshe
delivery of theredletter, andcontinueswith theremain-
ing missionsafter the red letter hasbeensuccessfully
delivered.

WITH-POLICY | integratecommandevisions| (P-1)
WITH-POLICY| replan/leschedulwhennecessar;{ (P-2)
WITH-POLICY reschedulevhenA-110,A-111, (P-3)

or A-114are closed

PRIMARY ACTIVITIES

WITH-POLICY WAIT-FOR OPEN?(A-120)

TAG[CMD-1 ..
TG [CMD-2]..




Discussion

Our researchon schedulingthe actiities of an au-
tonomougobotof®ce courierarestill in anearlystage.
So far we have only performedsomesimple experi-
mentsto validatethat the FAXxBOT controller and its
schedulerwork; that is that it can reliably monitor
schedulingassumptionandschedulaleliveryjobsdur
ing their execution(seeour examplein the secondsec-
tion). In the future we plan to comparethe behaior
generatedby the FAXBOT controller with alternatve
controllersthat apply different (re)schedulingstrate-
gies. We alsoneedto examinemore carefully the lit-
eratureon robustschedulingin particular(ZF94).

In this paperwe have mainly focussecdbn the appli-
cationof schedulingechniquego plansthatcontrolan
autonomousnobile servicerobot. As suchthe contri-
butions of this paperlie mainly in the representation
of comple concurrentandreactie plansthatfacilitate
schedulingoperationsthe speci®catiorof planrevision
methodsin the form of plantransformatiorrules,and
the applicationof theseschedulingmethodswhile the
robotcarriesoutthe scheduledctivity.

FAaxBOT accomplishedts jobs successfullypecause
its subplansaremadeinterruptableandrestartableising
high-level control structureghat specify synchronized
concurrentreactve behaior. FAXBOT achieves adap-
tivity throughplan revision and schedulingprocesses,
implementedaspolicies,thatdetectopportunites,con-
tingentsituations,andinvalid assumptions Planrevi-
siontechniquesareableto performthe requiredadap-
tationsbecauseof the modularand transparenspeci-
®cation of concurrentand reactve behaior. In par
ticular the distinction of policies and primary activi-
tiesincreaseshe modularitysigni®cantly Policiesen-
able FAXBOT to specify opportunisticboehaior andto
achieve reliableoperationwhile makingsimplifying as-
sumptions.

Thereare mary openissuesthat we would like to
investigatemore carefully in the nearfuture. These
issuesinclude the developmentof more sophisticated
schedulingmethods(ZF94), the applicationof learn-
ing techniguego acquireuseful informationthat can
be exploited by heuristicschedulingmethodgHC92b;
HV98a;HV98b; ZDD 92),andathoroughexperimen-
tal investigationon the effects of differentscheduling
technigueson the behaior exhibited by autonomous
servicerobots(HC92a).
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