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Abstract

Despitesignificantsuccessin developingmoreefficient automatedplanningalgorithmsthereis a
needto widen the scopeof the technologyto bring it to a wider usercommunity. In this paperwe
bring togethertwo strandsof researchboth attemptingto addressthe problemof widening the take
up of planningtechnologies.The first strandof researchtries to widen the scopeby increasingthe
expressivenessof the representationlanguages.The secondtries to addressthe problemby enriching
andstructuringdomainmodellinglanguagesto supportknowledgeengineeringandto provide rich tool
setsto supportthecreationof domainmodels.Thispaperdescribesongoingwork in developingPDDL+
to moreadequatelymodelplanningdomainswherethe durationof actionsplaysa significantrole in
theplanningproblem.We have constructeda prototypeplanauthoringtool to allow theexplorationof
domainscapturedin theunderlyingPDDL+modelof durativeactions.Theplanauthoringtoolshasbeen
integratedinto ourGIPOenvironment[5] andformsbothaplanvisualisationtoolandaplanconstruction
tool.

1 Intr oduction

1.1 PDDL+ Level 5 Overview

PDDL+ level 5 [1] is theaspirationalversionof thePDDL languagewhich is designedto copewith real
time problemdomainsinvolving actionswith durationandrealvaluedresources.PDDL+ is designedto
allow for themodellingof durative actionswherepropertiesof theobjectsinvolvedareaccessibleat any
pointduringtheexecutionof anaction.This is in contrastto earlierversionsof PDDL supportingdurative
actionswherethestateof theobjectsinvolvedwereonly inspect-ableat theendof anaction.

Froma pragmaticpointof view theprimaryinnovationis thatstructurallythemodellermustnow describe
a planningdomainin termsof threeconstructs.Thereareactionsthatbringaboutinstantaneouschangeto
thestateof domainobjectsandmayalsoupdatethenumericpropertiesof thoseobjects.Actionsarethe
entitiesthatagentsmustinitiate to achieve planninggoals.Durationis managedin PDDL Level 5 by the
introductionof thenotionof a processthat is automaticallytriggeredwhenthedomainsituationmatches
someprecondition. Processesspecify in additionto their startconditionhow numericpropertiesof the
objectsin thedomainareupdatedwith thepassageof time asa resultof therunningprocesses.Processes
do not bring aboutstatechangeof theobjects(in thesenseof changingthe truct valueof relations)they
only updatenumericproperties.Processesmustbereasonedwith by plannersbut arenotdirectlyactivated
by theagentsactingin thedomain,despitethefact thattheintentionbehindperformingsomeactionmay
simplybeto startaprocessrunning.Thethird elementof thelevel 5 modelis thenotionof aneventwhich
which is automaticallytriggeredasa resultof the numericchangesbroughtaboutby domainprocesses.
Howeverunlikeprocessesthemselveseventsbringaboutstatechangein theobjectsof thedomainandmay
alsoupdatenumericpropertiesof theobjectsof thedomain.Likeactionseventsbringaboutinstantaneous
change,but unlikeactionseventsarenotdirectly triggeredby theplanexecutive.

Considerthe modelof a logisticsdomain,in which packagesareflown from oneplaceto another, and
whereactionshaveduration.Thismightbemodelledasa level 5 actionof
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. In thesimplestcasethedomainmodellermayonly beinterestedin theduration
of theaction,in whichcasetheonly numericpropertyupdatedby theprocessis theprocessdurationitself.
Theeventof arriving wouldbetriggeredby theflight durationreachingsomepredeterminedlimit atwhich



point theeventof arriving wouldbetriggered.Theeventof arriving wouldbringabouta statechangethat
wouldresultin theterminationof theflying process.Terminationof theprocesssimply resultsbecausethe
preconditionof theprocesswill no longerbetrue.

1.2 GIPO Tool-set

GIPO is a form of planningCASE tool which helpsdomainexpertsto formally capturea definition of
their planningdomain. It supportsthedomainexpertby providing a semi-graphicalapproachto domain
definitionwheremuchof theunderlyingsyntaxof thedevelopingspecificationis takencareof by thetool.
GIPOprovidesthedomaindeveloperwaysto validatethedomainby cross-checkingtheelementsof the
specification.GIPOalsoallows theoutputof integratedautomatedplanningsoftwareto bevisualised.It
providesmanualsteppersto allow the domainexpert to explore a domaindefinition to seeif it supports
known plansto problemswithin the domain. To enablemuchof the knowledgeengineeringtasksto be
carriedout GIPO usesas its internal modelling languageOCL [3] someaspectsof which the domain
modellermustbeawareof to constructa domainspecification.However GIPOsupportstranslationfrom
OCL to PDDL hencetheusefulnessof thetool setis not restrictedby theavailability of automatedplanners
thatwork with OCL.

A centraltool in GIPOis thePlanStepper. It assumesacomplete(but notnecessarilycorrect)domaindef-
inition existsandthatthatspecificationrequiresdynamictesting.Thestepperallows theuserto manually
developagraphicalrepresentationof aplanto solveagivendomainproblemby choosingfrom thedefined
operatorsa sequencein which to apply themandby choosinginstantiationsof the operatorparameters
that legally allow the operator’s applicationat that stagein the developingplan. The tool in additionto
providing a graphicalrepresentationof theplanchecksthateachstepcanbelegally appliedassumingthe
givenproblem’sinitial state.In thiswaytheusergainsfeedbackonwhetheror notthedomainspecification
fulfils his/herexpectation.Clearlyif theplanis not legal theneithertheplanitself is flawedor thedomain
specificationis at fault. Theuseris expectedto iterateoverthisprocessuntil bothsampleplansanddomain
specificationappearsatisfactory. Theplanstepperallows a userto manuallycreateplandescriptionsand
have themcheckedagainstadevelopingformaldescriptionof theproblemdomain.

Toolsbasedontheideaof aplansteppercanbeof moreusethanjustasatool for domainmodelvalidation.
In many domainsusersarenot lookingfor norwouldbepreparedto trustfully automatedtoolsto carryout
their planningtasks.For suchusersat leastin theshortrun what they requireis moreintelligent tools to
helpthemplan[2]. With suchproblemsin mindweproposeto leveragethetool setdevelopedfor theGIPO
environment[5, 6] toprovideasetof intelligentplanauthoringtoolsthatworkatthelevelof expressiveness
of PDDL+. In theshortrunweseetheprimarypurposeof suchtoolsarethatthey allow theexpressiveness
of the Level 5 modelto be exploredandto investigateadditional“knowledgeengineering”featuresthat
may be addedto the languageto supportthe modellinganddomainvalidationprocessesbut ultimately
we would hopethatsuchtoolscouldform thebasisfor a “planner’sspreadsheet”to allow domainexperts
to explorepotentialplanswithin their own domains.Successin thefield will ultimatelybedependenton
the modelbeingableto be usedto capturereal world problemsandon themodelstill beingsufficiently
tractableto allow for the creationof efficient automatedplannersandon tools beingavailable to allow
domainmodelsto beconstructedandvalidatedandexploredin amannerthatseemsrelatively “natural” to
domainexperts.

1.3 Extending GIPO to dealwith the PDDL+ Model

The internalrepresentationlanguageusedby GIPO is OCL, andOCL� for the hierarchicalversion. To
capturePDDL+ in GIPOwehavehadto extendOCL to allow usto capturethesamesemanticsasPDDL+.
Strictly speakingthereforeGIPOdoesnot dealwith PDDL+ but with a semanticallyequivalentrepresen-
tation.TheOCL equivalentto PDDL+,whichwecall OCL+, is capableof beingtranslatedto PDDL+ but



thetranslationin theoppositedirectioncannotbefully doneasOCL+ containsmorestruturalinformation
aboutthedomainthanis presentin aPDDL+ specification.Theadditionalinformationprimarily concerns
thepossiblelegal statesof theobjecttypesrepresentedwithin thedomain. In PDDL+ the legal statesof
objectswouldhaveto beinferredfrom theoperator/process/eventdefinitionsalongwith thespecification
of initial andgoalstatesin givenproblemsin thedomain.

Thefeatureof GIPOthatwe have beenmostinterestedin extendingto dealwith this enrichedmodelling
languageis the PlanStepper. This underliesanimationtools (to visualisegeneratedplans)andis key to
mixed-initiative interactionwith a domainexpert. The Stepperprovidesa valuabletool to explore the
power of the PDDL+ model; it hasthe potentialto provide a prototypefor the equivalentof a planner’s
“spreadsheet”allowing theplannerwithin specificapplicationdomainsto perform“what if ” experiments
with plansdesignedto solvethespecifiedproblems.

1.4 VisualisingPlans

How areplans,composedof actions,processesandevents,to be visually presentedto the user? In the
PDDL+ modelonly “actions”arechosenby theagentor planauthortheotherelementsareautomatically
triggeredwhentheir preconditionsaresatisfied,but clearly all threeelementsmustbe shown to allow a
planto beunderstoodandexplored.Usingtheobjectcentricview adoptedin OCL andGIPO,it is natural
to show theobjectsthatplaya role in theplanandthechangesof statethatthey undergo. To illustratethe
interfacedevelopedwewill referto theverysimple“bathfilling” problemdescribedin thePDDL+ manual
[1]. In this problemanagentmayperformtheactionsof “putting theplug in thebath” andturning“on”
and“off ” thehot andcold tap. Turningthetapson addsto theflow of waterinto thebathandgiventhat
thepreconditionthattheplug is in thebathis metandthattheflow is greaterthanzerotheprocessof the
bathfilling will run. Eventuallyeithertheagentmustturn thetapsoff or aneventof thebathfloodingwill
occur. In thesnapshotof thesteppershown in figure1 we seethesituationaftertheplug hasbeenput in,
thehot tapturnedonthenafterawait thecoldtapturnedonandthebaththenneglecteduntil it floods.The
panesto theleft of thewindow show theinitial stateof theproblembeingexplored.

Figure1: TheUnattendedBath



In theright split paneweseein thetoppanetheactionsperformedshown by colouredspheres,Theobjects
thatarereferencedin thedomainareshown down theleft handsideof thepaneandspheresoccuron the
extendingline from eachobjectwhenanactionis chosenthataffectsthatobject. Thenameof anaction
canbeseenby hoveringthecursoroveranactionsphere.By right-clickingonanactionspherethedetails
of the instantiatedactioncanbe inspectedascanthestateof theobjectsreferencedin thataction. In the
samepaneastheiconsfor thechosenactionswe canseetheflood eventrepresentedby a colouredcross
with its namevisibleasthecursorhoversover theicon. Againthedetailsof theactionandaffectedobjects
canbeinspectedby right-clickingon theeventicon. In thelowersplit paneweseecolouredbarsstretched
out representingtherunningprocessesof thebathfilling.

The way in which the stepperis usedis that the slider at the top of the window representstime andthe
slidermaybedraggedto theright to representthepassageof time. As theslideris movedthetime line is
projecteddown overtheactionandprocesspanes.By moving thetimeline theuserselectsatimeto addan
action.Theactionis addedby selectingtheactionfrom thedropdown boxandselectingthe“Add Action”
buttonadialogboxthenallowstheuserto selectfromtheavailableobjectshow theactiondefinitionis to be
instantiated.In figure2 weseetheactionfor turningona tapbeinginstantiated.Theresultis thenthatthe

Figure2: InstantiatinganAction

actioniconswill beplacedontheintersectionsof theprimarytimeline andtheindividualobjectsprojected
time lines. If the actionaddedto the plan triggersany processesthenasthe time slider is subsequently
draggedto theright theprocessboxwill extendto theright, in thiscaserepresentingthefilling of thebath.
Also asthetimeslideris movedto theright any eventsthataretriggeredasaresultof thechangesbrought
aboutby theactive processaredisplayedautomaticallyandwe canseein figure1 the time line hasbeen
extendedbeyond the point wherethe flood event hasbeenautomaticallytriggered. At this point the fill
processhasbeenterminatedasthebathlevel will no longerincrease.Hadthedomainmodelbeenmore
complex theflood eventmay, in additionto stoppingthefilling processhave starteda new processof the
bathroomflooding.

2 An ATC Example

To motivatethe following discussionwe will introducea morecomplex planningdomaininspiredby air
traffic management(theATC domain).In thisdomainaircrafthaveto betrackedandmanagedasthey pass
throughtheair spaceunderconsideration.Thefull OCL+ specificationis givenin AppendixA.

2.1 Air Traffic Control Domain

Thestrategy implementedin theATC domainto manageplanespassingthroughtheair spaceis to assign
themtopre-determinedflight planswhereeachflight planis formedfromasequenceof blocksleadingfrom
edgeto edgeof themanagedair space.As a planeapproachestheair spacethecontrollercanassignthe
planeto a flight plan � Block1,Block2,Block3,Block4� or � Block5,Block2,Block3,Block4� theplanethen
progressesthroughtheblocksin turn asspecifiedin theflight plan,at the plane’s normalspeed.Blocks
in theflight planmayvary in sizeandaccordinglytake a longeror shortertime to traverse.Theair traffic
controllerthenhasa numberof options/actionsto controlthepassageof theplan,increaseor decreasethe



plane’s speedby allowable incrementsfor the planeor to force the planeto circle within a block. The
overall goal is to allow planesto passthroughtheairspaceallowing adequateseparationbetweenplanes.
The separationrulesarevery simply expressedas two planescannotbe in the sameblock at the same
time. A two dimensionalversionof the airspaceis shown in figure 3. In this simplified exampleif the

Block1
Block2 Block3 Block4

Block5
Air Space Layer N

Figure3: Air SpaceSegmentfor ATC Domain

“controller” only hasto manageoneplanethentheonly actionthatneedsto beperformedis to accepta
planeby assigningit to aflight plan.Theprocessesof flying throughthesequenceof blocksshouldhappen
automaticallywith eventsfiring at eachtransition.Thevisualisationprovidedin GIPOis shown in figure
4. In thissnapshotweseetheeventsthathavefiredat thecompletionof theplane’s traversalof ablockand

Figure4: A singleplanecrossingtheairspaceonPlan1

theinitiation of anew processto fly acrossthenext block in theflight plan.Thefinal eventin thesequence
is thetraversalof theairspacebeingcompleted.A moreinterestingcaseshown in figure5 ariseswhenwe
havetwo planesstartingthetraversalof theairspaceat thesametimewith planeoneonflight planoneand
planetwo on flight plan two. Theplanesareflying at differentspeedsandtheblocksof air spaceareof
differingsizes.In thefinal eventshown weseethatplanetwo hasenteredblockthreebeforeplaneonehas
completedit hencea safetyviolationeventis triggered.At thispointall automaticprocessesarestopped.

If we inspecttheplanesstatesby right-clicking on thesafetyviolation icon we seethedescriptionof the
statesasshown in figure6. Thesolutionto this problemfrom theair traffic controllersperspective is just
to speedupplaneoneor to slow down planetwo earlyenoughin the total flight planandthentheplanes
canfollow oneanotherthroughthesharedblockswith bothplanessafelytraversingtheair space.



Figure5: View of two planesattemptingto traversetheAir Space

Figure6: Thestateprior to thesafetyviolationfiring

2.2 Discussionof ATC Example

The visualisationsof the ATC exampleprovideswe believe a fairly convincing caseto argue that the
PDDL+ modelcoupledwith authoringtoolshasthepotentialto developinto worthwhiletools to beused
beyondtheboundariesof theAI Planningcommunity.Therearehowever a numberof issuesto beraised
aboutthevalidity of theplansandthestrategy usedin providing thevisualisationin thecurrentimplemen-
tation.

2.2.1 ContinuousTime

The PDDL+ modelof time is that it is continuousand is to be modelledby real valuednumbers. No
specificationof theprecisionof thesenumbersis giveneitherin thegeneralspecificationof PDDL+ nor is
thereany provision for specifyinganadequatelevel of accuracy within individual PDDL+ domains.Fox
andLong [1][pp21, 22] in the reporton PDDL+ discussproblemsarising from the effectson numeric
quantitiesthataredependantoncontinuousprocesses.In thefollowing quotationthey discussthestrategy
of allowing thedomaindesignerto specifya precisionto themeasurementof time,which would allow in
effect thediscretisationof time.

“sincetheexecutionof aplandependsonthegranularitybeingappropriate,it wouldbehelpful
if thedomaindesignercouldsupplysuchinformationandrequirea planthat is robustto that
measurementof time. Ontheotherhand,thediscretisationof time,wherethedomaindesigner
imposesthe granularitywith which time andotherquantitiescanbemeasured,introducesa
new difficulty becausetheworld shouldbeableto triggereventsat preciselymeasuredpoints
in time.”



In GIPOwe have adoptedtheapproachinvolving the‘discretisation’of time,andallow theuserto deter-
minetheunitsof time to beused.This decisionallows a very simplestrategy to beusedto cycle through
theunitsof passingtimeupdatingplanstateandfiring eventsastheirpreconditionsaremetbut wepaythe
costof thedifficulty describedby Fox andLong above. To seehow this difficulty arisesconsidertheATC
domainwherethegranularityof time is setto minutes,if our planeis travelling at 5 milesperminuteand
anairspaceblock is 21 mileslong thenwe maynot detectthattheplanehasleft theblock andstartedthe
next until theplaneis 4 milesbeyondtheendof theblock. To makemattersworseif werecordat thetime
of detectingthat theplanehasleft theblock that it startsthenext block 0 miles into theblock thenthere
will beanaccumulatingerrorwith eachblock thathasto betraversed.With a flight planof 10 blocksand
anaverageerrorof 2.5mileswe will behave anerrorof 25 milesin thedistancetravelledwhentheplane
leavesthe flight plan which is 5 minutesof travel for our planeso we have not achievedan accuracy of
within a minuteserrorfor theentireplan. This problemevenmanifestsitself in thesimple“bath” domain
wherewemayfail to detectthatthebathlevel is abovethecapacityby somegallonsof water. In thespirit
of the quoteabove we may want to determinethat the flooding occursat a precisetime (not just when
the systemhappensto noticeit) andit is thatprecisetime that we needto model. From a philosophical
perspective we may reasonablyassertthat thereis a precisetime in theworld at which time suchevents
occurandthatplansneedto bevalid relative to thoseprecisetimes. It shouldnot be up to theplanning
softwareto determinewhensucheventsoccur.

In thereporton PDDL+ theauthorsrefer to thework of Hezingerwho convincingly arguesthecasethat
it is not possibleto achieve exactprecisionin themeasurementof time or othercontinuousquantities.If
this is correctthenour problembecomesoneof what level of approximationwe canlive with andwhat
scopeshouldwe give to domaindesignersto control thedegreeof approximationacceptablewithin their
domain. Theproblemis thesameregardlessof whetherwe arewriting plangenerationsoftwareor plan
validationsoftware: both involve a form of simulationof the world andwill only be an approximation
to what may actuallyhappen.Thoughwe may alwaysincreasethe level of accuracy of our simulations
we cannotceaseto make themapproximations.Hencetherewill alwaysbea potentialproblemthatour
softwarewill rejectaplanthatwill work in theworld. Wecouldhoweverconsoleourselvesthattheplanis
notallowing sufficientmargin for errorto allow it to berationallychosen.

In GIPOcontrolgivenis over thegranularityof time. Thisdecisionallowsusto work with asimplemodel
of forwardplanningto simulatetheapplicationof theplanbut it doesinvolvethepossiblerejectionof legal
plans. In the ATC domain,assumewe requiredthat an actionof “signing off ” hadto take placeoncea
planehadcompletedtheflight plan. In theimaginedscenariodescribedabove (wherethereare10 blocks
to theairspace)asa resultof theaccumulatederroroursimulatorwould refuseto acceptthesignof action
asbeinglegal for fiveminutesafterit hasin factbecomelegalwith amoreaccuratemathematicalmodel.

While it is clearthattherearestrategiesthatcouldbeadoptedto reduce,thoughnoteliminate,sucherrors
it is not clearthatwe should. It is worth noting thatat leastsomeof theproblemsof accumulatederrors
canbeaddressedby thedomaindesigner. TheATC domaindefinitioncouldbeimprovedby rewriting the
specificationof theeventsthatrecorda planemoving from oneblock to another. Thecurrentdefinitionin
OCL+ in figure7 detectswhena planehasequalledor gonebeyondthelengthof theblockandthenstarts
theplaneon thenext blockat thestartingposition.

If in contrastwe assignedthepositionin thenew block to bethedistancebeyondtheendof thelastblock
flown, asshown in figure8, wepreventthisparticularerrorfrom accumulating.

2.2.2 InstantaneousEvents

A secondfeatureof our implementationof thePDDL+ modelin GIPOis how wedealwith instantaneous
effectsof operatorsandevents.Both operatorsandeventsbring aboutstatechangeof someof theobjects
in the domainand that statechangetakesno time. The notion of instantaneoustransitionin a context
of continuoustime seemsto leadto a numberof conundrums.First whendo they take place?Canany



event(changeBlock(Plane,Block,Plan,NextBlock),
% prevail
[],
% necessary
[sc(plane,Plane,[inBlock(Plane,Block,Plan),
nextFlightBlock(Plan,Block,NextBlock),
test(distanceInBlock(Plane) >= blockSize(Block))]
=>
[inBlock(Plane,NextBlock,Plan),
assign(distanceInBlock(Plane),0.0),
assign(speed(Plane),speed(Plane))])],
% conditional
[]).

Figure7: ATC Eventto recordaPlaneMoving to a new Flight Block

event(changeBlock(Plane,Block,Plan,NextBlock),
% prevail
[],
% necessary
[sc(plane,Plane,[inBlock(Plane,Block,Plan),
nextFlightBlock(Plan,Block,NextBlock),
test(distanceInBlock(Plane) >= blockSize(Block))]
=>
[inBlock(Plane,NextBlock,Plan),
assign(distanceInBlock(Plane),
(distanceInBlock(Plane)-blockSize(Block))),
assign(speed(Plane),speed(Plane))])],
% conditional
[]).

Figure8: ATC Block ChangeEventto PreserveDistanceTravelled

numberof themoccurat preciselythesameinstant?If we locatethemat a precisetime thenwe needto
considerwhathappenswhenmorethanoneof thesestatechangesoccurat thesameinstant. If thestate
changesarebothasaresultof theapplicationof operatorsthenwecaninsist,asthey areunderthecontrol
of theplanningagentthatthey do not interferewith oneanother(asin classicalplanning).In thePDDL+
manualFox andLong [1] arguethat we acceptthesamerestrictionfor eventsandinsist that thedomain
designerdoesnot specifyeventsthatarefired in thesamesituationsbut have incompatibleoutcomes.To
allow suchconflictswouldseemto breakthedeterministicview of ourworld for ourplanningperspective.
This is in contrastto to the work of Hezinger, which allows for a notionof robustautomatathat operate
with alternative possibletransitionsequences.Like Fox andLong,we keepto a deterministicassumption
for domainmodels- that the outcomein the world will not be determinedby the orderin which events
fire in thesameinstant. Unfortunatelywhenwe considerthecasethatanoperatorandaneventbothare
appliedin thesameinstantwe cannotavail ourselfof thesamesolutionsoeasily. This would amountto
the requirementthat no pair of operatorandevent sharepreconditionsthat canboth be met in the same
statebut wheretheeffectschangeobjectsin thedomainin incompatibleways.Considertheexampleof an
“alarmclock” whretheagentcanturn thealarmon andcanturn thealarmoff. We mightmodelthealarm
clock ashaving threestates“on”, “off ” and“ringing”. Turningthealarmon startsa processof theclock
countingup to thepredeterminedalarmtime andwhenthis is reachedthestartringing eventwill fire to
put theclock into theringingstate.Now whathappensif at theinstantthatthealarmis to gooff theagent
turnsthealarmoff? Is theagentsactionrejectedasillegal or is the “start ringing” eventoverridden?To
maintainthedeterministicview of theworld we eitherhave to requirethat thedomainmodellerabandon
theobviousencodingof thedomainandmake surethatactionsandeventscannever interfereor we need
to havea conflict resolutionpolicy thatplannerscanreasonwith.

In GIPOwe have followedthe latterstrategy. Operatorsandeventsfire in a spacebetweentwo adjacent
clock ticks in our discretisedtime. Theconflict resolutionalgorithmis presentedif figure 9. In the Ad-



algorithm AdvanceState
In OPs: Userchoosenactions,Evnts: All possiblegroundevents,
In Procs: All possiblegroundprocesses,CurState: Planningstateat time

	��
Out NextState: Planningstateat time

	 �����

1.  Op! OPs
2. OpStateat time

	����#"
= CurState

3. if Op.preconditionis truein CurState
4. applyOp.effectsin OpState
5.  Evnt ! Evnts
6. if Evnt.preconditionis truein OpState
7. applyEvnt.effectsin OpState
8. Proc ! Procs
9. if Proc.isRunning
10. if Proc.preconditionis falsein OpState
11. stopprocat time

	��
12. else
13. advanceProcto time

	��$���
in OpState

14. elseif Proc.preconditionis truein OpState
15. startprocat time

	������
16. NextState= OpState
17. end

Figure9: An Outlineof AdvanceStateAlgorithm

vanceStatealgorithmoperatorapplicationis givenpriority, andtheresultsof theoperators’applicationare
assumedavailablewhentestingeventpreconditions.Thiseffectively givestheoperatorsaprecedenceover
theevents,althougheventsmayfire following theapplicationof theoperatorsto undotheir effect. In the
“alarmclock” exampletheeffectwouldbethatthealarmwouldnotgooff.

2.2.3 KnowledgeEngineeringConsiderations

Although this is ongoingwork, it is alreadyclear that the action/process/eventmodel is very powerful
and that it can be usedto capturefeaturesof domainswhereit is natural to think in termsof the ac-
tion/process/eventtriple. It is alsoclearthat in somedomainstheseparationof durative actionsinto this
triple is ratherartificial. Within a tool suchasGIPOit maybeworthwhileto presenttheuserwith a richer
modellingkit wherethe tools do the work of manufacturingthe basiccomponents.For example,some
actionsarenot naturallythoughtof as’startinga processthatadjustsnumericalquantitiesastheprocess
runsandthenterminateswith the firing of an event’. Insteadwe maywish to presentthe userwith one
constructfor actionsthat simply take sometime to complete.A concreteexampleis “fetch the jack” in
a tyre-world. In caseslike this we could in GIPOallow thedomainmodellerto describethis naturallyas
a durative actionthat takesa fixed amountof time. GIPO would thenautomaticallybreakit down into
a “fetch”/action - “fetching”/process- “fetched”/event triple. Similarly from the knowledgeengineering
perspective we maywantto characteriseeventsin differingways.At the level of abstractionpresentedto
thedomainmodellerweshoulddiscriminatebetweeneventsthatweplanfor, suchastraversingablock in
theATC domainfrom thosethatwe aretrying to avoid suchassafetyviolationsin theATC domainand
floodsin thebathdomain.



3 Conclusionand OngoingWork

In thispaperwehaveintroducedaprototypeof aplanauthoringtool to allow thecreation,visualisationand
explorationof plansexpressedin a modelinspiredby thePDDL+ definition. Authoringplansin this way
highlightedthe semanticalproblemswith the language,andwe introducedan algorithmto resolve such
problemsin GIPO.Authoringtoolsarenot new but thefocusandmotivationfor our proposalis different
from thoseof authorssuchas Jarvis[2]. Our motivation doesnot comefrom a wish to develop tools
for domainswherethenatureor complexity of the knowledgetakestheapplicationareasa considerable
distanceawayfrom thesortof domainswheretheplanningproblemmightbetackledby a fully automated
planner. Nor do we wish to provide tools for domainswherethe risks of plan acceptancearesuchthat
humanplannersareunlikely to cedecontrolto automatedplanners.Ratherourmotivationprimarily comes
from therecognitionthatfor complex domainsthatcanbecapturedin anapplicationneutralnotation,that
domainmodellingis extremelyhardto do. We thereforewish to useaspectsof planningtechnologyitself
(usingfor exampletechiquesfrom machinelearning[4]) to makedomaindefinitionandmaintenancemore
tractable.

Futurework will involvetheexplorationof morecomplex domainmodelsandplansusingtheplanauthor-
ing tool. However, weneedto incorporatemoretoolsinto GIPO/OCL+environment,inclusinggenerative
planners.Wehaveupgradedsomeof theeditorsto managethenew structuresrequiredbut notyetall, con-
sequentlyOCL+ domainspecificationshavecurrentlyto bepartlywritten in externaleditors.Similarly the
consistency checkingbetweendifferentelementsof thespecificationis currentlyminimal. Both of these
deficitsaresimply a reflectionthatthis is work in progressandneitherposeespeciallydifficult challenges
to overcome.
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Appendix

/**
* Automatically generated OCl Domain from GIPO Version 3.0
*
* Author: Ron Simpson
* Institution: University of Huddersfield



* Date created: Thu Sep 25 08:20:37 BST 2003
* Date last modified: 2003/10/04 at 09:17:22 PM BST
* Description:
* This is a simple air traffic control domain. Planes fly through the
* area under control on pre determined sequences of blocks.
* The safety rules dictate that no two planes can be in the same
* block simultaniously. The controller can starts a plane moving
* through the space by accepting the plane on a flight plan.
* The controller can then control the flight by
* - slowing the plane
* - speeding the plane up, both by predetermined increments
* - ordering the plane to hold (circle) within the current block,
* - finally the plane will depart from the managed airspace.
*/

domain_name(atc).

option(oclPlus).

% Sorts
sorts(primitive_sorts,[plane,block,flightPlan]).

% Objects
objects(plane,[p1,p2]).
objects(block,[b1,b2,b3,b4,b5]).
objects(flightPlan,[fp1,fp2]).

% Predicates
predicates([
waiting(plane),
holdingInBlock(plane,block,flightPlan),
inBlock(plane,block,flightPlan),
departed(plane),
inDanger(plane),
nextFlightBlock(flightPlan,block,block),
finalBlock(flightPlan,block)]).

% Functors
functors([
speed(plane),
distanceInBlock(plane),
blockSize(block),
maxSpeed(plane),
minSpeed(plane),
speedIncrement(plane)]).

% Object Class Definitions
substate_classes(plane,Plane,[
[waiting(Plane)],
[departed(Plane)],
[inDanger(Plane),holdingInBlock(Plane,Block,FlightPlan),distanceInBlock(Plane)],
[inDanger(Plane),inBlock(Plane,Block,FlightPlan),distanceInBlock(Plane)],
[holdingInBlock(Plane,Block,FlightPlan),distanceInBlock(Plane)],
[inBlock(Plane,Block,FlightPlan),distanceInBlock(Plane)]]).

% Atomic Invariants
atomic_invariants([
value(blockSize(b1),100.0),
value(blockSize(b2),60.0),
value(blockSize(b3),130.0),
value(blockSize(b4),140.0),
value(blockSize(b5),150.0),
finalBlock(fp1,b4),
finalBlock(fp2,b4),
value(maxSpeed(p1),50.0),
value(maxSpeed(p2),60.0),
value(minSpeed(p1),10.0),



value(minSpeed(p2),10.0),
nextFlightBlock(fp1,b1,b2),
nextFlightBlock(fp1,b2,b3),
nextFlightBlock(fp1,b3,b4),
nextFlightBlock(fp2,b5,b2),
nextFlightBlock(fp2,b2,b3),
nextFlightBlock(fp2,b3,b4),
value(speedIncrement(p1),10.0),
value(speedIncrement(p2),10.0)]).

% Implied Invariants

% Inconsistent Constraints

% Operators
operator(allocate(Plane,Block,Plan),
% prevail
[],
% necessary
[sc(plane,Plane,[waiting(Plane)]
=>
[inBlock(Plane,Block,Plan),
assign(speed(Plane),speed(Plane)),
assign(distanceInBlock(Plane),0.0)])],
% conditional
[]).

operator(speedUp(Plane,Block,Plan),
% prevail
[],
% necessary
[sc(plane,Plane,[inBlock(Plane,Block,Plan),
test(speed(Plane) <= (maxSpeed(Plane) + speedIncrement(Plane)))]
=>
[inBlock(Plane,Block,Plan),
increase(speed(Plane),speedIncrement(Plane)),
assign(distanceInBlock(Plane),distanceInBlock(Plane))])],
% conditional
[]).

operator(slowDown(Plane,Block,Plan),
% prevail
[],
% necessary
[sc(plane,Plane,[inBlock(Plane,Block,Plan),
test(speed(Plane) >= minSpeed(Plane) + speedIncrement(Plane))]
=>
[inBlock(Plane,Block,Plan),
decrease(speed(Plane),speedIncrement(Plane)),
assign(distanceInBlock(Plane),distanceInBlock(Plane))])],
% conditional
[]).

operator(hold(Plane,Block,Plan),
% prevail
[],
% necessary
[sc(plane,Plane,[inBlock(Plane,Block,Plan)]
=>
[holdingInBlock(Plane,Block,Plan),
assign(distanceInBlock(Plane),distanceInBlock(Plane)),
assign(speed(Plane),speed(Plane))])],
% conditional
[]).

operator(release(Plane,Block,Plan),
% prevail



[],
% necessary
[sc(plane,Plane,[holdingInBlock(Plane,Block,Plan)]
=>
[inBlock(Plane,Block,Plan),
assign(distanceInBlock(Plane),distanceInBlock(Plane)),
assign(speed(Plane),speed(Plane))])],
% conditional
[]).

% Processes
process(fly(Plane,Block,Plan),
% prevail
[],
% update
[sc(plane,Plane,[inBlock(Plane,Block,Plan)]
=>
[increase(distanceInBlock(Plane),#t * speed(Plane))])]).

% Events
event(safetyViolationOne(PlaneA,Block,PlanA,PlaneB,PlanB),
% prevail
[],
% necessary
[sc(plane,PlaneA,[inBlock(PlaneA,Block,PlanA),
ne(PlaneA,PlaneB)]
=>[inDanger(PlaneA)]),
sc(plane,PlaneB,[inBlock(PlaneB,Block,PlanB)]
=>[inDanger(PlaneB)])],
% conditional
[]).

event(changeBlock(Plane,Block,Plan,NextBlock),
% prevail
[],
% necessary
[sc(plane,Plane,[inBlock(Plane,Block,Plan),
nextFlightBlock(Plan,Block,NextBlock),
test(distanceInBlock(Plane) >= blockSize(Block))]
=>
[inBlock(Plane,NextBlock,Plan),
assign(distanceInBlock(Plane),0.0),
assign(speed(Plane),speed(Plane))])],
% conditional
[]).

event(completeFlight(Plane,Block,Plan),
% prevail
[],
% necessary
[sc(plane,Plane,[inBlock(Plane,Block,Plan),
finalBlock(Plan,Block),
test(distanceInBlock(Plane) >= blockSize(Block))]
=>
[departed(Plane),
assign(distanceInBlock(Plane),0.0)])],
% conditional
[]).

% Domain Tasks
planner_task(1,
% Goals
[
se(plane,p1,[departed(p1)]),
se(plane,p2,[departed(p2)])],
% INIT States



[
ss(plane,p1,[waiting(p1),value(speed(p1),20.0)]),
ss(plane,p2,[waiting(p2),value(speed(p2),15.0)])]).


