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Abstract

In this paperwe describework in progresghataimsto de-
velopadomain-independenbol setwhich supportghe cre-
ationandanalysisof domaindescriptionsandplanscontain-
ing continuouslychangingprocessesinstantaneousvents,
andactions. The tools describedare (i) alife history editor
that enablesa designerto createa domaindescriptiondia-
grammaticallyautomaticallygeneratingnuchof the textual
encodingj(ii) ananimatorthatsimulatesplans,firing events
andprocesses(ii) an HTN plannerthat generateplansin
suchdomains.Tools(i) and(ii) arecurrentlyimplementedas
a subsetof the GIPOIIl environment. We concludeby stat-
ing someinitial findingsandpointsthatmightberaisedatthe
workshop.

I ntroduction

Planningin domainswhich are representedvith rich no-
tationshaslong beena greatchallengefor Al (Bresinaet
al. 2002). In particular mary real world phenomenare
outsidethe explicit control of plan execution,yet have to
be reasonedwith during plan generation. Changesocur
ring becausef fuel consumptiongontinuousmovementor
ervironmentalconditionsmay not be adequatelynodelled
throughinstantaneousr evenduratie actions;ratherthese
requiremodellingascontinuouslychangingorocesses.
Our researchs heavily involvedwith knowledgeformu-
lation of domainswhich involve Al Planning. Evensmall,
classicalplanningdomaindescriptionsare difficult to en-
codeadequatelyandcorrectly Withouttool supportencod-
ing descriptiongequirethe userto understandhe planner
and the descriptionlanguagein greatdetail. GIPO (Mc-
Cluskey, Liu, & Simpson2003)is atool which supportghe
creationof domaindescriptionsandtheexplorationof plan-
ning within the domain,usingan interfacethathidesmuch
of the technicaldetails. Userscanbuild a domaindescrip-
tion using a diagrammatianterface, explore plan creation
using a plan stepperinterfacetheir domainto an external
planner andanalysethe resultingplansusingan animator
The generalityof the graphicaltools areenabledby the use
of the'object’ asthecommonsemantichread.
RecentlyLong and Fox re-visitedthe issuesof planning
within domainswith eventsandcontinuousprocessesyith
theintroductionof PDDL+ level 5 (Fox & Long 2001). In
this paperwe discussextensionsto the GIPO architecture

and relatedtools for domainformulation, plan generation
and plan analysisin suchrich domains. We have adopted
anunderlyingformalismsimilarto PDDL+ calledOCLplus
but onewhich alsosupportghe useof the GIPOknowledge
acquisitiontool.

Using OCLplus Planning Domainswith
Processes and Events

OCLplusis derived from GIPO’s object-centredanguage
which is documentedn the literature(McCluskey, Liu, &
Simpson2003). This languagemposesa structureon the
domainin termsof objectsand object classesand struc-
turesactionrepresentations termsof objectstatetransi-
tions. Additionally in OCLplus time is modelledexplic-
itly asareal quantity This enablessimulationor planning
with themodelto adoptanarbitraryapproximatiorto thead-
vancemenof time; hencein the domaindescriptiortime is
modelledasa continuougeal variable,but in simulationan
approximatiorhasto beadopted This presents setof seri-
ousproblemsasdiscussedh theliterature(Howey, Long, &
Fox 2004). For example,during discretesimulationevents
may fire or not fire dependingon the chosengranularityof
time.

Statechangingoperationsaredividedinto three:actions,
eventsand processesActions (with Strips-relatedseman-
tics) bringaboutinstantaneoushangedo the stateof domain
objectsandmayalsoupdatethe numericpropertiesof those
objects. Actions arethe entitiesthat agentsmustinitiate to
achieve planninggoals triggereventsandprocessesEvents
arespecifiedn the sameway asactions but their semantics
differ: whenevertheir preconditionsiremadetrue,theevent
firesandmay changethe stateof the object(s)involved. In
otherwords, eventsare automaticallytriggeredas a result
of thenumericchangesroughtaboutby domainprocesses,
and (possibly)by statechangeof otherobjects. Like ac-
tions, eventsbring aboutinstantaneoushange but unlike
actionseventsare not directly triggeredby the plan exec-
utive. Processespecifyin additionto their startcondition
how numericpropertieof the objectsin thedomainareup-
datedwith thepassagef time asaresultof therunningpro-
cessesHenceprocessesipdatenumericproperties put do
not bring aboutstatechangeof the objects(in the senseof
changingthe truth valueof relations);their descriptionsare



availabledeclaratvely, but they cannotbedirectly activated
by the agentsactingin the domain,despitethe factthatthe
intentionbehindperformingsomeactionmay simply be to
startaprocessunning.

Review of GIPO I11'sLife History Editor

GIPOIII' s objectlife history editor (OLHE) is usedto for-
mulatedomiandescriptionslsis reminiscenbf CASEtools
that supportdesignersconstructdiagrammaticrepresenta-
tionsof systemsThesesystemareusuallybasedaroundan
'object model'. The CASE tool’s principal function would
be to helpthe userconstructa (partial) formal modelfrom
the diagrammatiadescription,thus insulatingthe designer
from the code.Dependingon the CASE tool, the codegen-
eratecby thetool maybesomeabstractformal specification
(egtoolsthatgeneratgoartialZ specifications)or partialim-
plementationsvithin aprogrammindanguage.

In the caseof GIPO lll, the userhasto createa dia-
grammaticrepresentatiorof the planningdomainusing a
state- machinemetaphor This forcesthe designerto de-
composethe systeminto an assemblyof machineswhere
eachmachinerepresentshe behaiour of a classof objects.
Eachmachines nodesrepresenthe setof mutually exclu-
sive statesthat an object of the classcan hold. Other at-
tributes of the objectsare modelledas 'properties’. The
diagrammatidorm first undegoesconsisteng checksand
thenis translatednto a domaindescriptionwhich canbe
usedfor plangeneratiorpurposes.

Apart from an adequatediagrammaticdescription,the
useronly needspecifyproblemscenariogincluding object
instancespeforeatargetplannercanbeinvoked. As anex-
ample,to constructhe Dockworkers- robotsworld usedin
therecentAl planningtextbook (Ghallab,Nau, & Traverso
2004),oneonly needgo constructhediagramshowvnis Fig-
ure2. FromthisdiagramGIPOIll generatethedynamicoof
thedomain,andcorvertsthis into a plannesfriendly form.

The diagramsare basedon primitive machinesand ma-
chinetransitions.Machinesrepresena classof objectsthat
sharethe samebehaiour, nodesrepresenthe stateof ob-
jects,andarcschangethe statethat objectsgo through. In
additionto changingstate,nodescan have changingprop-
erties(for example,locatednessand theseoccurasanno-
tatedtransitionsof a differentcolourto statechanges.Ac-
tions involving morethanonetype of objectare modelled
by co-ordinationarcs. To capturepreconditionswe con-
strainobjectsfrom differentmachinego bein certainstates
or have certainpropertiesvhenatransitionoccurs.To cap-
ture necessanpr conditionalchangeswve constraintwo or
moretransitionsof objectsfrom differentmachinedo occur
together For moredetails,the readercanconsulta recent
paperin which we gave aninformal, translatofindependent
semanticgo thesediagramsvia the technique®f algebraic
specificationMcCluskey & Simpson2005).

As afurtheraid to construction the useris given an ex-
tensiblesetof machineprimitiveswith which to work (in
Figure 2 the primitives are listed in the left hand pane).
Thisleadsto ahigherlevel platformthanconstructingatthe
level of the nodeandarc. For example,the dockworkers-

algorithm PlusPlan:OCLplusPlanner

1.store= {node(0,init-state,emptyit-task,init-constraintg)
2.repeat
3. call expand-plan();
4. call simulateevents-processes();
5.untilempty(storepr 3 N € store:
solution-node(N);
6.end
procedure expand-plan()
1. repeat
remove node(TS,PFExp,C)from store;
if notmethods(start(Exp),S,&){ }then
VM € methods(start(Exp),S,C)

Exp+= Expwith M expanded,;

C+ = C with M’s expansionconstraints;

storenode(TS,PREXxp+,C+)
elseif notoperators(start(Exp),S,G){ }then

Y O € operators(start(Exp),S,C)
10. storenode(Tapply(O,S),add(R®),rem(Exp,0),C)
11. elsewrite node(TS,PREXp,C)to temporarystore
12. until empty(storepr 3 N € store
solution-node(N);

13. let store:= temporarystore;
14.end
procedure simulateevents-processes()
1. temporarystore:= store;store= empty;
2.V node(TS,PREXp,C)€ temporarystore:

©CINoOOAWN

3. VEe€Events:

4. if preconds(E,S¥ truethenS := apply(E,S)
5. VP& Processes:

6. if preconds(E,S¥ truethenS := apply(RS)
7. storenode(T+Delta,S,PBxp,C);

8.end

Figurel: ThePlusPlamlgorithm

robotsworld canbe constructedy selectingtwo instances
of stacks,andtwo bistatesandthenconfiguringandcom-
bining themtogetherto producethe diagramshown in Fig-
ure2. GIPOIIl thenproduceghe domaindescriptioncode
from thediagram readyfor inputto a planner

GIPO IlI'sLifeHistory Editor for OCLplus

The OLHE for continuousdomainsusesthe samephiloso-
phy asthe standardOLHE discussedbove. Colourcoding
distinguishesactions, events, transitions,processesstates
etc. Eventsareconnectedo thestateghatchangeasaresult
of theevent,andaneventmaybe co-ordinatedvith objects
of otherclassesn thesameway asactions.Additionally, an
eventwill have oneor morepreconditionsvhich depencbn
time. The specificatiorof thesepropertiesareinitiated and
changedy clicking ontheevent'sicon.
Processeareconnectedip diagrammaticallywith states
that are required as their preconditions,but expressions
involving continuouslyvarying valuesrequirethe useof a
expressioneditor We illustrate this ideawith the familiar
bath- filling applicationshavn in Figure3. In the diagram
there is one processspecified(filling), annotatedwith a
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Figure2: The DockworkersDomain: Exampleof GIPOIII’ sOLHE

clockiconto shaw it is a processAs well asconnectingup
theprocesgo relevantstates/eents the designemustinput
triggersfor theprocessi.e.

level(Bath) < capacityBath)
flow(Bath) > 0.0

aswell astheeffectof the process:
level(Bath) = level(Bath)  flow-ratex time-increment

An expressioneditor is provided for this. Thereis one
eventin thediagram- 'flood’. Statechangenformationis
generatedy the connectionsof the eventin the diagram,
but, like a Processan expressioneditor is neededo input
thefluenttriggerfor theevent,in this case:

level(Bath) > capacityBath)&flow(Bath) > 0.0

With this extra information, GIPO lIl cangeneratehe do-
main descriptionfor usewith the Stepperand Plannerout-
lined below.

GIPO I11'sPlan Stepper

The Plan Stepper assumes completebut not necessarily
correctdomaindescriptiorexistsandthatthedescriptiorre-

quiresdynamictesting. The steppeiallows the userto man-
ually developa graphicalrepresentationf a planto solve a
givendomainproblemby choosingfrom the definedopera-
torsa sequencén whichto applythemandby choosingn-

stantiation®f the operatoparameterthatlegally allow the
operators applicationat that stagein the developingplan.
We continuethe simple bath filling examplein Figure 4.

Herethe objects timelinesrun alongfrom left to right, in

thetop pane.In thelower panethe process(esjctivationis

shawn from left to right. Initially aplugis placedin thebath
(first dot - in red) thenthe hot watertap is turnedon (af-

fectingthebath,thetapandhaving the effect of startingthe
filling process).Next the cold tapis turnedon, andfinally

after several minutesthe bathoverflovs and causes flood

(theflood eventis signifiedby a cross).

Thetool in additionto providing a graphicalrepresenta-
tion of the plan checksthateachstepcanbelegally applied
assuminghe given problems initial state. In this way the
usergainsfeedbackon whetheror not the domaindescrip-
tion fulfills his/herexpectation. Clearly if the planis not
legaltheneithertheplanitself is flawedor thedomainspec-
ification is at fault. The useris expectedto iterateover this
procesaintil bothsampleplansanddomainspecificatiorap-
pearsatishctory Theplansteppeallowsauserto manually
createplandescription@ndhavethemchecledagainstide-
velopingformal descriptionof the problemdomain. Tools
basedon theideaof a plansteppercanbe of moreusethan
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just as a tool for domaindescriptionvalidation. In mary
domainsusersarenot looking for nor would be preparedo
trustfully automatedoolsto carryouttheir planningtasks.

Plan Generation

We have designedandimplementedh plangeneratioralgo-
rithm ("PlusPlan’)for OCLpluswhichwasderivedfrom Hy-
HTN (McCluskey, Liu, & Simpsor2003).HyHTN is ahier-
archicalplannemhich,like Shop(Nauetal. 2000),plansby
selectingand expandingmethodoperatorsandkeepingan
adwancedstatewithin searchnodes. HyHTN’s innovation
is thatit is equally suitedto hierarchical,non-hierarchical
planning,or acombinatiorof thetwo. During searchnodes
undegoexpansioroperationsvhichreplacenamesf meth-
ods with their decomposition. However, if within a node
someconditioncannotbe achievedin the currentstatethen
HyHTN canperformaheuristicstatespacesearciusingthe
plangraphheuristic)to generatea planto achieve thegoal.
EssentiallyPlusPlarworksusingablendof planningand
simulation. The simulationis similar to that carriedout in
the PlanStepperescribedabove: anincrementatime step
is usedto simulatethe passingof time. Planninginvolvesa
state-adancingHTN searchat eachinstantof time. Hence,
if the goalcanbereachedy the effect of instantaneouac-
tions only, it will endeaour to find a plan to achieve this,
and apply that plan’s actionsto an adwancingstate,in the

first instant. More likely, nodeswill be processedesulting
in theadditionof new nodego the searchput thesewill not
be further processedssomeevent or processs neededo
occuror terminatebeforefurtherwork on a plancanoccut

Figure 1 containsan outline of PlusPlan. It searches
througha spaceof nodesof theform:

nod€T, S, PP, Exp C)

whereT is the elapsedime from the startof the plan, Sis
the currentstateat time T, PP is the plan that producesS,
Expis asetof operatorgsepresentinghedeveloping(future)
plan,andC is a setof constraintson Exp. Initially Expis
theabstractaskto be achiezed,andC aninitial setof con-
straints.

Procedurexpand-plartriesto createandapply a planat
oneinstant. The resultingopennodesin ’store’ are either
solutionsor nodeswhereoperatorscannotbe executed. In
line 3 start(Exp) = setof fringe operatorsie thosethatcould
possiblystart(temporally)Exp
methodsstart(Exp), S, C) is the setof non-primitive oper
atorsin the fringe suchthat their preconditionsare metin
S andthe constraintC are satisfiable. For all thesepossi-
ble decompositiongjew nodesarecreatecandstored.If no
non-primitive operatorsanbe expandedthenin lines8-10
ary operatorghatcanbeappliedareappliedto advancethe
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Figure4: TheBathFilling Domain: Exampleof GIPOIII' s PlanStepper

state.Whenanodecannotbe expandedit is putinto atem-
porarystore,andwhenall nodesareprocessegor asolution
is found)thenthetemporarystoreis copiedbackto themain
storeandcontrolis givenbackto themainalgorithm.

The procedurefor simulating events and processese-
tractsall of the storednodes,andwith eachin turn, it ap-
pliesall applicableeventsandprocesseslf > 1 eventsoc-
cur atthe sametime thenthe orderthatthey fire is assumed
unimportant the objectstateshatary two firing eventsre-
fer to mustbe independentSimilarly, if eventsoccurdur-
ing proces®xecution they areassumedhotto interferewith
the processeghatis the'order’ of simulationis notimpor-
tant. Finally, it is assumedhattwo processethatarecon-
tinuouslyrunningdo not directly interfere. Theseassump-
tions avoid the problemof interferingevents”occurring at
the sametime” - which canleadto a paradox.After all the
effectsof applicablesventsandprocessebave beenapplied
to anode thetime of its stateis movedon aninstant(signi-
fied by "Delta”) andthenodeis stored.

Themainloop progresseantil expand-plan()s in aposi-
tion to fully expandthe abstractaskinto a plan containing
primitive instantiatedperators.

Resultsand Open Questions

Planningin domainswith continuougprocessesventsand
actionshaslong beena greatchallengefor Al. Realworld

phenomenaare often outsidethe explicit control of plan
executionand yet have to be reasonedwith during plan
generation. In this position paperwe have outlined three
tools usedto formulatedomaindescriptionsanalyseplans
throughsimulation,andgenerateplansrespectiely, in do-
mainswith actions,events,andprocessesAn importantaim
of thiswork to allow the expressvenesf the OCLplusde-
scriptionto be exploredandto investigateadditionalknowl-
edgeengineerindeatureghatmaybeaddedo thelanguage
to supporthe modellinganddomainvalidationprocesses.

We have evaluatedthe tools on toy problemsincluding
anair traffic controlscenariq'specifiedin (Simpson& Mc-
Cluskey 2003)), a bath domain,and an autonomousrehi-
cle domain. The first tools (formualationand simulation)
areencodednto GIPOIIl with OCLplus andcanbedown-
loadedfrom http://scom.hud.ac.uk/planfofgipo. For the
future we are aiming to apply the tools to a more realis-
tic flood simulationdomain. The initial work shavs that
(a) theGIPOtoolsoriginally designedor classicadomains
generalisenaturallyto domaindescriptiongn OCLplus(b)
problemsto do with the simulationare extremelycomplex.
Dependingon the choiceof the time step”Delta” in both
simulationand plan generationgventsmay fire or not fire,
and processesnay not run accuratelyor at all. The work
hasalreadyraisedcertainfundamentafjuestionsuchas:is
the developmentof a domain-independenbolsetfor such



expressve domaindeasibleor evendesirableVhile conti-
nouschanges expressibleén domaindescriptionlanguages
suchas OCLplus how canthis be adequatelysimulatedin
animatorsandplanners?
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