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TowardsAn AlgebraicFormulationof DomainDefinitions
usingParameteriseMachines

T. L. McCluskey andR. M.Simpson
Schoolof ComputingandEngineering
The Universityof HuddersfieldHuddersfieldtHD1 3DH, UK
t.l.mcclusley,r.m.simpson@hudc.uk

Abstract

Abstractly specifying, rapidly creating,andre-usingmodelsof domainstructureare desir
ablegoalsfor knowledgeengineeringn Al Planning.However, while planningalgorithms,and
now knowledgeengineeringtself, arematuringareasof researchthe descriptionsisedto formu-
late dynamicdomaindescriptionds underresearchedln this paperwe describeon-goingwork
attemptingto establistanalgebraicapproactio constructingdlomaindescriptions.

We postulatethat this formulationwill sene several purposes:it will help descriptionsof
domainsto berapidly built up by composingandinterfacingpre-definedabstractprimitive ma-
chines.It will helpengineerse-useaxistingdomainsandit will seneasasemantic$or concrete
descriptioanguagesuchasPDDL.

1 Intr oduction

In the areaof knowledge engineeringor Al Planning,recentresearctpostulateshat domainde-
scriptionscan be built up efficiently from a set of re-usableprimitive componentg6, 5]. Indeed,
empiricalstudyof planningdomaindescriptionsuggestshatthey rely oncommonlyrepeatedtruc-
tures. Knowledgeengineersaturallywould like to re-usedomaindescriptionsvhencreatingnev
ones ratherthancreatingdescriptiongrom scratch. However, whenattemptingto re-usedomainde-
scriptionstherearefew if arny abstractionsisedin Al Planningto help. In PDDL 1.1[3] thereis an
":extends’facility whichimplementsaform of modularisationbut it is of limited helpif anengineer
hasto changehere-useddescriptionin someway becauséhis requiresa deepunderstandingf the
re-usedlescriptionlt is generallythe casehatthere-usedencodingstoncretesyntaxhasto bestud-
iedin orderto understandhemandtheir interactionswith the enhanceencoding.This is relatedto
otherproblemswith domainencoding:

— modelsof the samedomainmay differ in small detailswithout rationale. For example,how
mary, andwhatparametersshoulda predicatehave? How is this determinedWhat predicateghat
areimplicitly trueshouldbe statedexplicitly in the conditionsof anoperator?

—if we would like to re-usedomaindescriptionsn creatinga nev one,how arewe to retrieve a
similar descriptionto work from? Have we to understanall the detailsof (someonelses) particular
encodingoeforestarting?

The problemis not unlike that of coding and re-usingsoftware, althoughthe field of abstractions
for software modulesare far more developed. In Al Planning,an engineercan enterdetailsof a
new domaindescriptionfrom scratch,or they have to understanan old oneandsetaboutchanging
it. Previous researchhasintroducedthe idea of how objectsand objecttransitionscan be usedas



the primitivesfor domainmodellingin planning[1, 9, 5]. This takes placeduring the formulation
stagewithin knowvledgeacquisitionand coversapplicationswherewe canassumeplanningdomain
descriptionglescribethe change®f stateof objectswithin the domainasa resultof the application
of thedomainoperators.

In this paperwe introducean algebraicmethodto capturethe dynamicstructureof Al Planning
domains.Thesearebuilt up by composingandinterfacing pre-definedabstractprimitive machines.
Change®f stateof objectsarerepresenteth parameterisedtatemachinesanddomaindescriptions
canbe synthesisedrom the combinationof thosemachinesUsing statemachinesasprimitivesmay
not be universallyapplicableto all applicationdomains;indeedwe would amguethattrying to find a
setof primitivesthatareuniversallyapplicableis a badidea. By necessitythereshouldbe morethan
onefoundationfor dynamicrepresentatiotanguages the state-machingiew is justoneof them.

PDDL wasdesignedwithin the areaof Al Planningto capture’ dynamicsandnothingelse’. We
follow this maximin this papey but seekto find toolsto composeandanalysedomaindescriptions
capturedhisway. In this papermwe discusdoundationalwork which aimsto capturedomaindescrip-
tionsusinghetengeneousalgebras. A particulardomaindescriptionsuchasthe blocksworld or the
dock workersworld canthenbe capturedas a value of that algebra. This value we call a domain
definitionto distinguishit from the concretedescription.

2 Domain Definitions asValuesof Heterogeneousilgebras

A homaeneouslgebras asetof values(calledthe’carrier’ set)togethemith asetof totally defined,
closedoperators.’Closed’ heremeanghatthe operators returnvaluesarealwaysin the carrierset.
For example, the setof numbersknown asthe 'Natural Numbers’,togetherwith the operators+’
and™’, form ahomogeneoualgebra.Readelinterestedn this topic may consultreferencg8]. A
hetepgeneousalgebras onewheretherearea setof carriersets,with oneparticularsetrepresenting
the valuesof the algebrabeing defined. This is called the type of interest(TOI) in the algebraic
formulation of datatypes. The carrier setsthat are not the type of interestcan be thoughtof as
valuesfrom 'imported’ algebrasThebehaiour of the stackdatastructurecanbereadily capturedy
a heterogeneouslgebrawith operatorssuchas’pop’, 'push’, 'initialise’, and’top’, andthe values
within thestacktakenfrom oneof theimportedalgebrasHeterogeneouslgebrasave 'constructors’:
theseareoperatorghatproducenen valuesof the TOI eg stacks 'push’, and'initialise’. 'destructors’
breakdown old valuesto createnewn ones,eg 'pop’. 'selectors’areoperatorghattake valuesof the
type of interestandreturnavaluefrom animportedalgebragg 'top’.

An importantdistinctionmadein theliteratureis betweerabstiactalgebrasndconcetealgebras.
Abstractalgebrasare the oneswhereoperatorsand valuesare definedabstractly For example,an
algebraicspecificatiomrmayjust containthe signatureof the operatorsaanda setof equationabxioms
relatingthe operatorso eachother Concretealgebrasaremoredetailed andandconformto abstract
algebrasFor example,a computeiimplementatiorof a stackcanbethoughtof asa concretealgebra,
whereadhe signatureandpropertiesof the stackform the abstractlgebra. Thesearerelatedin the
following way: A concretealgebrais a modelof an abstractalgebraif (roughly) the valuesof the
concretaalgebrasatisfythe appropriatgropertiesor axiomsin the abstractlgebra.

We planto captureplanningdomaindescriptionlanguagesvith abstractheterogeneousigebras.
A domaindescriptionwill thenbe a modelof someheterogeneoualgebra,or in otherwords: Eac
valueof the 'typeof interest’ of the abstiact algebra will correspondo a concete domaindescrip-
tion. Thealgebrawill be built up from variousimportedalgebrasasdiscussedbelov. By capturing
domainsthis way, the ideais thatwe will have well defined,powerful waysof composingdomains



descriptionsandmachineryto helpanalysedomainsdescriptions.

We will exploit the’objectcentricview’ of domaindescriptiorto exploredomaindefinitionusing
algebrasThe’objectcentricview’ is wherea domainis consideredisa setof objectswhichinteract
in awell defineddynamicsystem.Objects,objectstatesandvaluesof objectattributesarecollected
into 'sorts’. Thesesortsbeara similarity to the ideaof objectclassesn object-orientediesignand
programmingalthoughsortsare more generalandlessimplementation-orieetd thanclasses).Ob-
jectsgothroughtransitiondrom onestateto anotherandthefull setof transitionsof anobjectformsa
'machine’. Thusobjectshave 'Life Histories”- simplythesequencesf valuesthatanobjectvariable
cantake. World statesn planningaremadeup of setsof individual objectstates.Theideaof forcing
conceptualisationsf planningdomaindescriptionsnto this kind of orientationis usedasthe basisof
toolssuchasitSIMPLE [7] andGIPO[5]).

3 Domain definition on singlesorts - Machines

We startby definingalgebragepresentingtatemachinegiving a limited form of domaindefinition.
Thesegive the basicbuilding blocksof the formulation. Eachmachineis parameterisedly a single
objectsort andhenceareformedsuchthatall statesandtransitionswithin the machinerelateto the
sameobjectsort.

3.1 Machine constructors

We introducethelinearmachineasthe constructor:

Imsort - NON-emptylist of statenames= Macgort
If thelist of statescontainstwo adjacenttateswith the samenamethattransitionformsa selfloop
andthereis no distinctionbetweerthe transitionthat takesthe machinefrom the first to the second
from thetransitionthattakesthemachinefrom thesecondo thefirst. With theexceptionof selfloops
all the namesconstitutingthe statelist mustbe distinct. Adjacentstatesn thelist will be connected
by two transitions from thefirst to the secondandfrom the secondo thefirst. The definitionbelow
producedhe statemachineshavn in figure 1. The PDDL equvalentof this (producedy the GIPO
tool) is shavn in figure 2.

Imyg : [s1, 52, s2] = Machinel

®© O

Figurel: Machinel
A machinemaybe constructedrom anothemmachineby a numberof operators:

o rem : Macgyrs X T = Macgort

remrem takesamachineandatransitionbelongingo thatmachineandproduces copy minus
theidentifiedtransition. The expression



(define (domai n exanpl es)
(:requirements :strips :equality :typing)
(:types s)
(:predicates (sl ?sl - s) (s2 ?sl - s))

(:action t2 (:action t1l
:paraneters ( ?S - s) :paraneters ( ?S - s)
:precondition (s2 ?S) :precondition (sl ?S)
;effect (and ;effect (and

(not (s2 ?9)) (not (s1 ?9))
(s1 ?9))) (s2 ?9)))

(:action t3
:paranmeters ( ?S - s)
:precondition (s2 ?S)
ceffect)))

Figure2: Machinel - PDDL

rem : (Imy : [a,b]), (b — a)

returnsmachineMachinelwith the singletransitionfrom stateb to statea removed. If the
transitionidentified doesnot exist in the machinethe operatorhasno effect (and hencethe
operatolis total).

e prop: Macy X N X sorty = Mac,

prop takes a machineof sortz, a propertynameN anda sorty, andaddsa propertysuch
thatat every statein the given machinejndividualswill berelatedto somevalueof sorty that
constituteghevaluefor theproperty N of the objectin this state.An axiomon this constructor
is thatz mustnotequaly. For example

prop : Machinel, location, loc

create@machineasin figure 1 but wherelocation(s1) andlocation(s2) aredefinedfunctions,
returningavalueof sortloc.

e merge : Macy X Macg X [(a1,a2)/as,...] = Macy

mergetakestwo machine®f thesamesortandalist of pairsof statenameswvherethefirstname
is a statein the first machineandthe seconds a statein the secondmachine.merge makes
thesestatesidentical and renameshem with the provided namein the combinedmachine.
Merge preseresthetransitionsof bothmachinesFor example

merge : Machinel, (Ims : [al,al]),[(s1,al)/bl] = Machine2

A diagramrepresentingfachine2 is shavn in figure 3. We have addeda self-looptransition
to states1 in Machinel andrenamedt to statebl.

e chg: Macy, xT x P x PC = Max,

Chg takesa machine a transitionidentifier a statepropertynamep € P anda propositional
constrainton p and producesa nev machineof the samesort wherethe propertyp changes
valuein accordancwith thepropositionatonstraintvheneerthemachinenakestheidentified

transition.For example:



9. 9.

Figure3: Machine2

chg : (prop : (Img[sl, s1]),location,loc), s1 — s1,location, next

producesa machineof sorts with the singlestates1 anda singleselfloop. The machinehas
a single propertylocation thatis of valuetype loc andthe transitionforming the self loop
transformshe value of the propertylocationaccordingto instance®f the predicatenezt that
links two valuesof thetypeloc. Considelanexamplewith asinglenext predicatenezt(a, b). If

themachinehadaninitial valueof thelocationpropertyof a, it couldonly make onetransition
of the self loop with the resultthat the location propertyof the objectinstancewould have
locationb. A traceof theexampleis shawn in figure4

Start: object o sort s Constraint instances:
.\ in location a next(a,b)
Trace:
start o location a state s1
t1 o location b state s1
end

Figured: TraceExample
The PDDL codeauto-generateftom the TraceExampleMachineis shavn in figure5.

3.2 Domain definitions - Multiple Sorts

Domaindefinitionsare formed from machines/domaidefinitionsand operatorson domaindefini-
tions. Any machinespecifications a domaindefinition. Thereis aninvisible operatompromotethat
canbeappliedto ary machine.

promote : Mac — DD

Valuesof DD areabstractlgebraexpressionseachrepresenting concretedomaindescription(in
for examplePDDL). CombiningDomaindefinitionsusesa Union operator:

U: DD x DD — DD

Thiscombineswo domaindefinitions.It renamesdentifiersin theseconadlomaindefinitionto ensure
thatthereis no overlapin thenamespace®f thetwo domains.



(define (domai n exanpl es)
(:requirements :strips :equality :typing)
(:types s |loc)
(:predicates (sl ?sl - s)
(location ?s1 - s ?locl - |loc)
(next ?locl - loc ?loc2 - loc))

(:action t1l
:paraneters ( ?S - s ?LocA - loc ?LocB - |oc)
:precondition (and (sl ?S)
(location ?S ?LocA)
(next ?LocA ?LocB))
;effect (and
(not (location ?S ?LocA))
(location ?S ?LocB))))

Figure5: TraceExampleMachine- PDDL

Simulatingactionsthat are formedfrom a collection of objecttransitionsis performedby vari-
ationson threemain operators. Theselink up transitionsbetweenmachinesto simulateclassical
planningdomainoperators.

e prevail : DD xT xS — DD

Prevail takes a domaindefinition, a transitiont,; of sortsl, anda statenames,, of sorts2

from the domaindefinition. It producesa domaindefinitionwheret,; canonly be madeby an
objectof sorts1 whenanothembjectof sorts2 is in theidentifiedstateandthatobjectremains
in thatstatewhentheidentifiedtransitionis made.

e necessary : DD xT xT — DD

Necessarytakesa domaindefinitionandtwo transitionsgdravn from two distinctmachinesand
requireshatbothtransitionsoccursimultaneously

e conditional : DD xT xT — DD

Conditional takesadomaindefinitionandtwo transitionsandrequireghatthesecondransition
canonly occursimultaneouslyvith thefirst, but no suchrestrictionis placedon thefirst.

At this stagewe have an abstracialgebrapowerful enoughto constructsomevalueswhich have
asmodelsstandardplanningdomains. For exampleconsiderthe Tyre Changedomain,which is set
upto allow plansto be generatedo changea flat tyre on acar This hasé machinegepresentinghe
transitionsof oneof thecar'swheelhubs,jits wheels jts boot,thefixing nutsonawheel,andawrench
andcarjack.

Impyp : [onground, raisedup, upnonuts, upnowheel] = hub-m
Imjack : [j-incar, j-carried,inuse] = jack-m

Imyheer : [w-incar, w-carried, onhub] = wheel-m

IMuyrench : [wr-incar, wr-carried] = wrench-m

IMecarboot : [0pen, locked] = carboot-m

Impyis - [fastened, loose, free] = nuts-m

(U : nuts, (U : hub-m, (U : jack-m, (U : wheel-m, (U : wrench-m, carboot-m))))) = ml



Valuem1 representa domainwith 6 machinespecified whereobjectscanchangestateary linear
direction,but with nomachinenteractionspecified We usetheprevail, necessary andconditional
operatorabore to specifyhow the machinesnteract.

necessary : ml, j-carried — inuse, onground — raisedup = m2

Thiscreatesn2, representingnev domaindescriptiorwherethetransitionof a carhub(from being

onthegroundto beingraisedup) musthapperatthe sametime asthetransitionof ajack (from being
carriedto beingused).

prevail : (prevail : m2, fastened — loose, wr-carried), fastened — loose, onground = m3

In m3, to loosenthe nutson a hub,the hubmustbe on thegroundandthewrenchmustbe carried.
necessary : m3,loose — free,raisedup — upnonuts = m4
prevail : (prevail : m4,loose — free,inuse),loose — free, wr-carried = m5

In m5, freeingthenutson ahuboccursatthe sametime asthe nutsleaving thehuh This canonly be
doneif thejackis in useandthewrenchis beingcarried.

At this pointwe mightcarryonto specifythefinal handfulof interactionswithin theusualversion
of thedomaindescription.However, it is appropriatgo point out a deficieng in the formulationup
to now: Certainrelationshipsbetweerobjectsthat are formedat an interaction betweermadines
mustpersistthrougha numberof madine states.For example,the jack thatis usedto raisea hubis
the samegjack thatis removed oncethe hubis lowered. And a wheelthatis put on a hubis the same
asonethatis removed. Soin generalinteraction betweenmachinesorms relationshipsbetween
objectsthatmustpersist- we call theseobjectassociations. Stateeedto have memories, andthe
associatioris usedfor this purposeln predicate-basddnguagetike PDDL associationarerecorded
in domaindescriptionsusing predicatespr by introducingextra agumentsto existing predicates.
Thesepredicatesreaddedor deletedrom the statesy handcraftedactionrepresentationdVhereas
therationalfor predicateargumentformationin logic-basedanguageappearsague,n thealgebraic
formulationit it explicit asshavn in thenext section.

3.2.1 Domain Operator Modifiers

Theabove threeoperatorgrevail, necessaryandconditional canbe modifiedin their requirements
in thefollowing ways.add association(+) or remove association(-) or constrain properties(c)

e Add association

prevail+ : DD x T x S — DD
necessary+ : DD xT xT — DD
conditional+ : DD xT xT — DD

(prevail+ : d,s1 — s2,s) is anew domaindescriptionwherethe objectin states2 becomes
associatedvith the objectin states (the prevail state). This associatioris transmittedto all
statesn themachinecontainings1 ands2 thatcanbereachedrom transitionghroughs2. The
associatiorcanbe terminatedn the statesubgraphwhena transitionidentifiedin a remove
associationis traversed(seebelaw).

(necessary+ : d,sl — s2,t1 — t2) is similar: herethe objectmakingthe transitioninto s2
becomesssociatedvith theobjectmakingthetransitioninto t2. Thisassociatiofis transmitted



to all reachabletatedrom thestates2. Theassociations only terminatedn thestatesubgraph
whena transitionidentifiedin aremove associationis traversed.The associatedubgraphso
formedis boundedby + and— operatordinking the sameassociategort.

conditional+ is similarto necessary+.

e Remawe Association

prevail— : DD xT x S = DD
necessary— : DD xT xT — DD
conditional— : DD xT xT — DD

Remove association(-) requireghattheiris alreadyanassociatiorbetweertheobjects.In this
casetheassociatiorbetweerthemis terminated.

e ConstrainProperties
Constrain properties(c) addsanextraclauseo theprevail, necessargr conditionaloperators.

prevail c: DD x T x S x Py x P, x PC — DD
necessary ¢: DD X T xXT x P| X Po x PC — DD
conditional ¢ : DD X T XT x P, x P, x PC - DD

WhereP; refersto a propertyof the objectmakingthe first namedtransitionfrom the domain
DD. P, refersto a propertyof the objectin the state(prevail) or objectmakingthe second
namedtransition(necessarpr conditional). PC' refersto a propositionalconstrainthat must
relatethe two propertiesP; and P, for the transitionsto be made. A simple exampleof the
prevailc operatoroccursin transportdomainswhereit is usedto requirethatthe presencef
anavailabletruck shouldbeatthe samdocationasapackagehatis loadedinto thetruck. This
is alsoa casewherea persistentassociatiorshouldbe formedto remembemhich truck the
packages loadedinto. We allow themodifiers*+” or “-" to becombinedwith the“c” modifier
in the sameoperation.This is illustratedin a simple“mobile” examplebelow (loc = location,
andlded= loaded).

prop : (Imyyek : [available, available)), loc,loc = Truck

prop : (IMpgckage : [unlded, lded, lded)),loc,loc = Package

prevail + ¢ : (U : Truck, Package), (unlded — lded), available,loc,loc,eq = Mobile;
Whereeq is simply an equality predicate.To completethis “mini” transportdomainwe need
theoperator:

prevail — ¢ : Mobiley, (Ided — unlded), available,loc,loc,eq = Mobiley

To ensurethat the packageis unloadedat the samelocationasthe truck it is in. At which
pointtheassociatioris forgotten.Finally to requirethe packageo changdocationasthetruck
changedocationwe need:

conditionalc : Mobilesy, (available — available), (Ided — lded),loc,loc, eq = Transport
Transport definesadomainin which truckscanmove package$rom locationto location.

4 Dock Workers RobotsExample

To testout the formulationwith respectto expressrenessand power of abstractionwe attemptto
capturethe Dock WorkersRobotsdomain. This is a non-trivial exampledevelopedfor Ghallab,Nau
andTraversos recenttextbook [4]. In the dock workersrobotsexamplethereare automatedobots
thatcanmove containerspneat atime, arounda port area. The robotsareloadedand unloadedby



staticcranes.The containerghataremoved aroundarestacled in piles at the samelocationsasthe
staticcranes.This specificationis built from threemachinesonefor eachof the robots,containes
andcranes

Robot

prop : (Imyepot = [free, free,busy, busyl), location, loc = Roboty
chg : Roboty, free = free,location,next = Robotsy
chg : Roboty, busy — busy, location, next = Robots

Thesethreeconstructorproduceghe value Robots, correspondingo the machinerepresenting
therobot's dynamicbehaiour. Theresultingmachineis shavn in figure 6 wherethetransitionshave
beengiven meaningfulnamesfor examplethetransitionfrom freeto busyis labeledioad. Whatwe
arecapturingis thattherobotshave two primarystatedree busyandthatin eitherstaterobotshave a
locationproperty Additionally the robotmay changseits location,eitherwhenfree or whenbusy by
moving move moveContainer

Property: Location of type loc

unload

Move transitions
change property
location constrained by
predicate (next loc loc)

moveContainer

Figure6: RobotLife History Diagram

Container

Thestackingof containergorm aversionof theclassicBlocks World' problemwherethe containers
arestacledin towersatnamedocations.To modelthecontainersve needstatego identify containers
loadedon a robot, temporarilyheld by a crane,andon a stackof containers However to keeptrack
of containerdn on a stackwe needto distinguishbetweenthreepossiblestates,1. formingthetop
of the stackwith no containerdelaw, 2. forming the top of the stackwith a singlecontainerbelov
and3. forming the top of a stackwith two or morecontainerdelon. Much of the complity of the
problemcomedsrom trackinghow container&€anchangestateasthey andothercontainersareplaced
onandremovedfrom thestacks All of thesestatesareof courseparameterisetly thelocationof the
containers.

prop : (Imcontainer : [onRoboty, onRobot1, held,]), location,loc = Cont;

prop : (Imcontainer : [helds, onBaseT ops]), location,loc = Conts
prop : (Imcontainer : [onBaseT ops, onBases)),location,loc = Conts
prop : (Imcoptainer : [heldy, onTopy)), location, loc = Conty

prop : (Imcontainer : [onTops, ons)),location, loc = Conts

prop : (Imeontainer : [helds, onTopBaseg)),location, loc = Contg
Thesesix equationgiefinethe statechanges containercanmake andensurehatevery statecanbe
qualifiedby alocationproperty
necessary + ¢ : (U : Contg, Conts), helds — onTopBaseg, onBaseTops — onBases,
location, location, eq = Contr



necessary — ¢ : (U : Contg, Conts),onTopBaseg — heldg,onBases — onBaseT ops,
location,location, eq = Contg
necessary + ¢ : (U : Conty, Conts), heldy — onTopy, onTops — ons,
location,location, eq = Contg
necessary — ¢ : (U : Conty, Conts),onTopy — heldy,ons — onTops,
location, location,eq = Contig
The next four equationsrequirethat certainstatechangemecessarilyoccurtogether The first of
theserequiresthatwhenonecontainerchangestatefrom helds — onTopBaseg anothercontainer
mustsimultaneouslychangestatefrom onBaseTops — onBases. Thatis whena new container
is placedon a single containerstackthe new containelis onTopBase andthe containemow below
is in stateonBase. The +c¢ annotatiorrequiresthatthetop, first referencedcontainerestablishes
memory/associatioaf which containerit is placedon andthe constraintis placedsuchthatthe two
containersarein the samelocation. The otherthreenecessargquationcansimilarly be understood,
notingthatwherewe have the — annotatiorthe associatioomemoryis removed/foigotten.
merge : Conty, Contg, [(helds, helds) /held] = Cont1y
merge : Contg, Contyg, [(helds, helds)/held] = Contia
merge : Contq1, Contyo, [(held, held) [held] = Contys
merge : Conty3, Conty, [(held, heldy)/held] = Conti4
merge : Contyy, Conty, [(held, heldy)/held] = Contis
Thefive meige equationsbove essentiallyasserthatthevariouslyindexed held statesll referto the
samestatewith the canonicahameheld.
chg : Contys, onRoboty — onRobot1,location, next = Contyg
The final equationdefining the containets life history indicatesthat the transition on Robot; —
onRobot; involveschangingthe locationpropertyof the container wherethe changeobeys a (next
loc,loc) constraint.

Crane

prop : (Imerane : [availabley, inUse;)),location, loc = Crane;
prop : (IMerane : [availableg, inU ses)), location, loc = Cranes
prop : (Imerane : [availables, inUses)),location, loc = Cranes
prop : (Imerane : [availabley, inUsey)),location, loc = Craney

merge : Craney, Cranes, [(available; , availables)available, (inUsey , inUses) /inU se] = Cranes
merge : Cranes, Cranes, [(available, availables)available, (inU se,inUses) /inUse] = Craneg
merge : Craneg, Craney, [(available, availables)available, (inU se,inUses) /inU se] = Craney

The seven equationdor the Cranedefinea machinewith two statesavailableinUse which are
connectedy four transitionsfrom available— inUseandfour from inUse— available TheCrane
alsohasa propertyof locationwith typeloc. Thefirst four equationsetup the machinesachwith a
pairof transitions.Thestateof thosefour machinesarethenmeigedin thefollowing threeequations.
The multiple transitionsarerequiredto correspondo the differentactionsof picking up (or placing
on)acontainefrom (1) arobot(2) the containeiin eachof: asinglecontainerstack,the containemon
top of thebasecontainerthe containeron top of ary stackof sizegreatetthantwo.

The three separatenachinesfor robots, containersand craneshave beensetup. We needto
composehemtogetherandmodeltheirinteractions.



Compound Domain definitions

Link loadingContainerto Robotwhenloadingandunloading.

necessary + ¢ : (U : Robots, Contig), free — busy, held — onRoboty,location,location,eq =
DD,

necessary + ¢ : DDy, busy — free,onRobot; — held, location,location,eq = DDy
necessary : DDy, onRobot; — onRobot, busy — busy = DDjs

Theseequationsll requirethattransitionsfrom the disparatemachinesaccompay oneanother
and may establishor remare a rememberedssociation. The first for examplerequiresthat when
arobotchangedrom statesfree to busy a containemrmustsimultaneouslchangestatefrom being
held to beingon Robot, additionallythe constraintis placedthatthe containerandrobotmustbein
thesamdocationandthatthe associatiorbetweerrobotandcontaineris remembered.

Link craneto containedoadedontorobot
necessary+c : (U : Craner, DDs),inUse; — availabley, held — onRoboty,location, location, eq =
DDs
necessary — ¢ : DD3, available; — inUse;, onRobot; — held,location,location,eq = DDy

Link craneto lifting from and placingcontainerson stacks.Firsplacingon andremaoving from
emptybase.
necessary—+c: DDy, inUsey — availabley, held — onBaseT ops,location, location,eq = DDjg
necessary—c : DDy, availabley — inUseq, onBaseT opa — held,location,location,eq = D Dg

Next placingonandremaoving from containedirectly on base.
necessary—+c: DDg,inUses — availables, held — onTopBaseg, location, location,eq = DD~
necessary—+c : DDy, availables — inUses, onTopBaseg — held, location, location, eq = D Dg

Finally placingontop of stackandremaoving
necessary + ¢ : DDg,inUseq — availabley, held — onT ops,location, location,eq = D Dy
necessary — ¢ : DDg, availabley — tnUseq, onTops — held, location, location, eq = D Dy

The domaindefinition DDg is an accumulateddlomaindefinition for the dock workers robots
world. The’size’ of theformalismindicatesthatit is anabstractiorof particulardomainencodings
(suchasthesourceencodingrom thetext book's website).

5 Conclusions

We have describedan initial formulation of planningdomaindefinitionsas valuesof an abstract,
heterogeneoualgebra,and describedan extendedexamplein an attemptto evaluateit. This work

parallelsthevisualinterfaceof the GIPOIII tool. In thistool's interface the userbuilds up adomain
in termsof primitive and composedmachinesgraphically The tool then translateghe graphical
representatioto domaindescriptionlanguagegcurrentlyOCL andPDDL). Here,we have built up

the definition algebraically From our initial investigation,we postulatethat an algebraicapproach
usingstatemachinegyivesthefollowing benefits:

Yhttp://scom.hud.ac.uk/planform/gipo



1. abstraction:the domainencoderhaslessdecisionsto make aboutdetailsof the encoding. In
particularthe domainencodemeednot think in termsof predicatesand parametersbut ratherin
termsof statetransitionsandmachinesThelatterhasa moreengagingvisualmetapholasgettingan
expertto describdife historiesof objectsis easieithatgettingthemto describepredicatesparameters
andparameteco-designations.

2. re-usevia rapid generatiorand extensionof domaindescriptions nev domaindescriptionscan
be efficiently composedrom existing high level primitivesusingcompositealgebraicoperatorsOld
domaindescriptionglescribedn termsof abstracmachinesanbe efficiently enhancear changed.
3. analysis:theapproachmeansdiomaindescriptionsarebroken down into connectedknowvn primi-
tive machinesThekindsof primitivesandthewaythey arecombinedwill give akind of classification
to thedomain.

This initial work hasprovided someevidencefor 1. and3. We have implementedand testeda
translatowhichinputsalgebraidormulationsof machinesaindoutputsconcretedomaindescriptions.
This providessomesupportfor 2. However, mary questiongemain:

- will the expressie power of the algebraicformulation be able to matchthat requiredof domain
descriptionanguagesuchasPDDL 2.1 etc?

- to whatdegreewill the suppressionf domaindescriptiondetailhelpengineersinderstandiomain
definitions?

- whatrelationdoesour formulationhave to otherto otherformal languagesisedin computing,and
previous semantidescription®of domaindescriptionanguages[p?

Part of our future work will beto investigatea rangeof PDDL domainseg the competitiondomains
andinvestigatehe degreeto which they canbe capturedandanalysedisingalgebra.
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