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Abstract

Abstractlyspecifying,rapidly creating,andre-usingmodelsof domainstructurearedesir-
ablegoalsfor knowledgeengineeringin AI Planning.However, while planningalgorithms,and
now knowledgeengineeringitself, arematuringareasof research,thedescriptionsusedto formu-
latedynamicdomaindescriptionsis underresearched.In this paperwe describeon-goingwork
attemptingto establishanalgebraicapproachto constructingdomaindescriptions.

We postulatethat this formulationwill serve several purposes:it will help descriptionsof
domainsto berapidly built up by composingandinterfacingpre-definedabstract,primitive ma-
chines.It will helpengineersre-useexistingdomains,andit will serveasasemanticsfor concrete
descriptionlanguagessuchasPDDL.

1 Intr oduction

In the areaof knowledgeengineeringfor AI Planning,recentresearchpostulatesthat domainde-
scriptionscanbe built up efficiently from a set of re-usableprimitive components[6, 5]. Indeed,
empiricalstudyof planningdomaindescriptionssuggeststhatthey rely oncommonlyrepeatedstruc-
tures. Knowledgeengineersnaturallywould like to re-usedomaindescriptionswhencreatingnew
ones,ratherthancreatingdescriptionsfrom scratch.However, whenattemptingto re-usedomainde-
scriptionstherearefew if any abstractionsusedin AI Planningto help. In PDDL 1.1 [3] thereis an
’:extends’facility which implementsa form of modularisation,but it is of limited helpif anengineer
hasto changethere-useddescriptionin someway becausethis requiresa deepunderstandingof the
re-useddescription.It is generallythecasethatthere-usedencodings’concretesyntaxhasto bestud-
ied in orderto understandthemandtheir interactionswith theenhancedencoding.This is relatedto
otherproblemswith domainencoding:

– modelsof the samedomainmay differ in small detailswithout rationale. For example,how
many, andwhatparameters,shoulda predicatehave? How is this determined?Whatpredicatesthat
areimplicitly trueshouldbestatedexplicitly in theconditionsof anoperator?

– if we would like to re-usedomaindescriptionsin creatinga new one,how arewe to retrieve a
similardescriptionto work from?Haveweto understandall thedetailsof (someoneelse’s) particular
encodingbeforestarting?
The problemis not unlike that of codingand re-usingsoftware, althoughthe field of abstractions
for software modulesare far more developed. In AI Planning,an engineercan enterdetailsof a
new domaindescriptionfrom scratch,or they have to understandanold oneandsetaboutchanging
it. Previous researchhasintroducedthe ideaof how objectsandobject transitionscanbe usedas



the primitives for domainmodellingin planning[1, 9, 5]. This takesplaceduring the formulation
stagewithin knowledgeacquisitionandcoversapplicationswherewe canassumeplanningdomain
descriptionsdescribethechangesof stateof objectswithin thedomainasa resultof theapplication
of thedomainoperators.

In this paperwe introduceanalgebraicmethodto capturethedynamicstructureof AI Planning
domains.Thesearebuilt up by composingandinterfacingpre-definedabstract,primitive machines.
Changesof stateof objectsarerepresentedin parameterisedstatemachinesanddomaindescriptions
canbesynthesisedfrom thecombinationof thosemachines.Usingstatemachinesasprimitivesmay
not beuniversallyapplicableto all applicationdomains;indeedwe would arguethat trying to find a
setof primitivesthatareuniversallyapplicableis a badidea.By necessity, thereshouldbemorethan
onefoundationfor dynamicrepresentationlanguages- thestate-machineview is justoneof them.

PDDL wasdesignedwithin theareaof AI Planningto capture’dynamicsandnothingelse’. We
follow this maxim in this paper, but seekto find tools to composeandanalysedomaindescriptions
capturedthisway. In thispaperwediscussfoundationalwork whichaimsto capturedomaindescrip-
tionsusingheterogeneousalgebras. A particulardomaindescriptionsuchastheblocksworld or the
dock workersworld canthenbe capturedasa valueof that algebra. This valuewe call a domain
definitionto distinguishit from theconcretedescription.

2 Domain Definitions asValuesof HeterogeneousAlgebras

A homogeneousalgebrais asetof values(calledthe’carrier’ set)togetherwith asetof totally defined,
closedoperators.’Closed’ heremeansthat theoperator’s returnvaluesarealwaysin thecarrierset.
For example,the setof numbersknown asthe ’Natural Numbers’,togetherwith the operators’+’
and’*’, form a homogeneousalgebra.Readerinterestedin this topic mayconsultreference[8]. A
heterogeneousalgebrais 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’ algebras.Thebehaviour of thestackdatastructurecanbereadilycapturedby
a heterogeneousalgebra,with operatorssuchas’pop’, ’push’, ’initialise’, and’top’, andthevalues
within thestacktakenfromoneof theimportedalgebras.Heterogeneousalgebrashave’constructors’:
theseareoperatorsthatproducenew valuesof theTOI eg stack’s ’push’, and’initialise’. ’destructors’
breakdown old valuesto createnew ones,eg ’pop’. ’selectors’areoperatorsthat take valuesof the
typeof interestandreturnavaluefrom animportedalgebra,eg ’top’.

An importantdistinctionmadein theliteratureis betweenabstractalgebrasandconcretealgebras.
Abstractalgebrasarethe oneswhereoperatorsandvaluesaredefinedabstractly. For example,an
algebraicspecificationmayjust containthesignatureof theoperatorsanda setof equationalaxioms
relatingtheoperatorsto eachother. Concretealgebrasaremoredetailed,andandconformto abstract
algebras.For example,acomputerimplementationof astackcanbethoughtof asaconcretealgebra,
whereasthesignatureandpropertiesof thestackform theabstractalgebra.Thesearerelatedin the
following way: A concretealgebrais a modelof an abstractalgebraif (roughly) the valuesof the
concretealgebrasatisfytheappropriatepropertiesor axiomsin theabstractalgebra.

Weplanto captureplanningdomaindescriptionlanguageswith abstract,heterogeneousalgebras.
A domaindescriptionwill thenbea modelof someheterogeneousalgebra,or in otherwords: Each
valueof the ’typeof interest’ of theabstract algebra will correspondto a concretedomaindescrip-
tion. Thealgebrawill bebuilt up from variousimportedalgebras,asdiscussedbelow. By capturing
domainsthis way, the ideais thatwe will have well defined,powerful waysof composingdomains



descriptions,andmachineryto helpanalysedomainsdescriptions.
Wewill exploit the’objectcentricview’ of domaindescriptionto exploredomaindefinitionusing

algebras.The’object centricview’ is wherea domainis consideredasa setof objectswhich interact
in a well defineddynamicsystem.Objects,objectstatesandvaluesof objectattributesarecollected
into ’sorts’. Thesesortsbeara similarity to the ideaof objectclassesin object-orienteddesignand
programming(althoughsortsaremoregeneralandlessimplementation-oriented thanclasses).Ob-
jectsgothroughtransitionsfrom onestateto another, andthefull setof transitionsof anobjectformsa
’machine’.Thusobjectshave ’Life Histories”- simply thesequencesof valuesthatanobjectvariable
cantake. World statesin planningaremadeupof setsof individualobjectstates.Theideaof forcing
conceptualisationsof planningdomaindescriptionsinto thiskind of orientationis usedasthebasisof
toolssuchasitSIMPLE [7] andGIPO[5]).

3 Domain definition on singlesorts - Machines

Westartby definingalgebrasrepresentingstatemachinesgiving a limited form of domaindefinition.
Thesegive thebasicbuilding blocksof the formulation. Eachmachineis parameterisedby a single
objectsort andhenceareformedsuchthatall statesandtransitionswithin themachinerelateto the
sameobjectsort.

3.1 Machine constructors

Weintroducethelinearmachineastheconstructor:���������	��

non-emptylist of statenames��
���� �����	�

If the list of statescontainstwo adjacentstateswith thesamenamethat transitionformsa self loop
andthereis no distinctionbetweenthe transitionthat takesthemachinefrom thefirst to thesecond
from thetransitionthattakesthemachinefrom thesecondto thefirst. With theexceptionof self loops
all thenamesconstitutingthestatelist mustbedistinct. Adjacentstatesin the list will beconnected
by two transitions,from thefirst to thesecondandfrom thesecondto thefirst. Thedefinitionbelow
producesthestatemachineshown in figure1. ThePDDL equivalentof this (producedby theGIPO
tool) is shown in figure2.������
���������� �����!�!"$# 
����&%('*),+ �

Figure1: 
-���&%.'*),+ �

A machinemaybeconstructedfrom anothermachineby anumberof operators:

/10 + �2
 
���� �����	�4365 ��
���� �����	�
rem 0 + � takesamachineandatransitionbelongingto thatmachineandproducesacopy minus
theidentifiedtransition.Theexpression



(define (domain examples)
(:requirements :strips :equality :typing)
(:types s)
(:predicates (s1 ?s1 - s) (s2 ?s1 - s))

(:action t2 (:action t1
:parameters ( ?S - s) :parameters ( ?S - s)
:precondition (s2 ?S) :precondition (s1 ?S)
:effect (and :effect (and

(not (s2 ?S)) (not (s1 ?S))
(s1 ?S))) (s2 ?S)))

(:action t3
:parameters ( ?S - s)
:precondition (s2 ?S)
:effect)))

Figure2: 
-���&%('�),+ � - PDDL

0 + �2
879���;:<
�� � ��=�"�>?�@7A=CB � >
returnsmachineMachine1with the single transitionfrom state

=
to state � removed. If the

transitionidentifieddoesnot exist in the machinethe operatorhasno effect (andhencethe
operatoris D	E D�� � ).

/GF80 E F 
 
-��� : 3�HI3�� E 0 D�JK��
���� :
prop takesa machineof sort L , a propertyname

H
anda sort M , andaddsa propertysuch

thatat every statein thegivenmachine,individualswill berelatedto somevalueof sort M that
constitutesthevaluefor theproperty

H
of theobjectin thisstate.An axiomonthisconstructor

is that L mustnotequalM . For example
F80 E F 
 
-���N%.'*),+ ���O� E��N�PD�'�E ) �O� E��
createsamachineasin figure1 but where

� E��N��D�'�E ) 7A���@> and
� E��Q��D�'�E ) 7A�!�R> aredefinedfunctions,

returningavalueof sort
� E�� .

/ � + 0 S + 
 
���� : 3 
���� : 3T�U7 �.V � ��W >YX ��Z �&[U[U[ " �\
-��� :
mergetakestwo machinesof thesamesortandalist of pairsof statenameswherethefirst name
is a statein the first machineandthesecondis a statein the secondmachine.

� + 0 S + makes
thesestatesidentical and renamesthem with the provided namein the combinedmachine.
Mergepreservesthetransitionsof bothmachines.For example� + 0 S + 
 
����&%('*),+ ���@79�]���C
�� � ��� � �Q"�>?�@�U7A����� � �@>YX�=!�Q"^# 
����&%('*),+ �
A diagramrepresenting
-���&%.'*),+ � is shown in figure3. We have addeda self-looptransition
to state

���
in 
����&%('*),+ � andrenamedit to state

= �
.

/ �&% S 
 
-��� : 365-3`_a3`_cb �\
-�PL :
Chg takesa machine,a transitionidentifier, a statepropertynameFed _

anda propositional
constrainton F andproducesa new machineof the samesort wherethe property F changes
valuein accordancewith thepropositionalconstraintwheneverthemachinemakestheidentified
transition.For example:



Figure3: Machine2

�&% S 
�7 F�0 E F 
879�����f�����������Q"�>?�O� E��N��D�'�E ) �O� E�� >?���P�gB������O� E �N��D�'�E!) � ),+fL�D
producesa machineof sort

�
with thesinglestate

�P�
anda singleself loop. Themachinehas

a singleproperty
� E �N��D�'�E!) that is of value type

� E � and the transitionforming the self loop
transformsthevalueof thepropertylocationaccordingto instancesof thepredicate),+fL�D that
links two valuesof thetype

� E�� . Consideranexamplewith asinglenext predicate),+&L8D 7 � ��=&> . If
themachinehadaninitial valueof thelocationpropertyof � , it couldonly make onetransition
of the self loop with the result that the locationpropertyof the object instancewould have
location

=
. A traceof theexampleis shown in figure4

Figure4: TraceExample

ThePDDL codeauto-generatedfrom theTraceExampleMachineis shown in figure5.

3.2 Domain definitions - Multiple Sorts

Domaindefinitionsare formedfrom machines/domaindefinitionsandoperatorson domaindefini-
tions. Any machinespecificationis a domaindefinition. Thereis an invisible operatorpromotethat
canbeappliedto any machine.

F�0 E � E D	+ 
 
���� B\hih

Valuesof
hih

areabstractalgebraexpressions,eachrepresentinga concretedomaindescription(in
for examplePDDL). CombiningDomaindefinitionsusesaUnionoperator:

j 
�hkhl3`hkhmB\hih

Thiscombinestwodomaindefinitions.It renamesidentifiersin theseconddomaindefinitionto ensure
thatthereis nooverlapin thenamespacesof thetwo domains.



(define (domain examples)
(:requirements :strips :equality :typing)
(:types s loc)
(:predicates (s1 ?s1 - s)
(location ?s1 - s ?loc1 - loc)
(next ?loc1 - loc ?loc2 - loc))

(:action t1
:parameters ( ?S - s ?LocA - loc ?LocB - loc)
:precondition (and (s1 ?S)

(location ?S ?LocA)
(next ?LocA ?LocB))

:effect (and
(not (location ?S ?LocA))
(location ?S ?LocB))))

Figure5: TraceExampleMachine- PDDL

Simulatingactionsthat areformedfrom a collectionof objecttransitionsis performedby vari-
ationson threemain operators. Theselink up transitionsbetweenmachinesto simulateclassical
planningdomainoperators.

/GF80 +fn���' ��
Rhihl365-3GopB\hih
Prevail takesa domaindefinition,a transition D � V of sort

�P�
, anda statename

� � W of sort
� �

from thedomaindefinition. It producesa domaindefinitionwhereD � V canonly bemadeby an
objectof sort

�P�
whenanotherobjectof sort

� �
is in theidentifiedstateandthatobjectremains

in thatstatewhentheidentifiedtransitionis made.

/ ),+@�&+ � � � 0 M 
Rhihl3;5�365qB\hih
Necessarytakesadomaindefinitionandtwo transitionsdrawn from two distinctmachines,and
requiresthatbothtransitionsoccursimultaneously.

/ �NE )$rR'�D�'�E )$� ��
Rhkhs365�3;5qB\hih
Conditional takesadomaindefinitionandtwo transitionsandrequiresthatthesecondtransition
canonly occursimultaneouslywith thefirst, but nosuchrestrictionis placedon thefirst.

At this stagewe have anabstractalgebrapowerful enoughto constructsomevalueswhich have
asmodelsstandardplanningdomains.For exampleconsidertheTyre Changedomain,which is set
up to allow plansto begeneratedto changea flat tyre on a car. This has6 machinesrepresentingthe
transitionsof oneof thecar’swheelhubs,its wheels,its boot,thefixing nutsonawheel,andawrench
andcarjack.���`t&u@vw
�� E ) SP0 E x�)$r � 0 ��' � +frRx F � x F )$E!)yx8D �P� x F )$E!z{%�+!+ �]"|# %.x = - ����~}��?�*�g
�� �

- '*)$�N� 0 ��� - �Q� 0�0 '�+fr � '*)yx � + "�#�� ���&� -
�

���;��t@�����|
�� z - '*)$�N� 0 � z - �N� 0�0 '�+fr � E ),%(x =�"�# z{%�+@+ � - ����;� � ��� ��t�
8� z 0 - '*)$�N� 0 � z 0 - �N� 0�0 '�+@r ",# z 0 +&)$�&% -
�

���`�*� � v �	��� 
�� E F +&) �O� E��&�(+fr "$# �N� 0 = E�E D - ���� �!u ����
���� � � DY+&),+@r �O� E�E � + ��� 0 +!+ "|# )yx8D � - �
7 j 
 )yx�D �R�@7 j 
 %.x = - ���@7 j 
 � ���N� -

���@7 j 
 z�%8+@+ � - ���@7 j 
 z 0 +f)$�&% -
��� �N� 0 = E�E D - �G>Y>Y>Y>Y>w#K�p�



Value
�p�

representsa domainwith 6 machinesspecified,whereobjectscanchangestateany linear
direction,but with nomachineinteractionspecified.Weusethe F�0 +&n��P' � , ),+f�&+ � � � 0 M and �NE!)$rP'*D�'�E )$� �
operatorsabove to specifyhow themachinesinteract.

),+@�N+ �!� � 0 M 
��p�����
- �N� 0�0 '�+fr B '*)yx � + � E ) SP0 E!x8)$r B 0 ��' � +frRx F #K���

Thiscreates
���

, representinganew domaindescriptionwherethetransitionof acarhub(from being
on thegroundto beingraisedup)musthappenat thesametimeasthetransitionof a jack(from being
carriedto beingused).

F�0 +&n��P' ��
�7 F�0 +&n���' ��
�������� � � DY+&),+@r B�� E�E � + � z 0 - �N� 0 0 '�+@r >?��� � � DY+&),+@r B�� E�E � + � E ) SP0 E x�)$r #K���

In
���

, to loosenthenutsona hub,thehubmustbeon thegroundandthewrenchmustbecarried.
),+f�&+ �!� � 0 M 
R�����O� E E � + B�� 0 +!+ � 0 ��' � +@rRx F B x F )$E!)yx8D ��#K�;�
F�0 +&n��P' ��
�7 F�0 +&n���' ��
��;�(�O� E�E � + B�� 0 +@+ � '*)yx � + >?�O� E�E � + B�� 0 +@+ � z 0 - �N� 0�0 '�+fr #K���

In
���

, freeingthenutsonahuboccursat thesametimeasthenutsleaving thehub. Thiscanonly be
doneif thejack is in useandthewrenchis beingcarried.

At thispointwemightcarryonto specifythefinal handfulof interactionswithin theusualversion
of thedomaindescription.However, it is appropriateto point out a deficiency in theformulationup
to now: Certain relationshipsbetweenobjectsthat are formedat an interaction betweenmachines
mustpersist througha numberof machinestates.For example,the jack that is usedto raisea hubis
thesamejack that is removedoncethehubis lowered.And a wheelthat is put on a hubis thesame
asone that is removed. So in generalinter-action betweenmachinesforms relationshipsbetween
objectsthatmustpersist- wecall theseobject � � � E��Q'���D�'�E!) � . Statesneedto have

� + � E 0 '�+ � , andthe
associationis usedfor thispurpose.In predicate-basedlanguageslikePDDLassociationsarerecorded
in domaindescriptionsusing predicates,or by introducingextra argumentsto existing predicates.
Thesepredicatesareaddedor deletedfrom thestatesby handcraftedactionrepresentations.Whereas
therationalfor predicateargumentformationin logic-basedlanguagesappearsvague,in thealgebraic
formulationit it explicit asshown in thenext section.

3.2.1 Domain Operator Modifiers

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

/ Add association
F80 +fn���' �*�-
Phihl3;5�3GopB\hih
),+@�&+ � � � 0 M ��
Phihs365�365qB�hkh
�NE )$rR'�D�'�E )$� �*��
Rhihl365-365qB\hih
7 F80 +fn���' �*��
 r ���P��B�� ����� >

is a new domaindescriptionwheretheobjectin state
�!�

becomes
associatedwith the object in state

�
(the prevail state). This associationis transmittedto all

statesin themachinecontaining
�P�

and
� �

thatcanbereachedfrom transitionsthrough
� �

. The
associationcanbe terminatedin the statesubgraphwhena transitionidentifiedin a remove
associationis traversed(seebelow).7 ),+@�&+ � � � 0 M ��
 r �����<B�� ��� D �cB D �R> is similar: heretheobjectmakingthetransitioninto

� �
becomesassociatedwith theobjectmakingthetransitioninto D � . Thisassociationis transmitted



to all reachablestatesfromthestate
� �

. Theassociationis only terminatedin thestatesubgraph
whena transitionidentifiedin a remove associationis traversed.Theassociatedsubgraphso
formedis boundedby

�
and � operatorslinking thesameassociatedsort.

�NE )$rR'�D�'�E )$� �*� is similar to ),+f�&+ � � � 0 M � .

/ RemoveAssociation
F80 +fn���' � � 
Phihl3;5�3GopB\hih
),+@�&+ � � � 0 M8� 
Phihs365�365qB�hkh
�NE )$rR'�D�'�E )$� � � 
Rhihl365-365qB\hih
Removeassociation(-) requiresthattheir is alreadyanassociationbetweentheobjects.In this
casetheassociationbetweenthemis terminated.

/ ConstrainProperties

Constrain properties(c) addsanextraclauseto theprevail, necessaryor conditionaloperators.
F80 +fn���' � � 
Phihl365�3�o�3;_ V 3`_ W 3�_cb�B\hih
),+@�&+ � � � 0 M<� 
Phihl3;5�365�3`_ V 3`_ W 3`_cb�B�hkh
�NE )$rR'�D�'�E )$� � � 
Phkhs365�3;5�3`_ V 3�_ W 3`_<b�B\hih
Where

_ V refersto a propertyof theobjectmakingthefirst namedtransitionfrom thedomainhih
.
_ W refersto a propertyof the object in the state(prevail) or objectmakingthe second

namedtransition(necessaryor conditional).
_cb

refersto a propositionalconstraintthatmust
relatethe two properties

_ V and
_ W for the transitionsto be made. A simpleexampleof theF80 +fn���' � � operatoroccursin transportdomainswhereit is usedto requirethat thepresenceof

anavailabletruckshouldbeat thesamelocationasapackagethatis loadedinto thetruck. This
is alsoa casewherea persistentassociationshouldbe formedto rememberwhich truck the
packageis loadedinto. Weallow themodifiers“+” or “-” to becombinedwith the“c” modifier
in thesameoperation.This is illustratedin a simple“mobile” examplebelow (loc = location,
andlded= loaded).F80 E F 
�79��� �U� u@�*�c
�� ��n���' � � =Q� + � ��n���' � � =Q� + "�>?�O� E�� �O� E � # 5 0 x��&�F80 E F 
�79���¢¡f�?�*�N�O£��¤
�� x�) � r�+@r �O� r�+@r �O� r�+@r "�>?�O� E�� �O� E�� #q_ ���&�¥� S +F80 +fn���' ��� � 
87 j 
�5 0 x��&� �O_ ���&�¥� S + >?�@7 x8) � r�+fr B\� r�+fr >?� �Pn��P' � � =Q� + �O� E�� �O� E�� � +f¦ # 
-E = ' � + V
Where +@¦ is simply anequalitypredicate.To completethis “mini” transportdomainwe need
theoperator:F80 +fn���' � �T� 
 
-E = ' � + V �@79� r�+fr B x8) � r�+fr >?� �Pn��P' � � =Q� + �O� E�� �O� E�� � +f¦ # 
-E = ' � + W
To ensurethat the packageis unloadedat the samelocationas the truck it is in. At which
point theassociationis forgotten.Finally to requirethepackageto changelocationasthetruck
changeslocationweneed:
�NE )$rR'�D�'�E )$� � � 
 
�E = ' � + W �@7 ��n���' � � =?� + B ��n���' � � =Q� + >?�@79� r�+fr B\� r�+@r >?�O� E�� �O� E�� � +f¦ # 5 0 ��) � F E 0 D5 0 ��) � F E 0 D definesadomainin which truckscanmovepackagesfrom locationto location.

4 Dock WorkersRobotsExample

To testout the formulationwith respectto expressivenessandpower of abstraction,we attemptto
capturetheDock WorkersRobotsdomain.This is a non-trivial exampledevelopedfor Ghallab,Nau
andTraverso’s recenttextbook [4]. In thedockworkersrobotsexamplethereareautomatedrobots
thatcanmove containers,oneat a time, arounda port area.Therobotsareloadedandunloadedby



staticcranes.Thecontainersthataremovedaroundarestacked in pilesat thesamelocationsasthe
staticcranes.This specificationis built from threemachinesonefor eachof the robots,containers
andcranes.

Robot

F�0 E F 
879��� �Y� v ��� 
8��� 0 +!+ ��� 0 +@+ ��= x � M ��= x � M "�>?�O� E��N�PD�'�E ) �O� E�� #q§ E = E D?V
�&% S 
R§ E = E D V ��� 0 +!+ B¨� 0 +!+ �O� E��N�PD�'�E ) � ),+&L8D #q§ E = E D W
�&% S 
R§ E = E D W ��= x � M B�= x � M �O� E �N��D�'�E!) � ),+fL�D #q§ E = E!D Z

Thesethreeconstructorsproducesthevalue
§ E = E D Z , correspondingto themachinerepresenting

therobot’s dynamicbehaviour. Theresultingmachineis shown in figure6 wherethetransitionshave
beengivenmeaningfulnames,for examplethetransitionfrom freeto busyis labeledload. Whatwe
arecapturingis thattherobotshave two primarystatesfree, busyandthatin eitherstaterobotshave a
locationproperty. Additionally therobotmaychangeits location,eitherwhenfreeor whenbusyby
moving move,moveContainer.

Figure6: RobotLife HistoryDiagram

Container

Thestackingof containersform aversionof theclassic’Blocks World’ problemwherethecontainers
arestackedin towersatnamedlocations.Tomodelthecontainersweneedstatesto identifycontainers
loadedon a robot,temporarilyheldby a crane,andon a stackof containers.However to keeptrack
of containersin on a stackwe needto distinguishbetweenthreepossiblestates,1. forming the top
of thestackwith no containersbelow, 2. forming the top of thestackwith a singlecontainerbelow
and3. forming thetop of a stackwith two or morecontainersbelow. Much of thecomplexity of the
problemcomesfrom trackinghow containerscanchangestateasthey andothercontainersareplaced
onandremovedfrom thestacks.All of thesestatesareof courseparameterisedby thelocationof the
containers.F�0 E F 
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Thesesix equationsdefinethestatechangesa containercanmake andensurethatevery statecanbe
qualifiedby a locationproperty.
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The next four equationsrequirethat certainstatechangesnecessarilyoccur together. The first of
theserequiresthatwhenonecontainerchangesstatefrom %�+ � rP¯ B E!) 5 E F «<� � +f¯ anothercontainer
mustsimultaneouslychangestatefrom E )$«�� � + 5 E F Z B E )$«�� � + Z . That is whena new container
is placedon a singlecontainerstackthenew containeris E ) 5 E F «�� � + andthecontainernow below
is in stateE!)$«�� � + . The

� � annotationrequiresthat the top, first referenced,containerestablishesa
memory/associationof which containerit is placedon andtheconstraintis placedsuchthat the two
containersarein thesamelocation.Theotherthreenecessaryequationscansimilarly beunderstood,
notingthatwherewehave the � annotationtheassociationmemoryis removed/forgotten.� + 0 S + 
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Thefivemergeequationsaboveessentiallyassertthatthevariouslyindexed %8+ � r statesall referto the
samestatewith thecanonicalname%�+ � r .
�&% S 
�b E )yD V ® � E ) § E = E D V B E ) § E = E!D V �O� E �N��D�'�E!) � ),+fL�D #¬b E!)yD V ¯
The final equationdefining the container’s life history indicatesthat the transition E ) § E = E D?V B
E ) § E = E D V involveschangingthe locationpropertyof thecontainer, wherethechangeobeys a (next
loc,loc)constraint.

Crane
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The seven equationsfor the Cranedefinea machinewith two statesavailable,inUsewhich are

connectedby four transitionsfrom available
B

inUseandfour from inUse
B

available. TheCrane
alsohasapropertyof locationwith type loc. Thefirst four equationssetup themachineseachwith a
pairof transitions.Thestatesof thosefour machinesarethenmergedin thefollowing threeequations.
Themultiple transitionsarerequiredto correspondto thedifferentactionsof picking up (or placing
on)acontainerfrom (1) arobot(2) thecontainerin eachof: asinglecontainerstack,thecontaineron
topof thebasecontainer, thecontaineron topof any stackof sizegreaterthantwo.

The threeseparatemachinesfor robots,containersand craneshave beenset up. We needto
composethemtogetherandmodeltheir interactions.



CompoundDomain definitions

Link loadingContainerto Robotwhenloadingandunloading.
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Theseequationsall requirethat transitionsfrom thedisparatemachinesaccompany oneanother
andmay establishor remove a rememberedassociation.The first for examplerequiresthat when
a robotchangesfrom states

� 0 +@+ to
= x � M a containermustsimultaneouslychangestatefrom being

%�+ � r to being E ) § E = E D V additionallytheconstraintis placedthat thecontainerandrobotmustbe in
thesamelocationandthattheassociationbetweenrobotandcontaineris remembered.

Link craneto containerloadedontorobot
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Link craneto lifting from andplacingcontainerson stacks.Firstplacingon andremoving from
emptybase.
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Next placingonandremoving from containerdirectlyonbase.
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Finally placingon topof stackandremoving
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The domaindefinition
hih ² is an accumulateddomaindefinition for the dock workers robots

world. The ’size’ of the formalismindicatesthat it is anabstractionof particulardomainencodings
(suchasthesourceencodingfrom thetext book’s website).

5 Conclusions

We have describedan initial formulationof planningdomaindefinitionsas valuesof an abstract,
heterogeneousalgebra,anddescribedan extendedexamplein an attemptto evaluateit. This work
parallelsthevisualinterfaceof theGIPOIII tool1. In this tool’s interface,theuserbuildsupadomain
in termsof primitive and composedmachinesgraphically. The tool then translatesthe graphical
representationto domaindescriptionlanguages(currentlyOCL andPDDL). Here,we have built up
the definition algebraically. From our initial investigation,we postulatethat an algebraicapproach
usingstatemachinesgivesthefollowing benefits:

1http://scom.hud.ac.uk/planform/gipo



1. abstraction:the domainencoderhaslessdecisionsto make aboutdetailsof the encoding. In
particularthe domainencoderneednot think in termsof predicatesand parameters,but ratherin
termsof statetransitionsandmachines.Thelatterhasamoreengagingvisualmetaphorasgettingan
expertto describelife historiesof objectsis easierthatgettingthemto describepredicates,parameters
andparameterco-designations.
2. re-usevia rapidgenerationandextensionof domaindescriptions: new domaindescriptionscan
beefficiently composedfrom existinghigh level primitivesusingcompositealgebraicoperators.Old
domaindescriptionsdescribedin termsof abstractmachinescanbeefficiently enhancedor changed.
3. analysis:theapproachmeansdomaindescriptionsarebrokendown into connected,known primi-
tivemachines.Thekindsof primitivesandthewaythey arecombinedwill giveakindof classification
to thedomain.
This initial work hasprovided someevidencefor 1. and 3. We have implementedand testeda
translatorwhichinputsalgebraicformulationsof machinesandoutputsconcretedomaindescriptions.
Thisprovidessomesupportfor 2. However, many questionsremain:
- will the expressive power of the algebraicformulationbe able to matchthat requiredof domain
descriptionlanguagessuchasPDDL 2.1etc?
- to whatdegreewill thesuppressionof domaindescriptiondetailhelpengineersunderstanddomain
definitions?
- whatrelationdoesour formulationhave to otherto otherformal languagesusedin computing,and
previoussemanticdescriptionsof domaindescriptionlanguages[2]?
Part of our futurework will be to investigatea rangeof PDDL domainseg thecompetitiondomains
andinvestigatethedegreeto which they canbecapturedandanalysedusingalgebra.
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