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Abstract

Our research concernsformal, expressive, object-
centredlanguagesandtoolsfor usein engineeringdomains
for planningapplications.In this paperweextendour re-
centworkonanobject-centredlanguagefor encodingpre-
condition planning domainsto a language called OCLh,
designedfor HTN planning. Domainencodingsfor HTN
planners are particularly troublesome, becausethey tend
to be usedin knowledged-basedapplicationsrequiring a
greatdealof ‘domainengineering’,andtheabstractoper-
atorscentral to anHTNmodeldonotshare thefairly clear
declarativesemanticsof concretepre- and postcondition
operators. Central to our approach is thedevelopment,in
parallel, of the abstract operator setand the hierarchical
statespecificationof theobjectsthat theoperators manip-
ulate. In thispaperwedefineandillustratea transparency
property, togetherwith a transparencycheckingtool,which
helpsthe developerto encodea clear planningmodelin
OCLh. Our encodingof theTranslog domainis usedasan
extendedexampleto illustratetheapproach.

1 Introduction

Pastapproachesto domainencodingfor precondition
planningandHTN planninghave beencentredaroundthe
developmentof operators. Overwhelmingattentionhas
been paid to them, the expressive nature of their con-
stituents,and the kinds of hierarchythey may be placed
in. Encodingcomplex domainsin theseoperator-basedlan-
guagesis as influential and error proneas the coding of
planningalgorithms.While thealgorithmicdetailsof plan-
nersareof greattheoreticalandpracticalsignificance,the
methodof encodingdomainrepresentationshashad rel-
atively little attention. It is timely now, given the recent
work to clarify andformalisehierarchicalalgorithms(e.g.
[6], [8], [7]) to attemptto provide thefirst stepstowardsa
systematic,tool-supportedmethodof building modelsfor
HTN planningengineswith clearplanner-independentse-

mantics,usinga languageandapproachthatsupportsgood
engineeringprinciplessuchasdesigntransparency, main-
tainabilityandproofobligation.

In [11] thefoundationfor anobject� centredapproach
to domainencodingwaslaid, andexemplifiedwith a lan-
guagewhichwascapableof encodingdomainsfor precon-
dition, classicalplanning.Theadvantagesof thisapproach
arethat it emphasisesthe precisedefinition of a planning
stateasanamalgamof objects’‘substates’,with operators
constrainedto beconsistentwith respectto thestate;andit
providesa naturalform of abstractionby groupingobjects
togetherinto sorts, which aresetsof objectswhich share
thesametransitionsthroughsubstates.Theregularityof an
object-centredapproachprovidesthe foundationfor pow-
erful pre-processingtools for usein two importantareas:
validationof themodelwith respectto thedomainrequire-
ments,andcompilingthemodelfor speed-upin laterplan
generation.

In overview, HTN plannersinput a domain model
which containsabstractsolutionsto problems,and con-
straintson how theseare to be detailed. One must en-
gineera domainto a very refinedstatewhich includesa
setof primitiveoperatorsaswell ashierarchicaloperators.
Also, the hierarchicalstructuretendsto ‘angle’ the plan-
ner’s applicationto solving certainabstractgoals. It has
beenarguedthathierarchicalplannersaretheonly typethat
have beenappliedto realisticproblems,and that thereis
a needto betterunderstandthem[4]. Further, it hasalso
beenprovedthathierarchicaldecompositionplannerslead
tomoreexpressivelanguagesof plansequences[6]. Kamb-
hampati[8] sumstheadvantagesof HTN planningasgiv-
ing themodellermorecontroloverthetypesof solutionsto
be generated,andaddingto plan generationefficiency by
theprovisionof ‘canned’plans.Theencodingof tasksis an
approachbettersuitedto thecaptureof proceduralknowl-
edgethantheprimitiveoperatorsof preconditionplanners.

Webelievethatthemajordrawbackwith current‘open
ended’languagesusedfor HTN modelsis thatthey leadto
opaqueencodings:for example,it is not easyto give op-
eratorsaclearsemantics,asboththeabstractandprimitive



variety areoften context-dependent.Taking theseopera-
torsout of their hierarchicalcontext, andapplyingthemto
a valid state,it is not necessarilythecasethata valid state
(shouldsucha conceptbedefined)is produced.In this pa-
per we extend the methodand languagedetailedin [11]
to HTN planningmodels,andintroducenew notationand
a centralnew domainproperty, to supportit. In sections
2 and3 we describethe object-centredlanguageOCL, a
hierarchicalversionof that usedin [12], and how it can
beextendednaturallyto OCLh to encodemodelsfor HTN
planners.In section4 we usetheframework developedin
section3 to definewhat we call the ‘model transparency
property’, a propertywhich holds in a model if the main
methods(theabstractoperators)arestructuredin a coher-
ent manner. We go on to outline a methodfor construct-
ing hierarchicaldomainmodelsbasedon the transparency
property, which we have usedto encodethe‘TranslogDo-
main’, andgivedetailsof thetool developedto supportthe
encodingof transparentmodels. In section5 we evaluate
theapproachusingthis tool.

2 OCL

As a mainthrustof this paperis to show that theben-
efitsof usinganobject-centredlanguage(OCL) extendto
HTN planningapplications,we will usethe Translog do-
mainto exemplify boththebasicideashere,aswell asthe
moreadvancedideasin later sections.Our version(OC-
Translog

�
) is derived directly from Andrews et al’s par-

tial requirementsdescription[14], andthe encodingwrit-
ten for the UMCP planneritself. Translogwaswritten as
a benchmarkfor HTN planners,being an approximation
of a realisticapplication(transportlogisticsplanning). It
has a rich structureinvolving the transportationof vari-
ouskinds of packages(liquids, livestock,mail, valuables
etc) betweennational locations(cities, airports, regions)
via carriers(planes,trucks,trains)with varyingcharacter-
istics.

A domainmodelwritten in an OCL containsdefini-
tions of objects,sorts,predicates,and hasatomic invari-
ants,substateclassexpressions,generalinvariants,andop-
erators.The object-centredapproachis rootedin the fol-
lowing ideas(thereaderis referredto [11] for moredetails
of thebasicobject-centredapproachin planning).

�����
Objects and sorts

Dynamicandstaticobjectsarespecifiedin themodel
to reflect the requirementsof a domain. All objectsbe-�

Our full definitionof OC-Translogcanbedownloadedfrom
http://www.hud.ac.uk/schools/comp+maths/research/Artform/planning.
html. Otherplanningdomainsspecifiedin OCL, suchasthe R3 multi-
robot,theTyre, Rocket andBriefcaseworldsarealsoavailablefrom this
page,asaretoolsthatsupportthedevelopmentof OCmodels

long to a uniqueprimitive sort, andall sortsarearranged
in astrict ‘sort hierarchy’,with primitivesortsat thelowest
levels.For examplepartof thehierarchyfor dynamicprim-
itive sorts(that is thosesortscontainingdynamicobjects)
in OC-Translogis:
sorts� physical obj 	�
 vehicle	 package	 crane	 plane ramp��

sorts� vehicle	�
 land carrier 	 airplane	 train��

sorts� land carrier 	�
mail 	 flatbed	 regular 	 tanker 	 hopper	 livestock 	 auto��

sorts� package	�
 valuable	 hazardous	 perishable	 normal��

objects� valuable	�
 pkg ��	 pkg ��	 pkg ����

objects� tanker 	�
 truck ��	 truck ����


Example1.

�����
Predicates and substates

All dynamic objects in a world statehave a ‘local
state’,calledasubstate.A valuablepackage(pkg 1) might
have its substaterepresentedastheconjunction:


 at � pkg ��	 city ��
�	 uncertified� pkg ��
�	 is not insured� pkg ��
��
Example2.

If no instanceof a predicatep hasa changingtruth
valuein theplanningdomain,we call thatpredicatestatic,
andassumethatthetruthvaluesof staticpredicatesarede-
scribedin the model. If a predicateis not staticthenit is
dynamic.

Thesetof valid substatesan objectof a sort mayoc-
cupy arespecifiedin groupscalled‘substateclassexpres-
sions’writtenin termsof predicates.Everybindingof vari-
ablesin asubstateclassexpressionthatmakesany included
staticpredicatestrue givesa valid groundsubstate.To fit
in with thesorthierarchy, we assumethata substatehasn
hierarchical componentsrepresentingits primitivesort(s� )
andn ��� supersortss��� �!�!��� sn. A hierarchicalsubstateclass
expressionfor anobjectof primitive sorts is thereforethe
conjunction:

h��" h� " �!�!� " hn

whereeachhj is onecomponentof sortsj ’s substateclass
expressions.We will useExample3 to explain:

substateclasses� physical obj 	#
$
 at � O 	 L �$��

substateclasses� vehicle	 
$
 fuel level� V 	 F 
��$��
�%
substateclasses� tanker 	�
$
movable� T 
�	 available� T 
��&	


movable� T 
�	 busy� T 	 P
&�&	

 valve open� T 
�	 busy� T 	 P 
��&	

 hose connected� T 
�	 busy� T 	 P
&�$��


substateclasses� package	 
$
 uncertified� P 
��&	

 certified� P
&�&	

 lifted up� P 	 C 
�	 certified� P 
��&	

 loaded� P 	 V 
�	 certified� P
&�&	

 delivered� P 
��&	���


substateclasses� valuable	 
$
 is not insured� P 
��&	

 is insured� P 
���




Example3.

The first line of the examplestatesthat a physicalobject
(O) musthave somelocation(L), andthe secondrecords
thatvehicleshaveafuel level property. Any objectof prim-
itivesorttanker (aspecialisationof physicalobjectandve-
hicleby Example1) inheritsthelocationandfuel level sub-
states,andadditionallymustbesituatedin oneof four sub-
stateclassesdescribedby exactlyoneof thepredicatesets.
Hencetanker T is eitherbusywith a package(P) or avail-
ablefor commissioning.Bothagroundsubstateandasub-
stateclassexpressionareinterpretedundera local closed
world assumption,i.e. any predicatesappearingin a class
expressionat thesamelevel in thehierarchy, but notstated
in a particularexpressionare assumedto be falsein the
rangeof substatesthatexpressiondenotes.

Substatespecificationis a major part of the OC pro-
cess:it forcesthedeveloperto think deeplyaboutthe‘life
history’ of theobjectsthat the resultantplanwill manipu-
late. Further, it forcesthe developerto preciselybut im-
plicitly specifyall possiblesubstates,giving moreopportu-
nity for integrity checkingandmodelpreprocessingto help
in debugging, plan generationand execution. The num-
ber of hierarchicalsubstateclassesof an object is poten-
tially thenumberof combinationsof choosingaclassfrom
eachlevel (althoughthis is normallyrestrictedusinginvari-
antsasexplainedbelow). For example,avaluablepackage
would potentiallyhave have �('*)+'*,.-/��0 hierarchical
classes.

���21
Substate transitions

Objectsundergo transitionsas a consequenceof ac-
tions, for example a packagebeing insured might go
throughthefollowing transition:


 at � pkg ��	 city ��
�	 uncertified� pkg ��
�	 is not insured� pkg ��
���3

 at � pkg ��	 city ��
�	 uncertified� pkg ��
�	 insured� pkg ��
&�

Example4.

We allow transitionsto bespecifiedso that (i) hierar-
chicalcomponentswhichpersistdonotneedtoberecorded
(hencethe first two predicateswere redundantin the ex-
ampleabove). (ii) all valid hierarchicalcomponentsthat
matchtheLHS (left handside)changeto theuniquesub-
stategivenby theRHS(i.e. thespecificationsaremany-to-
one).For example

busy� tanker ��	 pkg� 
43 movable� tanker ��
�	 available� tanker ��

Example5.

specifiesthatthetankermovesfrom eitherof its threebusy
substatesinto onewhereit is movableandavailable,and
its positionandfuel levelsdonotchange.

���&5
Operators

Operatorsencapsulatesubstatetransitionsthat typical
objectsmay go through. They have 3 components.The
first containsprevail conditionswhicharepredicateswhich
mustbe true throughoutoperatorexecution. The second
is a setof necessarystatetransitionspecifications:objects
mustbe found whosesubstatesmatchwith their LHS for
theoperatorto beapplicable.Theoperatorthenchangesan
objectwhich hasa substatematchingwith S, to theunique
substateT, for all transitionsS 6 T specified.Operators
areinterpretedsothatall thechangesthey encapsulateoc-
cur in parallel. The third componentcontainsconditional
effects,andspecifiesthesubstatechangesof objectsif their
substatehappensto satisfyacertaincondition.Example:

operator � pick up heavy package� P 	 Crane	 L 
�	798�:�;#<�=�>�?A@

$
 at � Crane	 L 
�	 is of sort� Crane	 crane
&�$�&	79B ; C�; D�D�=#:�EFCHG =�B�I�; DA@

$
$
 at � P 	 L 
�	 certified� P
&�J3K
 lifted up� P 	 Crane
�	 certified� P
&�$�&	

$
 idle � Crane
��L3K
 lifting � Crane	 P
&�$�$�&	7MC#N�B�OP>RQP>�N�B =�?�CHG =�B�I�; DA@

 ��


Example6.

This exampleshows how an operatorencapsulatesthehi-
erarchicalsubstatechangesof a craneanda package.Se-
quencesof operatorshaveacorrespondencewith transition
sequencesbetweensubstateclassesas,for example,in OC-
Translog,whereT is a tanker, wemighthave:


movable� V 
�	 available� V 
&�L3K
movable� T 
�	 busy� T 	 P
&�S3

 valve open� T 
�	 busy� T 	 P
&�S3T
 hose connected� V 
�	 busy� V 	 P
&�

Example7.

Thesetransitionsare broughtaboutby the operator
sequence‘commission(V,P)’, (which meanscommissiona
vehiclefor transportingapackage),‘open valve(V)’, ‘con-
nect hose(V)’.

����U
Invariants

Invariantsincludeatomicfacts(giving thestaticstruc-
tureto amodel),rulesandinconsistency constraints.Their
purposeis to (a) documentthe assumptionsof the mod-
eller, and thereforetighten the model and help in model
maintenance,and(b) beusedin pre-processingaidsto help
debugthemodel,for examplein checkingoperatorconsis-
tency (c) beusedin pre-processingaidsto teaseout useful
but implicit informationto speed-uponlineplanning(d) be
usedin a limited way duringplangeneration.Examplesof
a ruleandconstraintfor Translogare:


 loaded� P 	 V 
�� implies
 at � V 	 L 
�	 at � P 	 L 
��
inconsistent�V
 certified� P 
�	 not insured� P
&��




Example8.

Both invariantsconstrainthesetof objects’valid sub-
states,the first rule specifiesthat a vehicleanda package
mustoccupy thesamelocationif thatvehicleis loadedup
with thepackage,while thesecondaddsaconstraintonthe
combinationsof hierarchicalsubstatesof apackage.

���2W
States and goals

A ‘world state’is preciselydefinedasa mappingbe-
tweeneverydynamicobjectandits currentsubstate,which
is madeup of hierarchical componentsi.e. instantiated
substateclassexpressionsfrom eachlevel of the object’s
sort’shierarchy. A well-formedworld stateis onein which,
additionally, theconjunctionof thepredicatesin therange
of this mappingconformsto the model’s invariants. A
smallpartof a well-formedworld stateof Translogmight
be:


 pkg �YX at � pkg ��	 city��
�	 uncertified� pkg ��
�	
is not insured� pkg ��
&�

 truck �ZX at � truck ��	 city� ap��
�	 fuel level� truck ��	 full 
�	
hose connected� truck ��
�	 busy� truck ��	 pkg ��
��

Example9.

A planning problem is viewed as one (or more)
state transitions. For example, if the goal condition is
at [ pkg � � city,�\ � delivered[ pkg ��\ , thenthe problemis to
changethe currentsubstateof pkg � to a substatewhich
satisfiesthisgoalcondition.

3 Object-centred HTN planning

An OCL model consistsof a specificationof objects,
sorts,predicates,invariants(atomicandnon-atomic),sub-
stateclasses,andoperators.PreviouslyOClanguageshave
beenusedto encodeand compilevariousplanningmod-
els,andhave beenusedasthe input languagefor a range
of preconditionplannerssuchas an object centredvari-
ant of UCPOP[9]. Realisticapplicationsinvolving plan-
ning differ from thoseusedfor theoreticalinvestigationin
many ways,chiefly in the sheeramountof knowledgeto
be encoded.This manifestsitself in the form of domain
structurewhich we classifyas ‘static knowledge’ for the
purposesof plangeneration.Many domainmodelsin the
planningliteratureexhibit complex goalstructurebut have
little or no staticknowledgeat all (e.g. our OC encoding
of the familiar Tyre world mentionedabove hasno static
predicates). The structuringand economicencodingof
knowledged-basedapplicationrequiresa hierarchyallow-
ing certainstatetransitions(effectedby several primitive
operators)to beguardedby chunksof conditions.As well
asusinghierarchyfor pragmaticreasons,realisticplanning

requiresplanningsequencesassolutionswhicharenotpos-
sibleto obtainusingpreconditionplanningalone,asErol et
al pointout in [6].

Much effort is investedin anhierarchicalencodingof
a domain,andheuristicsfor theuseof theresultingmodel
areembeddedin the way the hierarchyis arrangedto re-
flect the main kinds of tasksto be performed. To make
surethatcomplex planscanbegenerated,a HTN domain
encodesparametrised,constraint-ladensolutionfragments,
andplanningconsistsof assemblingthefragmentstogether,
makingsureall constraintsaremet. In this sectionwe de-
scribethe extensionsto OCL to handlethe requirements
outlinedabove, andcall the resultinglanguageOCLh. In
OCLh we usetwo additionaltypesof abstract,hierarchi-
cal operator:methodoperatorsandfilter operators.As in
Yang’s formulation[16], andfollowing in Erol’swork, the
effectsof the hierarchicaloperatorsareclearly relatedto
theprimitive operatorsthat resultin expansionsof thehi-
erarchy, but, aswe shallsee,theobject-centredframework
allowsusto go further.

1Z���
Method operators

Theseare operatorswhich, like primitive operators,
specifydynamicobjecttransitions.They are‘indexed’ by
onenecessarysubstatechangeS 6 T, which specifiesa
transitionof a typical objecto � of sort s from a (setof)
substateclass(es)to auniquesubstateclass.Thismaycon-
tain one or more hierarchicalcomponentsof o’s sort hi-
erarchy- for example,if the object in questionis a valu-
ablepackage,partof thesubstatecouldbe ] is insured[ P\�^ ,
but therecould be otherhierarchicalcomponents,suchas
] delivered[ P\�^ (from the substateclassfor package)and
] at [ P � D \�^ (from thesubstateclassfor physicalobject- see
Example3). S mustcontaindynamicpredicatesfrom o’s
sorthierarchyonly, but maycontainstaticpredicateswhich
actasfilters, determiningunderwhatstructuralconditions
a transitioncantakeplace.

As well as a nameand an index, methodscontaina
“body” comprisingof a partialorderof nodes.Many bod-
ies may sharethe samenameand index, but with differ-
ing staticpredicates,to indicateunderwhatconditionsthe
methodoperatorshouldbe used. For example, in OC-
Translogthere are several methodoperatorsfor moving
a packagefrom one location to anotherwith the name
carry [ P � O � D \ and an index ] at [ P � O\ � certified[ P\�^ 6
] atP� D \ � certified[ P\�^ , but thestaticpredicatesshow which
methodis to beusedunderwhichconditions.

A nodecanbeoneof four types:
(a) thenameof a methodoperator
(b) thenameof aprimitiveoperator

_
Note that this doesnot restrict other objectsbeing involved in the

transition,but is acommitmentto themainobject.



(c) thenameof a filter operator
(d) an expressionof the form achieve[ G\ , whereG is the
partialor full descriptionof thesubstateof a dynamicob-
ject.

When methodsare expanded,they may changethe
substateof many otherobjectsapartfrom o (ie. they may
havesideeffectsembeddedin theirexpansions).For exam-
ple, themostabstractmethodfor Translogis to transporta
packageP to a locationD from locationO:

method� transport� P 	 O 	 D 
�	

 at � P 	 O
�	 is of sort� P 	 package
�	 not� O ` D 
&�S3

 at � P 	 D 
�	 delivered� P
&�&	

 before�V��	���
�	 before����	���
&�&	

 � @ achieve�a
 certified� P 
���
�	
� @

carry � P 	 O 	 D 
�	
� @

deliver� P 	 D 
���
�%
Example10.

Although the necessarysubstatechangeconcernsthe
package,the achievementof this will necessarilyinvolve
otherobjects,suchasa vehicle,whosesubstateswill also
change.The body definesa way to achieve the goal sub-
state(thatis theRHSof thearrow, whichcontainstwo hier-
archicalcomponents)from any substatematchingtheLHS.

1Z���
Filter operators

Filter operatorsform partof theexpansionof method
operators.Thepurposeof filter operatorsis to bring about
the right conditionsfor a substatetransitionthat hasbeen
specifiedby a methodoperatoratahigherlevel. To do this
they containstaticpredicates,which act asfilters, andan
orderingof nodes,which maybe of any of the four types
listedabove. (Note,this meansa filter operatormaybein-
troducedinto a planasa resultof anearlierfilter operator,
but wecanalwaystracebackto amethodoperator.) Unlike
a methodoperator, a filter operatorhasno substatetransi-
tion index. Whereasthepurposeof amethodoperatoris to
specifya major substatetransitionfor a particularobject,
thefilter operator’s purposeis to effect subordinateor as-
sociatedtransitions,requiredfor thehigherlevel operation.
Staticpredicates,to preserve requiredconditions,mustre-
maintruethroughoutexpansionof amethodoperator, and,
consequently, any filter operators.

A filter operatorfor moving a traincarby train from
locationO to locationD is asfollows:

filter � move vehicle� V 	 O 	 D 	 Train
�	

 traincar� V 
�	 connects� R��	 K 	 O
�	 connects� R��	 O 	 D 
�	
is of sort� R��	 rail route
�	 is of sort� R��	 rail route
�	
is of sort� Train 	 train
&�&	

 before�V��	���
�	 before����	���
�	 before����	ab 
�	 before�!bP	�c�
&�&	

 � @ commission� Train 	 P
�	

� @
move vehicle� Train 	 K 	 O 	 R��
�	

� @
attach traincar� Train 	 V 	 O
�	

b @
move vehicle� Train 	 O 	 D 	 R��
�	

c @
detach traincar� Train 	 V 	 D 
���


Example11.

This operator would occur as one of the nodes
in the developing plan of a higher level filter opera-
tor, carry direct(P,O,D), which would itself occurasone
of the nodesof a methodoperator’s expansionsuch as
carry(P,O,D).

In whatfollowswe will referto thename,index, con-
straintsandnodescomponents(whereappropriate)of any
primitive,filter or methodoperatorm usingthe‘dot’ nota-
tion - e.g.if m is themethodin Example10, then

m.name = transport(P,O,D), and
m.constraints = {is_of_sort(P,package), not(O=D),

before(1,2),before(2,3)}
m.nodes = {achieve([certified(P)]), carry(P,O,D),

deliver(P,D)}
m.index = at(P,O) => (at(P,D), delivered(P))

4 Transparent HTN models in OCLh

A generalintegrity rule for OC primitive models(i.e.
modelscontainingprimitiveoperatorsonly), calledtheop-
erator completeproperty, was definedin [11]. Roughly,
a modelis operatorcompleteif it haswell definedobject
sortsandsubstateclassexpressions,andif every operator
is consistent,i.e. it canbeshown thattheexecutionof any
applicableoperatoron a well-formedstatealwaysresults
in a well-formedstate. It is usedaspart of the validation
process,andformspartof asystematicmethodfor creating
preconditionplanningdomainmodels.

ExtraproblemsarisewhencreatingHTN modelsto do
with their opacity:while pre-andpostconditionsof prim-
itive operatorsaresupposedto be self-contained,abstract
operatorsarenecessarilynotso.Theproblemof hierarchi-
cal interferencehasbeennoticedby many authors.For ex-
ample,Fox explainsit astheproblemof relatingtheeffects
assertedin theabstractoperatorwith thoseof theprimitive
operatorsthat implementit [7]. Onehasto ensurethat the
decomposition,underany condition, achieves the effects
of theabstractoperators.This is notparticularlyeasywhen
theform of theeffectsareunrestrictedor do not appearin
a regularway. Theobject-centredframework allows usto
definepropertiesto help alleviate this problem; to define
thesepropertieswe will first needto explain the intended
proceduralsemanticsof network expansionwith OCLh.

59���
Object transitions and transition sequences

The spaceof valid transitionsinvolving oneobject is
definedasthe setof all pairsof groundsubstateclassex-



pressionsbelongingto the object’s sort. In [11] an algo-
rithm wasdefinedwhich generatedmacroswhich spanned
the spaceof substatetransitions, and each macro was
indexedby thesubstatetransitionthat themacrosequence
achieved. In HTN planning,however, abstractoperators
arewritten to spana smallproportionof this potentialtask
space,but the taskscapturedare normally very complex
andcorrespondto the most importantsubstatetransitions
(suchastransportinganobjectfrom oneplaceto anotherin
OC-Translog).

Let n d 0 , and i rangefrom � to n. A transitionse-
quencefor objecto of primitivesorts is a sequence:

] I e I � 6 I f� e I �g6 I f� eh�!���ie I fn 6 In e F ^
suchthat I i 6 I fi arespecificationsof substatetransitions
of sorts, andI andF are(possiblypartial)specificationsof
substateclassexpressions.A transitionsequenceis linearly
soundif eachI i andF arenecessarilyachieved,usingtheI fi
andI as‘effects’. Example12showsa linearlysoundtran-
sition sequencefor object‘pkg 1’ of sortpackage,where
‘City 1’ and‘City 2’ arevariablesof sortcity. Thissound-
nessideais familiar in planning,for exampleourdefinition
canbeviewedasanabstractedform of Knoblock’s ‘justi-
fiedsequenceof operators’definition[10].


$
 at � pkg ��	 City ��
�	 uncertified� pkg ��
�	 is not insured� pkg ��
�	
not� City �j` City ��
&�&k

 is not insured� pkg ��
&��3K
 is insured� pkg ��
&�&k

 uncertified� pkg ��
&��3K
 certified� pkg ��
��&k

 at � pkg ��	 City ��
���3K
 at � pkg ��	 City ��
&�&k

 at � pkg ��	 City ��
�	 certified� pkg ��
��$�

Example12.

59���
Expanding method operators into networks

A method m forms a partial plan network n -
net[ m� name� m� index � m� constraints lnm b o�� m� nodes\ when
usedto achieve a goal which matchesthe RHS of the
method’s index, under binding b. We reducen to net-
work nf whenany methodor filter nodein n is replaced
by the nodesof an operatorop of the samename,or a
node of type achieve[ G\ is replacedby the nameof a
primitive or the nodesin a methodoperatorwhich nec-
essarilyachieves a substatesatisfying G. The replace-
ment can only take placeif op� constraints are consistent
with respectto theOCL’s model’s invariants.For example
n - net[ name� index � constraints� nodes\ reducesto nf -
net[ name� index � constraints l op� constraints��[ nodes �
m o o \ l op� nodes\ .

Thusfor the transportmethodoperatorshown above
andin Example10 its first reductionmight involve there-
placementof achieve[H] certified[ P\�^&\ with oneof theprim-
itive pay fees[ P\ operators,whereits staticpredicatesare

true,accordingto thetypeof packagebeingdelivered.For
example,wherethe methodwasbeingusedto transporta
hazardouspackage,thenaninstanceof thisoperatorwould
berequired:

operator( pay_fees(P),
[ [has_permit(P), is_of_sort(P,hazard_p)] ],
[[ [uncertified(P)],
[waiting(P),certified(P)] ]],
[ ]).

Example13.

A network nf is anexpansionof n if nf wasgenerated
fromn usingoneormoresequentialreductionsof thenodes
in n. nf is a normalexpansionof n if nf containsno filter
operators.nf is a primitive expansionof n if nf ’s nodesare
all primitiveoperators.

Any network canbeexpandedto a normalexpansion,
sinceif thereis a nameof a filter operatorin thenetwork,
we canfind an appropriatename’s bodyandreduce,until
no filter operatorremains(this processmust terminateas
non-primitiveoperatorsarerootedin primitiveones).

All nodesin anetwork n, exceptfor thosenamingfilter
operators,canbe labelledby transitions.A methodopera-
tor is labelledby its index “S 6 T”, anachieve[ G\ nodeis
labelled“ 6 G”, andaprimitiveoperatoris labelledby all
thenecessaryor conditionaltransitionsit specifies.Finally,
wesaythatanetwork n is sort-abstractedwith respectto s,
if we ignoreall transitionsin thelabelswhich do not refer
to a transitionof anobjectof sorts, andcall the resulting
network ns.

59�21
Model properties

Assumea methodm is indexed by a transitionof an
objectof sorts.

Soundness: m is soundif, for every sort-abstracted
primitive expansionns of m, every legal linearorderingof
thenodes’labelsin ns is linearlysound.

Here legal linear orderingmeansone that conforms
to the node’s temporalconstraints.The soundnessprop-
erty capturesthe intuition that every solutionadmittedby
a methodwhich is labelledby S 6 T specifyinga transi-
tion of anobjecto actuallydoesachieve T whenits prim-
itive operatorsareexecutedandoperateon o. This prop-
erty, however, doesnotconcernintermediatelevelsin anet-
work’sexpansion.Thefollowing propertyis moreuseful:

Transparency: m is transparentif, for every sort-
abstracted,normal expansionns of m, every legal linear
orderingof thenodes’labelsin ns is linearlysound.

A model in OCLh is sound (transparent)if all its
methodoperatorsaresound(transparent).It follows im-
mediatelyfrom thedefinitionsthat if m is transparentit is
also sound,sinceany primitive expansionof m is also a



Algorithm: ExpandNetwork for Transparency Property
Checking
In: m : methodoperator
Out: errorreport(or propertycertificationif noerrors)
Global Data: Store: setof networks, Model : an OCLh

model

1. initialise Store[ make method into network[ m\H\ e
2. while non empty Storedo
3. remove from Store[ n\ e
4. if no filter ops in [ n\ then
5. nfqp - sort abstract[ n\ e
6. check transparency[ nf \ e
7. if not all primitive ops in [ n\ then
8. expand all nodesin [ n\
9. endif
10. else
11. expand all filter nodesin [ n\
12. endif
13. endwhile
14. end.
procedure expand all nodesin [ net[ name� index �
constraints� nodes\H\
3.1for all n r nodesdo
3.2 if is a methodop[ n\ts is a filter op[ n\ then
3.3 S p - m op p op r Model’soperatorsu op� name- n o
3.4 for eachop r Sdo
3.5 constraintsfvp - constraints w op� constraintse
3.6 nodesfvp - op� nodeslx[ nodes� n\�\ e
3.7 if consistent[ constraintsf � Model’s invariants)

then
3.8 add Store[ net[ name� index � constraintsf �

nodesf \�\ e
3.9 endfor
3.10 endif
3.12endfor
endprocedure.
procedure check transparency[ net[ name� index �
constraints� nodes\H\
5.1L p - m l p l is a legal linearorderingof nodesoye
5.2for all l r L do
5.3 if z linearly sound[ l \ then
5.4 print errorreport
5.5 endif
5.6endfor
endprocedure.

Figure 1. Outline Algorithm for Network Ex-
pansion and Transparency Checking

normalexpansion. The transparency propertyis a useful
constraintto follow whenengineeringa model,andcanbe
operationalisedinto a tool asshown below.

Wehaveusedthetransparency propertyin particularin
the developmentof OC-Translog,andherewe show how
it verifies the main ‘transport’ method(seeExample10)
which is indexedby:

[at(P,O)] => [at(P,D), delivered(P)]

A normalexpansionof themethodoperatortransport,
in Example10, would reduce1. by replacingit with one
of the pay feesoperators,asdescribeabove, thusachiev-
ing ] certified[ P\�^ . The carry methodin 2. hasan index
] at [ P � O\ � certified[ P\�^ 6 ] at [ P � D \ � certified[ P\�^ and the
reductionof 3 by the primitive deliver operatorachieves
] delivered[ P\�^ .

Hencewe seethe expansionof 1, 2 and3 givesthis
transitionsequence:


$
 at � P 	 O
&�&k

 �{3K
 certified� P
&�&k 7|= CHG{>H;#<�;}I N#=�?

 at � P 	 O
�	 certified� P
&�J`�~�
 at � P 	 D 
�	 certified� P 
��&k 7MC�=#:�:�E��P;#Q#G�N�O

 certified� P 
��y`�~�
 delivered� P 
��&k 7�O�;�?�>R<�;#:��P;#Q#G�N�O

 at � P 	 D 
�	 delivered� P 
��$�

Example14.

This is clearlyasoundtransitionsequence,astheLHS
of thearrowsandthefinal substatearenecessarilyachieved
by expressionsearlierin thesequence.

59�&5
The tool supported approach to engineering
HTN models

Our object-centredapproachto designing domain
modelsfor input to preconditionplanning(as detailedin
[12]) hasbeenextendedto HTN modelsasdescribed,with
a similar rangeof tools which supportconsistency and
crosschecking,as well as the implementationof a tool
which helpschecktransparency. Models are engineered
in two parts,firstly in a bottom-upfashionto constructthe
dynamicsorthierarchy. This involvesidentifyingtheprim-
itivesorts,by trying to collectall objectswhichgo through
identical statechangesinto groups. Substateclassesare
thusdefined,by writing adescriptionof eachpossiblestate
of a typical objectof eachsort. Any statefeatureswhich
aresharedbetweenprimitive sorts(e.g. a tanker truck and
a flatbedtruck sharea fuel level feature)canbe factored
outandusedto specifysubstatesatamoreabstractlevel in
thehierarchy.

In parallel to this is a top-down path, wherethe re-
quirementsof thedomainareusedto identify themainab-
stracttasksrequired(e.g. transporta package).The tasks
arerepresentedasmethodsspecifyingtransitionsbetween



abstractsubstates,or asfilter operatorswhenthekindsof
solutionsto theabstracttasksneedtobeconstrainedtocon-
tainorderingsof operatorsundercertainconditions.

The transparency propertyis implementedaspart of
our tool supportaccordingto theoutlinealgorithmin fig-
ure 1. The main algorithm(lines 1-14) outlinesthe way
networksareexpandedexhaustively for testing.Lines3.1
- 3.12 outline the procedurefor expandingany node(the
definitionof expand all filter nodesin is similar). A new
network is addedto the Store(line 3.8) only if the con-
straints in that network are self-consistentand with re-
spectto the invariantsgivenin themodel(checkedin line
3.7). Lines5.1- 5.6outlinetheprocedurefor transparency
checkinga sort-abstractednetwork. Theerror reportindi-
catesthe transition(s)that cannotbe achieved in the lin-
earsequence.Example15 is actualoutputfrom the trans-
parency tool - whenchangingthedefinitionof substatesfor
our OC-Translogmodel the tool wasable to help us find
that the ‘waiting’ predicatewhich we hadrecentlyadded
leadsto anunsoundlinearsequenceasshown:

[at(_457,_458)] =>
----achieve([certified(_457)])----

=> [certified(_457)]
----carry(_457,_458,_459)----
[at(_457,_458),certified(_457)] =>
[at(_457,_459),certified(_457)]
----deliver(_457,_459)----
[waiting(_457),certified(_457)] =>

[delivered(_457)] =>
[at(_457,_459),delivered(_457)]

Example15.

5 Discussion

U����
Consequences of using the hierarchical OC ap-
proach

Propertiessuchas transparency resembleproof obli-
gations, which arecarriedout in engineeringto obtaina
clearerunderstandingof a model,detectbugsin a model,
andimproveconfidencein thevalidity of themodel.Note
thatthetransparency propertyis awayof implicitly check-
ing filter operatorsalso,aseachonemusthaveat leastone
methodoperatorasanancestorin anexpansion.

TheTranslogdomainwasencodedinto OCLh follow-
ing theguidelinessetout in thepaper. It contains40 sorts,
(overhalf areprimitivesorts),43substateclassexpressions
in 15 dynamicsorts; it has30 dynamicpredicates,80 in-
stancesof staticpredicates,8 methodoperators,16 filter
operatorsand45primitiveoperators.Theencodingof OC-
Translogsuggeststhat OCLh doesnot overly restrict ex-
pression.Thebenefitsof encodingadomaininto OCLh are
summarised:

1. Theapproachgivesa rationalefor theuseof effects
in abstractoperatorsi.e. effectsareusedin a methodop-
eratorto specifythesubstatetransitionthat it achieves;no
explicit effectsareallowedin filter operators.This restric-
tion aloneimposesa strongregularity on the model,and
eliminatesthe‘sloppy’ useof effects.

2. Methodoperatorsspecifycomplex statetransitions
of objects,andmustbewritten in sucha way thatany ex-
pansionpath leadsto a soundtransitionsequence.The
transparency propertygives the modellerstatic, planner-
independentchecksto analysetheeffectivenessof method
operators,and we believe that using the property as a
heuristic for domain constructionreducesthe possible
causesof interferencebetweenmethodsfor differentsorts.

3. Constraintson thepersistenceof facts(e.g. predi-
catep mustremaintruethroughoutthesequenceof nodes)
arerepresentednotby meta-predicatesbut explicitly in the
substate.For example,in the UM Translogencodingan
airplanerampmaybeavailableor not,andametapredicate
‘between’is usedto stoptherampbeingremovedwhile the
loadingprocedureis in progress.In theOCmodelthesub-
stateclassesof theprimitive sort� are‘available’, ‘needed
& unavailable’,and‘unavailable’. The ‘needed’predicate
recordsthecausallink betweentheloadingprocedureand
theramp:atransitionof therampsubstatefromthe‘needed
& unavailable’substatecanonly takeplaceasa sideeffect
of theendingof theloadingprocedure.

Problemsoccurred,however, in the encodingof the
Translogdynamicsorthierarchy. Therequirementson ve-
hicle subsortsled us to createa ‘land carrier’ supersort
merging traincarsandtrucks,aseachhadthe samekinds
of shapes(tankers,hoppersandsoon). This meantthatan
extra staticpredicatehadto be definedto distinguishbe-
tweentrucksandtraincars.A further problemto do with
OCLh not allowing multiple inheritanceis more serious.
We stipulatethat every objector sort hasa uniqueinher-
itancepath. For the sake of keepinga simplesemantics,
thismeansthatsomepartsof anencodingcanbeawkward.
Oneparticularcasewastheencodingof ‘specialsubtypes’
of vehicles.Flatbed,regularandtankertrucksandtraincars
maybe equippedto carryvaluable,hazardousor refriger-
atedpackages,and eachcombination(e.g. a ‘hazardous
package-carryingtanker’) is possible. Ratherthan listing
the substateclassesof all the possibilities,we overcame
this problemby allowing primitive sortsto have subsorts,
effectively meaningthat objectsof a primitive sort could
have variantsubstateclasses.In the event very few sub-
sortswereused,but the consequenceof this extensionis
thatonehasto definethesubstateclassesfor eachsubsort
in thesameway asfor theprimitive sortandtherestof its
sort hierarchy. An alternative solutionwould be to allow
multiple inheritance,lettinga landcarrier, for example,in-

�
Therampalsoinheritsa locationasit is aphysicalobject



herit statefrom a hazardousvehiclesupersort,andfrom its
flatbedsort.

U����
Transparency of macros

It is interestingto comparean OCLh domainmodel
with a primitivemodelaugmentedwith automaticallygen-
eratedmacrosspecifiedin section4 of [11]. Eachmacro
is indexedby a substatetransitionS 6 T, andimplements
thetransitionof anobjecto of sorts. Macrosaregenerated
in a sort-abstracteddomainmodel which considersonly
predicatesfrom onesort’s substateclasses,andtheir bod-
iesaresequencesof primitive operators.Thusa sequence
in amacro’sbodyformsasoundtransitionsequenceaffect-
ing o, theobjectof interestin theindex. Hencea macrois
in facta simplekind of methodoperatorwhich expandsin
onereductionto a sequenceof nodesrepresentingprimi-
tive operators.Further, asthemacro-generationtechnique
issound,amodelaugmentedwith thesekindof macroswill
alwayssatisfythetransparency property.

U��21
Related work

Given the additional complexity of a HTN domain
model,thereis surprisinglylittle attentiongivento thetopic
of domainmodellingin planningliterature.A notableex-
ceptionis Chien’s work on the developmentandverifica-
tion of theVICAR system[3]. Our approachis alsosim-
ilar in spirit to the combinationof a planningtechnique
with a KADS modelof expertise,as proposedin [2]. A
KADS modelof expertisedescribesthe problemsolving
method,linking togethera planningtechniqueanda struc-
turedKADS approachto knowledgeacquisitionandrepre-
sentation.

The domainmodelling problemis acknowledgedby
[15], whoarecurrentlyworkingonthefurtherdevelopment
of TaskFormalism(TF), whichcurrentlyseemsonly to of-
fer aguidanceframework, ratherthanasystematicmethod,
andwhich hasno tool-support.Similarly, within his work
ontheformalizationof HTN planning,[5], Erol toucheson
the subjectof how to encodedomainsfor HTN planners.
Heoutlinessomesimplestepsin writing a domainspecifi-
cation,but givesnodetailedmethod.

Somework on theformalisationof HTN plannershas
beendone,for exampleby Kambhampati[8], which nev-
erthelesshasa bearingon the kind of domainmodelsen-
coded. He points out that if we have a strict hierarchy
amongtaskswecanusethis to ‘turn afilter conditionfrom
anon-monoticauxiliaryfilter into a monotonicone’. Once
sucha constraintis violatedby the partial plan, the plan
cannotbefurtherrefinedto restoretheconstraint,andthus
theplancanberemovedfrom thesearchspace.Fromthis
we canderive domainmodellingheuristics.This is analo-

gousto themethodtransparency propertyusedwith OCLh,
whichholdsif themainmethodsdonot interferewith each
other.

Previously, anobject-centredmodelof actionhasbeen
definedby [1], which is similar to our own in that it mod-
els theworld in termsof classesof objectsandtheir state
transitions,andidentifiesa world stateasa mappingfrom
instancesof objectsto their states,as given in the ‘state
graph’. The authorsstressthe computationalbenefitsof
usingsuchreal-world constraintsto avoid planningcom-
plexity, which is interestingin thatour OC methodhasits
rootsin speed-upof classicalplangeneration(from [13]).

6 Conclusions

In this paperwe have describedan extensionto the
object-centredmethodand associatedtool-supportwhich
canbe usedto encodeHTN planningdomainmodels. It
encouragesthe developmentof ‘clean’ modelsby (i) the
requirementto developa precisestructurerepresentingthe
hierarchicalsubstateclassesof eachobjectsort(ii) theform
of abstractoperators,which is suchthat effects only ap-
pearin the context of a substatetransition(iii) the useof
propertiessuchastransparency andoperatorcompleteness.
Furtherdevelopmentanddebuggingof theplanningmodel
is alleviated,asdomaininvariantsandsubstatedefinitions
allow strongcrosscheckingto carriedout. We have en-
codedthe the full Translog domainthis way, which sug-
geststhattheregularitiesimposedby theOCLh is notat the
costof expression.In the futurewe planto attemptto ex-
ploit theregularitybroughtaboutby theobject-centreden-
codingin HTN plangeneration,andinvestigatetheconsid-
erablescopefor extensionsto OCLh to modelothertypes
of planning.
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