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Abstract

Our reseach concernsformal, expressive object-
centedlanguagesandtoolsfor usein engineeringlomains
for planningapplications.In this paperwe extendour re-
centwork onan object-centedlanguage for encodingpre-
condition planning domainsto a language called OCLy,
designedor HTN planning Domainencodingsor HTN
planness are particularly troublesomgbecausehey tend
to be usedin knowledgd-basedapplicationsrequiring a
greatdeal of ‘domainengineering’ andthe abstact oper
ators cental to anHTN modeldo notshare thefairly clear
declamative semanticof concete pre- and postcondition
opeiators. Central to our approad is the developmentin
parallel, of the abstiact operator setand the hierarchical
statespecificatiorof the objectsthat the opefators manip-
ulate In this paperwedefineandillustrate a transpaency
property togetherwith atranspaencychedingtool, which
helpsthe developerto encodea clear planningmodelin
OCL;,. Our encodingof the Translagy domainis usedasan
extendedexampleto illustratethe approad.

1 Introduction

Pastapproacheso domainencodingfor precondition
planningandHTN planninghave beencentredaroundthe
developmentof operators. Overwhelmingattentionhas
beenpaid to them, the expressie nature of their con-
stituents,and the kinds of hierarchythey may be placed
in. Encodingcomplex domainsn theseoperatotbasedan-
guagess asinfluential and error prone as the coding of
planningalgorithms.While thealgorithmicdetailsof plan-
nersareof greattheoreticalandpracticalsignificancethe
methodof encodingdomainrepresentationsas had 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
systematictool-supportednethodof building modelsfor
HTN planningengineswith clearplannerindependense-

mantics usingalanguageandapproactihatsupportgood
engineeringorinciplessuchasdesigntranspareng main-
tainability andproof obligation.

In [11] thefoundatiorfor anobject— centiedapproach
to domainencodingwaslaid, andexemplifiedwith a lan-
guagewhichwascapableof encodingdomaingfor precon-
dition, classicaplanning.Theadwantage®f thisapproach
arethatit emphasisethe precisedefinition of a planning
stateasan amalganof objects’‘substates’with operators
constrainedo be consistentvith respecto the state;andit
providesa naturalform of abstractiorby groupingobjects
togetherinto sorts which are setsof objectswhich share
thesametransitionghroughsubstatesTheregularity of an
object-centredipproachprovidesthe foundationfor pow-
erful pre-processingools for usein two importantareas:
validationof themodelwith respecto thedomainrequire-
ments,andcompilingthe modelfor speed-upn later plan
generation.

In overview, HTN plannersinput a domain model
which containsabstractsolutionsto problems,and con-
straintson how theseare to be detailed. One musten-
gineera domainto a very refinedstatewhich includesa
setof primitive operatorsaswell ashierarchicabperators.
Also, the hierarchicalstructuretendsto ‘angle’ the plan-
ner’s applicationto solving certainabstractgoals. It has
beenarguedthathierarchicaplannersaretheonly typethat
have beenappliedto realistic problems,and that thereis
a needto betterunderstandhem[4]. Further it hasalso
beenprovedthathierarchicaldecompositiorplannerdead
tomoreexpressvelanguagesf plansequencefs]. Kamb-
hampati[8] sumsthe advantage®f HTN planningasgiv-
ing themodellermorecontroloverthetypesof solutionsto
be generatedandaddingto plan generatiorefficiency by
theprovisionof ‘canned’plans.Theencodingf tasksis an
approachbettersuitedto the captureof proceduraknowl-
edgethanthe primitive operatorof preconditiorplanners.

We believethatthemajordravbackwith currentopen
ended’languagesisedfor HTN modelsis thatthey leadto
opaqueencodings:for example,it is not easyto give op-
eratorsaclearsemanticsasboththeabstracandprimitive



variety are often contet-dependent.Taking theseopera-
torsout of their hierarchicakontet, andapplyingthemto
avalid state,it is not necessarilyhe casethata valid state
(shouldsucha concepte defined)is producedn this pa-
per we extend the methodand languagedetailedin [11]
to HTN planningmodels,andintroducenew notationand
a centralnew domainproperty to supportit. In sections
2 and 3 we describethe object-centredanguageOCL, a
hierarchicalversionof that usedin [12], and how it can
be extendednaturallyto OCLy;, to encodemodelsfor HTN
planners.In section4 we usethe frameawvork developedin
section3 to definewhat we call the ‘model transpareng
property’, a propertywhich holdsin a modelif the main
methodg(the abstracbperatorsrestructuredn a coher
entmanner We go on to outline a methodfor construct-
ing hierarchicadomainmodelshasedon the transpareng
property which we have usedto encodethe ‘T ranslogDo-
main’, andgive detailsof thetool developedto supportthe
encodingof transparenimodels. In section5 we evaluate
theapproactusingthistool.

2 OCL

As amainthrustof this paperis to shav thatthe ben-
efits of usingan object-centredanguagg OCL) extendto
HTN planningapplicationswe will usethe Translay do-
mainto exemplify boththe basicideashere,aswell asthe
more advancedideasin later sections. Our version(OC-
Translod) is derived directly from Andrews et al's par
tial requirementslescription[14], andthe encodingwrit-
tenfor the UMCP planneritself. Translogwaswritten as
a benchmarkfor HTN planners,being an approximation
of arealisticapplication(transportlogistics planning). It
hasa rich structureinvolving the transportationof vari-
ouskinds of packagegliquids, livestock,mail, valuables
etc) betweennationallocations(cities, airports, regions)
via carriers(planes trucks,trains)with varying character
istics.

A domainmodelwritten in an OCL containsdefini-
tions of objects,sorts, predicatesand hasatomic invari-
ants,substateslassexpressionsgenerainvariants andop-
erators. The object-centrecipproachis rootedin the fol-
lowing ideas(thereadeiis referredto [11] for moredetails
of thebasicobject-centredpproachn planning).

2.1 Objectsand sorts

Dynamicandstaticobjectsarespecifiedin the model
to reflectthe requirementof a domain. All objectsbe-

Lourfull definitionof OC-Translogcanbe downloadedfrom
http://wwwhud.ac.uk/schools/comp+rhafreseach/Artform/planning.
html. Otherplanningdomainsspecifiedin OCL, suchasthe R3 multi-
robot, the Tyre, Roclet andBriefcaseworlds arealsoavailablefrom this
page asaretoolsthatsupportthe developmentof OC models

long to a uniqueprimitive sort, andall sortsarearranged
in astrict‘sort hierarchy’,with primitive sortsatthelowest
levels. For examplepartof thehierarchyfor dynamicprim-
itive sorts(thatis thosesortscontainingdynamicobjects)
in OC-Translogis:

sortg physicalobj, [vehicle pakage, crane plane_rampg)

sortvehicle [land_carrier, airplane train])

sortgland_carrier, [mail, flatbed regular, tanler, hopper livestok, autd)
sort{ padage, [valuable hazadous perishablenormal)
objectgvaluable [pkg-1, pkg-2, pkg-3])

objectgtanler, [truck_1, truck_2])

Examplel.
2.2 Predicatesand substates

All dynamic objectsin a world state have a ‘local
state’,calledasubstateA valuablepackagdpkg_1) might
have its substateepresentedsthe conjunction:

[at(pkg-1, cityl), uncertifiedpkg-1), is_not_insured(pkg-1)]
Example2.

If no instanceof a predicatep hasa changingtruth
valuein the planningdomain,we call that predicatestatic
andassumehatthetruth valuesof staticpredicatesarede-
scribedin the model. If a predicateis not staticthenit is
dynamic.

The setof valid substatesn objectof a sort may oc-
cupy arespecifiedin groupscalled‘substateclassexpres-
sions’writtenin termsof predicatesEverybindingof vari-
ablesin asubstatelassexpressiorthatmakesary included
staticpredicategrue givesa valid groundsubstate.To fit
in with the sorthierarchy we assumehata substatéhasn
hierarchical componentsepresentingts primitive sort(s;)
andn — 1 supersorts;, ..., S,. A hierarchicabubstatelass
expressiorfor anobjectof primitive sorts is thereforethe
conjunction:

hy &ho&e...&hy

whereeachh; is onecomponenbf sorts’s substateclass
expressionsWe will useExample3 to explain:

substateclassegphysical obj, [[at(O, L]])
substateclasseévehicle [[fueLlevelV, F)]]).
substateclasseftanler, [[movablgT), availabl&T)],
[movablgT), busyT, P)],
[valve_oper(T), busy(T, P)],
[hose.connecte(r), busy T, P)]])
substateclassegpadage, [[uncertifiedP)],
[certified P)],
[lifted_up(P, C), certified P)],
[loadedP, V), certified P)],
[deliveedP)], ])
substateclasseévaluable [[is_not_insured(P)],
[is_insured(P)])



Example3.

Thefirst line of the examplestatesthat a physicalobject
(O) musthave somelocation (L), andthe secondrecords
thatvehicleshave afuellevel property Any objectof prim-
itive sorttanker (a specialisatiorof physicalobjectandve-
hicle by Examplel) inheritsthelocationandfuel level sub-
statesandadditionallymustbessituatedn oneof four sub-
stateclasseslescribedy exactly oneof the predicatesets.
Hencetanker T is eitherbusywith a packageP) or avail-
ablefor commissioningBoth agroundsubstateanda sub-
stateclassexpressionareinterpretedundera local closed
world assumptioni.e. ary predicateappearingn aclass
expressioratthe sameevel in the hierarchybut not stated
in a particularexpressionare assumedo be falsein the
rangeof substatethatexpressiordenotes.

Substatespecificationis a major part of the OC pro-
cess:it forcesthe developerto think deeplyaboutthe ‘life
history’ of the objectsthatthe resultantplanwill manipu-
late. Further it forcesthe developerto preciselybut im-
plicitly specifyall possiblesubstategjiving moreopportu-
nity for integrity checkingandmodelpreprocessingp help
in delugging, plan generationand execution. The num-
ber of hierarchicalsubstateclassesf an objectis poten-
tially the numberof combination®f choosinga classfrom
eachlevel (althoughthisis normallyrestrictedusinginvari-
antsasexplainedbelow). For example,avaluablepackage
would potentially have have 1 x 5 x 2 = 10 hierarchical
classes.

2.3 Substatetransitions

Objectsundego transitionsas a consequencef ac-
tions, for example a packagebeing insured might go
throughthefollowing transition:

[at(pkg-1, cityl), uncertifiedpkg_1), is_not_insured(pkg_1)] =
[at(pkg_1, cityl), uncertifiedpkg-1), insured(pkg-1)]

Example4.

We allow transitionsto be specifiedso that (i) hierar
chicalcomponentsvhichpersisidonotneedto berecorded
(hencethe first two predicatesvere redundanin the ex-
ampleabove). (ii) all valid hierarchicalcomponentghat
matchthe LHS (left handside) changeto the uniquesub-
stategivenby the RHS(i.e. the specificationaremary-to-
one).For example

busytanker_1, pkgi ) = movabletanier_1), availablgtanter_1)

Example5.

specifieghatthetanker movesfrom eitherof its threebusy
substatednto onewhereit is movableand available,and
its positionandfuel levelsdo notchange.

2.4 Operators

Operatorencapsulatsubstatdransitionsthat typical
objectsmay go through. They have 3 components.The
first containgrevail conditionswhicharepredicatesvhich
must be true throughoutoperatorexecution. The second
is a setof necessargtatetransitionspecificationsobjects
mustbe found whosesubstatesnatchwith their LHS for
theoperatotto beapplicable Theoperatothenchangesn
objectwhich hasa substatematchingwith S, to theunique
substateT, for all transitionsS = T specified.Operators
areinterpretedsothatall the changeghey encapsulatec-
curin parallel. The third componentontainsconditional
effects,andspecifiegshesubstatehange®f objectsf their
substatdappengo satisfya certaincondition. Example:

opefator(pick_up_heavy padkage(P, Crang L),

Y%prevail :

[[at(Crang L), is_of_sort(Crang crané)]],

Y%necessary changes :

[[[at(P, L), certified P)] = [lifted_up(P, Crane), certified P)]],
[lidle(Crang)] = [lifting(Crang P)]]],

%conditional changes :

0

Example6.

This exampleshowvs how an operatorencapsulatethe hi-
erarchicalsubstatechangeof a craneanda package.Se-
quence®f operatorhave acorrespondenogith transition
sequenceletweersubstatelassess,for example,in OC-
TranslogwhereT is atanker, we mighthave:
[movablgV), availabl€V)] = [movablgT), busyT, P)] =
[valve_open(T), busy(T, P)] = [hoseconnecte(V), busyV, P)]

Example7.

Thesetransitionsare broughtabout by the operator
sequencé&commission(\VP)’, (which meanscommissiora
vehiclefor transportinga package),open_valve(V)’, ‘con-
nect_hose(V)'.

2.5 Invariants

Invariantsincludeatomicfacts(giving the staticstruc-
tureto amodel),rulesandinconsistenyg constraintsTheir
purposeis to (a) documentthe assumption®f the mod-
eller, and thereforetighten the model and help in model
maintenanceand(b) beusedin pre-processingidsto help
delugthemodel,for examplein checkingoperatorconsis-
teng (c) beusedin pre-processingidsto teaseout useful
but implicit informationto speed-umnline planning(d) be
usedin alimited way duringplangenerationExamplesof
arule andconstrainfor Translogare:

[loadedP, V)]implieqat(V, L), at(P, L)]
inconsister({certified P), notinsured(P)])



Example8.

Both invariantsconstrainthe setof objects’valid sub-
statesthefirst rule specifieghat a vehicleanda package
mustoccupy the samelocationif thatvehicleis loadedup
with the packagewhile thesecondaddsa constrainbnthe
combinationf hierarchicakubstatesf apackage.

2.6 Statesand goals

A ‘world state’is preciselydefinedasa mappingbe-
tweenevery dynamicobjectandits currentsubstatewhich
is madeup of hierarchical components.e. instantiated
substateclassexpressiondrom eachlevel of the objects
sort'shierarchy A well-formedworld stateis onein which,
additionally the conjunctionof the predicatesn therange
of this mappingconformsto the models invariants. A
small partof a well-formedworld stateof Translogmight
be:

[pkg-1 — at(pkg-1, cityl), uncertifiedpkg-1),
is_not_insured(pkg-1)]

[truck_2 — at(truck_2, city2_apl), fuelleveltruck_2, full),
hose connecteftruck_2), busytruck_2, pkg-2)]

Example9.

A planning problem is viewed as one (or more)
statetransitions. For example, if the goal condition is
at(pkg_1, city2), deliveled(pkg_1), thenthe problemis to
changethe currentsubstateof pkg_1 to a substatevhich
satisfieghis goalcondition.

3 Object-centred HTN planning

An OCL mode consistof a specificatiorof objects,
sorts,predicatesinvariants(atomicandnon-atomic) sub-
stateclassesandoperatorsPreviously OC languagebave
beenusedto encodeand compile various planningmod-
els, andhave beenusedasthe input languagefor arange
of preconditionplannerssuch as an object centredvari-
antof UCPOP[9]. Realisticapplicationsinvolving plan-
ning differ from thoseusedfor theoreticalinvestigationin
mary ways, chiefly in the sheeramountof knowledgeto
be encoded. This manifestsitself in the form of domain
structurewhich we classify as ‘static knowledge’ for the
purposesf plan generation.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-basedpplicationrequiresa hierarchyallow-
ing certainstatetransitions(effectedby several primitive
operators}o be guardedby chunksof conditions.As well
asusinghierarchyfor pragmatiaeasonstealisticplanning

requiregplanningsequencesassolutionsvhicharenotpos-
sibleto obtainusingpreconditiorplanningalone asErol et
al pointoutin [6].

Much effort is investedn an hierarchicalencodingof
adomain,andheuristicsfor the useof the resultingmodel
areembeddedn the way the hierarchyis arrangedo re-
flect the main kinds of tasksto be performed. To make
surethatcomplex planscanbe generateda HTN domain
encodeparametrised;onstraint-ladesolutionfragments,
andplanningconsistof assemblinghefragmentsogethey
makingsureall constraintaaremet. In this sectionwe de-
scribethe extensionsto OCL to handlethe requirements
outlinedabove, and call the resultinglanguageOCL;,. In
OCL, we usetwo additionaltypesof abstract hierarchi-
cal operator:methodoperatorsandfilter operators.As in
Yang’s formulation[16], andfollowing in Erol’'swork, the
effects of the hierarchicaloperatorsare clearly relatedto
the primitive operatorghatresultin expansionsof the hi-
erarchybut, aswe shallsee the object-centredramevork
allows usto go further.

3.1 Method operators

Theseare operatorswhich, like primitive operators,
specifydynamicobjecttransitions.They are‘indexed’ by
onenecessangubstatechangeS = T, which specifiesa
transitionof a typical objecto 2 of sorts from a (setof)
substatelass(es)o auniquesubstatelass. Thismaycon-
tain one or more hierarchicalcomponentf o's sort hi-
erarchy- for example,if the objectin questionis a valu-
ablepackagepartof thesubstateouldbe[is_insured(P)],
but therecould be otherhierarchicalcomponentssuchas
[delivered(P)] (from the substateclassfor package)and
[at(P, D)] (from the substatelassfor physicalobject- see
Example3). S mustcontaindynamicpredicatedrom o’s
sorthierarchyonly, but maycontainstaticpredicatesvhich
actasfilters, determiningunderwhat structuralconditions
atransitioncantake place.

As well asa nameand an index, methodscontaina
“body” comprisingof a partial orderof nodes.Many bod-
ies may sharethe samenameand index, but with differ-
ing staticpredicatesto indicateunderwhat conditionsthe
method operatorshould be used. For example,in OC-
Translogthere are several methodoperatorsfor moving
a packagefrom one location to anotherwith the name
carry(P,0,D) and an index [at(P,O), certifiedP)] =
[atP, D), certified P)], but the staticpredicateshov which
methodis to be usedunderwhich conditions.

A nodecanbeoneof four types:

(a) thenameof a methodoperator
(b) the nameof a primitive operator

2Note that this doesnot restrict other objectsbeing involved in the
transition,but is acommitmento themainobject



(c) thenameof afilter operator

(d) an expressionof the form achieve(G), whereG is the
partial or full descriptionof the substateof a dynamicob-
ject.

When methodsare expanded,they may changethe
substateof mary otherobjectsapartfrom o (ie. they may
have sideeffectsembeddedh their expansions)For exam-
ple,themostabstracmethodfor Translogis to transporta
packageP to alocationD from locationO:

methodtranspor{P, O, D),

[at(P, O), is_of _sort(P, package), nof O = D)] =
[at(P, D), deliveedP)],

[befoe(1, 2), befor(2, 3)],

[1 : achieve([certified P)]),

2 : carry(P, O, D),

3 : delive(P, D)]).

ExamplelO.

Although the necessargubstatechangeconcernghe
packagethe achievementof this will necessarilyinvolve
otherobjects,suchasa vehicle,whosesubstatesvill also
change.The body definesa way to achiese the goal sub-
state(thatis theRHSof thearraw, which containgwo hier
archicalcomponentsfrom ary substatenatchingtheLHS.

3.2 Filter operators

Filter operatordorm partof the expansionof method
operators.The purposeof filter operatorgs to bring about
the right conditionsfor a substatdransitionthathasbeen
specifiedby a methodoperatorat a higherlevel. To dothis
they containstatic predicateswhich act asfilters, andan
orderingof nodes which may be of ary of the four types
listedabove. (Note, this meansafilter operatormay bein-
troducednto a planasaresultof anearlierfilter operatoy
but we canalwaystracebackto amethodoperator) Unlike
amethodoperator a filter operatorhasno substateransi-
tion index. Whereaghe purposeof amethodoperatoiis to
specifya major substatdransitionfor a particularobject,
thefilter operators purposeiss to effect subordinateor as-

sociatedransitionsyequiredfor the higherlevel operation.

Staticpredicatesto presere requiredconditions mustre-
maintruethroughoutexpansiornof amethodoperatoyand,
consequentlyary filter operators.
A filter operatorfor moving a traincarby train from

locationO to locationD is asfollows:

filter(move_vehicléV, O, D, Train),

[traincar(V), connectéR1, K, O), connectéR2, O, D),

is_of _sort(R1, rail_route), is_of _sort(R2, rail_route),

is_of _sort(Train, train)],

[befoe(1, 2), befoe(2, 3), befor(3, 4), befor(4, 5)],

[1 : commissiofiTrain, P),

: move_vehiclgTrain, K, O,R1),
: attad_traincar(Train, V, O),

: move_vehiclgTrain, O, D, R2),
: detadr_traincar(Train, V, D)])

[ U V]

Examplell.

This operator would occur as one of the nodes
in the developing plan of a higher level filter opera-
tor, carry_direct(RO,D), which would itself occurasone
of the nodesof a methodoperators expansionsuch as
carry(RO,D).

In whatfollows we will referto thename,index, con-
straintsandnodescomponentgwhereappropriatepf arny
primitive, filter or methodoperatom usingthe ‘dot’ nota-
tion - e.g.if mis themethodin Examplel0,then

m nane = transport(P,O D), and
m constraints = {is_of _sort (P, package), not(C=D),
before(1,2), before(2,3)}
m nodes = {achieve([certified(P)]), carry(P,Q D),
deliver(P,D}
mindex = at(P,0O => (at(P,D), delivered(P))

4 Transparent HTN modelsin OCL,

A generalintegrity rule for OC primitive models(i.e.
modelscontainingprimitive operatoronly), calledthe op-
erator completeproperty was definedin [11]. Roughly
a modelis operatorcompleteif it haswell definedobject
sortsandsubstateclassexpressionsandif every operator
is consistenti.e. it canbe shovn thatthe executionof ary
applicableoperatoron a well-formed statealways results
in awell-formedstate. It is usedaspart of the validation
processandformspartof asystematienethodfor creating
preconditiorplanningdomainmodels.

ExtraproblemsarisewhencreatingH TN modelsto do
with their opacity: while pre-andpostconditionsof prim-
itive operatorsare supposedo be self-containedabstract
operatorarenecessarilyot so. The problemof hierarchi-
calinterferencehasbeennoticedby mary authors.For ex-
ample,Fox explainsit astheproblemof relatingtheeffects
assertedh theabstracoperatowith thoseof the primitive
operatordhatimplementit [7]. Onehasto ensurehatthe
decompositionunderary condition, achieves the effects
of theabstracbperatorsThisis notparticularlyeasywhen
theform of the effectsareunrestricter do not appeaiin
aregularway. The object-centredramework allows usto
definepropertiesto help alleviate this problem;to define
thesepropertieswe will first needto explain the intended
procedurabemantic®f network expansiorwith OCL;,.

4.1 Object transitionsand transition sequences

The spaceof valid transitionsinvolving one objectis
definedasthe setof all pairsof groundsubstateclassex-



pressionselongingto the objects sort. In [11] analgo-
rithm wasdefinedwhich generatednacioswhich spanned
the spaceof substatetransitions, and each macro was
indexed by the substatdransitionthatthe macrosequence
achiezed. In HTN planning, however, abstractoperators
arewrittento spana smallproportionof this potentialtask
space,but the taskscapturedare normally very comple
and correspondo the mostimportantsubstatdransitions
(suchastransportinganobjectfrom oneplaceto anotheiin
OC-Translog).

Letn > 0, andi rangefrom 1 to n. A transitionse-
guencdor objecto of primitive sortsis asequence:

I li=11;5 la=155 s =10 F
suchthatl; = I{ arespecificationf substatdransitions
of sorts, andl andF are(possiblypartial) specification®f
substatelassexpressionsA transitionsequences linearly
soundif eachl; andF arenecessarilychieved,usingthel/
andl as'‘effects’. Examplel2 shavsalinearly soundtran-
sition sequencéor object‘pkg_1’" of sortpackagewhere
‘City _1" and‘City _2’ arevariablesof sortcity. Thissound-
nesddeais familiarin planning for exampleourdefinition
canbe viewed asan abstractedorm of Knoblock’s ‘justi-
fied sequencef operatorsdefinition[10].

[[at(pkg-1, City_1), uncertifiedpkg-1), is_not_insured(pkg-1),
not(City_1 = City_2)];

[is_not.insured(pkg-1)] = [is_insured(pkg-1)];

[uncertifiedpkg-1)] = [certified pkg-1)];

[at(pkg-1, City_1)] = [at(pkg-1, City_2)];

[at(pkg-1, City_2), certified pkg-1)]]

Examplel2.
4.2 Expanding method operatorsinto networks

A method m forms a partial plan network n =
net(m.name m.index, m.constrintsU {b}, m.nodes when
usedto achiere a goal which matchesthe RHS of the
methods index, underbinding b. We reducen to net-
work n" whenary 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-
mentcanonly take placeif op.constaints are consistent
with respecto the OCL's modelsinvariants.For example
n = netlnameindex, constaints node$ reducesto n’ =
netnameindex, constmints U op.constaints (nodes —
{o0}) U op.nodes.

Thusfor the transportmethodoperatorshavn above
andin Examplel0 its first reductionmight involve there-
placemenbf achieve([certified P)]) with oneof the prim-
itive pay_feegP) operatorswhereits staticpredicatesare

true,accordingo thetype of packagebeingdelivered.For
example,wherethe methodwasbeingusedto transporta
hazardougpackagethenaninstanceof this operatomould
berequired:

operator( pay_fees(P),
[ [has_permit(P), is_of_sort(P,hazard_p)] 1,
[[ [uncertified(P)],
[waiting(P),certified(P)] 1],
LD

Examplel3.

A network ' is anexpansionof n if n' wasgenerated
from n usingoneor moresequentiateduction®f thenodes
in n. n’ is anormal expansionof n if n' containsno filter
operatorsn’ is a primitive expansionof n if n’’snodesare
all primitive operators.

Any network canbe expandedo a normalexpansion,
sinceif thereis a nameof afilter operatorin the network,
we canfind an appropriatenames body andreduce until
no filter operatorremains(this processnustterminateas
non-primitive operatorsarerootedin primitive ones).

All nodedn anetwork n, exceptfor thosenamingfilter
operatorsganbelabelledby transitions.A methodopera-
toris labelledby its index “S = T”, anachieve(G) nodeis
labelled* = G", anda primitive operatoiis labelledby all
thenecessargr conditionaltransitionst specifies Finally,
we saythatanetwork n is sort-abstiactedwith respecto s,
if we ignoreall transitionsin thelabelswhich do notrefer
to atransitionof an objectof sorts, andcall the resulting
network ns.

4.3 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 linear orderingof
thenodes’labelsin ngis linearly sound.

Here legal linear ordering meansone that conforms
to the node’s temporalconstraints. The soundnesgrop-
erty captureghe intuition that every solutionadmittedby
amethodwhichis labelledby S = T specifyinga transi-
tion of anobjecto actuallydoesachiese T whenits prim-
itive operatorsare executedand operateon 0. This prop-
erty, however, doesnotconcerrintermediatdevelsin anet-
work’s expansion.Thefollowing propertyis moreuseful:

Transparency: m is transparenif, for every sort-
abstractednormal expansionns of m, every legal linear
orderingof thenodes’labelsin ng is linearly sound.

A model in OCL;, is sound (transparent)f all its
methodoperatorsare sound(transparent).It follows im-
mediatelyfrom the definitionsthatif mis transparenit is
also sound,sinceary primitive expansionof mis alsoa



Algorithm: ExpandNetwork for Transpareng Property
Checking

In: m: methodoperator

Out: errorreport(or propertycertificationif no errors)
Global Data: Stoe: setof networks, Model: an OCL,
model

1. initialise_Store(male_methodinto_networkKm));
2. while non_empty Store do

3. remove_from_Stoe(n);

4 if na_filter_ops.in(n) then

5. n' := sort_abstact(n);

6. ched_transpaencyn’);

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(netnameindex,
constaints nodes)

3.1for all n € nodesdo

3.2 ifis_a_methodop(n) V is_a filter_op(n) then

3.3 S:= {op: op € Modelsoperators. op.name= n}
3.4 for eachop € Sdo

3.5 constaints := constrints+ op.constaints

3.6 nodes := op.nodesJ (nodes— n));

3.7 if consistenfconstaints, Modelsinvariants)
then

3.8 add_Stor(net(name index, constaints,

nodes));

3.9 endfor

3.10 endif

3.12endfor

endprocedure.

procedure ched_transpaencynetname index,
constaints nodes)

5.1L :={l : l is alegallinearorderingof nodeg;
5.2foralll € L do

5.3 if = linearly_sound]l) then

54 print errorreport

55 endif

5.6 endfor

endprocedure.

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

normal expansion. The transpareng propertyis a useful
constrainto follow whenengineeringa model,andcanbe
operationaliseéhto atool asshovn below.

We have usedthetransparengpropertyin particularin
the developmentof OC-Translog,andherewe shov how
it verifiesthe main ‘transport’ method(seeExample10)
whichis indexedby:

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

A normalexpansiorof the methodoperatottransport
in Examplel10, would reducel. by replacingit with one
of the pay_feesoperatorsasdescribeabore, thusachies-
ing [certified P)]. The carry methodin 2. hasan index
[at(P, O), certified P)] = [at(P, D), certified P)] andthe
reductionof 3 by the primitive deliver operatorachieves
[delivered(P)].

Hencewe seethe expansionof 1, 2 and 3 givesthis
transitionsequence:

[at(P, O)];
=

[certified P)]; %achieve goal
> [at(P, D), certified P)]; %carry method
certified P)] => [deliveed(P)]; %deliver method

[
[
[at(P, O), certified P)] =
[
[

at(P, D), deliveed(P)]]

Examplel4.

Thisis clearlya soundtransitionsequencegstheLHS
of thearrovsandthefinal substatarenecessarilachieved
by expression®arlierin the sequence.

4.4 The tool supported approach to engineering
HTN models

Our object-centredapproachto designing domain
modelsfor input to preconditionplanning(as detailedin
[12]) hasbeenextendedto HTN modelsasdescribedyvith
a similar range of tools which supportconsisteng and
crosschecking,as well asthe implementationof a tool
which helpschecktransparenz  Models are engineered
in two parts firstly in abottom-upfashionto constructthe
dynamicsorthierarchy Thisinvolvesidentifying theprim-
itive sorts,by trying to collectall objectswhichgothrough
identical statechangesnto groups. Substateclassesare
thusdefined by writing a descriptiorof eachpossiblestate
of atypical objectof eachsort. Any statefeatureswhich
aresharedbetweerprimitive sorts(e.g. a tanker truck and
a flatbedtruck sharea fuel level feature)can be factored
outandusedto specifysubstateata moreabstractevel in
thehierarchy

In parallelto this is a top-davn path, wherethe re-
guirementf the domainareusedto identify the mainab-
stracttasksrequired(e.g. transporta package).The tasks
arerepresenteds methodsspecifyingtransitionsbetween



abstractsubstatesor asfilter operatorsvhenthe kinds of
solutiongo theabstractasksneedto beconstrainedo con-
tain orderingsof operatoraindercertainconditions.

The transpareng propertyis implementedas part of
our tool supportaccordingto the outline algorithmin fig-
ure 1. The main algorithm (lines 1-14) outlinesthe way
networks areexpandedexhaustvely for testing. Lines 3.1
- 3.12 outline the procedurefor expandingary node (the
definitionof expand.all_filter_nodesin is similar). A new
network is addedto the Store (line 3.8) only if the con-
straintsin that network are self-consistentand with re-
spectto the invariantsgivenin the model(checledin line
3.7).Lines5.1- 5.6 outlinetheprocedurdor transpareng
checkinga sort-abstractedetwork. The errorreportindi-
catesthe transition(s)that cannotbe achieved in the lin-
earsequenceExamplel5is actualoutputfrom the trans-
pareng tool - whenchanginghedefinitionof substatefor
our OC-Translogmodelthe tool wasableto help us find
thatthe ‘waiting’ predicatewhich we hadrecentlyadded
leadsto anunsoundinearsequencasshawn:

[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)]

Examplel5.

5 Discussion

5.1 Consequences of using the hierarchical OC ap-
proach

Propertiessuchas transpareng resembleproof obli-
gations which are carriedout in engineeringo obtaina
clearerunderstandingf a model, detectbugsin a model,
andimprove confidencean thevalidity of the model. Note
thatthetransparengpropertyis away of implicitly check-
ing filter operatorsalso,aseachonemusthave atleastone
methodoperatorasanancestoin anexpansion.

The Translogdomainwasencodednto OCLy, follow-
ing theguidelinessetoutin the paper It contains40 sorts,
(overhalf areprimitive sorts) 43 substatelassexpressions
in 15 dynamicsorts;it has30 dynamicpredicates80 in-
stancesf static predicates methodoperators 16 filter
operatorand45 primitive operatorsTheencodingof OC-
Translogsuggestghat OCL, doesnot overly restrict ex-
pressionThebenefitof encodingadomaininto OCLy, are
summarised:

1. Theapproactygivesarationalefor the useof effects
in abstractoperators.e. effectsareusedin a methodop-
eratorto specifythe substatdransitionthatit achiezes;no
explicit effectsareallowedin filter operators.This restric-
tion aloneimposesa strongregularity on the model, and
eliminateshe’sloppy’ useof effects.

2. Methodoperatorspecifycomple statetransitions
of objects,andmustbe written in sucha way thatany ex-
pansionpath leadsto a soundtransitionsequence.The
transpareng property gives the modeller static, planner
independenthecksto analysethe effectivenesof method
operators,and we believe that using the property as a
heuristic for domain constructionreducesthe possible
cause®f interferencébetweenmethoddor differentsorts.

3. Constrainton the persistencef facts(e.g. predi-
catep mustremaintruethroughouthe sequencef nodes)
arerepresentedot by meta-predicatelsut explicitly in the
substate.For example,in the UM Translogencodingan
airplanerampmaybe availableor not,andametapredicate
‘between’is usedto stoptherampbeingremovedwhile the
loadingproceduras in progressin the OC modelthe sub-
stateclassef the primitive sorf are‘available’, ‘needed
& unavailable’,and‘unavailable’. The ‘needed’predicate
recordsthe causalink betweentheloadingprocedureand
theramp:atransitionof therampsubstatérom the‘needed
& unavailable’ substateeanonly take placeasa sideeffect
of theendingof theloadingprocedure.

Problemsoccurred,however, in the encodingof the
Translogdynamicsorthierarchy Therequirement®n ve-
hicle subsortsled us to createa ‘land_carrier’ supersort
meiging traincarsandtrucks, as eachhad the samekinds
of shapegtankers,hoppersandsoon). This meantthatan
extra static predicatehadto be definedto distinguishbe-
tweentrucksandtraincars. A further problemto do with
OCL;, not allowing multiple inheritanceis more serious.
We stipulatethat every objector sort hasa uniqueinher
itancepath. For the sale of keepinga simple semantics,
thismeanghatsomepartsof anencodingcanbe awkward.
Oneparticularcasewasthe encodingof ‘specialsubtypes’
of vehicles.Flatbed regularandtankertrucksandtraincars
may be equippedo carry valuable,hazardour refriger
ated packagesand eachcombination(e.g. a ‘hazardous
package-carryinganker’) is possible. Ratherthanlisting
the substateclassesf 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-
sortswere used,but the consequencef this extensionis
thatonehasto definethe substateclassedor eachsubsort
in the sameway asfor the primitive sortandthe restof its
sorthierarchy An alternatie solutionwould be to allow
multiple inheritanceletting aland carrier, for example,in-

3Therampalsoinheritsalocationasit is a physicalobject



herit statefrom a hazardousehiclesupersortandfrom its
flatbedsort.

5.2 Transparency of macros

It is interestingto comparean OCL, domainmodel
with a primitive modelaugmentedavith automaticallygen-
eratedmacrosspecifiedin section4 of [11]. Eachmacro
is indexedby a substatdransitionS = T, andimplements
thetransitionof anobjecto of sorts. Macrosaregenerated
in a sort-abstractedlomain model which considersonly
predicatesrom onesort’s substateclassesandtheir bod-
iesaresequencesf primitive operators.Thusa sequence
in amacrosbodyformsasoundransitionsequencaffect-
ing o, the objectof interestin theindex. Hencea macrois
in facta simplekind of methodoperatomwhich expandsin
onereductionto a sequencef nodesrepresentingrimi-
tive operators.Further asthe macro-generatiotechnique
is sound amodelaugmentedvith thesekind of macroswill
alwayssatisfythetransparengproperty

5.3 Reated work

Given the additional compleity of a HTN domain
model.thereis surprisinglylittle attentiongivento thetopic
of domainmodellingin planningliterature. A notableex-
ceptionis Chiens work on the developmentand verifica-
tion of the VICAR system[3]. Our approachs alsosim-
ilar in spirit to the combinationof a planningtechnique
with a KADS modelof expertise,as proposedn [2]. A
KADS model of expertisedescribeshe problemsolving
method linking togethera planningtechniqueanda struc-
turedKADS approacho knowledgeacquisitionandrepre-
sentation.

The domainmodelling problemis acknavledgedby
[15], whoarecurrentlyworkingonthefurtherdevelopment
of TaskFormalism(TF), which currentlyseemsnly to of-
fer aguidancdramawork, ratherthanasystematienethod,
andwhich hasno tool-support.Similarly, within his work
ontheformalizationof HTN planning,[5], Erol toucheon
the subjectof how to encodedomainsfor HTN planners.
He outlinessomesimplestepsin writing a domainspecifi-
cation,but givesno detailedmethod.

Somework on theformalisationof HTN plannershas
beendone,for exampleby Kambhampat[8], which nev-
erthelesasa bearingon the kind of domainmodelsen-
coded. He points out that if we have a strict hierarchy
amongtaskswe canusethisto ‘turn afilter conditionfrom
anon-monoticauxiliary filter into amonotonicone’. Once
sucha constraintis violated by the partial plan, the plan
cannotbefurtherrefinedto restorethe constraintandthus
the plan canbe removedfrom the searchspace .Fromthis
we canderive domainmodellingheuristics.This is analo-

gousto themethodtransparengpropertyusedwith OCLy,
which holdsif the mainmethodslo notinterferewith each
other

Previously, anobject-centrednodelof actionhasbeen
definedby [1], whichis similar to our own in thatit mod-
elstheworld in termsof classe®f objectsandtheir state
transitions,andidentifiesa world stateasa mappingfrom
instancesf objectsto their states,as given in the ‘state
graph’. The authorsstressthe computationalbenefitsof
using suchreal-world constraintso avoid planningcom-
plexity, which is interestingin thatour OC methodhasits
rootsin speed-umf classicapblangeneratior(from [13]).

6 Conclusions

In this paperwe have describedan extensionto the
object-centrednethodand associatedool-supportwhich
canbe usedto encodeHTN planningdomainmodels. It
encourageshe developmentof ‘clean’ modelsby (i) the
requiremento developa precisestructurerepresentinghe
hierarchicabubstatelasse®f eachobjectsort(ii) theform
of abstractoperatorswhich is suchthat effects only ap-
pearin the contet of a substatdransition(iii) the useof
propertiesuchastransparengandoperatoicompleteness.
Furtherdevelopmentanddeluggingof the planningmodel
is alleviated,asdomaininvariantsand substatedefinitions
allow strongcrosscheckingto carriedout. We have en-
codedthe the full Translay domainthis way, which sug-
gestghattheregularitiesimposedoy theOCL, is notatthe
costof expression.In the future we planto attemptto ex-
ploit theregularity broughtaboutby the object-centreen-
codingin HTN plangenerationandinvestigatehe consid-
erablescopefor extensiongo OCL;, to modelothertypes
of planning.
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