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The notion of a skeletalspecificationis introducedas a stepin the incrementaldevelopmentof a
specification.This leadsto theideaof a templatespecificationasa meansof capturingspecification
architecturein a library of reusablespecificationcomponents.Theapproachis illustratedby consid-
eringthearchitectureof servicespecificationsin LOTOS. A library of macroswritten in them4macro
languageis usedto generateLOTOS specificationsautomatically.

1 Intr oduction

The formal specificationlanguageLOTOS (LanguageOf Temporal Ordering Specification, [4]) is oneof three
FDTs(FormalDescriptionTechniques) thathave beenstandardisedfor thespecificationof (tele)communications
systems.LOTOShasalreadybeenwidely usedfor specifyingOSI servicesandprotocolssuchas:

TP (TransactionProcessing)protocol(ISO10026.3)formalisedin [21]

CCR (Commitment,ConcurrencyandRecovery)service(ISO 9804) formalisedin [14], protocol (ISO 9805)
formalisedin [10]

ROSE (RemoteOperationsServiceElements)serviceelement(ISO 9072/1)formalisedin [3]

SessionLayer service(ISO 8326)formalisedin [5], protocol(ISO 8327)formalisedin [6]; seealso[15] for an
explanationof theapproach

Transport Layer service(ISO 8072)formalisedin [7], protocol(ISO 8073)formalisedin [8]; seealso[11] for
anexplanationof theapproach

Network Layer service(ISO8348)formalisedin [19], protocol(ISO8473)formalisedin [12].

Althougha similar approachhasbeentakenin thesespecifications,little attempthasbeenmadeto codify the
overall approachaspartof a ‘how to’ guide;[16] is oneof thefew paperswhich addressesthis. Thespecification
of servicesandprotocolsin LOTOS andthe otherFDTs is illustratedin [9]. At a morefundamentallevel, [17]
showshow to representarchitecturalconceptsin LOTOS, and[1] doesthesamefor SDL.

Servicesand protocolsare particularkinds of systemsthat are found in communicationssystems,but are
not restrictedto them; they arisein any layeredarchitecture.OtherapplicationssuchasOperatingSystemsor
ComputerIntegratedManufacturingcouldalsoberegardedaslayeredsystems.It would beusefulfor specifiers
to have a pre-definedframework within which LOTOSspecificationscouldbewrittenof servicesandprotocols.

It is commonexperiencethatthemostdifficult andcriticalaspectof formalisationis thechoiceof specification
architecture, i.e. thestructureof thespecification.Thearchitecturedefinesthespecificationcomponentsandtheir
relationship.This decompositionof functionalitymayreflecta numberof goals:

• separationof concerns

• modularity, information-hiding,encapsulation

• comprehension,enhancement,maintenance,sub-divisionof work
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• mappingontoimplementationcomponentsandstructures.

Dependingon theprecisegoals,appropriatespecificationstylescanbechosensuchasconstraint-orientedor
resource-oriented(see[20]).

LOTOSspecifierswouldbeassistedin writing new specificationsif they hadaccessto a library of specification
architecturesaswell asspecificationstyles.A particularstylerestrictsthewaysin whichspecificationcomponents
maybecomposed.However, this is too generalto help in thechoiceof architecturefor a particularapplication.
Whatis neededis anoutlineframework – a template– for specifyingeachclassof application.This is comparable
to theconceptof componentre-usein SoftwareEngineering,exceptthatthecomponentsin questionarepartsof
specificationsratherthanre-usableimplementationmodules.

2 Incr ementalSpecification

2.1 SkeletalSpecifications

Complexity andsizearemajorobstaclesin thespecificationanddesignof realisticsystems.A commonsolutionis
ahierarchicapproach,whichexhibits modularityandinformation-hiding. Anothercommonapproachis deferred
specification, in which detailsareomittedatonelevel of abstractionandarecompletedin laterrefinementsof the
specifications.Thisdiffersfrom theuseof non-determinism, in which implementationdecisionsarerepresented
explicitly or implicitly as dynamicchoicesin the behaviour of a system. Deferredspecificationcan be used
effectively with LOTOS asfollows:

1. At thefirst stageof design,only thetypes,processesandgatesareintroducedandrelatedto eachother. This
indicatesthebasiccomponentsof thespecification.

2. At anintermediatestageof design,thesorts,signaturesof operations,processparameters,andprocessresults
areintroduced.This indicatestheinterfacesto thebasiccomponents,but without definingtheoperationof
thecomponentsformally.

3. At thelaststageof design,theequationsdefiningtheoperationsandthebehaviour expressionsdefiningthe
processesareintroduced. The specificationis now textually complete,but still needsstaticanddynamic
checking.

A skeletal specificationmay thusbe progressedthrougha numberof stagesof refinement,finally resulting
in a completespecification.Dif ferentpartsof a specificationmaybe elaboratedat differenttimes. Typically a
specificationwill bestructuredinto relatedgroupsof typesandprocesses.Thesemaybeprogressivelyspecifiedand
checkedin abottom-upfashion.As with conventionalprogramminglanguages,purpose-designed‘testharnesses’
may be useful in checkingpartsof a specification. A test harnesscan be constructedas a processwhich is
composedin parallelwith thesystematthetopmostlevel of behaviour. If required,askeletalspecificationmaybe
partially checkedwith toolsby adding‘null’ bodiesto typeandprocessdefinitions.An exampleof incrementally
developinga specificationin theabove stagesis givenin appendixA.

2.2 SpecificationTemplates

Specificationtemplatessupportthedevelopmentof skeletalspecifications.They arepre-definedcomponentsof
specifications(e.g. groupsof relatedtypeandprocessdefinitions),or evenwholespecificationsin theirown right.
A templateis a syntacticconcept,unlike a parameteriseddatatypeor process.Templatesareoutsidedefinition
of theLOTOS, but leadto specificationsin standardLOTOS. Theadvantageof usingtemplatesis that a specifier
can alreadybegin well down the route of incrementallydeveloping a specification. In particular, a template
which definestheoverall architectureof a specificationwill eliminatemuchof thedifficult work on choosingan
appropriatespecificationstructure.

Templatesallow a specifierto work at a muchhigher, architecturallevel thanLOTOS allows. Templatesdeal
with large-scaleconceptssuchas serviceprimitives,datatransfer, a connection-lessservice,or a connection-
orientedprotocol.This relievesthespecifierof muchof thebasicwork in structuringspecifications,andimposes
uniformity on the way in which specificationsarewritten. This facilitatesthe integrationof specifications(e.g.
of adjacentprotocol layers)andtheir validation (e.g.showing that a protocolsatisfiesthe serviceit supports).
Although templatesdo not have formal semanticsin their own right, their meaningis givenby thesemanticsof
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theLOTOSspecificationsthey generate.Templatescaneaseverificationbecausethespecificationcomponentsthey
generatecanbeanalysedgenerically, onceandfor all. Templatescanalsobeusedto enforcesyntacticrestrictions
suchasthosewhich guaranteesufficient completenessor persistency of datatypes[13].

Templatesmaybeparameterisedto makethemgeneral-purpose.Suchtemplatescanbedesignedto befilled
in automaticallyusing a macroprocessoror text editor. Although templatescandealwith many aspectsof a
specification,somedetailscanbe completedonly by hand. For example,it maynot becost-effective to specify
templatesfor featuresof only a few applications.It is alsonot feasibleto incorporatetrickier detailswhichrequire
manualintervention. Although a specifiermaystill have a lot of work to completea specificationproducedby
templates,muchof theframework will have beenlaid down. Givena goodstructure,a specifieris morelikely to
producea satisfactoryresult.

Theparticularnotationusedfor templatesis irrelevant. For thework reportedin thispaperthewidelyavailable
m4macrolanguagehasbeenused.Thetemplatelibrary usesthefollowing featuresof m4:

• definitionand‘undefinition’ of macros

• parameterisedmacros(up to 9 parameters)andunparameterisedmacros

• controlledmacroexpansion(quotingtext ‘...’ delaysexpansion)

• conditionalexpansiondependingon a valueor whethera macrois defined

• stringoperationssuchasproducingor findinga substring.

With careandingenuitythesefeaturesareusedto achieve moresophisticatedeffectsin thelibrary:

• text variables

• loopsusingrecursion

• hierarchiesof macros

• higher-ordermacros(which takemacrosasparameters)

• ‘curried’ macros(whichhave beenpartially appliedto someof their parameters).

3 An Example Ar chitecture: A Service

Thefollowingdiscussionis basedontheconceptsof OSI(ISO7498andISO8509),but is generallyapplicableto
any layeredsystem.Theelementsof a servicearediscussed,anda LOTOS representationis discussed.This leads
to atemplatewhich containsthegenericfeaturesof a service.

3.1 ServiceStructur e

A serviceis ablackboxwhich offersanumberof facilities. Theserviceprovider interactswith serviceusersat
anumberof abstractinterfacescalledserviceaccesspoints. Serviceusersaredistinguishedby meansof aunique
title , andserviceaccesspointsaredistinguishedby meansof auniqueaddress.

Distinct groupsof interactionsbetweena serviceuserandtheserviceprovidermayoccurat thesameservice
accesspoint. In the caseof a connection-orientedservicethesecorrespondto the behaviour of individual
connections;aconnectionendpoint identifier is usedto distinguishthese.In thecaseof asimpleconnection-less
serviceeachinvocationof aserviceprimitiveis independent,sosucha conceptis notneeded.Intermediatekinds
of servicemay support(short)groupsof interactionswhich may be overlappedwith othersuchgroups(e.g.an
acknowledgedconnection-lessservice);an interaction group identifier is usedto distinguishthese. Although
theconceptof an interactiongroupis not recognisedin OSI, it is usedin this paperbecauseof its moregeneral
nature.

The interactionsbetweenusersand the provider are specifiedabstractlyas service primitives . Service
primitiveshaveoneor moreparameters,themostimportantof which indicatesthetypeof primitive. A parameter
of many serviceprimitivesis a servicedata unit – userdatawhich is transferredtransparentlyby theservice.
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3.2 Title, Addr ess,Interaction Group Identifier

Titles, addressesand interactiongroup identifiersare simply setsof distinct labels. Titles and addressesare
globally uniquewithin thescopeof OSI, whereasinteractiongroupidentifiersareuniqueonly within the scope
of anaddress.Sincetitles areassociatedwith serviceusers,they arenot requiredin thespecificationof a service
provider.

All thesekindsof identifiersmayhave structure.For example,anaddressmaybedividedinto anaddressing
authoritycode,a countrycode,a networkcode,anda systemcode.However, sucha structureis for convenience
in allocationor routing andmay be ignoredat an abstractlevel. The identifiersaresimply specifiedin LOTOS

asdistinct valuesin a sort. Sincethe setmaybe infinite, it is constructedinductively from a basevalueandan
operationto yield anotheraddressfrom a givenone.

3.3 ServiceUser, ServiceProvider, ServicePrimitive

From a LOTOS viewpoint, the serviceprovider is the systemto be specifiedand the serviceusersform the
environmentof thesystem.Theserviceproviderandserviceusersarethereforespecifiedby behaviour expressions
with associatedtypedefinitions. It alsofollows that interactionsbetweenserviceusersandtheserviceprovider
arespecifiedasLOTOS events. OSI is indefiniteaboutthe natureof serviceprimitives,e.g.whetherthey occur
synchronously, atomically or instantaneously. Treatingthe occurrenceof serviceprimitivesas LOTOS events
givesthemthesethreeproperties.However, this is purelya level of abstractionwhich is appropriatein a service
specification. In a more refinedspecification(including a protocol specification)it is possibleto model the
occurrenceof serviceprimitivesasasynchronous,interruptibleandspreadout in time.

3.4 ServiceAccessPoint, Interaction Group

In abstractterms,aserviceaccesspointexistsonly todistinguishsequencesof interactionsbetweenoneserviceuser
andtheserviceprovider1. A serviceaccesspointthereforehasabehavioural ratherthanastructural interpretation.
At first it might seemthat eachserviceaccesspoint shouldcorrespondto an individual LOTOS gate. However,
LOTOSrequiresgatesto belistedexplicitly , whichis notpossiblein generalfor serviceaccesspoints.A singlegate
is thereforeusedfor communicationwith a service2. Interactionsat aparticularserviceaccesspointaretherefore
distinguishedby meansof an addressasthe primary parameterof an event. Sincean interactiongroupactsas
a finer structurewithin a serviceaccesspoint, it is identifiedby a secondaryparameterof an event. At a global
level, it is convenientto dealwith theidentityof aninteractiongroupasapair consistingof aserviceaccesspoint
addressandaninteractiongroupidentifier.

3.5 ServicePrimitive Parameter, ServiceData Unit

Although serviceprimitive parameterscould appearascorrespondingparametersof a LOTOS event, this could
leadto lengthyevents.More seriously, sinceserviceprimitivesmaydiffer in thenumberof their parameters,this
approachcouldleadto avarietyof eventstructures.It is thereforebetterto collectall serviceprimitiveparameters
into onecompositestructure– in fact,a record.All eventsataserviceboundarythereforehaveacommonformat:

service gate! address! interaction group identifier! service primitive

Sincethe type of a serviceprimitive is its most importantparameter, this is indicatedas the nameof the
constructor operationwhichbuilds therecord,ratherthanincludingthenameasa field in its own right. Selector
operationsareneededto extract fieldsof theparameterrecord. For uniformity, all serviceprimitiveconstructors
yield valuesof thesamesortso that primitivescanbemanipulatedwithout beingforcedto dealwith their type.
Recogniseroperationsarethereforeneededto distinguishvaluesproducedby eachconstructor.

Becausethedatatyping mechanismin LOTOS is very general,it doesnot have constructswhich allow records
to bespecifieddirectly. To avoid incompletenessin specifications,LOTOS operationsmustbedefinedastotal. A
näıvespecificationofm differentserviceprimitivetypeswith n differenttypesof parameterswould leadtom×n
equationsfor the selectoroperationsandm2 equationsfor the recogniseroperations.The numberof equations
for the recogniseroperationscanbemadelinear in m if eachconstructoroperationis identifiedwith thenatural
numbers;for example,this allowsequalityof serviceprimitivesto bere-castasequalityof thenaturals.

1A serviceusermayemployseveralserviceaccesspoints.
2Notethattheuseof asinglegatedoesnot imply asingleinterfacein animplementation.
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Selectoroperationscan be entirely dispensedwith if recordsare alwaysusedconstructively rather than
destructively, i.e. by assemblingthe fields requiredto build the desiredrecord. Suppose,for example, that a
connectionrequestis constructedby the operationConReqfrom sourceanddestinationaddressparameters.If
operationsto selectthesefieldswereintroduced,they wouldhave to bedefinedfor all primitives.Thiscouldlead
to many errorequations,for primitiveswhich did not have thesefields. It would thereforebe betterto dispense
with theselectoroperationsandto accessthefieldsconstructively. For example,thefieldsof a givenconnection
requestprimitiveCRmightbeaccessedby:

choiceSrc,Dst : Addr []
[ConReq(Src,Dst) eqCR] ->

(* LOTOS text referringto thevaluesof Src andDst *)
Servicedataunitsareoftenparametersof serviceprimitives. Sincetheserviceprovider doesnot operateon

servicedataunits, it is sufficient to have only the constructoroperationsfor a list of datavalues;the standard
library typeOctetStringprovideswhat is needed.However, thespecificationmustindicatewhetherservicedata
unitsaretransferredin onepieceat theserviceboundaryor whetherthey aretransferredin smallerunits. At the
level of abstractionappropriatefor a servicespecification,servicedataunitsshouldberegardedasindivisible.

3.6 ServiceProvider Constraints

At thetopmostlevel, thebehaviour of theserviceprovidercanbefactoredinto a numberof differentconcerns:

• dealingwith interactiongroups;in theconnection-orientedcasethis includessupportof connections

• refusing to initiate a new interactiongroup for an existing pair of serviceaccesspoint addressesand
interactiongroupidentifiers;in theconnection-orientedcasethismeansrefusingto acceptanew connection
atanendpointthatis alreadyin use

• refusingto initiateanew interactiongroupwhenthereareinsufficientresources;in theconnection-oriented
casethismeansrefusingto accepta new connection

• refusingto acceptnew datawhentheserviceis congested.

Theseconcernsactasindividualbut conjoinedconstraintsonthebehaviour of theserviceprovider, andsolead
to aconstraint-orientedstyleat thetoplevel of thespecification.Suchastyleis appropriatefor giving anabstract,
high-level specificationasrequiredfor a service. In LOTOS terms,theconstraintsarebehaviour expressionsthat
arefully synchronisedin parallel(||). Theseparallelconstraintswill normallysynchroniseon eachevent,but one
constraintmay(temporarily)forbid aneventby not offering it. Thethreerefusalprocessesoperateby permitting
actionsin certaininteractiongroups.Thepair refusalprocesskeepsa recordof thosepairscurrentlyin use.The
initiation refusalprocessnon-deterministicallychoosesa subsetof thepairsat which initiation is permitted;the
subsetmaychangeover time. Thedatatransferrefusalprocessoperatessimilarly.

3.7 Interaction Group

3.7.1 Phases

By separatingout the interferencebetweendifferentinteractiongroupsat the top level of the specification,the
behaviour of eachinteractiongroupcanbespecifiedby independentconstraints.Many differentmechanismscould
be imaginedto setup interactiongroups,e.g.pre-allocation,allocationfrom a centralpool of free resources,or
allocationfrom distributedpools.Abstractlyspeaking,theresourcestosupportinteractiongroupsaredynamically
bound when they are required. Initiation and terminationmay be implicit rather than explicit, e.g. as in a
connection-lessservice.Within datatransfertheremaybe priorities,e.g.expediteddatatakingprecedenceover
normaldata,or resettaking priority over all datatransfer. It is thereforenaturalto specifythe behaviour of an
interactiongroupin a numberof phases.Thesephasesoccurwithin thelocalandtheremoteconstraints.

Refusalto initiate an interactiongroupmay be given in the informal descriptionaspart of the termination
function. As carefulstudyof actualserviceswill show, this maybe incorrectasthe proceduresfor refusaland
terminationmaybeonlysuperficiallysimilar. Refusalshouldthereforeberegardedaspartof theinitiationfunction.
The relationshipbetweenphasesmaybeoneof pre-emption(e.g.terminationinterruptswhatever is happening)
or oneof priority (e.g.expediteddatais processedin preferenceto normaldata). Pre-emptioncorrespondsto
non-deterministicdisablingin LOTOS(... [> i; ...),while priority correspondsto non-deterministicselectionof the
preferredbranchof achoice(... [] i; ...). A schematicLOTOSstructurefor anInteractionGroupprocessis therefore:
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Initiation
>>

(
DataTransfer

[>
(i; Termination>> InteractionGroup)

)

Whennormal datatransferis to be blocked,an i event causesonly expediteddatato be offered. Normal
datamaybecomeunblockedbeforeexpediteddatais actuallytransferred,hencetheexit in thefollowing. In the
schematicstructurebelow for aDataTransferprocess,NormalDataandExpeditedDatahandleonly oneprimitive
ata timeandthenexit:

(
NormalData

[]
i; (ExpeditedData[] exit)

)
>>

DataTransfer

3.7.2 Local Constraints

At oneserviceaccesspoint or in oneinteractiongroup,therearelocal constraints on theorderin which service
primitivesmayoccur. Therearealsoconstraintsonthevaluesof serviceprimitiveparameters,andtheremayeven
betemporalconstraintsonthese(e.g.somedisconnectionreasonsmaybevalid only whenrefusingaconnection).
If a serviceis involvesjust oneuserandtheprovider, the local constraintswill fully defineit. More normallya
serviceinvolvestheserviceprovider asan intermediarybetweentwo users. In general,two or moreusersmay
beassociatedin a groupof interactions.If a serviceis symmetrical(peer-to-peer)thenthelocal constraintswill
be identicalfor eachparty, but in generalthey maybedifferent(primary-secondary, master-slave, client-server).
Local constraintsareindependentandsoareinterleavedin LOTOS (|||).

3.7.3 RemoteConstraints

For two or moreusers,theserviceprovider relatesinteractionsonanend-to-endbasis.Theseremoteconstraints
may simply involve the indication at one userof a requestby the other. In the multi-usercasethe provider
may requireto broadcastthe requestof one userto all correspondingusers. The local constraintsdeal with
commonconcernssuchasinitiation or terminationof aninteractiongroup,andresetor resynchronisationof data
transferwithin an interactiongroup. This allows the flow of datafrom sourceuserto sink userto be specified
independently. In LOTOS terms,theconcernsabove arefully synchronised(||), whereasthedatatransferin each
directionis interleavedin parallel(|||).

3.8 ServiceObjects,Servicemedium

Serviceprimitives are conventionally namedaccordingto their purpose: request (sourceuser to provider),
indication (providerto destinationuser),response(destinationuserto provider),andconfirm (providerto source
user). Insidetheserviceprovider, however, a requestor an indicationcorrespondsto a message, anda response
or a confirm correspondsto an acknowledgement. It is thereforenecessaryto distinguishbetweentheservice
objectsmanipulatedby theproviderandtheirexternalmanifestationasserviceprimitives.Objectshave thesame
parametersasprimitives,so their constructors,selectorsandrecognisersaredefinedsimilarly or in termsof the
operationson primitives.

A servicemayallow theprovider to reorderobjects.Thesimplestservicebehavesasa first-in-first-outqueue
for eachdirectionof transfer. However, servicesmaydefinemorecomplex relationships:

• overtaking, wherebyan objectexchangesplaceswith the oneaheadof it (e.g.expediteddataovertaking
normaldata)
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• destruction, wherebyan objectcausesremoval of the oneaheadof it (e.g.a resetclearingout any data
aheadof it)

• cancellation, wherebyanobjectmutuallyannihilatestheoneaheadof it (e.g.adisconnectcatchingupwith
anddestroyinga connectif a connectionattemptis abandoned).

To specifysuchbehaviour asbeingthatof a queuewould bemisleading,so the termmedium is used.This
usesthe LOTOS library datatype String, with additionaloperationsdefinedby the specifierfor the reordering
possibilitiesabove. Sincean algorithm for promotingobjectsthroughthe mediumwould be implementation-
dependent,anabstractapproachis followed. After acceptanceor delivery of a serviceprimitive, thestateof the
mediumis allowedto changenon-deterministicallyin accordancewith the reorderingrules. Theextremecases
areto promoteall priority messagesto theheadof themedium,andto carryout no reorderingatall.

4 An Example Template: A Service

4.1 The TemplateLibrary

All of the architecturaldecisionsjustified in the previous sectionare encapsulatedin templatesfor specifying
services.The templatesareactuallycalls on a library of macroswhich contributedifferentaspectsof a service
specification.Many of themacrosaregeneral-purposeandapplytodifferentkindsof services,e.g.connection-less
aswell asconnection-oriented.Serviceandprotocolspecificationsshareasubstantialamountof text relatedto the
behaviour at a serviceaccesspoint (e.g. local constraints,serviceprimitives,andserviceprimitive parameters).
Commontemplatescanthereforesupportprotocolspecificationaswell asservicespecification.A particularly
pleasingfeatureis that,architecturally, a protocolcanberegardedasa kind of service;its usersaretheadjacent
layers.This symmetrymakesa commonapproacheveneasier.

A library of m4macroshasbeendevelopedto supportspecificationof services.Themacrosareratherintricate
andof interestonly to thosewho wish to enhanceor modify thelibrary. They arethereforenot reproducedhere,
althoughthey areavailableonrequestfrom theauthor3. Generallyspeaking,eachdatatypeor processis generated
by onemacro,but thereareauxiliary andgeneral-purposemacrosto supportthese.Mostof thecomplexity stems
from having to dealwith thedatatypesfor serviceprimitivesandserviceobjects.Themacrolibrary allows these
to bedefinedsuccinctlyasrecordstructures.If theuserfollows thenamingconventionsassumedin the library,
it is possibleto generatesubstantialamountsof LOTOS automatically. Thosepartswhich cannotbe generated
automaticallyareannotatedwith ‘ (*** ... ***) ’ commentsto the specifierasto what mustbe completed.The
macrolibrary currentlyproducesonly a few explanatorycommentsin thegeneratedLOTOS text, but addingmore
commentswouldbetrivial.

A very simpletemplategeneratesthe type DATA for servicedataunits (seeappendixB). This fixed text is
generatedby calling thedata typemacrowhich is definedin m4as:

define(data type,‘
type DATA is OctetStringrenamedby

sortnamesDatafor OctetString
endtype(* DATA *)’)

A slightly morecomplex templategeneratestheprocessConnRemData(seeappendixB). Thisparameterised
text is generatedby thecall conn rem data proc(co), wherethemacrois definedin m4as:

(conn rem data proc,‘
processConnRemData[$1] (PairX,PairY : Pair,Med : Med) : exit (Med) :

ConnRemDataNrm[$1] (PairX,PairY,Med)

ConnRemDataExp[$1] (PairX,PairY,Med)
where

conn rem data nrm proc($1)
conn rem data exp proc($1)

endproc (* ConnRemData*)’)

3Thelibrary usedto supporttheexamplein thispaperconsistsof about70macrosdefinedin about530linesof m4, excludingexplanatory
commentsandblanklines.
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The notation‘$1’ refersto the first parameterof the macro(the servicegatename). The macrocalls two
subsidiarymacros(conn rem data nrm proc andconn rem data exp proc) to generatethe nestedprocesses
(ConnRemDataNrmandConnRemDataExp).

A more complex templategeneratesthe equationsfor the operationOrd which yields an ordinal number
for a serviceprimitive (seetype PRIM in appendixB). This parameterisedtext is generateda call suchas
prim ord eqn(ConReq,[Addr1/Addr2]), wherethemacrois definedin m4as:

define(prim ord eqn,
‘ Ord ($1‘’ifelse($2,,,

‘ ’(extrn of($2)))) = ord;define(‘ord’,
Succ(Ord ($1‘’ifelse($2,,,

‘ ’(extrn of($2))))))
’)

Here,‘$1’ is theserviceprimitive nameand‘$2’ is a list of its parameters.Thebuilt-in macroifelsechecks
whetherits first parameteris equal to its second;if so then the third parameteris returned,else the fourth
parameter. The macrolibrary usesan internalrepresentationof serviceprimitivesandtheir parameterssuchas
Conreq[Addr1/Addr2]ratherthanConreq(Addr1,Addr2)because‘(’, ‘,’ and‘)’ arespecialcharactersin m4. A
complicationin generatingthe equationis that the primitive may have no parameters.In thereareparameters
present,theexternalrepresentationof theparametersis generatedby macroextrn of. Insideprim ord eqn, the
variableord (actuallya macro)is repeatedlyre-definedwith thecurrentserviceprimitiveandparametersfor use
on thenext call.

4.2 An Example

Supposeit is necessaryto specifya connection-orientedservicewith thefollowing features:

• connectioninitiation is user-confirmed;a respondingaddressis returnedif theattemptis successful

• normalandexpediteddatatransferis supported,without confirmationof delivery

• disconnectionis unconfirmed.

The key elementsof theservicespecificationarethe servicename(takenasCO) andthe serviceprimitives
(ConReqfor connectionrequest,etc.). If theLOTOS templatesareheld in thefile lotos.m4, thefollowing m4 text
will readthedefinitionsandgeneratetheLOTOSspecificationgivenin appendixB:

include(lotos.m4)

co serv spec(
CO,
ConReq(Addr1,Addr2)ConInd(Addr1,Addr2)
ConRsp(Addr) ConCnf(Addr)
DatReq(Data) DatInd(Data)
ExpReq(Data) ExpInd(Data)
DisReq() DisInd()

)

Thespecifiermustrespecttheconventionsof themacrolibrary, but thepriceis smallcomparedto thesaving
in specificationeffort. Serviceprimitivesmustbelistedwith initiating primitivesfirst (e.g.ConReq, ConInd) and
terminatingprimitiveslast (e.g.DisReq, DisInd). Thedatatransferprimitivesmustbedefinedby thespecifierin
thegeneratedLOTOS. Serviceprimitivenamesmusthavestandardsuffixes(Req, Ind, Rsp, Cnf). Serviceprimitive
parametersmustbenamedaccordingto theirLOTOS sort,andmultiple instancesin a primitivemustbenumbered
uniquely.

5 Conclusion

Thenotionof askeletalspecificationhasbeenintroducedasastagein theincrementaldevelopmentof acomplete
specification.Threebasicstagesin incrementaldevelopmenthave beenproposed:anoutlinespecificationwith
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only types,processesandtheir relationships;anintermediatespecificationwith signaturesandprocessheadings;
anda completespecification. Templatespecificationssystematisethe useof skeletalspecificationsby making
availablea library of pre-definedspecificationcomponents.Templatesmaybeparameterised,andmaygenerate
completespecificationsor only specificationswith major structuredefined,dependingon the complexity of the
specification. By using a macro languagesuchas m4, large amountsof specificationtext may be generated
automatically.

Templatescanbeusedtocapturearchitecturaldecisionsin thestyleandstructureof aspecification.Thisallows
thespecifiertoworkatanarchitecturallevelandtodealwith large-scaleconcepts.Apartfrom obviousproductivity
gains,this encouragesa uniformapproachto specification,helpsin theintegrationof specifications,andcansave
verificationeffort. Theadvantagesof incrementalspecificationandtemplatespecificationaredemonstratedwith
examplesof simpleconnection-lessandconnection-orientedservicesin theappendixes.It is hopedto extendthis
approachto thespecificationof protocols,andto otherclassesof applications.
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A Incr ementalDevelopmentof a Connection-LessService

As anexampleof incrementallydevelopingaspecification,considerasimpleconnection-lessservicethatsupports
datatransferbetweenpairsof serviceaccesspointswithoutguaranteeof deliveryor sequencingof messages.The
following specificationscorrespondto thestagesgivenin section2.1. Thenotation‘...’ indicatesomittedLOTOS

text.

1. Thebasiccomponentsof thespecificationarefirst definedas:

specificationCLService[cl] ...

library Boolean,OctetString...

type ADDR is Boolean...

type DATA is OctetStringrenamedby...

type PRIM is DATA ...

behaviour TransferAll [cl]

processTransferAll [cl] ...

processTransferOne[cl] ...

2. After additionof sorts,operationsandprocessheadings,thespecificationwill look like:

specificationCLService[cl] : noexit

library
Boolean,OctetString

endlib

type ADDR is Boolean
sorts Addr
opns

BaseAddr : -> Addr
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AnotherAddr : Addr -> Addr
ne : Addr, Addr -> Bool

endtype

type DATA is OctetStringrenamedby
sortnamesDatafor OctetString

endtype

type PRIM is DATA
sorts Prim
opns

DatReq,DatInd: Data-> Prim
endtype

behaviour TransferAll [cl]

where

processTransferAll [cl] : noexit :=
stop
where

processTransferOne[cl] (Src,Dst : Addr, SDU : Data): noexit :=
stop

endproc

endproc

endspec

3. Finally, addingequationsandbehaviour expressionswill yield:

specificationCLService[cl] : noexit

library
Boolean,OctetString

endlib

type ADDR is Boolean
sorts Addr
opns

BaseAddr : -> Addr
AnotherAddr : Addr -> Addr
ne : Addr, Addr -> Bool

eqnsforall AddrA, AddrB : Addr
ofsort Bool

BaseAddrneBaseAddr = false;
AnotherAddr(AddrA) neBaseAddr = true;
BaseAddrneAnotherAddr(AddrB) = true;
AnotherAddr(AddrA) neAnotherAddr(AddrB) = AddrA neAddrB;

endtype

type DATA is OctetStringrenamedby
sortnamesDatafor OctetString

endtype
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type PRIM is DATA
sorts Prim
opns

DatReq,DatInd: Data-> Prim
endtype

behaviour TransferAll [cl]

where

processTransferAll [cl] : noexit :=
choiceSDU: Data[]

cl ? Src: Addr ? Dst : Addr ! DatReq(SDU) [SrcneDst];
(TransferOne[cl] (Src,Dst,SDU) ||| TransferAll [cl])

where

processTransferOne[cl] (Src,Dst : Addr, SDU : Data): noexit :=
cl ! Src! Dst ! DatInd(SDU);stop (* delivermessage*)

[]
i; stop (* losemessage*)

endproc

endproc

endspec

B An Example Specification: A Service

The following specificationis takenliterally from the resultof the macrocall given in section4.2. For brevity,
similarequationshavebeenomitted,but they aregeneratedin full by themacros.Thespecificationuseshopefully
obviousabbreviationssuchas‘Loc’ for ‘Local’ and‘Rem’ for ‘Remote’.

specificationCOService[co] : noexit

library
Boolean,BasicNaturalNumber,Set,String,OctetString

(*** import furthertypesfor primitiveparameters***)
endlib

behaviour
Conns[co]

||
PairRefusals[co] ( of PairSet)

||
ConnRefusals[co]

||
DataRefusals[co]

where

type DATA is OctetStringrenamedby

sortnamesDatafor OctetString
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endtype(* DATA *)

type ADDR is Boolean

sortsAddr

opns
BaseAddr: -> Addr
AnotherAddr: Addr -> Addr
eq , ne : Addr,Addr -> Bool

eqns
forall AddrA, AddrB : Addr

ofsort Bool
BaseAddreqBaseAddr= true;
AnotherAddr(AddrA) eqBaseAddr= false;
BaseAddreqAnotherAddr(AddrB) = false;
AnotherAddr(AddrA) eqAnotherAddr(AddrB) = AddrA eqAddrB;

AddrA neAddrB = not (AddrA eqAddrB);

endtype(* ADDR *)

type IDENT is ADDR renamedby

sortnamesIdent for Addr

opnnames
BaseIdentfor BaseAddr
AnotherIdentfor AnotherAddr

endtype(* IDENT *)

type PAIR is ADDR,IDENT

sortsPair

opns
Pair : Addr,Ident-> Pair
Addr : Pair -> Addr
Ident: Pair -> Ident

eq , ne : Pair, Pair -> Bool

eqns
forall

Addr,AddrA,AddrB : Addr,
Ident,IdentA,IdentB: Ident,
PairA,PairB : Pair

ofsort Addr
Addr (Pair (Addr, Ident))= Addr;

ofsort Ident
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Ident(Pair (Addr, Ident))= Ident;

ofsort Bool
PairA eqPairB =

(Addr (PairA) eqAddr (PairB))
and(Ident(PairA) eqIdent(PairB));

PairA nePairB = not (PairA eqPairB);

endtype(* PAIR *)

type PAIRSET is SetactualizedbyPAIR using

sortnames
PairSetfor Set
Pair for Element
Bool for FBool

endtype(* PAIRSET *)

(*** insertfurthertypesfor primitiveparameters***)

type PRIM is Boolean,BasicNaturalNumber, DATA, ADDR
(*** import furthertypesfor primitiveparameters***)

sortsPrim

opns
ConReq: Addr,Addr -> Prim
ConInd: Addr,Addr -> Prim
ConRsp: Addr -> Prim
ConCnf: Addr -> Prim
DatReq: Data-> Prim
DatInd: Data-> Prim
ExpReq: Data-> Prim
ExpInd: Data-> Prim
DisReq: -> Prim
DisInd : -> Prim

IsConReq,IsConInd,IsConRsp,IsConCnf,IsDatReq,IsDatInd,
IsExpReq,IsExpInd,IsDisReq,IsDisInd: Prim -> Bool

IsReq,IsInd,IsInit,IsData,IsTerm: Prim -> Bool

Ord : Prim -> Nat

eq , ne : Prim,Prim-> Bool

eqns
forall

Prim,PrimA,PrimB: Prim,
Addr,AddrA,AddrB,Addr1,Addr1A,Addr1B,Addr2,Addr2A,Addr2B: Addr,
Data,DataA,DataB: Data

ofsort Nat
Ord (ConReq(Addr1,Addr2))= 0;
...
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Ord (DisInd)= Succ(Ord (DisReq));

ofsort Bool
IsConReq(Prim)= Ord (Prim) eqOrd (ConReq(Addr1,Addr2));
...
IsDisInd(Prim) = Ord (Prim) eqOrd (DisInd);

IsReq(Prim) =
(((IsConReq(Prim) or IsConRsp(Prim)) or IsDatReq(Prim))

or IsExpReq(Prim)) or IsDisReq(Prim);
IsInd (Prim) =

(((IsConInd(Prim) or IsConCnf(Prim)) or IsDatInd(Prim))
or IsExpInd(Prim))or IsDisInd(Prim);

IsInit (Prim) = IsConReq(Prim) or IsConInd(Prim);
(*** insertequationfor IsData***)
IsTerm(Prim) = IsDisReq(Prim) or IsDisInd(Prim);

Ord (PrimA) neOrd (PrimB) =>
PrimA eqPrimB = false;

ConReq(Addr1A,Addr2A)eqConReq(Addr1B,Addr2B)=
(Addr1A eqAddr1B)

and(Addr2A eqAddr2B);
...
DisIndeqDisInd= true;

PrimA nePrimB = not (PrimA eqPrimB);

endtype(* PRIM *)

type OBJ is PRIM

sortsObj

opns
Req: Prim -> Obj
Ind : Obj -> Prim

IsConMsg,IsConAck,IsDatMsg,IsExpMsg,IsDisMsg: Obj -> Bool

eq , ne : Obj,Obj-> Bool

eqns
forall

ObjA,ObjB : Obj,
Prim : Prim,
Addr,Addr1,Addr2: Addr,
Data: Data

ofsort Prim
Ind (Req(ConReq(Addr1,Addr2)))= ConInd(Addr1,Addr2);
...
Ind (Req(DisInd)) = DisInd;

ofsort Bool
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IsConMsg(Req(Prim))= IsConReq(Prim) or IsConInd(Prim);
...
IsDisMsg(Req(Prim)) = IsDisReq(Prim) or IsDisInd(Prim);

ObjA eqObjB = Ind (ObjA) eqInd (ObjB);
ObjA neObjB = not (ObjA eqObjB);

endtype(* OBJ*)
type MED is StringactualizedbyOBJusing

sortnames
Med for String
Obj for Element
Bool for FBool

endtype(* MED *)

type MEDSET is SetactualizedbyMED using

sortnames
MedSetfor Set
Med for Element
Bool for FBool

endtype(* MEDSET*)

type MEDOPSis MED

opns
overtakes, destroys, cancels, ignores : Obj,Obj-> Bool

SetOf: Med-> MedSet

& : MedSet,Med-> MedSet(* prefixmediumto elements*)
& : Med,MedSet-> MedSet(* appendmediumto elements*)

Reorders: Med-> MedSet(* reorderingsof medium*)
Reorders: MedSet-> MedSet(* reorderingsof mediumset*)

eqns
forall

Obj,ObjA,ObjB: Obj,
Med,MedA,MedB: Med,
MedSet: MedSet

ofsort Bool
(*** insertequationsfor overtakes,destroys,cancels***)
ObjA ignoresObjB =

not (
((ObjA overtakesObjB) or (ObjA destroysObjB))

or (ObjA cancelsObjB));

ofsort MedSet
SetOf(Med)= Insert(Med, );

& Med = ;
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Insert(MedA, MedSet)& MedB= Insert(MedA++MedB,MedSet& MedB);

Med & = ;
MedA & Insert(MedB,MedSet)= Insert(MedA++MedB,MedA & MedSet);

Reorders(<>) = ;
Reorders(<> + Obj) = ;
ObjA overtakesObjB =>

Reorders((<> + ObjA) + ObjB) = SetOf((<> + ObjB) + ObjA);
ObjA destroysObjB =>

Reorders((<> + ObjA) + ObjB) = SetOf(<> + ObjA);
ObjA cancelsObjB =>

Reorders((<> + ObjA) + ObjB) = SetOf(<>);
ObjA ignoresObjB =>

Reorders((<> + ObjA) + ObjB) = ;

Reorders((Med+ ObjA) + ObjB) =
Reorders(

((Med& Reorders((<> + ObjB) + ObjA))
Union (Reorders(Med+ ObjB) & ObjA))
Union (Reorders(Med)& ((<> + ObjB) + ObjA)));

endtype(* MEDOPS*)
processConns[co] : noexit :=

Conn[co] ||| Conns[co]

where

processConn[co] : noexit :=

choicePairA,PairB : Pair []
(

ConnLoc[co] (PairA)
|||

ConnLoc[co] (PairB)
)

||
(

ConnRem[co] (PairA,PairB,<>)
|||

ConnRem[co] (PairB,PairA,<>)
)

where

processConnLoc[co] (PairX : Pair) : noexit :=

ConnLocInit[co] (PairX)
>>

(
ConnLocData[co] (PairX)

[>
(

i;
ConnLocTerm[co] (PairX)
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>>
ConnLoc[co] (PairX)

)
)

where

processConnLocInit[co] (PairX : Pair): exit :=

exit (*** insertlocal initiation constraints***)

endproc (* ConnLocInit*)

processConnLocData[co] (PairX : Pair): noexit :=

(
ConnLocDataNrm[co] (PairX)

[]
i;
(ConnLocDataExp[co] (PairX) [] exit)

)
>>

ConnLocData[co] (PairX)

where

processConnLocDataNrm[co] (PairX : Pair) : noexit :=

stop (*** insertlocalnormaldatatransferconstraints***)

endproc (* ConnLocDataNrm*)

processConnLocDataExp[co] (PairX : Pair) : noexit :=

stop (*** insertlocalexpediteddatatransferconstraints***)

endproc (* ConnLocDataExp*)

endproc (* ConnLocData*)

processConnLocTerm[co] (PairX : Pair) : exit :=

exit (*** insertlocal terminationconstraints***)

endproc (* ConnLocTerm*)

endproc (* ConnLoc*)

processConnRem[co] (PairX,PairY : Pair,Med1: Med) : noexit :=

(
ConnRemInit[co] (PairX,PairY,Med1)

[]
ConnRemData[co] (PairX,PairY,Med1)

[]
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ConnRemTerm[co] (PairX,PairY,Med1)
)

>>
acceptMed2: Med in

(
choiceMed3: Med []

[(Med3 eqMed2)or (Med3IsIn Reorders(Med2))] ->
i;
ConnRem[co] (PairX,PairY,Med3)

)

where

processConnRemInit[co] (PairX,PairY : Pair,Med : Med): exit (Med):=

exit (any Med) (*** insertremoteinitiation constraints***)

endproc (* ConnRemInit*)

processConnRemData[co] (PairX,PairY : Pair,Med: Med) : exit (Med) :=

ConnRemDataNrm[co] (PairX,PairY,Med)
[]

ConnRemDataExp[co] (PairX,PairY,Med)

where

processConnRemDataNrm[co] (PairX,PairY : Pair,Med: Med) : exit (Med) :=

exit (any Med) (*** insertremotenormaldatatransferconstraints***)

endproc (* ConnRemDataNrm*)

processConnRemDataExp[co] (PairX,PairY : Pair,Med : Med) : exit (Med) :=

exit (any Med) (*** insertremoteexpediteddatatransferconstraints***)

endproc (* ConnRemDataExp*)

endproc (* ConnRemData*)

processConnRemTerm[co] (PairX,PairY : Pair,Med: Med): exit (Med) :=

exit (any Med) (*** insertremoteterminationconstraints***)

endproc (* ConnRemTerm*)

endproc (* ConnRem*)

endproc (* Conn*)

endproc (* Conns*)

processPairRefusals[co] (UsedPairs: PairSet): noexit :=
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choicePair : Pair []
co ! Addr (Pair) ! Ident(Pair) ? Prim : Prim

[IsInit (Prim) Implies(Pair NotIn UsedPairs)];
(

[IsInit (Prim)] ->
PairRefusals[co] (Insert(Pair, UsedPairs))

[]
[IsTerm(Prim)] ->

PairRefusals[co] (Remove (Pair, UsedPairs))
[]

[not (IsInit (Prim)or IsTerm(Prim))] ->
PairRefusals[co] (UsedPairs)

)

endproc (* PairRefusals*)

processConnRefusals[co] : noexit :=

choicePair : Pair,ConnPairs: PairSet[]
co ! Addr (Pair) ! Ident(Pair) ? Prim : Prim

[IsInit (Prim) Implies(Pair IsIn ConnPairs)];
ConnRefusals[co]

[]
i; (* revisesetof acceptablepairs*)
ConnRefusals[co]

endproc (* ConnRefusals*)

processDataRefusals[co] : noexit :=

choicePair : Pair,DataPairs : PairSet[]
co ! Addr (Pair) ! Ident(Pair) ? Prim : Prim

[(IsData(Prim) andIsReq(Prim)) Implies(Pair IsIn DataPairs)];
DataRefusals[co]

[]
i; (* revisesetof acceptablepairs*)
DataRefusals[co]

endproc (* DataRefusals*)

endspec(* COService*)
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