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Abstract

Specificationis difficult. It is oftenthecasethatthemostdifficult aspectof specifyingis thestructuring
of thespecificationto beginwith. Adoptinganarchitecturalapproachcanhelpto alleviatethis structuring
problem.WehaveinvestigatedhowtheformallanguagesLOTOSandZ canbeusedtodevelopspecification
templatessuitablefor architectingspecificationsof distributedsystems.

Theimmediatequestionthatarisesis: wheredothearchitecturalconceptscomefrom? Wehavefocused
primarily on thework of thecurrentstandardisationactivity of OpenDistributedProcessing(ODP).The
approachtakenthereis to provide an object-orientedset of conceptsand to usetheseas the basisfor
developinga multi-viewpoint approach.A viewpoint may be regardedasan abstractionof the system
focusingon someparticularaspect,the intentionbeing to help reducethe complexityof the systemas
a whole. ODP identifiesfive viewpoints: the enterprise,information,computational,engineeringand
technologyviewpoints. In our work, we formalisethe foundationsetof conceptsin LOTOS andZ then
showhow specificationarchitecturesbasedon the computationalviewpoint canbe developed.We also
highlight the advantagesin a formal approachthroughthe identificationof limitations anderrorsin the
ODPframework.

Centraltowork ondistributedsystems(oranysystemadoptinganobject-orientedmethodology),andto
thecomputationalviewpointof ODPin particular, is theissueof typemanagement.We haveinvestigated
how LOTOS andZ canbeusedto reasonabouttypesystemsgenerallyandto investigatethe issuesthat
haveto beresolvedin determiningtypeequivalence.Webaseourwork on theideaof typeequivalenceas
a substitutability relationbetweentypes. We addressissuessuchassignaturetypechecking,behavioural
typecheckingandnon-functionalaspectsof typecheckingsuchasquality of service.Our investigations
havealsoincludeda treatmentof multimediatype systemswherecontinuousflows of informationraise
performanceissuesthatareparticularlyimportant.

We haveappliedour approachto two casestudies:thespecificationof theODPtraderin LOTOS and
thespecificationof a producerandconsumerflow configurationin Z. Theadvantagesanddisadvantages
of adoptingLOTOSor Z to developspecificationarchitecturesfor distributedsystemsarehighlightedand
discussed.
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Chapter 1

Intr oduction

In thischapterweprovidethecontextin whichthis thesiswasdevelopedandgiveanoverviewof thework
asa whole. We beginwith an overviewof distributedsystemsandtheir needfor formal representation.
The role of object-orientationand its relevanceto distributedsystemsis discussed.Following this we
hypothesisethat an architecturalapproachcanreducethe complexity in specifyingdistributedsystems.
In particularwe proposethat the formal languagesLOTOS [101] andZ [106] can be usedto develop
specificationarchitecturessuitablefor constructingspecificationsof distributedsystems.This hypothesis
formsthebasisfor theinvestigationsdocumentedin this thesis.

1.1 Context of Thesis

This thesisis concernedwith writing specificationsof distributedsystems. Writing specificationsis a
difficult activity. Writing specificationsof distributedsystemsis especiallycomplexdueto their inherent
properties,for example,theirpotentialremotenessandheterogeneity. Weprovideamoredetaileddiscussion
of thesepropertiesin section2.1.1.It isquitepossibletowritespecificationsfor aparticularproblemdomain
without recourseto anyreferencearchitecturedevelopedfor thatdomain.We arguethatmoreinsightinto
formal languagesandthedomainitself is generatedwhentheyareappliedto the architecturalprinciples
thatunderliethatdomain.

Wehaveinvestigatedhowtheformal languagesLOTOS[101] andZ [106, 181] canbeusedto develop
specificationarchitecturessuitablefor constructingspecificationsof distributedsystems. Theseformal
techniquesareparticularlyinterestingsincetheymaybeseenin manyrespectsascomingfrom opposite
endsof theformalmethodsspectrum.An overviewof this spectrumandthepositioningof LOTOSandZ
in thefamily of specificationlanguagesis givenin chapter3.

1.1.1 OpenDistributed Systems

Opendistributedsystemsareoneof the mostimportantdevelopmentsin computingsciencetoday[198,
66, 107]. Theconceptsandtechnologiesthatunderliethemarerevolutionisingcomputingscience.The
typical largemainframewith collectionsof terminalsjostling for resourcesis rapidly becomingobsolete.
Theprimary reasonfor this is thedecreasingcostof computerhardwareandincreasedpowerof modern
computers.Opendistributedsystemshavenumerousadvantages(anddisadvantages)associatedwith them.
For example,distributedsystemscanbedesignedsothattheyaremoretolerantof certainsystemfailures
andmakebetterusageof systemresources.On theotherhand,distributedsystemsare,in themain,more
complexthanothercomputersystems.Theseadvantagesanddisadvantagesarediscussedin moredetail
in section2.1.2.

Distributedsystemsthemselvesconsistin the main of collectionsof computingsystems,wherea
degeneratecomputingsystemis asinglecomputer. Thesesystemscommunicatewith oneanothertypically
using a sophisticatednetwork. Thereis a fundamentaldistinctionbetweena distributedsystemand a
basicnetworkof computershowever. Loosely, thedistinctionis theability of distributedsystemsto mask

1
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complexityfromtheuser. Thatis, throughprovidingspecificfeatures(transparencies) thatallow aspectsof
theinherentdistributionto behidden.Forexample,theremotenessof applicationsandusageof potentially
heterogeneousresourcescanbe hiddenfrom usersof the system.We discusstheseandnumerousother
complexitiesthat are associatedwith distributedsystemsin section2.1.3 along with featuresthey are
expectedto providefor maskingthesecomplexities.We noteherethatobjecttechnologyoffersa way to
managecertainof thesecomplexities.

The Opennessof Systems

The term open is frequently found in literature relating to distributedsystems. There are numerous
interpretationsasto what exactlythis termmeansin the contextof distributedsystems.This ambiguity
is capturedby Leopoldet al. [129] They identify severaldefinitionsthat canbe consideredascorrectly
interpretingtheterm“open” asfoundin distributedsystemsliterature:

• anenvironmentandits modelareeasilyobtainableandwell documented;

• the modelandenvironmentexist on manyoperatingsystemsandwork with many programming
methodologiesandlanguages;

• severalmanufacturerssupportandcontrolthemarket;

• theenvironmentandits modelhavedevelopedafterconsiderable“opendebating”.

Weregardtheopennessof adistributedsystemin thisthesisastheextendabilityof thatsystem.Thatis,
hownewresource-sharingsystemscanbeaddedto asystemwithoutdisruptingexistingservices.Typically
thisisachievedthroughmakingavailablethedescriptionsof specificentrypointsinto thesystem,commonly
referredto asinterfaces.Fromthese,it shouldbepossibleto addnew(possiblyheterogeneous)hardware
andsoftwareto the system. This definitionmay be regardedasbeingmoreabstractthanthosegiven in
[129]. That is, we do not concernourselveswith thespecificsof proprietaryhardwareandsoftwareand
their interworkingin this thesis,norwhatconstitutesa resource-sharingsystem.Rather, sinceour interest
is in developingformal specificationsof suchsystems,we abstractfrom suchissues.The usefulnessof
abstractionin a formalmethodscontextis discussedin moredetailin section3.2.

As well asthis task,recentareasof research[4, 107] into opendistributedsystemsarereplacingthe
notionof interconnectivityof computersby interworkingof enterprises.We notethedistinctionbetween
thesetwoconceptshereastheypertainto thisthesis.Weregardinterconnectivityof computersastheability
of computersto communicatesuccessfullywith oneanother. Thismightberealised,for example,through
ensuringthattheyusesimilarcommunicationprotocolsasmightbefoundin theOpenSystemInterconnec-
tion (OSI)referencemodel[103]. Interworkingis widerin scopethanmessagepassingcapabilitiesthough.
Thatis, whilst communicationis essentialfor thesuccessfulinterworkingof separateenterprises,it is only
abasisonwhichtheinterworkingcanbeestablished.Interworkingmaythusberegardedinformally asthe
integrationof enterprisesto achievesomecommonlyagreedgoal. This integrationneednot becomplete
betweenenterprises.Thatis,separatesub-enterprisesof somelargerenterprisemaybeintegratedtoachieve
sometask.An overviewof therelationshipbetweeninterconnectivityasmightbefoundin theOSIdomain
to interworkingasmight befoundin ODPis givenin [129].

In this thesiswe adoptone architecturedevelopedto enablethe issuesinvolved in interworking to
beaddressed:the currentstandardisationactivity of OpenDistributedProcessing(ODP) [107, 108, 109,
110, 111]. It is clear that researchinto enterpriseinterworking is inherentlymultifaceted. Techniques
for alleviatingthis complexityarethushighly desirable.To this endODPhasembracedobject-oriented
technologyandformal techniques.

1.1.2 Object Technologyand Distributed Systems

Objecttechnologyis regardedby manyto bethepanaceafor softwaredevelopment[27, 46, 137, 165]. To
othersit is simplyanover-hypedcomputertrend[67]. Whateverpointof view is taken,objecttechnology
is certainlyin widespreadusethroughoutthecomputingindustry.
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Objecttechnologypervadesall aspectsof computingscience:systemanalysisanddesign,programming
etc. Despitetheobviouspopularityof theobject-orientedparadigm,aphenomenalamountof disagreement
existson thefundamentalterminology. Gibson[81] capturesthis throughlists of differentdefinitionsfor
popularobject-orientedconcepts,all of which, heargues,arecorrectin a givencontext. To someextent
theseterminologicalirregularitiesof fundamentaldefinitionsstemfromthepopularityof objecttechnology.
For example,anobjectto a systemdesigneris likely to bedifferentto thatof a programmer. As captured
by Gammaetal. [77],

“everythingdownto thehardwareor all thewayupto entiredesignapplicationscanbeanobject.How
canwedecidewhatshouldbeanobject?”.

An alternativeperspectiveon the lack of precisionin existingobject-orientedtechnologyis givenby
DanforthandTomlinson[57] whostatethat:

“object-orientedprogrammingis generallyexpressedin philosophicalterms,resultingin a natural
proliferationof opinionsconcerningexactlywhatobject-orientedprogrammingis”.

Theessenceof object-orientationis thatconcepts,ideas,processesor data,or combinationsof thesecan
begroupedtogetherinto acapsulecalledanobject.An objecthasassociatedwith it at leastoneinterface1,
which is usedto communicatewith other objects. The only way for oneobject to accessinformation
associatedwith anotherremoteobjectis throughinteractingwith thatobjectat oneof its interfaces.This
hidingof informationis commonlyreferredto asencapsulation[27, 46, 165].

Thusobject-orientationoffersseveralimmediateadvantageswith regardtodistributedsystems[18,152].
Encapsulationenablesinformationto behidden.Interfacescanbeusedto allow restrictedaccessto areas
andhenceinformationin thesystem.This compartmentalisingof thesysteminformationprovidesa more
structuredapproachto systemdesignandmanagement.In particular, theapproachlendsitself to openness
asdefinedabove.

Object-orientationandformaltechniques,it hasbeenargued[120, 147], arein manysensescomplemen-
tary to oneanother. Theproliferationof object-orientedspecificationtechniques[14, 81, 118] is testimony
to this. An overviewof object-orientedspecificationapproachesis given in [123] and[186]. Similarly,
numerousapproachesto introduceobject-orientedprinciplesandpracticesinto non-object-orientedformal
developmenttechniquesareoccurring,[147] beingonesuchexample.

1.1.3 Formal Techniquesfor DescribingDistributed Systems

Formal techniquesin variousguiseshavebeenaroundfor a considerableamountof time. Surprisingly,
little work hasbeendoneto establishwhich languageis bestsuitedto particularproblemdomains.More
oftenthannot their usageis predominantlygivenby existingexpertisein that technique,ratherthantheir
beingmoresuitedfor thetaskat hand.Of course,certainlanguagesweredevelopedwith certainproblem
domainsin mind. For example,Estelle[100], LOTOS [101] andSDL [118] weredevelopedwith the
intentionof beingsuitedfor specifyingcommunicationprotocols. Henceit is naturalthat they aremore
suitedto thisproblemdomainthanothertechniques.OthertechniquessuchasZ [106], it couldbeargued,
weredevelopedmorewith theideaof softwareengineeringin general.Thatis,asanaidto developingcode
in amoreformalmanner. Theissuethatweareinterestedin is, whathappenswhenanewproblemdomain
arisesthatexistingtechniqueswerenot specificallydevelopedfor? Needlessto say, thedevelopersof the
formal languageswould like to applytheir languageto newproblemdomains.As statedby [195], this is
especiallytruewith thestandardisedformaltechniquesLOTOS,Estelle,SDL (andsoonto bestandardised
Z), wheretheinvestmentin their developmenthasbeenconsiderable.

Distributedsystemsrepresentonesuchuntriedproblemdomainofferinganewandinterestingchallenge
for formal techniques.At presentit is notclearwhich techniqueis bestsuitedfor specifyingandreasoning
aboutdistributedsystems.Thereareseveralpossibilitiesin determiningwhich formal techniqueis more

1Thenumberof interfacesanobjecthasis discussedin section2.3.2.
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suited. The low level approachwould be to try to specifyparticular(aspectsof) distributedsystemsand
learn from the experience. This is not a particularly satisfactorysolution sinceit may result in many
tried andfailed specificationsin manydifferentlanguages.We arguethata higherlevel andmoreuseful
approachis to developspecificationarchitectures.

Thetermarchitectureis receivingmoreattentionfrom thecomputingsciencecommunity[77,107, 195,
196]. As inheritanceoffers thepossibilityof codere-use,soarchitecturesoffer there-useof designsand
experiences.Tocreateanarchitecturerequiresdetailedknowledgeof theunderlyingproblemdomain.From
thisunderstanding,preciseconceptsandstructuringrulesfor thoseconcepts,aswell asabasicterminology
itself for reasoningaboutthatproblemdomaincanbedeveloped.Sucha collectionof concepts,rulesand
terminologyfor a particularproblemdomainis commontermeda referencearchitecture.

We arguethat,givena particulardomain(heredistributedsystems)andanassociateddomainspecific
referencearchitecture,the ability to formalise the conceptsand structuringrules associatedwith that
architecture(in a given formal language)maybe regardedasa betteryardstickfor languagecomparison
in thatdomain.Thusif a givenformal languagemaybeusedto formaliseall aspectsof a givenreference
architecturethentheability to build specificationsbasedon thatarchitectureshouldbestraightforwardin
that formal language. Alternatively, if a formal languagecannotbe usedto formalisethe architectural
conceptsor structuringrulesassociatedwith thoseconcepts,thenits applicabilityfor specifyingsystemsin
thatproblemdomainneedsto bequestioned.

The immediatequestionthat arisesis wheredo thesearchitecturescomefrom? In this thesiswe
areconcernedwith the specificationof distributedsystems.Henceit is naturalthat we shouldhavean
architecturethatlendsitself to reasoningaboutdistributedsystems.Thereexistseveralcurrentlyproposed
architecturesfor developingdistributedsystems.[66, 198] discussestherelativemeritsof someof these
proposalsthroughworked examples. In this thesiswe haveadoptedone particulararchitecture: the
ReferenceModel of OpenDistributedProcessing(ODP-RM2) [107, 108, 109, 110, 111]. This may be
regardedas the mostwide-reachingof the proposedarchitectures.That is, whilst certainarchitectures
attemptto provide openinterconnectivityas discussedearlier in section1.1.1, ODP hasattemptedto
addressentireenterpriseinterworking. We discussODPin relationto theseotherarchitecturesin section
2.3.

1.2 Contributions of the Thesis

The maincontributionof this thesisis the investigationof how LOTOS andZ canbeappliedto specify
architecturesof distributedsystems.And in turn, how specificationsof distributedsystemscanbe con-
structed.In doing this, we contributeto thebodyof knowledgeon formal techniques,object-orientation
anddistributedsystems.

To achievesuchspecificationarchitectures,we considerhow the basic(architectural)conceptsthat
underliedistributedsystemsmight beformalisedin LOTOS andZ. Further, we considerhow thesemore
elementaryconceptscanbe structured(composed)with oneanother. From theseinvestigationswe con-
cludethatneitherformal techniquehasthe necessaryfeaturesin its classicalusageto modeldistributed
architecturescompletely. As a result,we proposea novel approachto specifying(aspectsof) opendis-
tributedsystems.This newapproachenablesusto specifyexactlywhat is requiredwhencomposingtwo
(or more)systemstogetherto enablebehaviouralinterworkingto takeplace. Thenoveltyhereis thatwe
canspecifyinsideaspecificationthenecessarycriteriafor interworkingto takeplace.Thatis, it is normally
thecasethatreasoningaboutaspecificationtakesplaceoutsidethespecification,e.g.whentestingfor the
satisfactionof someparticularbehaviouralrelation.Wehavedevelopedanapproachwherebythesetesting
relationscanbeincorporatedinto thespecificationitself. Further, weextendthebasicnotionof behavioural
relationsasfoundin languagessuchasLOTOS,e.g. conformance,extensionandreduction[35, 125], to
includeperformanceandothernon-functionalaspectsrelatedto thebehaviourthatcanaffectthesuccessful
interworkingof enterprises.

Traditionallysystemscouldbecomposedprovidedtheyweresyntacticallycompatible.That is, they
couldunderstandthemessagesthatweresentbetweenthem,i.e. theyweresyntacticallytypeequivalent.

2It shouldbenotedthatthis is thecorrectacronymfor theODPreferencemodelandnotRM-ODP.
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Typeequalitybasedonsyntacticstructuringonly is myopicif interworkingasopposedto interconnectivity
is to beachieved,though. Syntactictypecheckingis a well investigatedarea,though,with a largebody
of theoryandpracticalapproachesto supportit. Our approachdoesnot attemptto replacetypechecking
asit currentlyexists.Ratherweaugmentthesyntactictypecheckingwith behaviouralcheckingandother
checksthatthesyntaxandbehaviourdonotcapture.Ourwork maythusberegardedasanextensionto the
basic“messageis understood”paradigminherentin mosttypecheckingsystems.

As well asthis,our work recognisestheparticularrequirementsthatdistributedsystemshaveon type
systems. The client/serverparadigmwhich forms the basisfor manydistributedsystemsarchitectures
imposesconstraintson typesystemsthatexistingapproachesdo not address.We investigatethesediffer-
encesandshowhowtheycanbedealtwith andspecifiedfrom a syntactic,behaviouralandnon-functional
perspectiveto enableinterworking.

Finally, sincethearchitecturewebaseourwork onincorporates(multimedia)flowsof information,we
investigatehowsuchmultimediaflowscanbespecifiedandreasonedabout.This includescompositionof
flows andperformanceaspectsrelatedto thoseflows thatmight affect successfulcomposition.Thusour
approachoffers the specifiera powerful meansto specifyandreasonaboutopendistributedmultimedia
systems.

1.3 RelatedWork

The applicationof formal techniquesandobject-orientationis not a new idea. With regardto LOTOS,
[14, 44, 52, 147] haveall investigatedhow object-orientedconceptscanbe representedin the language.
Possibleextensionsto thelanguagehavebeensuggestedby [164] for supportof theobject-orientedconcept
of inheritance.Gibson[81] consideredhowtheLOTOSdatatypinglanguageACT ONE[65] couldbeused
to developsoftwarein a formal object-orientedmanner. We notethatwhilst developinganarchitectural
approachbasedon conceptsderivedfrom objecttechnology, our work doesnot attemptto providea new
object-orienteddevelopmentmethodology. Rather, weuseobject-orientedconceptsandtheir formalisation
asa tool for reasoningaboutdistributedsystems.

Thereexistsa plethoraof work relatedto object-orientationandZ [2, 41, 55, 122, 166]. Overviews
of theseapproachesarepresentedin [123] and[186]. This work canbedecomposedinto two mainareas:
extensionsto thelanguageandspecificationstyleconventions.Thework presentedhereinvestigatesthese
two areasandshowshowtheyarelimited for ourpurposes.A newapproachis thenprovidedthatdoesnot
requireextensionsto theZ language.

Architecturalapproachestospecifyingdistributedsystemsarenotanewideaeither. [20, 136, 168,203]
haveall developedarchitecturalapproachesto specify distributedsystems. All of thesehavefocused
predominantlyon LOTOS andnot attemptedto compareother formal languagesin any detail. Vogel’s
work [203] in particular is relevantto this thesissincehe developedan architecturalmethodologyin
LOTOS basedon ODP. Whilst philosophicallysimilar in approach,our work differsin technicalcontent,
hisapproachbeingbasedonasyntacticstructuringof specificationstakeholders,whereastakeholdermay
beregardedasa theshellof a processdefinitionthatrequiresbehaviouralaspectsto beinserted.

Gotzhein[86] hasalsodevelopedan architecturalapproachto distributedsystemsdevelopment.He
presentsanabstractmathematicalmodelconsistingof objects,actionsandinteractionpoints— concepts
that we discussin moredetail in chapter4. Using thesebasicconceptsandsomefunctionsthat relate
themto oneanother, heshowshowmorecomplexstructurescanbebuilt. He thenproceedsto showhow
his abstractapproachcanbemappedinto a temporallogic specification.Thushearguesthata basisfor
specificationlanguagecomparisoncanbeachievedin aformalmanner. In asimilarvein,StefaniandNajm
[148] proposea directmathematicalformalisationof thecomputationalviewpointof ODP. Theirapproach
andthe advantagesanddisadvantagesassociatedwith a direct mathematicalinterpretationgenerallyare
discussedin section4.1.

Performanceaspectsand their formal specificationhavebeenconsideredin numerousworks. Mc-
Clenaghan[136] providedextensionsto LOTOS to enableperformanceaspectsto be specified. These
extensionsincludedtiming issues,probabilisticbehavioursand prioritised behaviours. Schieferdecker
[167] also investigatedhow LOTOS might be extendedto dealwith performanceorientedaspects. In
particularsheproposedstructuredactions.Thesemayberegardedaseventsin LOTOSparameterisedwith
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time,priority, resourceandmonitoringsignals.
Thereexistsa plethoraof time extensionsto LOTOSandprocessalgebrasgenerally. An overviewof

theseis givenin [153]. A casestudyfor assessingtimedformaldescriptiontechniquesis givenin [128].
Multimedia distributedsystemswereconsideredby Blair [19] using a combinationof LOTOS and

temporallogic. Issuesin thespecificationof multimediawerecoveredin theTEMPOproject[16]. This
work is alsobeingextended[17] to dealwith probablisticbehaviours.Pinto[159] proposeda newmodel
for thespecificationof interactiveanddistributedmultimediasystemsusingaLOTOS-like language.

Surprisingly,verylittle work hasbeendoneusingZ for reasoningaboutdistributedsystems,architectural
approachesorperformanceaspectsgenerally. Raymondetal. [188] showedhowZ mightbeusedto specify
aspectsof distributedsystems.Of particularrelevanceto this thesisis thework by Fogget al. [75] who
comparedLOTOSandZ in theirapplicabilityto specifydistributedsystems.Thiswork suggested,perhaps
surprisingly, that whenusedin the classicalstyle of stateandoperationsin conjunctionwith a temporal
logic, Z wassuperiorto LOTOS for specifyingdistributedsystems.It wasarguedthatLOTOS hadtwo
main problemsfor specifyingdistributedsystems.Firstly, thereis the problemof beingunableto treat
processesasfirst classentities,e.g.passthemaroundasparameters.Secondly, thereis thelackof LOTOS
featuresfor reasoningaboutthespecificationitself, for example,theinability to describeandreasonabout
tracesinsidethespecification.In Z, this is possiblesinceactionsarerepresentedby schemasin Z which
arealsodatatypes.We discussthis issuein moredetail in sections4.2.2and7.5.

Fidge[70] showedhow Z couldbeusedto specifyandverify real-timebehaviour. His approachwas
basedon interpretingReal-Time Logic (RTL) [119] in Z, andsubsequentlyusing the featuresof the Z
languagefor reasoningandverifying real-timebehaviours.Suchwork is rarehoweverin comparisonto
theabundanceof materialon timedprocessalgebras.

Theuseof object-orientedversionsof Z hasbeeninvestigatedin somedetailfor specifyingmultimedia
systems.Indeedthestandardisationareaof PresentationEnvironmentfor MultimediaObjects(PREMO)
[117] is activelyusinga Z extensionto reasonaboutmultimediasystems.Our work is moregeneralthan
this in that we look at behaviouralissuesgenerally, with multimediaflows beingoneparticulartype of
behaviour.

Interestingwork in relationto this thesisis thatof HoustonandJosephs[97]. Theyhavebeenapplying
Z asanaidto understandingtheObjectManagementGroup’s(OMG) CoreObjectModel [90]. Wediscuss
thisobjectmodelandthework of OMG in generalin section2.3.1.

With regardto formal techniquesandODPthereexistsacopiousamountof recentworks,in particular
approachesbasedontheviewpointlanguagesof ODP[109]. Theseviewpointlanguagesandotheraspects
of ODParepresentedin moredetailin chapters4 and5. Farooqui[68] proposedaLOTOSbasedapproach
to ODP systemsdevelopmentbasedon the ideaof viewpoint transformations.His proposalconsisted
of applyingcorrectnesspreservingtransformationsin LOTOS to showconsistencybetweenviewpoint
languagesspecifications.This work was limited in that it could only be appliedto computationaland
engineeringviewpointspecificationshowever. Bowmanetal. [31] haveconsideredhowLOTOSandZ can
beusedto provideviewpointconsistency. Theirwork hasattemptedto embraceinter-languageconsistency
andintra-languageconsistencyacrossthe ODP viewpoint languages.We discussthe relevanceof their
work to oursin numerousplacesthroughoutthis thesis.

Stefani[184] andLeydekkerset al. [80] haveappliedformal techniquesto enablereasoningabout
aspectsof quality of serviceof ODP computationalobjects. Their work and the wealthof otherwork
relatedto thespecificationof ODPsystemsis discussedin moredetailthroughoutthis thesis.

ODPthusrepresentsamajorresearchareathattheformalmethodscommunityis activelyinvestigating,
both in developingnew formal languagesandnew specificationstyles. Indeed,currentstandardisation
activities[112] arebeingdevelopedwith theintentionof beingsuitablefor specifyingfeaturesof distributed
systems.Wediscussthesedesiredfeaturesin section3.2andconsiderhowsuccessfullyLOTOSandZ can
beusedto modelthem.

1.4 ThesisStructur e

Therestof thethesisis structuredasfollows:
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• Chapter 2 — givesan overviewof distributedsystemsand their associatedproperties. The ad-
vantagesof distributedsystemsover centralisedsystemsarediscussedalong with their potential
disadvantages.Objectorientationis thenintroducedasa paradigmfor reasoningabout,modelling
(specifying)andsubsequentlydevelopingdistributedsystems. In particularwe focus on general
aspectsof object-orientationthat aid in the removalof systemcomplexityaswell specificobject
orientedconceptsthatareespeciallyrelevantto distributedsystems,namelytypeandclassandthe
associatedconceptsof subtypeandsubclass.The chapterconcludeswith an overviewof current
distributedsystemreferencearchitectures.Our attentionfocusesin particularon how other ap-
proachescomparein scopeandtechnicalcontentto thearchitectureon which this thesiswasbased:
theODP-RM.

• Chapter 3 — identifiesdesirablepropertiesthatformalmethodsshouldpossessgiventhediscussion
of the previouschapter. LOTOS andZ andtheir positioningin the family of formal specification
languagesarepresented.Particularemphasisis placedon thosespecificationlanguages:

– developedespeciallyfor specifyingobject-orientedsystems;

– thathavebeenusedfor specifyingobject-orientedsystems;

– thathavebeenusedfor specifyingandreasoningaboutperformanceaspects;

– thathavebeenusedfor specifyingandreasoningaboutmultimediaflowsof information.

• Chapter 4 — considershow LOTOS and Z may be appliedto developa genericframeworkof
architecturalcomponentsbaseduponPart2 of the ODP-RM [108]. Somepossibleapproachesto
formalisationarepresentedandtheirrelativemeritsarediscussed.Theadvantagesanddisadvantages
of bothtechniquesfor developingthesearchitecturalcomponentsarediscussedandanovelapproach
is presentedbasedon thesediscussions.

• Chapter 5 — considershow LOTOS and Z can be usedto developa more prescriptiveset of
architecturalcomponentsbasedon theviewpointlanguagesof theODP-RM[109]. In particularwe
considerthecomputationalviewpoint language.Theadvantagesanddisadvantagesof LOTOS and
Z arediscussedandtheadvantagesof thenewapproachareshown.

• Chapter 6 — considershow performanceaspectsandothernon-functionalaspectsrelatedto dis-
tributedsystemscanbe includedin the realmof specification.We firstly providean overviewof
variousperformanceandnon-functionalissuesthatmight be neededwhenconsideringdistributed
systems.An overviewof currentapproachesto specifyingtheseaspectsis presentedandtheir lim-
itationsfor our purposesidentified.Finally ourapproachto specifyingthesenon-functionalaspects
is givenandsomeconclusionsaredrawn.

• Chapter 7 — considersthe notion of type and issuesrelating to establishingtype equivalence.
Whilst currenttechnologieshaveadopteda notion of type equivalencebasedon syntacticaspects
of thetype,wearguethatit is necessaryto considerotheraspectsif opendistributedsystemsareto
interworkcorrectly. More specifically, we statethatsyntactictypecheckingshouldbeaugmented
with behaviouraltypecheckingandnon-functionalaspectsof thetype,e.g.aspectsof thetyperelated
to quality of service. We providea specificationapproachthat incorporatesall of theseaspectsin
establishingtypeequivalence.

• Chapter 8 — providesspecificationcasestudiesof howthearchitecturalapproachdevelopedcanbe
applied.We showthis throughthespecificationof theODPTrader[115] in LOTOSanda producer
andconsumerflow configurationin Z.

• Chapter 9 — drawssomeconclusionsfrom the thesisasa whole andidentifiespossibleareasof
futurework.

• Appendix A — showshow the syntactictype checkingapproachdevelopedfor LOTOS can be
appliedto developa typemanagementsystem.
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• Appendix B — givesa brief summaryof theZ notationusedin this thesis.

• Appendix C — givesa brief summaryof theLOTOSnotationusedin this thesis.



Chapter 2

Distributed Systemsand Technologies

Thischapterintroducesdistributedsystemsin thelargeandthefeaturesinherentto them.An overviewof
theadvantages(anddisadvantages)of distributedsystemsovercentralisedcomputingsystemsis presented.

Following thesediscussionsweprovidea broadoverviewof objecttechnology. In particularwe focus
onthoseaspectsof objecttechnologythatmakeit especiallypertinentto distributedsystems.This includes
thosefeaturesof objecttechnologythatencouragesimplificationthroughabstraction,aswell asspecific
conceptssuchastype andclass. Whilst object technologyrepresentsan intuitively appealingparadigm
within which distributedsystemsmay be reasonedaboutanddeveloped,it is not without its drawbacks
whenappliedto distributedsystems.Theselimitationswill bediscussedin somedetail.

Finally wediscusstheroleof architecturein systemsdevelopment.Theadvantagesof anarchitectural
approacharediscussed,especiallythosebaseduponobjecttechnology. Currentarchitecturalapproaches
to distributedsystemsdevelopmentarethencontrastedwith oneanother. We focusin somedetailonhow
otherapproachescomparewith ODPin bothscopeandcontent.

This chaptermaythusberegardedassettingthecontextfor distributedsystemsandobjecttechnology
asusedin therestof this thesis.

2.1 Distributed Systemsand Technologies

Distributedsystemsarereshapingtheway in whichcomputingis donetoday[5]. Theirprimarygoal is to
enableapplicationsto interworkanddatato besharedbetweenorganisations. Diversity in hardwareand
softwareis a fact of life. This diversityis in somerespectsdueto theexplosivegrowthrateof computing
today. Computingscience,it couldbeargued,is auniqueareaof research.Therearefew subjectsthathave
suchinvestmentsassociatedwith them,or suchpotentialfor directexploitation.As a result,the frontiers
of computingscienceareperpetuallybeingextended.Distributedsystemsrepresentoneareain particular
wherethisdynamismis especiallyevident.

This rapid growth is not without its problems. As new technologiesemerge, they are expectedto
interwork with older (legacy) systems. Thesesystemsare potentially huge, e.g. telecommunication
systems,oftenwith nocentraldesignor managementauthority. Further, suchsystemsoftenhavestringent
requirementsattachedto them that makeincrementalchangesespeciallydifficult. For example,some
systemsmustoperatecontinuouslyandsystemclosureto enablerepairsor upgradesis oftennot possible.

Currentresearchinto distributedsystemsandthetechnologiesthatunderliethemis investigatingthese
problems.Theseinvestigationsmaylooselybeplacedinto two relatedgroups:considerationsfor theuser
of thesystemandconsiderationsfor extensionsto thesystem.Thefirst of thesecorrespondsto theneed
for maskingsystemcomplexityfrom theuser— commonlyreferredto astransparency. Variousformsof
transparencyhavebeenidentifiedandarediscussedin section2.1.3.Thesecondconsiderationfocuseson
theneedfor opennessasdiscussedin section1.1.1.

Inevitably, the provision of systemsupportto overcomeproblemsof distribution is difficult. This
difficulty stemsfrom the characteristicsinherentto distributedsystemsin the large. We now providean
overviewof someof thesemorefrequentlyoccurringcharacteristics.

9
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2.1.1 Characteristicsof Distributed Systems

Typically distributedsystemshavecharacteristicssuchas:

Remoteness:componentsmaybespreadoverspacewith bothlocalandremoteinteractionspossible.This
in turn introducesa wholehostof associatedproblemsthathaveto beovercome.

Heterogeneity: differenttechnologiesmaybeusedwithin thesystem— this includesdifferenthardware
andsoftware.This too introducesa wealthof issuesthathaveto beresolved.For example,naming
issueshaveto be addressed,e.g. translatingthe namesassociatedwith interactionsbetweenlocal
andremotecomponentsof thesystem.

Concurrency: componentsarelikely tobeexecutingin parallel.Asaresult,issuessuchassynchronisation
of componentsandconsistencyof shareddatahavetobeaddressed.Thisin turnrequiresmanagement
of separatelyexecutingprocessesandtheproblemsthey incur, e.g. deadlocks,livelocks,etc. This
too is furthercomplicatedby thefact that thereis oftenno singlecontrolleror schedulerasin most
centralisedsystems. Of particularimportanceis the needto ensurethat the functionality of the
systemasa whole is representedby the functionalityof theconcurrentlyexecutingcomponentsof
thesystem.

Partial Failur es: componentsmayfail independentlyof others.>Fromthis,issuesrelatedtoerrorrecovery
mechanismshaveto beaddressed.

Asynchrony: global communicationsarenot drivenby a global clock. Thusinteractionsbetweencom-
ponentsmaybedelayed,which in turn mayresultin errorpropagationduringcommunications,e.g.
whenrepeatedrequestsaresenttoacomponentthatisbusyprocessinganearlierrequest,thuscausing
overloadingproblems.

Autonomy: differentpartsof thesystemmaybeownedandmanagedseparately. Thisrequiresamultitude
of issuesto beaddressed.Forexample,securityandprotectionaspectshaveto bedealtwith. Often
thisis likely tobemorecomplexthanin acentralisedsystemsinceaspectssuchastrustandthirdparty
interactionshaveto beresolved.Similarly, resourceautonomymeansthataccountingandcharging
for resourcesis not necessarilystraightforward.Schedulingandmanagingtheapplicationsthatrun
in thesystemis alsomademoredifficult sincetherewill oftenbeno singlecontrollingcomponent,
asmightbefoundin a centralisedsystem.

Evolution: thetechnologiesin thesystemmaychangeovertime. This requiresthatsystemsshouldallow
unwantedcomponentstoberemovedandreplacedwith differenttechnologies.It isoftenthecasethat
older(legacy)systemscannotbereplaced,butareexpectedto interworkwith newertechnologies.

Mobility: sourcesandsinksof informationin thesystemmightbephysicallymobile.

As can be seen,thesecharacteristicsgreatly increasethe complexity of distributedsystemsover
centralisedsystemsfor thesystemdevelopers(but ideallynot theusers).Needlessto say, suchanincrease
in complexityis notwithout benefits.

2.1.2 Advantagesof Distributed Systems

Distributedsystemsoffer usersseveraladvantagesover centralisedsystems.Typical examplesof these
advantagesinclude:

HeterogeneitySupport: distributedsystemscanhelpovercomeproblemsof heterogeneityin computers,
operatingsystems,programminglanguagesandtheunderlyingnetworks.Thususersof thesystem
shouldhavea certainamountof freedomin their choiceof hardwareandsoftware. That is, they
shouldnot beconstrainedto onelanguage,oneoperatingsystemandoneparticularmachinetype.
Further, distributedsystemscanencouragetheintegrationof newtechnologies.
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Fault Tolerance: distributedsystemscanbedesignedsotheyaremoretolerantof certainsystemfailures.
Thiscouldalsobeconsideredasameasureof theavailabilityandhencereliability anddependability
of thesystem.Replicationof componentsis onemechanismby which thiscanbeachieved.

PerformanceIssues: it might well be the casethatdistributinga systemresultsin increasedcomputing
resourceusage,andhencehigherperformance.Migration of programsanddatato balanceloads
betweencomponentsis onewaythis mightbeachieved.

Further Optimisations: as well as systemcomputingperformanceconsiderations,distributedsystems
encouragefurtheroptimisationsto exploit resourcepotential. For example,costoptimisationscan
beaddressed.

Distributedsystemsare not without their drawbackshowever. It may not alwaysbe desirableto
distributeasystem.Forexample,aspectsrelatedto informationintegrityandsystemsecuritymayoutweigh
performance,heterogeneityandreliability constraints.Perhapsthebiggestdrawbackto distributedsystems
is their increasedcomplexity. This is especiallyso for thedevelopersof thesesystems.This complexity
shouldideallybehiddenfrom theuserof thesystem,i.e. it shouldbemadetransparentto thesystemusers.

2.1.3 Complexity SolvingThr oughTransparencyProvision

Transparenciesoffer a meansto hide complexity. Complexity in distributedsystemsarisesfrom their
inherentpropertiesas describedin section2.1.1. Severalworks [4, 107] haveidentified a core set of
transparenciesthatenablevariousaspectsof distributionto behidden.For example,ODP[107] supports
thefollowing transparencies:

AccessTransparency: which masksdifferencesin datarepresentationsandinvocationmechansimsbe-
tweenobjects.Thustheproblemsof heterogeneityin hardwareandsoftwareshouldbehiddenfrom
usersof thesystem.

Failur e Transparency: whichhidescertainsystemfailuresandsubsequentrecoveryfrom users.

Location Transparency: which hidesthe locationof componentsso that usersneednot know wherea
particularcomponentis.

Migration Transparency: which allowscomponentsto bemovedaroundthesystemwithout disrupting
existingservices.

RelocationTransparency: whichallowsinterfacesthatareboundto otherinterfacesto bemovedaround
thesystemwithout thoseinterfacesbeingawareof therelocation.

Replication Transparency: which hidesthe effectsof havingmultiple copiesof a component,e.g. for
reliability or performanceconsiderations.

PersistenceTransparency: whichhidesfrom usersthepossiblestoringandsubsequentretrievalof com-
ponentsfrom permanentmedia.

TransactionTransparency: whichmaskscoordinationof thebehaviourof acollectionof componentsto
achievetransactionprocessingcapabilities.

Thesetransparenciesaretypicalof thosethatmight befoundin a distributedsystemsolution.Theydo
not representanexhaustivelist however. Othertransparenciesmight relateto performanceissuesor focus
onconcurrencyissuesfor example.Similarly, differentdistributedsystemswill mostlikely havedifferent
complexityaspectsthathaveto beovercomeandhencerequiredifferenttransparencymechanisms(or a
subsetof thesetransparencies)to bein place.

Technologiesandparadigmsfor enablingtransparenciesandfor overcomingtheincreasedcomplexity
of distributedsystemsgenerallyarethushighly desirable.We discusstwo in particular: theclient/server
paradigmandobject technology. From thesewe discussthe role of architecturein the developmentof
distributedsystems,andcompareandcontrastcurrentarchitecturalapproaches.
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2.1.4 Client/Server Paradigm

Historically, the developmentof distributedsystemsreliedon the useof conventionalprogramminglan-
guageswith extensionsto handleinter-processcommunication.To exploitsystemresources,theprogram-
mer had to uselow-level operatingsystemroutines. Typically, thesesystemresourceswereorganised
asclientsandservers.Serverswereusedto provide(unsurprisingly)serviceswhich clientscould make
requestsfor.

Whilst appealingin its designationof responsibility, the client/serverparadigmwas only a partial
solution to the problemsof distribution. That is, whilst it was a technologythat allowed distributed
communicationsto beaddressed,it did not overcometheproblemsof complexityinherentto distribution.
Thatis, theproblemsof distributionandtheirproposedsolutionwereverymuchapparent.

This situation was alleviatedconsiderablywith the introduction of the remoteprocedurecalling
paradigm.This wasinitially consideredby White [208] asearlyas1976,but gainedwider acceptancein
theearly1980’swith Nelson’s thesis[150]. RPCis a techniqueto representthe interfacesbetweencom-
municatingcomponentsin adistributedsystemwith facilitiessupportedatthelanguagelevel. Specifically,
it offersa programminglanguageindependentinterfacedefinitionlanguage(IDL) thatcanbemappedto
specificprogramminglanguagesrunningondifferentoperatingsystemsandhardware.Thus,communica-
tion betweencomponentsandtheirunderlyingtechnologiesnolongerhadto beexplicitly addressedby the
programmer.

Nowadays,RPC is most often usedin conjunctionwith the client/serverparadigm. There have
beenseveralRPCimplementations,both commercially[6, 48] andin researchsystems[11]. Despiteits
popularity, it hasseveralshortcomingsasdiscussedin [190]. For example,thereareperformanceissues,
the inability to modelstreamsof informationand the lack of multicastcapabilities. Thesefeaturesare
all beinginvestigated,e.g. [204, 170] now havefeaturesto enablemulticastcommunications,and[4] are
lookingat howperformanceaspectsandstreamsof informationcanbeincludedin theRPCprotocol.

Typically anIDL consistsof agrammargivenin adecidableformsuchasExtendedBackus-NaurForm.
With thisgrammar, structurescanbebuilt to representthesyntacticaspectsof systeminterfacesandhence
thesyntacticaspectsof thecommunicationprotocoltheysupport,i.e. theoperationspresentin theinterface
to the systemthatmay be invokedby othersystems.Theseoperationsusuallyconsistof a name,some
input parametersandpossibleoutputparameters(exceptions).In someof themorerecentIDLs [87, 170]
a notionof thesemantics,e.g.besteffort, at mostonce,... of theoperationmayalsobeprovided.

IDLs provideabasicsetof typesthatmaybeusedasastartingpointfor constructingthedataassociated
with communications.For example,Booleans,integers,andstringsareoftenprovidedandthesyntaxfor
constructingmorecomplextypessuchasrecords,structures,unionsandinterfacesaregiven. From this
largely syntacticlanguage,mappingsto differentimplementationlanguagesis thenmade. Typically, an
IDL fragmentis specifiedto representthesyntacticaspectsof the interfacebetweentheclient andserver,
e.g. the operationsthe serveroffers andthe client caninvoke. With this, implementationfragmentsare
produced,i.e. basicfunctionsstructuresthathaveto be developed(implemented)further. This is often
doneusinga compilerthattranslatestheIDL to a specificimplementationlanguage.Thesebasicfunction
structuresarecommonlyreferredto asstubson the client sideandskeletonson the serverside. Thus,
providedthe local andremotesystemsupportthesamecommunicationsprotocol,i.e. theyusethesame
IDL (or cantranslatebetweendifferentIDLs) on their respectivesystems,issuesrelatedto heterogeneous
hardwareandsoftwarecanbeovercome.

The useof an IDL may thusbe regardedas a commontype languagevocabularywith which type
checkingcanbedone. Thustypecheckingthesyntacticaspectsof two interfaceswritten in IDL ensures
compatibility of the operationsthey support,i.e. the operationsthat allow accessto their systemsand
the operationsthat the systemswish to invoke from their environment.Typically compatibleoperations
havethesamenameandsamenumberof parameters,andtheseparametersarecompatiblealso. We shall
investigateoperationnamesandcompatibilitybetweenparametersin moredetailin chapter5, 6 and7.

Procedurecalling is essentiallya serial languageparadigm[15]. Distributedsystemsare inherently
parallel. Thuswhilst the client/serverRPCapproachdoeshaveadvantagesin overcomingproblemsof
distribution, a moreflexibleapproachis needed.A differentbutcomplementaryapproachis thatof object
technology[27, 46, 165].
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2.2 Object Technology

Object technologyhasemerged in recentyearsas a major techniquein softwareengineering. This is
reflectedby thecurrentinterestin object-orientedlanguagessuchasSmalltalk[83], C++ [189] andEiffel
[137]. Similarly object-orienteddesignandanalysistechniques,suchasBooch[27], Coad& Yourdon[46]
andRumbaugh[165], aregeneratingmuch interestin the computingcommunity. Object-orientation,it
couldbeargued,haspervadedall aspectsof computingscience:analysis[45], design[46], programming
[189], operatingsystems[10], databases[133] and,of relevanceto thisthesis,formalmethods.Wediscuss
howobject-orientationhasinfluencedformal techniquesin thefollowing chapter.

Despitetheobvioussuccessof objecttechnologytoday, thereexistsa wealthof differingdefinitionsof
the conceptsthatunderlieobjecttechnology. Wegner[205] providesa perspectiveon objecttechnology
thathaswidespreadacceptance.Hedescribesobject-orientedsystemsasthosethatsupporttheconceptsof
objects, classandinheritance. An objectis definedasanencapsulationof a setof methodswith statethat
rememberstheeffectof thosemethods.A class, heargues,isatemplatefromwhichanobjectis instantiated.
Thatis, it definesthebehaviourof theobjectin termsof alist of methodsandtheirimplementations.Finally,
re-useof codeis achievedthroughinheritance.This is arelationshipthatexistsbetweenclasses.Thusone
classmay inherit from anotherandsubsequentlyalteror extendthebehaviourto meetnewrequirements.
The inheritingclassis commonlyreferredto asthe subclass. Oneconsequenceof inheritanceis thatan
object’s methodsmaybelongto its classor to oneof its superclassesif it inherits. Henceit is necessary
to searchtheclasshierarchywhena methodis invoked. This searchis normallycarriedout at run-time
andis referredto asdynamicbinding. It is worth notingherethedistinctionbetweenbindingandtyping,
andfurther, the distinctionbetweendynamicandstaticbinding, anddynamicandstatictyping. Object
orientationfor variousreasons,e.g. its widespreadinterpretation,hasblurredtheseareassomewhatso
clarification is necessary. Also aswe shall seein chapters4, 5 and6 the notionsof type andclassare
fundamentalto architecturaldevelopment.

2.2.1 Type Checkingand Binding

Typecheckingdealswith whetheror not certainoperationsarevalid. Fromtheperspectiveof distributed
systemswe areinterestedin two main areasof type checking. Firstly, to supportinterworkingwe need
to performcheckingon whethertwo (or more)interfacesthatprovideaccessto givenenterprisescan,in
anabstractsense,bebroughttogetherandhavesomesortof guaranteethat theywill interworkcorrectly.
Secondly, tosupportsystemevolutionweneedtocheckwhetheroneinterfaceis anacceptablesubstitutefor
anotherinterface.Typecheckinghastraditionallybeenusedto determinewhetherthesearesyntactically
possible.Thatis, werequirethattheoperationsrequestedby oneinterfacemustexistin theotherinterface.
Similarly, theparametersassociatedwith theseoperationsmustbecompatible.

Therearetwo mainchoicesasto whenthesechecksshouldtakeplace:staticallyor dynamically. With
statictypechecking,typechecksareperformedat compiletime (or link time). Theadvantageof this are
thatall type errorscanbecaughtbeforethe programruns. Thedisadvantageis thatall typeshaveto be
fixed at compiletime which, with regardto opendistributedsystemswherenewresourcesmaybe found
andexpectedto interwork with existingapplications,may not alwaysbe possible. An alternativeis to
adoptdynamictype checking. Heretype checksareperformedat run time. This hasthe advantageof
enablinga moredynamicprogrammingstyle sincetypesno longerhaveto be resolvedat compiletime.
Thusnewresourcesmaybefoundandchecksdoneonwhethertheycaninterworkwith existingresources
withouthavingto recompilerunningapplications.Thedisadvantageof dynamictypecheckingis thatextra
complexityis introducedsincepossiblerun time typeerrorsmayarise.For example,theclassic“message
not understood”responsehasto bedealtwith. In certainsystems,e.g. safetycritical ones,this maybean
unacceptableoption.

It is worthnotingherethatthe“messagenotunderstood”paradigmarisesfrom alackof typechecking.
Thatis, typesystemsarenotstrictly necessaryfor object-orientedlanguages.As statedby Blacketal. [13],
in value-orientedprogramminglanguagesthe type systemprotectsthe userfrom misinterpretingvalues,
e.g. it preventscharacteroperationsbeingperformedon integers.In object-orientedlanguages,however,
moreprotectionis offered. That is, valuescan only be changedinsidean object throughinvoking the
operationsthat the objectexposesto the environment. If an attemptedoperationinvocationoccursthat
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doesnot haveanunderstoodformat,e.g. anintegerwasgivenwherea characterwasexpected,say, then
theinvocationwill berejected.

Binding on the otherhandis concernedwith resolvingwhich codewill be usedwhenan operation
occurs.Inheritanceoffersitself to dynamicbindingwheretheoccurrenceof a methodassociatedwith an
objectinstantiatedfrom oneclass,might requiretheclasshierarchyto besearchedat run time to find the
codethat implementsthatoperation.Theadvantagesof dynamicbindingarethatit supportsevolutionary
programming.For example,classesin theclasshierarchymaybechangedwithout necessarilyhavingto
recompileprogramsthat usethem. The maindrawbackwith dynamicbinding is that it incursa certain
amountof overheadin thattheclasshierarchyhastobesearchedatruntime. Staticbindingontheotherhand
resolvesall suchcodelook-upcallsatcompiletime(or link time). Thismeansthatanoperationinvocation
correspondsto a simpleprocedurecall, andassuchthereareno run time overheads.The disadvantage
of this are that bindingscannotchangewithout recompilation. As a result, it goesagainstthe grain of
object-orientationin supportingdynamic,evolutionarysystems.Hencewith regardto distributedsystems,
staticbindingsdonot offer a dynamic(flexible)enoughmechanismto achievesystemsdevelopment.

Theability of anobjecttobesubstitutedfor anotherobjectis termedpolymorphism.Thissubstitutability
is oneof themajoradvantagesput forward in object-orientedliterature[27, 165]. Polymorphismplaysa
pivotal role in developingtypesystemsthatsupportevolutionary(distributed)systems.We thusprovide
somebackgroundto polymorphismandits importancein object-orientedsystems.

2.2.2 Polymorphism and Object-Orientation

Polymorphismis definedto betheability for avalueto havemorethanonetype. Thuspolymorphicvalues
canbeusedin differentcontexts.A generalclassificationof polymorphismwaspresentedby Cardelliand
Wegner[40]. Theyidentifiedtwo mainformsof polymorphism:ad-hocanduniversal.

Ad-hoc polymorphismworks only on a limited numberof typesin an unprincipledway. Cardelli
andWegnerdecomposedad-hocpolymorphisminto two areas:overloadingandcoercion. Oneexample
of overloadingmight be whena singleoperationis usedto executedifferentcodedependingupon the
parametersit is suppliedwith. Coercionis usedwhen a parameterpassedto an operationhas to be
convertedto onethatis acceptableto thatoperation,e.g.anintegerwassentbuta realwasrequiredmight
entailconvertingtheintegerto a real.

Universalpolymorphismwasalsodecomposedinto two areas:parametricpolymorphismandinclusion
polymorphism. With parametricpolymorphismthe sameoperationwill work uniformly on a rangeof
inputs. This is similar to overloadingconceptuallyin that a singleoperationcan be usedwith several
differentinput types.Parametricpolymorphismperformsthesamefunction(executesthesamecode)each
time it is requested.As suchit is moreprincipledin its approachto achievingpolymorphism.Operations
supportinginclusionpolymorphismalsoworkonarangeof inputs.With inclusionpolymorphismhowever,
therangeis determinedby a subtyperelationship.Thusanoperationsupportinginclusionpolymorphism
thatrequiresa typeasinputshouldacceptasubtypeof thattype.

Polymorphismbringswith it a greatdeal of flexibility. It encouragesabstractionthroughallowing
abstractoperationsto bedefinedover manytypes. This alsolendsitself to aspectsof behavioursharing
and,in thecaseof parametricpolymorphism,to potentialcodesharing.

2.2.3 Object Technologyand Distributed Systems

With regardto distributedsystems,objecttechnologyoffersat first glanceanappealingparadigmwithin
whichdistributedsystemsmaybereasonedaboutanddeveloped.Theideaof systemsandtheircomponents
beingrepresentedby objectsthatsendmessagesto oneanotherto achieveacommontaskis appealingdue
to its simplicity. It is alsoverymuchcomplementaryto theclassicdistributedclient/serverRPCapproach
asdiscussedin section2.1.4.Theability to encapsulateinformationandinformationprocessingactivities
alsohelpsto overcomemanyof thecomplexitiesof thesystemasa whole.

If a singlesystemmight bemodelledasanobjectthatsendsandreceivesmessages,thenof particular
interestis how this system(object)might interwork successfullywith other systems(objects). This is
achievedthroughintroducingtypesinto thesystem.We haveseenin section2.1.4alreadythatIDL offers
oneway to constructthe syntacticaspectsof an interfacetype system. It offers a meanswherebythe



2.3. ARCHITECTURAL APPROACHESTO DISTRIBUTEDSYSTEMSDEVELOPMENT 15

potentialfor successfulinterconnection(or syntacticinterworking)canbeestablished.It is thispotentiality
thatwe areprimarily concernedwith. It shouldbepointedout howeverthataspresentedso far, an IDL
is usedto developstatictype systems.The benefitsof statictyping arenot alwaysa desireablefeature.
LanguagessuchasSmalltalk[83] havea largepopularitysincetheyreleasetheprogrammerfrom manyof
theconstraintsthatstatictypesystemsimpose,e.g. knowingall typeinformationat compiletime. These
constraints,althoughoffering typesafetyin thaterrorswill not occurin messagesnot beingunderstood,
arerestrictivein that they preventdynamicevolution. This is especiallylimiting in distributedsystems.
We shallseein section2.3how certainarchitectureshaveattemptedto incorporatedynamictyping whilst
usingIDL asa basisfor typechecking.

Thusasfarastypesystemsandopenobject-orienteddistributedsystemsareconcerned,thereareseveral
issuesthathaveto beaddressedbeforedecidingupona particulartyping model.Formaximumflexibility,
i.e. theability to find resourcesandinterworkwith them“on thefly”, dynamicbindinganddynamictype
checkingarerequired.As arguedpreviously, suchflexibility is oftenat theexpenseof typesafety. Hence
othertyping modelsmaybemorebeneficialin certaincircumstances,e.g. usestatictyping in conjunction
with dynamicbinding. This enablesanapproachwherebyall messageswill beunderstoodbut theexact
interpretationof theseinvocationswill not beresolveduntil runtime. Whilst staticbindinghasassociated
with it lower overheadsin not requiringdynamicsearchesfor methodimplementationsat run time, with
regardto distributedsystemssuchadvantagesmaybeoverweighedby therestrictionsimposedby knowing
suchinformationatcompiletime. Thusstaticbindingprohibitstheexactflexibility thatdistributedsystems
attemptto encourage.

2.2.4 TensionbetweenObject Technologyand Distribution

It shouldbepointedoutthatwhilst offeringmanyimmediatelyidentifiableadvantages,assumingthatobject
technologyis thepanaceafor distributedsystemsdevelopmentwould bemyopic. Objecttechnologyand
its applicationto opendistributedsystemsraiseissuesthathaveto beaddressed.Forexample,inheritance
asanapproachfor codere-usemaynotbeasimportantwhendealingwith distribution[15]. Issuesrelated
to migrationof objectsacrossnetworks,andthe subsequentpossibility of separatingobjectsfrom their
implementations(classes),haveto beconsidered.It mightbethatsuchissuescanbeavoided,e.g. through
copyingtheclasshierarchyalsowhentheobjectis migrated,or replicatingtheclasshierarchyon several
networknodes.Theseandotherpossibilitiesarediscussedin moredetailin [9].

Further, inheritancecan also lead to the implementationhierarchynot being clearly defined,e.g.
subclassesare not alwayssubtypes. Thus when an implementationchangesits behaviour, all related
implementations(in the inheritancehierarchy)maysubsequentlyhaveundefinedbehaviours.Ordinarily
this is not sucha problemwhentheimplementationhierarchyis underthecontrolof a definedgroupwho
canupdaterelatedimplementationssimultaneously. But it is preciselythis ability to control andchange
a setof relatedcomponentssimultaneouslythatdifferentiatesanapplication,evena complexone,from a
truedistributed-objectsystem.

Such issueshave lead to some,e.g. Wegner[205], statingthat “inheritanceis incompatiblewith
distribution”. This hasleadothers[152] to comeup with different interpretationsof objectorientation
thataremoreapplicableto distributedsystems.For example,insteadof emphasisingobjects,classesand
inheritanceaswith Wegner, it isarguedin [152] thatmoreusefulconceptsfor distributionareencapsulation,
abstractionandpolymorphism. Encapsulationherecorrespondsto the groupingof operationsanddata
hiding. Abstractionis theability to groupentitiesaccordingto commonpropertiesandpolymorphismis
asdefinedearlier. This, it is argued,is ageneralisationof Wegner’sdefinitionwhichcorrespondsprecisely
to Wegner’sdefinitionwhenthemechanismsfor encapsulation,abstractionandpolymorphismareobjects,
classesandinheritancerespectively.

2.3 Ar chitectural Approachesto Distributed SystemsDevelopment

Whilstobjecttechnologycanhelpto reducethecomplexityof distributedsystems,it is itselfnotthesolution
to developingandreasoningaboutdistributedsystems.Ratherit providesa meansfor describing(and
building)distributedsystems,butdoesnotstatehowsuchdescriptionscanbeconstructed.This is in many
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waysonly naturalsincedifferentsystemswill almostcertainlyhavedifferentrequirementsresultingin
differentfunctionalities.Theproblemof developinggenericsolutionsto distributedsystemsin the large
can,to a certainextent,bealleviatedthroughanarchitecturalapproach.Typically anarchitectureconsists
of a coresetof:

• components: thesemay for examplebe usedto provide, either completelyor in part, services
for overcomingspecificaspectsof distribution, i.e. theyoffer a way to achievethe transparencies
describedin section2.1.3.

• architectural concepts: thesearemorelikely to belower level, moreelementaryentities,thatare
usedto build abstractrepresentationsof (elementsof) distributedsystems.

• structuring rules: describehow thesearchitecturalconceptsmay be composed(structured)with
oneanotherto build larger structures(systems).This includesa descriptionof how thestructured
systemscanbeconfiguredwih theaforementionedcomponents.

Usingthetermarchitecturein thehouseconstructionsenseof theword, theanalogyof thedefinitions
givenhereis thatthecomponentscorrespondto prefabricatedstructuresthatservea specificfunctionality
(or functionalities),e.g. doors.Theconceptscorrespondto themoreelementarybuildingbricks,or rather
thetemplatesfor makingthebuildingbricks.Thestructuringrulescorrespondtoboththecementthatholds
thebrickstogetherandto acertainextent,thebuildersimagination.Thatis, therearemanywaysto build a
housefrom similarbuildingmaterials.This lastissuehasledsome[3] to suggestthatstructuring,or rather
moregenerallydesign,is closeto anart form. Theidentificationof patternsthatrepeatis nowviewedasa
possiblesolutionto designandhencepossiblecodereuse.[77] hasprovideda basicsetof designpatterns
thatrepeatedlyappearin object-orientedsoftwaredevelopment.

With regardto thisthesis,theroleof architectureiscrucial. Writing specificationsof distributedsystems
canbe alleviatedgreatly througharchitecturalconsiderations.This issueis discussedin moredetail in
section4.1. Recentworks[195, 196] havealsoinvestigatedtherole of architecturein a communications
context.

Dif ferentapproacheshavebeenput forward for how the components,conceptsandtheir associated
structuringrulesassociatedwith distributedsystemsdevelopmentareto berepresented.Thechoicesmade
with thestructuringrulesin particularhavedirectconsequenceson thenotionof opennessgivenin section
1.1.1.Oneproposalis to providebundlesof software(components)thatcanbeusedasanenablingsolution
for distributedsystemsdevelopment,i.e. this softwarecanbeusedwith differentsoftwareandoperating
systemsfrom differentvendorsto overcomevariousaspectsof distribution.

One suchexampleof this approachis the DistributedComputingEnvironment(DCE) [170, 204]
developedby the OpenSoftwareFoundation— now called the OpenGroup. The DCE consistsof an
integratedcollectionof componentsbasedon theclient/serverparadigm.TheseincludetheDCE Remote
ProcedureCall, the Cell andGlobal Directory Services,the securityservice,DCE Threads,Distributed
TimeServiceandtheDistributedFile Service.Thesecomponentsmaybeused(selectively)by developers
to build andmanagetheir own particularapplicationsthat requireaspectsof distributionto bedealtwith
andovercome.

TheDCEwasdevelopedlargelybeforeobjecttechnologyreceivedsuchattention.As aresult,theDCE
takesapredominantlyproceduralapproachto distributedsystemsdevelopmentthatworksata lower level
of abstractionthanothers.

A differentproposalfor developingarchitecturesthathasreceivedparticularattentionis thenotionof
a framework. Simplistically, a frameworkprovidesanorganisedenvironmentfor runninga collectionof
objects. This environmentcontainscertaincomponentsthat facilitate thesoftwaredevelopmentprocess.
It alsoprovidestools that allow new componentsto beconstructedandto interwork in that framework.
Typically, this frameworkcorrespondsto a proprietaryoperatingsystemrunning proprietarysoftware.
Examplesof frameworkbasedapproachesincludeMicrosoft’sObjectLinking andEmbedding(OLE) [36]
andComponentsIntegrationLab’s (CILab1) OpenDoc[198]. Whilst enablingsoftwareto be built in an
environmentthatallowsa degreeof flexibility, e.g. communicationbetweenapplicationscanbeprovided

1This is aconsortiumformedin 1993consistingof Apple, IBM, Novell, Oracle,Taligent,SunSoft,WordPerfectandXerox.
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for directly, suchapproacheshavenot as yet addressedissuesof distribution in their entirety. Recent
collaborations,e.g. OpenDocand the Object ManagementGroup’s (OMG) CommonObject Request
BrokerArchitecture(CORBA)[87] areactivelyaddressingthis issuethough.WeshalldiscussCORBAin
moredetailin thefollowing section.Microsoft’sOLE is alsoaddressingdistributionissues.Specificallyit
is adoptinganRPCbasedapproachto enableremotecommunicationsto bedealtwith, baseduponthatof
theDCE.

A third approachtodevelopingarchitecturesfor distributedsystemsis toprovideanabstractarchitecture.
That is, rather than attemptto provide a single solution for problemsof distribution, an architectural
approachfor developinga multitudeof solutionsis provided.Wearguethatsuchanapproachis beneficial
sincedifferentsystemswill undoubtedlyhavedifferentrequirementsandexpectations,hencethey will
subsequentlyrequiredifferentfeaturesfor overcomingproblemsof distribution. This approachalsolends
itself morecloselyto ourinterpretationof opennessasdescribedin section1.1.1.Weconsiderandcontrast
two suchapproachesin particular: the Object ManagementGroup’s (OMG) CommonObject Request
BrokerArchitecture(CORBA)[87] andthecurrentstandardisationactivityof OpenDistributedProcessing
[107, 108, 109, 110,111].

It shouldbenotedherethattheapproachesmentionedpreviouslyarealsobasedonanabstractmodel.
Microsoft’sOLE is basedon their ComponentObjectModel (COM) [36] andCILab’s OpenDocis based
on theSystemObjectModel (SOM) [124] from IBM. Thesemodelsuseideasfrom objecttechnologyto
enableintegrationbetweenproprietaryapplications,andassuchdonotfulfil our interpretationof openness
asgivenin section1.1.1.

As an aside,it is worth noting that the COM and SOM showperfectly the problemsfacing object
technologyin termsof terminologyandapproach.COM for exampledoesnotsupportinheritanceasgiven
classicallyby Wegner[205], but ratherusesa form of containmentandaggregationto achievethe same
effect. That is, objectsencapsulateotherobjectsand messagesdirectedto the encapsulatedobject are
accessedby thecontainingobjectandsubsequentlyforwarded.This andotherissuesrelatingto thepurist
approachto objecttechnologyarecurrentlysubjectto muchpublic debate.

2.3.1 Intr oduction to Object ManagementGroup’sCORBA

The ObjectManagementGroup(OMG) is a consortiumoperatedasa non-profitcompany. Its objective
is to createa standardfor interoperabilitybetweenindependentlydevelopedapplicationsacrossnetworks
of computers[87]. TheOMG’s memberorganisationsincludemostof themajor informationtechnology
vendorcompaniesandmanyend-usercompanies.OMG worksby adoptinginterfaceandprotocolspeci-
ficationswithin thecontextof a jointly agreedObjectManagementArchitecture(OMA) [90]. Typically,
thesespecificationsaredrawnupby collaboratingmembercompanies.

OMG hasrecognisedthe importanceof object technologyand from its inceptionhasbeena keen
advocateof it. Thecentralcomponentof theOMA is theCommonObjectRequestBrokerArchitecture
(CORBA).Thisconsistsof threemainparts:itsobjectmodel,its IDL anditsObjectRequestBroker(ORB).
Theobjectmodelintroducesobjectsandtheir associatedconcepts.In particular, anobjectis describedas
anentity thatencapsulatesstateandprovidesoneor moreoperationsactingonthatstate.Theseoperations
aredescribedusingIDL. ThisIDL is basedonideasfrom objecttechnologyandhasasyntaxbasedonC++
[189]. It is worthnotingherethattheobjectmodelputforwarddoesnotattemptto dealwith compositionof
objects,nordoesit suggestanyparticularbehaviouralexpectationsof theobjects.Further, thespecification
doesnot explicitly statehow manyinterfacesanobjectshouldpossess,i.e. is it restrictedto havingonly
oneinterfaceor canit havemore?We shallseein section2.3.2thatotherobjectmodelsdostateexplicitly
thatobjectscanhavemorethanoneinterface. In CORBA, if a client hasa referenceto anobjectthenit
caninvokeanyoperationassociatedwith thatobject. This hascertaindisadvantagesthatarediscussedin
section2.3.2.

The ORB is primarily responsiblefor handlingaspectsof distribution. That is, the transparencies
describedin section2.1.3,or someof them,will be realisedto someextentby an ORB. For example,
the possibleremotelocationof an object will be hiddenfrom the accessor(client) of that object when
communicationis madevia theORB.Similarly, issuesin therelocation,migrationandtrackinggenerally
of objectsaredealtwith by theORB.



18 CHAPTER2. DISTRIBUTEDSYSTEMSAND TECHNOLOGIES

The main componentsof the OMA are: the ORB, CORBA servicesandCORBA facilities. Their
relationis shownin diagram2.1.
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Figure2.1: Main Componentsof theOMA

CORBA Services

Objectservicesarebasicservicesthatotherobjectsmightfinduseful[89]. Theyareexpectedtobeavailable
onall ORBs[90]. TheOMA hasidentifiedthefollowing services:

• naming service: is theprincipalmechanismfor objectson anORB to locateotherobjects.Names
arehumanrecognisablevaluesthatidentify anobject.Thenamingservicemapsthesehumannames
to objectreferences.Naminghierarchiesmaythenbecreatedandusedto managetheobjectnames
in thesystem.Weshallseein section7.2.6thatnamingis anessentialareathatcanaidin overcoming
manyof theproblemsof distributedinterworking.

• relationshipservice: allowsentities(CORBAobjects)andtherelationshipsthatexistbetweenthem
to beexplicitly represented.

• lifecycle service: providesoperationsfor creating,copying, moving and deletingobjects. This
includesoperationsfor handlinggroupsof objectsthat havebeenrelatedusing the relationship
service.

• persistenceor storageservice: providesa setof commoninterfacesto the mechanismsusedfor
retainingandmanagingthepersistentstateof objects. Ultimately theobjecthastheresponsibility
for managingits ownstate,howeverthisservicemaybeusedby theobjectshouldit wishto delegate
thework.

• eventservice: allowsobjectsto dynamicallyregisteror unregistertheir interestin specificevents.
Hereaneventis anoccurrencewithin anobjectspecifiedto beof interestto oneor moreobjects.
Objectsareinformedof theseeventsthroughnotifications.
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• transaction service: providesinterfacesto coordinateandmanagetransactionprocessingactivities.

• concurrencycontrol service: providesinterfacestoacquireandreleaselocksthatletmultipleclients
coordinatetheir accessto sharedresources.

• trader service: providesa meansfor clientsto find servicesthathavebeenexported.In particular,
the tradingserviceallows for searchesbasedon someclient criteria wheredetailedinformationis
unknown. We shall discusstrading in somedetail in chapter8 of this thesiswhenwe apply the
architecturalsemanticsto developa traderspecification.

• property service: providesoperationsto enablenamedvaluesto be associatedwith any object.
Usingthisservice,it is possibleto dynamicallyassociatepropertieswith anobject’sstate,e.g.atitle
or a date.

CORBA Facilities

CORBA facilities [88] alsoprovideservicesthat otherobjectsmight find useful. As statedby Edwards
in [51], “commonfacilities canbe thoughtof asanapplicationtoolkit, whereascommonservicesarean
infrastructure toolkit”. Commonfacilities areoptionalon ORBs [90]. Examplesof commonfacilities
include:

• user interface facilities: includesupportfor thegeneraldisplayandprinting of objects,aswell as
userdesktopfacilitiessuchashelpinformation.

• information managementfacilities: includesupportfor informationstorageandretrieval,aswell
as mechansimsenablingobjectsto interoperateby exchangingdata, e.g. file formats for data
interchange.

• systemsmanagementfacilities: supportthemanagementandcontrolof networksandobjects.

• task managementfacilities: provideaninfrastructurefor applicationsanddesktopsthatmodeland
supportthe processingof usertasks. This infrastructurecontainsfacilities for managinguserand
projectworkflows,rulesandcommunications.High-levelmessagescommunicaterequestsoriginated
by usertransactionsin ataskorientedhumaninterfaceto taskmanagementfacilities.

• vertical market facilities: areusedtosupportspecificmarkets.Thesefacilitiesmaythusberegarded
asbeingdrivenby theneedsof specificenterprises.Examplesof suchfacilities includeaccounting
andfinance,healthcareandimageprocessing.

Theseuserinterface,information, systemsand task managementfacilities are typically referredto
[155, 171] ashorizontalfacilities. It is predicted[155] that the CORBA facilities will eventuallydwarf
CORBAandtheCORBAservicesin size.OMG doesnot intendto produceall CORBA facility standards
itself. Rather, it hasput in placeproceduressothatotherconsortiastandardscanbeincorporatedinto the
OMA.

ORB Components

In figure2.1 theORB is representedby a contiguousblock. In reality anORB is morelikely to consistof
severallogically distinctcomponents.We mentionbriefly someof thesethatrelatedirectly to this thesis.

Dynamic Invocation Interface

Thedynamicinvocationinterface(DII) providesclientswith analternativeto usingstubsgeneratedfrom
IDL wheninvoking a server. It is usedwhenthedetailedknowledgeof theoperationto beinvokedis not
knownat run time. That is, whenstubsfor a client areimplemented,theserverstheyhaveaccessto are
determinedstatically, i.e. whentheclient is implemented.Thusanynewserversaddedto thesystemat a
laterdatecannotbeaccesseddirectlyby theexistingclient. To overcomethis CORBAhasintroducedthe
DII. This enablesclientsat runtime to:
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• discovernewobjectsandtheirassociatedinterfaces;

• retrievetheir interfacedefinitions;

• constructanddispatchinvocationsandreceivetheresultingresponseor exceptioninformation.

To achievethis theclient mustsupplyinformationabouttheoperationto beinvokedandthetypesof
theoperationarguments.Theimmediatequestionis, how doestheclient find out aboutsuchinformation
at run time?This is madepossiblethroughtheinterfacerepository(IR).

Interface Repository

Theinterfacerepository(IR) is a servicethatprovidesaccessto interfacedefinitionsa givenORB knows
about. It canbeusedbothinternallyby theORB andalsoby applications.In effect theIR createsgraphs
(AbstractSyntaxTrees)from IDL specificationsandpermitsoperationsto beperformedon thosegraphs,
e.g. checkswhethera particularoperationis availablein a giveninterface(usingthewithin() operation),
or alternativelyfind out which operationa particularparameteris associatedwith (usingthe contents()
operation).ClientsmaythenbrowsetheIR tofindoutwhichinterfacesareavailable.Tomakethisbrowsing
moreeffective,namingissuesarecritical, someaningfulhierarchiescanbestructuredandtraversed.

Oneof theproblemsof the IR asa typeinformationrepository, however, is that the typeinformation
is entirelysyntactic.We arguethattheIDL definitionsalonedo not captureenoughinformationto enable
successfulinterworkingbetweenclients andserversto takeplace. It is of coursepossibleto augment
the IDL to includecommentswhich statethe expectedor desiredbehaviourof given operations. This
approachhas,for example,beentakenby theTelecommunicationsInformationNetworkingArchitecture
Consortium(TINA-C) groupin theirObjectDefinitionLanguage(ODL) [156]. Whilstashorttermsolution
to overcomingtheproblemof relyingtoomuchonsyntacticaspectsalone,this is unsatisfactoryfor several
reasons.Forexample,it doesnot lenditself to testing,verificationor reasoningin general.Further, natural
languageasa behaviourdescriptionmechanismis inherentlyflawed. Indeed,this wasoneof the main
reasonsfor thedevelopmentof formal languages.We investigatehow behaviouris typically represented
in formal languagesin the following chapter. In particular, we focuson thoselanguagesthathavebeen
influencedby objecttechnology.

CORBA asan Abstract Architecture

The OMG’s CORBA specificationhas many of the featuresone would expectto find in an abstract
architecturefor distributedsystemsasdescribedabovein section2.3. TheORB,servicesandfacilitiesare
componentsthat overcomeaspectsof distribution; the objectmodelandIDL areusedto describebasic
architecturalconcepts;andtheIDL is usedto describehowtheconceptsandcomponentsmaybestructured
with respectto eachother. With regardto thisthesis,this lastpoint is crucial. Thatis, whilst it is important
to havea syntacticmeansto representthe interfacesbetweenarchitecturalconceptsandcomponentsso
messagessentwill be understood,this doesnot in itself imply that the systemasa whole will function
correctly. Thususingthe definitionsin section1.1.1, this approachlendsitself to interconnectivitybut
not interworking. Using the houseconstructionexampleagain,this meansthat we may havedoorsthat
neveropen,say— assumingthemessagepassinganalogyin ourarchitecturalabstractionis equivalentto
somebodypushingthe door, i.e. the pushmessageis acceptedbut doesnot havethe desiredeffect. In
effect,wehavea syntacticstructuringmechanismthatdoesnotaddressbehaviouralconcerns.

The consequencesof this for CORBA generallyarethat issuessuchasconformanceto the CORBA
specificationarenotdealtwith. Thatis, whilst it is possibleto showthata systemis notconformant,e.g.a
legalCORBAIDL specificationis rejected,therearenocurrentconformanceteststocheckwhetheragiven
ORBtruly compliesto theCORBAspecification.Rather, complianceof all ORBproductsto theCORBA
is currentlybasedonlyontheirsupportingtheOMA objectmodel,IDL andcertaincomponents,e.g. theIR
andDII [155]. In additiontheproductmustsupportat leastoneIDL to implementationlanguagemapping.
In fact,conformanceandtestingin generalto theCORBAis currently, unsatisfactorily,by vendorassertion.

It shouldbepointedoutthatthis largelysyntacticapproachhasbeendeliberatelychosenby theCORBA
communityandis not anoversight.Thereasonis thatextendingthestructuringto dealwith behavioural
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andotherformsof checkingis non-trivial. Further, in developinganabstractarchitecturefor amultitudeof
distributedsystemsit is notpossibleto prescribethebehaviourof specificarchitecturalconceptsexplicitly.
Thusonewould expectthe door to a bankvault to havedifferentbehaviouror characteristicsfrom the
doorof a greenhousesay, yet theyarebothmanifestationsof thedoorconstruct.Sinceour interestlies in
specifyingdistributedsystems,we requireanabstractarchitecturethatdoesdealwith behaviouralaspects.
Weshallalsoseethatbehaviouralaspectsalonearenotenoughif interworkingsystemsareto bespecified.
Oneabstractarchitecturethathastriedto addressthesebehaviouralissuesto acertainextentis thatof ODP
[107, 108, 109, 110,111].

2.3.2 Intr oduction to the ODP-RM

ODPrepresentsamajoreffort betweentheInternationalOrganizationfor Standardization(ISO)andInter-
nationalTelecommunicationsUnion(ITU-T). Thiswork identifiesandattemptsto provideaframeworkfor
thedevelopmentof standardsfor distributedsystems.Thisframeworkhasbeensetoutin aReferenceModel
of ODP(ODP-RM).It definesanarchitecturethroughwhichdistribution, interworkingandportabilitycan
beachieved.

TheODP-RMrecognisesthatit cannotprovideaninfrastructureto meetall of theneedsof distribution
for all applications.Dif ferentsystemswill almostcertainlyhavedifferentdemandson the infrastructure.
TheODP-RMdoes,however, provideaframeworkfor describingtheseinfrastructurecomponentsandtheir
configuration.Givenapplicationsmaythenselectthecomponentstheyneedfor their particularconcerns.
ThustheODP-RMis in effect a frameworkfor developingstandardsfor distribution,wherethestandards
to bedevelopedreflectinfrastructurecomponentsneededto overcomeproblemsinherentin distribution.

TheODP-RMis baseduponconceptsderivedfrom currentdistributedprocessingdevelopmentsand,as
far aspossible,on theuseof formal languagesto specifythearchitecture.TheODP-RMusesanapproach
basedon objectsandobject-orientedtechnologiesfor thereasonsgivenin section2.2.3. It is dividedinto
four mainparts.

ODP-RM Part 1 — Overview and Guide to Use

As its title suggests,this documentprovidesintroductorymaterialon the ODP-RMframeworkfamily of
standards.

ODP-RM Part 2 — Foundations

This documentcontainsthedefinitionof conceptsandgivestheframeworkfor descriptionsof distributed
systems.It also introducesthe principlesof conformanceandthe way they may be appliedto ODP. In
effect this documentprovidesthebasicvocabularywith whichdistributedsystemsmaybereasonedabout
anddeveloped,i.e. it is usedasthe basisfor understandingthe conceptscontainedwithin Part3 of the
ODP-RM.Thefollowing categoriesof conceptshavebeenidentifiedin Part2:

BasicInterpr etation Concepts: theseintroduceconceptsfor definingotherconstructsin ODP. In reality,
theseconceptsaremeta-conceptswhich applyto anyform of modellingactivity andnot just ODP.
Examplesof theseconceptsinclude:

• entity: anyconcreteor abstractthingof interestin theuniverseof discoursebeingmodelled.

• proposition: anyfactor stateof affairs involving oneor moreentitiesof whichit is possibleto
assertor denythatit holdsfor thoseentities.

• abstraction: theprocessof suppressingirrelevantdetailto establishasimplifiedmodel,or the
resultof thatprocess.

• atomicity: anentity is atomicat a givenlevel of abstractionif it cannotbesubdividedat that
levelof abstraction.
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Sinceourinterestliesin writingspecificationsandspecificationwritingcorrespondstobuildingabstract2

models,theseconceptsarefundamentalbothto thewriting processandalso,asweshallseein thefollowing
chapter, to the formal languagesthemselves.We shall seethat formal languagesoffer radicallydifferent
waystomodelsystemsandhavedifferentinherentcapabilitiesfor representingtheseinterpretationconcepts.

BasicLinguistic Concepts: recognisesthat all modellingconceptsandruleswill be expressedin some
syntax.Thismightbegraphicalor follow sometextualformat.ThusODPprovidesabasiclinguistic
frameworkfor relatingthesyntaxof a givenmodellinglanguageto theODParchitecture.

It shouldbenotedthatproblemsmayexist in expressinga givenarchitecturein naturallanguage.In
expressingtheconceptsandstructuringrulesfor thatarchitecture,a certainvocabularymustbedeveloped
(theconcepts)anda grammarfor constructinglegalphrasesusingthatvocabulary(thestructuringrules).
Thus in this sensean architecturecorrespondsto a language. We shall seeshortly that indeedODP
hasdevelopedspecificviewpoint languages. The problemis, however, that natural languageand an
architecturaldescriptionlanguageoften overlapin their vocabularyasthe previousfootnoteshows. To
overcomethis, typographicalconventionsmaybeadopted,e.g.usingitalics for architecturalconcepts.

BasicModelling Concepts: containtheconceptsfor building theODParchitectureitself. That is, these
representthe most fundamentalmodelling conceptsthat are usedas a basisfor modelling and
constructingthe more detailed(prescriptive)conceptsand to a lesserextentthe structuringrules
containedin theODParchitecture.Theconceptsthemselvesarebasedin parton ideasfrom object
technology.

With regardto this thesis,theseconceptsform thebasisfor writing specifications.Theyareconsidered
in moredetail in chapter4 alongwith how theymight (best) be formalisedin LOTOS andZ. It is worth
notingherethattheODPobjectmodeladvocatesthatobjectscanhavemorethanoneinterface[130]. The
primaryreasonsfor this arethatdifferentinterfacesmaysupportdifferentfunctionalities,e.g. separating
managementinterfacesfromgeneralusageinterfaces.Thisin turnallowsdifferentaccesscontrolsto beput
in place,e.g. restrictingaccessto themanagementinterface.Whilst addingin complexity, theadvantages
to begainedoutweighthecosts[51]. WealsonotethatODPadvocatesanobjectmodelin whichreferences
to interfacesaretreatedasfirst classitems.Thatis, interfacereferencescanbepassedaroundasparameters
andusedto accesstheinterfacetheyidentify. Thisoffersaveryflexibleapproachfor dealingwith resource
discoveryandaccess.We discussthis issuein moredetailin chapters4 and5.

SpecificationConcepts: theseconceptsrelateto the requirementson languagesusedto describeODP
systems.Thatis, theseconceptsrepresentdirectlythemodellingfeaturesthatspecificationlanguages
shouldpossessif they areto be usedto write specificationsof distributedsystems.The concepts
themselvesarebasedverymuchon ideasfrom objecttechnology.

Sinceour interestlies in writing specificationsof distributedsystems,theseconceptsarefundamental
to selectingwhich formal languagewe use. Theseconceptsandhow they might (best) be formalisedin
LOTOSandZ areconsideredin moredetail in chapter4.

Structuring Concepts: theseareconceptsthat emerge from consideringdifferentissuesin distribution
anddistributedsystems.Thusfor exampleissuessuchasnamingandorganisationalconceptsare
introduced.

It is statedin Part2 thattheseconceptsmayor maynotbedirectlysupportedby specificationlanguages.
In generalthis is thecasesincetheconceptsdescribecomplexstructuresandit wouldbeoverly restrictive
to requirethattheseweresupporteddirectlyby agivenspecificationlanguage,i.e. few, if any, specification
languagescould supportsuch conceptsdirectly. However, we argue that certainconceptsrelating to
behaviourissuesshouldideally besupportedby specificationlanguages.Forexample,particularordering
constraintson the actionsassociatedwith objectsare usedto explain how objectscan havetheir own
behaviour, independentof their environment.Suchaspectsareessentialwhenmodellingandspecifying
distributedsystems,i.e. systemsof interactingobjects,andassuchshouldbesupportedby thespecification
language.We discusstheseconceptsandhowtheymaybeformalisedin chapters4 and5.

2UsingtheEnglishsenseof theword andnot thedefinitiongivenpreviously.
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ConformanceConcepts: areconceptsnecessaryto explainthenotionsof conformanceto ODPstandards
andof conformancetestinggenerally.

In particularconformancedealswith showinghowa givenimplementationrelatesto a standard.This
is achievedin ODPthroughtheidentificationof specificpoints— referencepoints— atwhichagiventest
is to becarriedout. Theobservationsthatoccurat thesepointsarethenusedto seeif thesystemmeetsa
setof conformancecriteria.

ODP-RM Part 3 — Architecture

This documentcontainsthe specificationof the requiredcharacteristicsthat qualify distributedsystem
as open, i.e. constraintsto which ODP systemsmust conform. The main featuresof Part 3 include
transparencies,functions,conformanceissuesandviewpointlanguages.

Thetransparenciesidentifiedby ODParevery muchsimilar to thosediscussedin section2.1.3.Func-
tionsmaybe regardedascomponentsthataid in overcomingaspectsof distribution. ODPhasidentified
specificfunctionsthatcanbeplacedinto four groups.Theseare:

ManagementFunctions: providesfacilitiesfor dealingwith managementof systemresources.Thesemay
controlof theprocessingactivitieswithin a specificcollectionof interactingobjects,e.g. deciding
whethernewactivitiescanbestarted(spawned).

Coordination Functions: providesupportfor coordinatingsystemresources.Examplesof coordination
functionsinclude:

• eventnotification function: for notifyingspecificobjectsthatgiveneventstheywereinterested
in havetakenplace.

• group function: to coordinatetheinteractionsof a particularsetof objects.

• migration function: to coordinateandcontrolthemigrationof objectswithin thesystem.

• transaction function: to coordinateandcontroltransactionprocessingactivities.

RepositoryFunctions: provide supportfor the storage,organisationand retrieval of information in a
distributedsystem.We notetwo repositoryfunctionsin particularsincetheyrelatevery closelyto
muchof thework in this thesis:

• type repository function: whichdealswith typespecificationsandtheir relationships;

• trading function: which dealswith the exportingandimporting of servicesin a distributed
system.

Security Functions: deal with aspectsof security. For example,issuesrelatedto accesscontrol and
authenticationare considered.Providing functionsthat deal with suchissuesis madeespecially
difficult in distributedsystemsdueto their potentialremoteness.

As well as identifying thesefunctions,ODP hasdevelopedan architecturewherebythe functions
themselvescan be described. This function descriptionmechanismis achievedin ODP through the
deploymentof viewpoint languages. Throughtheseviewpoints, functionsand distributedsystemsin
generalcanbe reasonedaboutin a uniform andcompletemanner. In particularODP hasattemptedto
provideanarchitecturewherebyissuesdealingwith aspectsof enterpriseinterworkingcanbeaddressed.

ODP usesthe notion of a viewpoint as it recognisesthat it is not possibleto captureeffectively all
aspectsof designin a singledescription. Eachviewpoint capturescertaindesignfacetsof concernto a
particulargroupinvolved in the designprocess.In doingso it is arguedthat thecomplexityinvolved in
consideringthesystemasawholeis reduced.ODPrecognisesfiveviewpoints,eachwith itsownassociated
language:

Enterprise Viewpoint: this focuseson theexpressionof purpose,policy andboundaryfor a givenODP
system.
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Information Viewpoint: this focuseson theinformationandinformationprocessingfunctionsin a given
ODPsystem.

Computational Viewpoint: this focuseson the expressionof functionaldecompositionof a givenODP
system,andof theinterworkingandportabilityof ODPfunctions.

EngineeringViewpoint: thisfocusesontheexpressionof theinfrastructurerequiredtosupportdistributed
processing.

TechnologyViewpoint: this focuseson the expressionof suitabletechnologiesto supportdistributed
processing.

Eachviewpointrepresentsa differentabstractionof sameoriginal system;however, thereis likely to
becommongroundbetweentheviewpoints.We shalllook at theseviewpointsin moredetailin chapter5.

ODP-RM Part 4 — Architectural Semantics

This document[110, 111] containsa formalisationof a subsetof theODPconcepts.This formalisationis
achievedthrough“interpreting” eachconceptin termsof theconstructsof a givenformal language.The
formal languagesthathavebeenappliedsofar havebeenEstelle[100], LOTOS[101], SDL’92 [118] and
Z [106]. Thisformalisationandtheramificationsit hasonthedevelopmentof specificationsform thebasis
for thework presentedin this thesis.

CORBA vs ODP?

It couldbearguedthatODPandCORBA areattemptingto solvethesameproblems.Thatis, bothgroups
aretrying to providesolutionsto enterpriseswheredistributedprocessingis likely. Certainly, manyof
thefunctionsidentifiedby ODPasbeingnecessaryto aid in providingcertaintransparenciesarereflected
directly by an equivalentCORBA service,e.g. transactionprocessing,or they areprovidedfor through
the ORB itself. For example,typerepositoriesin ODPparlancecorrespondto the interfacerepositories
associatedwith ORBsin CORBAparlance.

It mightbeconstruedfromthisthatODPandCORBAareworkingin competitionproducing independent
andpotentiallyincompatiblearchitectures.For developersandusersof distributedsystemsgenerally, this
wouldbetheworstpossiblescenariosinceit would leaddirectlyto incompatiblesystemsbeingdeveloped—
oneof themainreasonfor developingdistributedsystemsstandardsin thefirstplace.However, SC21/WG7
andtheOMG haverecognisedtheir commongoalsandarekeento ensurethat their architecturesarenot
incompatible.This hasresultedin severalcollaborationsandliasonsbetweenthe two groups.Examples
of thesecollaborationshaveincludedthe adoptionof the CORBA IDL by ODPto specify the syntactic
aspectsof computationalobjects.Similarly, theODPtraderstandardisationis currentlyundergoingreview
by theOMG consortium.

2.4 Summary

Thischapterhasgivenabroadoverviewof thecontextof this thesis:distributedsystems.Theirassociated
advantagesandaddedcomplexitieshavebeendiscussed.Approachesfor overcomingthesecomplexities
havebeenadvocated. This chapterhasconsideredtwo in particular: object technologyand reference
architectures.We havecontrastedcurrentapproachesto describingreferencearchitecturesfocusingin
detail on two: the CORBA and ODP. The limitations of CORBA for our purposes,e.g. its lack of
considerationfor behaviouralissues,havebeendiscussed.Weshallshowin therestof this thesishowthe
ODPreferencearchitecturein conjunctionwith formal techniquesoffersa meansto developspecification
architecturessuitablefor writing specificationsof distributedsystems.

The immediatequestionthatarisesfrom this is which formal techniqueshouldbeappliedto develop
specificationarchitecturesfor distributedsystems?This issueis discussedin moredetail in thefollowing
chapter.



Chapter 3

Formal Techniquesand Distributed
Systems

Thischapterfocusesonformalspecificationlanguages(FSLs).Weprovideargumentsasto why formality
in softwareengineeringis necessaryandwhy this is especiallysowhendealingwith distributedsystems.
Given the characteristicsof distributedsystemspresentedin the previouschapter, we outline desirable
propertiesof FSLs for dealingwith thesecharacteristicsand hencefor specifyingdistributedsystems.
Particularbranchesof the FSL family are introducedand conclusionsdrawn on their advantagesand
disadvantagesfor describingdistributedsystems,i.e. what featuresthey possessfor dealingwith the
characteristicsinherentto distributedsystems.

Given the discussionin the previouschapter, our work hereis biasedtowardsthoseFSLsthat have
beentouchedby objecttechnology. This is thoselanguagesthathavebeenusedto specifyobject-oriented
systems,andthosedevelopedwith theintentionof beingsuitablefor specifyingdistributedsystems.

3.1 The Needfor Formality

Formalitycantakemanyforms. Naturallanguagemaybewritten in a semi-formalstylethroughstylised
English(or German,or...). Takeany legaldocumentasanexample.Englishis not a formal languageas
suchthoughfor severalreasons:

• it canbeambiguous;

• it allowscontradictionsto exist;

• it canbevagueandincomplete,e.g.whenimprecisetermsareused.

>From an architecturalviewpoint theseissuesarisefrom too many conceptsand not strict enough
structuringrulesassociatedwith them. Most writersandpoetswould arguethatthis is a goodthingsince
it allows for a richnessin word usagethatcanbeused,for example,to bring differentemotionsinto the
writing process. This richnessis also the fundamentalweaknessof natural languagefor capturingthe
requirementsfrom which software(andhardware)areto becreated.Thereit is precisionandconciseness
thataremoreimportantasopposedto eloquenceandemotiveness.

To overcomethis problemFSLshaveevolved.Thesemayberegardedassymboliclanguagesthatuse
unambiguousrulesfor developingexpressionsin thatlanguageandfor interpretingthesemanticsof these
expressions.Typically, thesemanticsis givenin termsof mathematicalconstructs.Forexample,algebras,
settheoryandlogicsareall usedasbasesfor FSLs.

FSLsareoftenusedaspartof a methodologyfor softwaredevelopment.Thatis, theyserveto capture
theinitial userrequirementspreciselyandactasanaid in thedevelopmentprocessgenerally. This rather
vagueinterpretationof FSLusagein softwaredevelopmentis intentional.Specificationsmayservemany
purposes.Thesepurposesshouldinfluencethechoiceof FSL since,aswe shall seein section3.3,FSLs
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havedisparatepropertiesthat maketheir deploymentin given situationsmore apposite. For example,
somelanguagesaremoreabstractthanothersandbetterfor capturingquickly andpreciselya givenuser’s
requirements.Fromthesespecifications,formal reasoningthroughprovingpropertiesof thespecification
canbeusedto ensurethat theuserrequirementsare,amongstotherthings,consistent.Oftenthis abstract
requirementscapturehas,throughthedetailedanalysisof userrequirements,thepotentialfor uncovering
requirementanomalies.Otherspecificationlanguages,ontheotherhand,workatalowerlevelof abstraction
andareusuallymoreverbose.Whilst not asdirectly suitedto requirementscapture,suchlanguagesare
usuallymoresuitedfor implementingandrapidprototyping.

Severaladvocatesof formal methodshavetried to explainformal methodsby debunkingthe“myths”
thatsurroundthem[29, 92]. Typicalmythsinclude:

• theycanguaranteeperfectsoftware;

• theirusageincreasesdevelopmentcostsprohibitively;

• theyareincomprehensibleto clients.

Theseandotherwork [30] do not attemptto showthat formal methodsarethepanaceafor software
development,or theelusivesilverbulletasclaimedby some[45]. Rather, theyarguethatformal methods
area tool thatcanbevery usefulfor softwaredevelopers.In this thesis,we concurwith this philosophy.
We do not stateor try to showthat formal techniquesandlanguagescanbe usedto developall aspects
of distributedsystems. Similarly we do not try to prove all propertiesthat might be associatedwith
them.Insteadweuseformal languagesprimarily asa reasoningtool for distributedsystemsandtheissues
surroundingtheirdevelopmentin thelarge.

3.2 Requirementson Formal Languagesfor Distributed Systems

Distributedsystemsthemselvesraisemanyissuesregardingtheapplicationof formal techniques.Thefirst
questionthatfacesanypersoninvolvedin writing specificationsis whatis thespecificationto beusedfor?
Is it to beabasisfor requirementscapturesothatpreciseuserrequirementscanbeobtained,or is it driven
moreby thelower levelsystemrequirements,e.g.dealingwith howthesystemis supposedto do thingsas
opposedto whatit is supposedto do?Theconstructivenessof specificationshasmanyramificationsonthe
roleof formaltechniquesgenerally. Thatis, theselectionof agivenlanguageis moreoftenthannotdriven
by availableexpertiseandtools in that techniqueasopposedto specific(documented)advantagesof that
languagefor thatpurposein thatdomain.Theprimaryreasonfor this is thatwhilst formal languageshave
beenappliedto amyriadof problemsanddomains,therehasbeenlittle in thewayof directlycomparingthe
advantagesanddisadvantagesof givenlanguagesfor particulardomainsandpurposes.Thereareof course
exceptionsto this,e.g.Fischeretal [73] producedspecificationsof theODPtrader[115] in LOTOS,SDL
andZ with thespecificintentionof contrastingtheapproaches.Similarly bookswhich introducefamilies
of specificationlanguages,e.g.Turner[194] havecomparedLOTOS,SDL’88 andEstelleto someextent.

Despitetheseworks, selectingspecificationlanguagesfor new and untried areas,e.g. distributed
systems,is, by andlarge,a largelyunknownandhenceundocumentedarea.As westatedin section1.1.3
oneyardstickfor comparisonis to seehow far formal languagescanbeusedto interpretdomain-specific
referencearchitectures.Weinvestigatethis issuein thefollowing chapter, whenLOTOSandZ areusedto
interpretthemoreelementaryaspectsof theODPreferencearchitecture.Anothermoredirectapproachis
to comparethosecharacteristicsof distributedsystemsdirectly, andfrom this to identify desirablefeatures
of specificationlanguages.It might be consideredthat this approachwould be moredirectly beneficial
to selectinglanguagesfor describingdistributedsystemsas opposedto having to developspecification
architectures.Wearguethatthetwoapproachesarecomplementary. Specificationarchitecturedevelopment
allowslanguagesto beconsideredin amoremethodicalway. Forexample,lackof certaincrucialconcepts
andhow they might be includedin languageextensionscanbeanalysedin a structuredfashion. Direct
featurecomparisonon the other handallows for immediatesuitability considerationsto be madeon a
broadlevel. Henceweprovideanoutlineof theparticularconstraintsthatthecharacteristicsof distributed
systemsdiscussedin section2.1.1imposedirectlyonFSLs.
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Remoteness:from a formal perspective,remotenessof componentsis usuallyabstractedfrom. This is
unsurprisingsincewriting specificationsis generallyfoundeduponmakingabstractmodels. The
real-world locationat which componentsexist is not normally part of the model. The notion of
locationis critical to distributedsystemshowever[85], sinceit reflectsdirectly on a multitudeof
issues.For example,componentscanonly interactandsystemssubsequentlyinterwork if theyare
awareof oneanother, i.e. know the locationandexistenceof oneanother. Typically the location
of componentsis reflectedin termsof interactionpoints, i.e. locationsat which componentsand
theirassociatedbehavioursmaybefound. Formallanguagesshouldpossessfacilities for modelling
interactionpointsshouldremotenessissuesbeof interest.This modellingmaybedoneimplicitly,
i.e. it is a featureinherentto thelanguage,or explicitly, i.e. it is a featurethat thelanguagecanbe
usedto model.WeshallseehowLOTOSandZ offer contrastingwaysof dealingwith themodelling
of interactionpointsin sections4.2.10and4.2.10respectively.

Heterogeneity: the areaof heterogeneityin languages,operatingsystemsand hardwarehasto a large
extentbeenovercomeby theadoptionof interfacedefinitionlanguages[172]. It would benaiveto
developan approachthat attemptedto ignoreor underminethe currenttechnologiesandsolutions
for addressingheterogeneity. Fromaformalviewpointwearguethataspecificationlanguageshould
supportreasoningandspecificationof the syntacticaspectsof systems.For example,supporting
reasoningabout interfacesignatures(seesection4.3.12)shouldbe possible. Formal techniques
shouldextendthe syntacticconsiderationsto dealwith behaviouralandnon-functionalaspectsof
systemsalso.We shallseein chapters5, 6 and7 to whatextentLOTOSandZ canbeusedto realise
this.

Concurrency: asdistributedsystemsareinherentlyconcurrent,i.e. individualcomponentscanhavetheir
own independentbehaviour, formal languagesshouldpossessfeaturesfor modellingandreasoning
aboutthesebehaviours.Further, giventhatdistributedsystemsaretypically representedascollections
of interactingandinterworkingsub-systems,formal languagesshouldpossessfeaturesfor reasoning
about theseinteractions. Thesefeaturesmay be inherentto the languages,i.e. built into their
semantics,or canbemodelledwithin thelanguageitself. As weshallsee,certainlanguagesthatare
not intrinsically concurrentcanbeappliedin sucha way that issuesrelatedto concurrencycanbe
addressed.

It is worthpointingoutherethatcertainwork, e.g. [98] hasarguedagainstintroducingconcurrency
into specificationsin thefirst place.Theargumentusedis thatconcurrencydoesnot dealwith what
the systemis supposedto do, but with how it is supposedto do it. Similarly, other potentially
implementationinfluencingspecificationapproaches,e.g. sequencingof operations,shouldnot be
specified.Whilst thebasisfor theargumentsfrom apuristview is true,i.e. aspecificationrepresents
whatnothow, we regardthisphilosophyasmyopicin termsof specifyingdistributedsystems.That
is, issuesrelatedto thespecificationof collectionsof interworkingsystemsshoulddealwith issues
suchasconcurrency. It is throughconsiderationof suchissuesthatreasoningaboutthesystemasa
whole,i.e. thewhatbecomemoreapparent.It shouldbepointedout thattheargumentsabovewere
basedon softwaredevelopmentin generalandnot directedat distributedsystems.Thestructured
developmentmethodologyof softwaredesignandrequirementsof distributedsystemsarenotalways
well matched.Thatis, distributedsystemsrarely, if ever, startcompletelyfrom nothing,i.e. legacy
systemstypically exist. Further, dueto thecomplexityof distributedsystems,specifyingthewhole
systemis likely to beoverly complexandoffer few advantages.Thereforeelementsof distributed
systemsareusuallyspecified,e.g. sub-systemsof somelargersystem.Throughconsideringthese
sub-systemsin isolationandprovidingfeaturesfor reasoningabouttheircombinations,thecomplexity
issuesof distributedsystemscanbeapproachedmethodicallyandsystematically. Sinceconcurrency
representsoneof the main issuesin combiningsub-systems,we argue that it shouldbe a feature
offeredby FSLsfor describingdistributedsystems.

A furtherargumentagainstthework of [98] is thatlower levelspecifications,e.g. thosedealingwith
concurrencyissues,lendthemselvesmorereadilyto thesoftwaredevelopmentprocessin general.We
dealwith thisissueagainshortlyin consideringwhetherspecificationlanguagesshouldbeexecutable
or not.
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Partial Failur es: thenotionof (truly) unexpectedfailure is impossibleto specify. By its very nature,if it
wasa possibleexpectedbehaviourthenit would havebeenspecified.It is quitepossibleto specify
expectedor predictedfailureshowever. Also, it is thesethatdistributedsystemsattemptto provide
facilities for dealingwith. Thusa formal languageshould,for example,beableto modelsuccessful
andunsuccessfulattemptsat interactionsbetweencomponents.

Asynchrony: giventhatwehaveadvocatedconcurrency, formal languagesshouldallow for themodelling
of interactionsbetweensystems.Further, it shouldbepossibleto specifydifferentforms of inter-
actionsbetweencomponents.That is, the time differencebetweenthe sendingto the subsequent
arrival of messagesmayor maynot be regardedasinstantaneous.Synchronousandasynchronous
communicationsshouldthusideally befeaturesof theformal language.

Autonomy: whilst it isnotnecessarilythecasethatformallanguagesshouldsupport thenotionof autonomy
directly, it shouldbe possibleto specify the behaviourof independentsystems. That is, formal
specificationlanguagesshouldsupportsomeformof modularstructuringmechanism.Thesemodules
shouldallow a form of autonomy, e.g. the modulesdecidefor themselveshow they respondto
messagesthat aresentto them. Similarly, thesemodulesdecidefor themselveswhat information
theywish to sharewith theothermodules.Object-orientationandthe conceptsassociatedwith it,
e.g. encapsulationandinterface,providea suitableplatformfrom which issuesrelatedto autonomy
canbeaddressed.

Evolution: formaltechniquesshouldbeableto modelevolutionarysystems.Thismightincludeextending
thefunctionalityof a givensystemor replacingonepartof thesystemwith someothersub-system.
Usingtypetheoreticterminology,issuesrelatedto inclusionpolymorphismandsubtyping/subclassing
generallyareof interest.Thesein turnrequirechecksontypingin general,i.e. if asystemis replaced
with anotherthenwhatchecksarenecessaryto ensurethatthis is avalid replacementin termsof the
previousinteractionsof theold system.Thussubtypingasa mechanismfor systemreplacementis
only valid if previousinteractionpatterns,i.e. othersystemsthatinteractedwith theoldersystemin
a certainway, canequallywell interactwith thereplacementsystem.Here“equally well” typically
meansthattheycannotdistinguishbetweenthetwo andhencetheirbehavioursandthebehaviourof
thesystemasawholeis not adverselyaffectedby thereplacement.

Mobility: formal techniquesshouldsupportmobility. This meansthat it shouldbepossibleto formally
modelsourcesof information,objectssay, andprovidefeaturesfor reasoningabouttheir possible
relocationandthesubsequentsystemreconfiguration.Thatis, formallanguagesshouldideallyallow
for dynamiccommunicationpathsto besetupbetweentheexistingcomponents.

As well astheseimmediaterequirementson formal languagesfor addressingparticularcharacteristics
of distributedsystems,severalotheraspectsshouldalsobeconsideredwhenselectinga formal language.

Abstraction: distributedsystemsareinherentlycomplex. To aid in overcomingthis complexity, formal
techniquesshouldallow differentlevelsof abstractionto beachieved.That is, theyshouldpossess
propertiesthatenable,at a given level of detailor interest,variousirrelevantaspectsof thesystem
asa whole to behidden. For example,if anautomatedteller machinewereto be specifiedthenit
shouldnot benecessaryto specifyin greatdetailall aspectsof thebankwith which it is associated,
e.g. its overseasinvestments.Rather, the userinterface,the moneyin the teller machineandthe
interfaceof the teller machineto thebankareof primaryconcern.Formallanguagesshouldallow
for theselectedomissionof certaininformationsto beachieved.

Determinism: a systemis deterministicif it is possibleto accuratelypredictits futurebehaviourthrough
knowingthebehaviourof itsenvironment.Non-determinismariseswhenasystemcanhavediffering
behavioursregardlessof the behaviourof its environment. Typically non-determinismis usedto
representinternalchoicewithin a system. In distributedsystems,non-determinismcanbeusedto
addressissuessuchasautonomy, e.g. a givensub-system(or object)decideshow it shouldreactto
interactionswith theothersub-systems(objects).Assuch,formallanguagesfor modellingdistributed
systemsshouldprovidefeaturesfor specifyingandreasoningaboutnon-deterministicbehaviours.
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ExecutableversusNon-Executable: therehasbeenmuchdiscussionin the formal methodscommunity
on whetherformal specificationlanguagesshouldthemselvesbeexecutable.It hasbeenarguedby
HayesandJones[94] thatformalspecificationlanguagesshouldbenon-executable.Theirargument
is basedon four mainpoints:

• requiringspecificationlanguagesto be executablerestrictstheir expressivepower. Thusthe
specificationshouldbephrasedin termsof requiredpropertiesof thesystemasopposedto the
algorithmicdetailsby whichthesepropertiescanbeachieved.

• proving propertiesabouta specificationis a muchmorepowerful methodof validationthan
generatingtestcasesfrom a specification.

• executablespecificationlanguagescanunnecessarilyconstrainthe choiceof possibleimple-
mentations.

• it is easierto verify that an implementationmeetsan abstractspecificationthan to match
an executablespecificationagainstan implementationfor which possiblydifferentdataand
programstructureshavebeenchosen.

An oppositeviewpointhasbeentakenby Fuchs[76]. He arguesthatnon-executablespecification
languagescanbemadeexecutableon almostthesamelevel of abstractionandwithout essentially
changingtheirstructure.Further, heshowshowthesamelevelof expressivenesscanbeachievedin
executableasin non-executabledeclarativespecificationlanguages.

Therehasbeenno real agreementin the formal methodscommunityon this topic. Specifications
asabstractreasoningtoolsversusspecificationsasabstractimplementationsbothhavetheir relative
merits. Certainlanguages,e.g. Z, werenot designedto beexecutable.Otherlanguages,e.g. SDL,
weredesignedverymuchwith toolsupportin mind. It wouldbenaivetoexpectto implementdirectly
all requirementstatementsthatmightbemadeandhencepossiblyformalised.Sometimesstatements
aretoo generalor are impossibleto implementdirectly. Neverthelessthe ability to implementor
prototypeinitial abstractspecificationsis appealing.We shallseehow LOTOS andZ offer sample
languagesfrom bothsidesof thisargument.Wenotethatobjectorientationhasattemptedto provide
a unifying frameworkin whichanalysisthroughto designandimplementationcanbeachieved.

Non-functional Aspects: muchrecentinterestin the formal methodscommunityhasarisenas to how
formal languagesmightbeusedto specifynon-functionalaspectsof behaviour[136, 167]. Thus,the
specificationof qualityof serviceandotherconstraintsthatcaninfluencebehaviourgenerallyareof
interest. It hasbeenrecognised[109, 104, 105] thatbehaviouralspecificationaloneis not enough
to build reliableandinterworkingsystems.Therearemoreconstraintsthathaveto beconsidered.
The overall correctnessof a systemmustsatisfy all constraintsthat apply to it. For example,if
functionalityandresponsetime arethe constraintsof interest,thena systemthatproducedcorrect
answersaftercertaindeadlineshavebeenpassedwouldbeasunacceptableasasystemthatproduced
incorrectanswerswithin a givendeadline.Hence,formal languagesshouldideallybeableto model
non-functionalaspectsrelatedto behaviour.

Modelling non-functionalaspectsplacesfurther constraintson the formal languages. Thereare
numeroussortsof non-functionalaspectsthatmightbeof interest:temporalconstraints,costingcon-
straintsandconstraintsrelatedto locationarejust threeexamples.Theability to modelsuchfeatures
andbeableto reasonaboutthemin a formal languageis highly desirable.Further, modellingand
reasoningaboutsuchissuesshouldbedonein amannerthatdoesnotimply auniqueimplementation.

Tool Support: selectionof aformal languagemaywell beinfluencedby thetool supportavailablefor that
language.Examplesof suchtool supportmightbesyntaxeditors,checkers,simulatorsandtheorem
provers.Availability of suchtoolscanto someextentberegardedasanindicationof thestabilityof
a givenlanguage.
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3.3 The Formal LanguageSpectrum

Broadly, speakingformal languagescanbeput into oneor, asweshallseelaterin chapters5 and6, oneor
moreof thegroupsasshownin figure3.3.

SpecificationLanguages

Equational

StateOriented

Action Oriented

Logic Oriented

Model Based

Figure3.1: TheFormalLanguageFamily

We noteherethat this classificationis not exhaustive. Other classificationsarepossible,e.g. syn-
chronouslanguages.Wealsonotethatour intentionhereis not to providea detailedaccountof all aspects
of thespecificationgroupsgiven. Instead,we focuson thepropertiesof languagesfoundin thesegroups
and how useful thesepropertiesare for modellingand reasoningaboutdistributedsystemsgiven their
characteristicsdescribedin section2.1.1.

3.3.1 Equational SpecificationLanguages

Equationalspecificationlanguagesconcentrateondefiningtypes, wherea typeherecorrespondsto setsof
valuescalledsorts. Operationsareprovidedon thesesorts. Theseoperationsgive thesyntacticfeatures
of the sorts, i.e. how they can be created,accessedand usedin general. The semantic(behavioural)
aspectsof theoperationsaredefinedthroughwriting equations.Theseequationsstateequivalenceclasses
betweentheexpressionsformedfrom operations(terms). If theequationsareconfluentandterminating,
i.e. Church-Rosser, thenthetermscanbereducedto a normalform throughrewriting. For example,if a
pushoperationonaqueueis followedby a popoperationon thesamequeue,thentheequationsshouldbe
ableto deducethatthefinal queueis thesameastheinitial queue.

Oneequationalspecificationlanguageparticularlyrelevantto this thesisis Act One[65]. This is the
datatypinglanguageusedin LOTOS.Act Onewasdevelopedin 1983bytheACT-group1 attheTechnische
UniversiẗatBerlin. Thelanguageitself containsfour conceptsfor definingandstructuringa system:

• enrichment: allowstypesto importothertypesin their owndefinitions.

• renaming: allowstypesto becopiedandhavedifferentsortandoperationnames.

• parameterisation: allows typesto be definedgenerically. Thus for example,a queuedatatype
might be genericin that it canbe instantiated(actualised)to hold different types,e.g. queuesof
integersor characters.

• actualisation: instantiatesgeneric(parameterised)typeswith actualvalues.

1Algebraicspecificationtechniquesfor thecorrectdesignof trustworthysoftware.



3.3. THE FORMAL LANGUAGE SPECTRUM 31

With regardto supportingobject-orientation,Act One hascertain featuresthat make it useful for
specifyingobject-orientedconstructs.Forexample,sortshavemanyof thefeaturesthatonewouldexpect
to find in objects. That is, they havean interfacegiven by the operationson that sort whosebehaviour
is determinedby the equationsassociatedwith thoseequations.Further, they supportcertainforms of
polymorphism[40] throughparameterisationandactualisation.

Act Onedoeshavelimitationsonspecifyingobject-orientedsystems.In Act One,instancesof sortsare
simply valuesthathaveno realstateassuch.OtheralgebraiclanguagessuchasOBJ[82] haveaddressed
this throughintroducingthe conceptof subsorts. In addition,sortsdo not lend themselvesto inclusion
polymorphism[40]. That is, type checkingon sortsis doneby nameequivalenceandnot any form of
structuralsimilarity. As a result,sortsdonotsupportsubtypingassuch.Weshallseein chapter7 howAct
Onecanbespecifiedin sucha way thatthesesubtypingissuescanbeovercome.

With regardto distributedsystemsgenerallyandtherequirementstheyimposeonFSLs,Act Onedoes
not by itself satisfymanyof therequirements.This is primarily dueto Act Onenormallybeingusedasa
datatyping languagefor usewith otherlanguages,e.g.LOTOSandSDL’92.

3.3.2 StateOriented SpecificationLanguages

Stateorientedspecificationlanguagesdescribesystemsin termsof graphs,wheregraphnodescorrespondto
systemstatesandgrapharcscorrespondto systemtransitions.With stateorientedspecificationlanguages,
particularemphasisis placedongraphnodes.Examplesof stateorientedspecificationlanguagesinclude:
finite statemachines;Estelle,SDL’92 andPetriNets.EstelleandSDL’92 havealsobeenappliedto develop
anarchitecturalsemanticsfor ODP, henceweintroducethembriefly.

Estelle

Estelle(ExtendedFiniteStateMachineLanguage)[100] isaformaldescriptiontechnique(FDT)2 developed
by ISOandacceptedby ITU-T, primarily to aid in theformalspecificationof communicationprotocolsand
services.Estelleis basedonextendedfinite stateautomata.A systemis modelledthrougha hierarchically
structuredsetof moduleinstances,communicatingin anasynchronousfashionvia theexchangeof messages
on channels.Thesyntaxof the languageandthe definitionof datatypesandvariablesarebasedon ISO
Pascal.

In anEstellespecification,theexternallyvisible interfaceof a moduleis definedin themoduleheader,
whilst the modulebodydescribesthe internalstructureandbehaviourof the module. Module instances
defineinteractionpointsthroughwhich they cansendandreceivemessages.Two interactionpointscan
be connectedif they havebeendefinedwith opposingroleson the samechanneldefinition. A channel
definitioncontainstwo rolesfor therespectiveendsof thechannel.For eachrole it definesthemessages
thatcanbesent. An interactiondefinitionconsistsof a nametogetherwith a setof parameters.To each
interactionpoint,a queueis assignedin which incomingmessagesarestored.A moduleinstancecanalso
haveacommonqueuethatis sharedby severalor all interactionpoints.Concurrencyis achievedin Estelle
throughtheinterleavingof transitions.

The structureof an Estellespecificationis dynamic, i.e. moduleinstancescan be instantiatedand
releasedandinteractionpointscanbeconnectedanddisconnecteddynamically. Eachmoduleinstancecan
instantiateor releasechild moduleinstances,or connector disconnecttheir interactionpoints. The only
way for a moduleinstanceto accesssibling instances(or othermoduleinstanceswhich arenot its own
children)is via exchangeof interactionsonchannels.

SDL

SDL (SpecificationandDesignLanguage)[118] is anFDT standardisedby ITU-T andacceptedby ISO.
Themainuseof SDL hasbeenin thetelecommunicationsindustry. Therearetwo mainrepresentationsof
SDL: a graphicalrepresentation(SDL/GR)anda textualrepresentation(SDL/PR).

2It shouldbe notedthat the acronymFDT is frequentlyappliedto formal methodsgenerally. This is incorrect. The FDTs are
designatedstandardsdevelopedby ISOandITU-T, namelyLOTOS,EstelleandSDL’92.
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Like Estelle,SDL is basedon non-deterministicextendedfinite statemachines.Thedatatyping part
of SDL is basedon ACT ONE [65] andASN.1 [99]. An SDL specificationconsistsof a collectionof
blocks. Blockscanbedecomposedinto sub-blocksandeventually, processes. Processesarerepresented
by non-deterministicEFSMs. Each processhas exactly one input queue,the input port. Processes
themselvesexhibit sequentialbehaviour. Thesystembehaviourasa wholeis representedby anensemble
of independentparallelprocessesthatcommunicateasynchronouslyusingsignals. Theseprocessesmay
dynamicallyinstantiateotherprocesses.Signalsaresentvia channelsconnectingblocksandvia signal
routesconnectingprocesses.Thereis no priority amongthesignalssent. That is, theyarereadfrom the
input portsin the orderin which they weresent. Signalsfrom independentprocessesmay arrive in any
order. Signalsarriving at thesametime areenqueuednon-deterministically. SDL alsodoesnot allow for
datato beshared.However, sometimesshareddatamaybesimulated.

In 1992CCITT issueda newreleaseof SDL thatcontainednumerousnewfeatures.Theseincluded
conceptsto enableobject-orientedprogrammingandnewstructuresto providenon-determinism.

3.3.3 Action Oriented SpecificationLanguages

As with stateorientedspecificationlanguages,actionorientedspecificationlanguagesdescribesystems
in termsof graphs,wheregraphnodescorrespondto systemstatesandgrapharcscorrespondto system
actions(transitions).With actionorientedspecificationlanguages,however, particularemphasisis placed
ongrapharcs.

Oneparticularexampleof actionorientedspecificationlanguagesis the processalgebra. Theseare
particularlywell suitedto modellingandreasoningaboutconcurrent,communicatingsystems.Wefocuson
thethreemostcommon:CommunicatingSequentialProcesses(CSP)[96]; theCalculusof Communicating
Systems(CCS)[141] andLOTOS[101].

CSPand CCS

Hoare’sCSPfirstcametoprominencein the1970’s.Originally it wasdevelopedasaprogramminglanguage
inspiredby Dijkstra’s guardedcommandlanguageand Pascal. Following its first introduction it was
developedfurther, becomingmoreorientedtowardsspecificationratherthanimplementation,culminating
in its definitiveprocessalgebraicform publishedin 1985[96].

Milner’s CCS was originally publishedin 1980 but underwenta seriesof modificationsuntil the
definitiveform appearedin 1989[141]. Both CCSandCSPweredevelopedprimarily with the intention
of beingsuitablefor specifyingandreasoningaboutconcurrency. Both havethe notion of actions3 and
processes4. Actionsarecomposedusingvariousoperators,e.g.prefixingandchoiceto form morecomplex
behaviours.Actionsareatomic,i.e. theyoccurat a singleindivisible point in time. In thebasicprocess
algebraslike CCSandCSPthispointin timeis undefined.Thatis, thetemporalorderingof actionsis given
but not thereal time at whichactionsoccur. Actionsmaybeobservableor internal.An observableaction
requiressynchronisationwith its environmentto occur. An internalactionrequiresnosynchronisationand
is frequentlyusedto representnon-determinismandspontaneity.

Processesrepresentstructuralunitsfor groupingactions.Thegroupingitself is usedto defineparticular
orderingconstraintsontheactions.Processesaretypically composedwith oneanotherto formthebehaviour
of thesystemasa whole.

Equivalencerelationsbetweenprocessesbasedon theactionsassociatedwith themandtheir observ-
ability havebeendevelopedfor CSPandCCS.Wediscussthesebriefly in thefollowing sectiononLOTOS.
BothCSPandCCSwerelargelyacademicdevelopments.LOTOS[101], ontheotherhand,wasdeveloped
in responseto a practicalneed. It is basedlargely on CCSandCSPin conjunctionwith the datatyping
languageAct One.

3Referredto aseventsin CSP.
4Referredto asagentsin CCS.
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LOT OS

LOTOS[101] wasdevelopedby theInternationalStandardisationOrganisation(ISO)in the1980’s,becom-
ing a full internationalstandardin 1989. It is partly basedonCCSandCSP, althoughtherearesignificant
differencesbothin terminologyandtechnicaldetails.Forexample,CCSonlysupportsbi-partyinteractions
whilst LOTOS andCSPsupportmulti-partysynchronisations.An overviewof thesedifferencesandan
introductionto thelanguagesgenerallyis givenin [71]. We provideanoverviewof theLOTOSlanguage
in appendixC. Furtherintroductorymaterialto LOTOSmaybefoundin [23, 131, 194].

As with CCSandCSP, LOTOShasthenotionof atomicactions(events).Thesearecomposedto form
behaviourexpressions. LOTOShasaset5 of compositionoperatorsfor composingactions.Theseinclude:
actionprefixing;choice;parallelcomposition;interleaving;disablingandenabling.

LOTOS hasa basicform in which actionsaresolely representedby gates,anda full form in which
actionsandprocessesmayhavedataassociatedwith them.Thisdatais definedusingtheAct Onelanguage.
Whenfull LOTOSis considered,eventoffersmaycontainasetof arguments.Theseargumentsarevalues
of Act Onesortsprecededby eithera ! or a ?. In theformercasea singlevalueis given. In thelattercase
a rangeof valuesis given. This allows for differentsynchronisationpossibilities.Synchronisationsmay
only occurwhentheassociatedeventoffersarecompatible.Thiscompatibilitymeansthateithertheevent
offersthemselvesareidentical,e.g. theyhaveidenticalvaluesfor the! arguments,or thatanon-emptyset
of valuesfor the? argumentsexist. Thuseventofferswith ! argumentsandthosewith ? argumentsmay
synchroniseprovidedthe! valueis in thesetof ? values.This form of synchronisationis knownasvalue
passing. If two (or more)eventoffershavean? argumentof thesamesortthensynchronisationis known
asvalueestablishment,valuenegotiationor valuegeneration. Forexample,g ?x: Nat || g !3; synchronise
andthevalueof x is setto 3. Similarly, if g ?x: Nat || g ?y: Nat; synchronisethenthevalueof x andy is a
naturalnumberthat is non-deterministicallyestablished.Eventoffersusing? argumentsmayrestrictthe
rangeof valuestheargumentmaytakethroughselectionpredicates.For example,thesynchronisationof
g ?x: Nat[x>3]; || g ?y:Nat[y<5]; setsthevalueof x andy to 4.

As well asimmediatesynchronisationpossibilities,thefusionof theprocessalgebraandAct Onealso
allowseventstobeguardedsothattheiroccurrenceisnotsolelybasedonthewillingnessof theenvironment
to synchroniseon events. Information(state)internalto a processcanbeusedto determinewhetheran
actioncanoccuror not. Typically this is achievedwith a BooleanexpressionusingAct Onevalues.

LOTOShasarich setof equivalencerelations[35, 125]. Theserelationsidentify setsof behavioursthat
arein somesenseequivalentto oneanother. Theseidentificationstypically relatebehaviouralpropertiesof
theprocesses.Examplesof suchequivalencerelationsinclude: traceequivalence,bisimulationrelations
andtestingequivalencerelations.

As well astheseequivalencerelations,otherusefulrelationshavebeendevelopedfor LOTOS.These
relateanabstractspecificationto amoreimplementationorientedspecification.Examplesof theserelations
include: conformance,reductionandextension.We shall investigatetheserelationsin moredetail in the
following chapter.

As shownLOTOSis particularlysuitedto specifyingcomplexbehaviourswherethetemporalordering
of actionsin thebehaviouris of primaryimportance.As weshallseein chapter6, it is oftenthecasethat
a temporalorderingof actionsaloneprovidesinsufficientmodellingfacilities,e.g.whenreal-timeor other
constraintson thebehaviouraregiven. As a result,therehasbeena largenumberof proposalsto extend
actionorientedspecificationlanguages.Weprovideabrief overviewof thesenow.

Action Oriented SpecificationLanguageExtensions

Therehasbeena wealthof researchinto extendingprocessalgebras. A large body of work hasbeen
generatedin timedextensionsto processalgebras.With regardto timed-extensionsto LOTOSsomeof the
worksinclude: [126, 112,202, 162, 138]. An overviewof timedprocessalgebrasis givenin [153].

We discussbriefly someof theissuesinvolvedin introducingtime into processalgebrasandhowthey
havebeenaddressedby extensionsto LOTOS.

5Unlike LOTOS,bothCSPandCCSallow newoperatorsto bedefined.
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• modelling time progress: it is possibleto model the progressof time local to a process,e.g. so
thatprocessescanhavedifferentspeeds.It is morecommonlythecasethatglobaltime is adopted
though.This is morenaturalgiventhattime in reality hasa globalmeaning.

• modelling time: time may bemodelledeitherdiscretelyor densely. In a densetime domainit is
alwayspossibleto find a valuein betweena non-equalpair of time values.Typically, realnumbers
areusedto representdensetime. In a discretetime domain,time is divided up into units. Time
passageis in multiplesof theseunits. Naturalnumbersareoftenusedto representdiscretetimeunits.
Most LOTOS extensionshaveadopteda discretetime model,e.g. CELOTOS [202], TIC [162],
LOTOS-T[138]. ET-LOTOS[127] placesno restrictionon thetimedomainthough,i.e. densetime
anddiscretetimemodelsaresupported.

• timing of actions: theelapseof time betweenactionsis usuallymodelledin two ways. The time
consumedbetweenactionoccurrencesor thetime consumedby theactionsthemselves.In thefirst
case,actionsaregivena timestampwhentheyareto occur. In thesecondcaseactionsareassigned
a timevaluefor theirduration.Of course,actionswith durationsarenon-instantaneous.

• maximal progress: the maximalprogressassumptionstatesthat internalactionsoccurassoonas
possiblebeforeany passageof time. With this assumption,the occurrenceof observableactions
cannotbe enforced,e.g. if the time for their occurrencehasbeenpassed,and the occurrenceof
internalactionscannotbe delayedunnecessarily. LOTOS-T [138] andET-LOTOS [127] are two
LOTOSextensionsthatincorporatemaximalprogress.

• action urgency: analternativeto maximalprogressis actionurgency. Actionurgencycanbeapplied
to any event— not just internalevents. With actionurgencyprocessesmay block the passageof
time,e.g. theactionoccursbeforedelaysarepermitted.It shouldbenotedthatif urgencyis applied
toaneventandtheenvironmentdoesnotwishtosynchroniseonthateventthendeadlockswill occur.
U-LOTOS[25] andTLOTOS[126] aretwo languagesthatincorporateactionurgency.

Therehavebeennumerousotherapproachestoextendprocessalgebras.Probabilityhasbeenintroduced,
e.g.Pb-LOTOS[136] andLOTOS-TP[139]. McClenaghan’swork [136] alsoincludedextensionsto deal
with prioritisedactionsasdoesSchieferdecker[167] in herwork onstructuredactions.

Thecurrentstandardisationactivity of Extended-LOTOS(ELOTOS)[112] hasconsideredmanyof the
abovetopics.In addition,thiswork is addressingissuessuchas:

• themodularisationof LOTOS;

• theprovisionof a newdatatyping language;

• thetypingof gates;

• theprovisionfor dynamicconfigurationsof processes.

As we shall seein chapters4 and5 theselast two pointsareparticularlyrelevantto this thesis. The
typing of gatesallows for gatesto specifywhatparameterscanbeassociatedwith them. In LOTOS,all
gatesarepolymorphic.Thatis, theycanhaveanyparametersattachedto them. Throughtyping of gates,
theparametersattachedto gatescanberestricted.As a result,it is possibleto reasonaboutthesyntactic6

aspectsof processesin separationfrom thebehaviouralaspects.Further, gatetyping canalsobeusedfor
the detectionof certainclassesof deadlocksalso. For example,thedeadlockthat resultfrom g !true; ||

g !0; couldbedetectedstaticallyif gatetyping wereused.Discussionson theintroductionof gatetyping
into LOTOSarepresentedin [78].

The E-LOTOS work is alsoaddressingdynamicconfigurationsof systems.As discussedin section
3.3.3,gatesin LOTOSareusedfor communicationbetweenprocesses.Thesegatesareassignedstatically
to processes.It is notthecasethatthesegatescanbepassedaroundbetweenprocesses.As aresult,LOTOS
specificationsarenot well suitedto modellingsystems,e.g. distributedsystems,wherenew patternsof
communicationaremadepossible. Nevertheless,we shall seein chapter8 how LOTOS canbe usedin
sucha way thatthis dynamicityis madepossiblethroughtheuseof Act Onesortsin eventoffers.

6or asweshallseein section4.3.12thesignatures.



3.3. THE FORMAL LANGUAGE SPECTRUM 35

3.3.4 Logic BasedSpecificationLanguages

In general,logic is concernedwith the studyof valid reasoningor arguments. It definesstructuresthat
enableus to representknowledgethatwould normallybe expressedverbally. Logic basedspecification
languagesarearguablythemostabstractof thespecificationlanguages.Theyexistin manydifferentforms,
the simplestbeingpropositionallogic. Propositionallogic is closelyrelatedto Booleanalgebrain that
propositionshavethevalueof trueor false.

Propositionallogic only allows variablesto havevaluestrue or falseanddoesnot allow quantifica-
tion. Predicatelogic extendspropositionallogic with variables. First orderpredicatelogic allows for
quantificationovervariables.

Asaspecificationapproach,logicbasedlanguagesofferameanstowriteconciseandprecisestatements
aboutthe systemunderconsideration.Typically, logic specificationsareterse. Of particularinterestare
modal logics. Thesemay be regardedas logics extendedwith featuresfor expressingpropertiesthat a
systemshouldexhibit. We considerbriefly two suchlogic families: temporallogicsandprocesslogics.

Temporal Logics

Temporallogicsarespecialisedlogicsfor expressingtime-relatedpropertiesof systems.Temporallogics
canbedatedbackasfar astheancientGreeks,but considerablymorerecently, interesthasgrownthrough
thework of Manna[135] andPnueli[160]. Basicallya temporallogic is a logic extendedwith operators
for reasoningaboutthetimesat which eventsoccur. Typically, suchlogicsareusedto reasonaboutthree
classesof properties:

• safetyproperties:propertieswhicharetrueatall timesin a system’s behaviour.

• livenessproperties: propertieswhich must eventuallybecometrue at leastonceas the systems
behaviourdevelops.Safetypropertiesaresatisfiedby systemsthatdonothing.Livenessensuresthat
systemsdosomethinguseful.

• fairnessconditions:if a certainactionis possiblethenit musteventuallyoccur.

Dif ferenttemporallogic operatorshavebeendefinedsuchasalwaysor henceforth, next, eventually.
Oftenthesearedenotedsymbolically, e.g. 2 and3.

ProcessLogics

Processlogics allow statementsaboutthe propertiesthat processalgebraicspecificationsshouldsatisfy.
Milner in his book on CommunicationandConcurrency[142] presentsa simpleprocesslogic basedon
thenotionof possibleactions.In this logic hepresentsoperatorsto expressthepossibilityandnecessityof
certainevents.Forexample,thepossibilityof thesystemperformingsomeeventandreachingaparticular
statein whicha certainpropertyis true.

3.3.5 Model BasedSpecificationLanguages

In modelbasedspecificationsanabstracttheoreticalmodelof thesystemto bebuilt is specified.Typically
thesemodelsfocusonly on what the systemis supposedto do as opposedto how it is supposedto do
it. Throughtheseabstractmodels,reasoningis possibleaboutthesystemto bedeveloped.Typically this
allowsfor proofsaboutthesystemin termsof theabstractmodelbuilt.

With regardto distributedsystems,modelbasedlanguageshaveboth advantagesanddisadvantages.
Amongsttheiradvantagesarethattheyencourageabstractionsto bebuilt. Theseabstractionsmaysuppress
manyof thecomplexitiesinvolved in achievinglevelsof distribution. This abstractionis alsoespecially
conduciveto capturinghigh-level requirementsof given systemsasopposedto othermoreconstructive
specificationlanguages,i.e. languagesthatthroughtheir usageimply, or possiblyconstrain,futureimple-
mentations.Forexample,theymayadoptparticularstructuresor algorithms.

This issuehasleadto someto regardmodelbasedspecificationlanguageswith somescepticism.That
is, sincethey generallywork at sucha high level of abstraction,their role in softwaredevelopmentasa
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wholeis frequentlyquestioned.Thustheirabstractiondoesnot lenditself to rapidprototypingof software
in general.

Despitethis, model basedspecificationlanguagesare one of the most popular [158] specification
techniquesusedtoday. We focusnow on themostpopularof theselanguages:Z. Givenour interestin Z
andobject-orientation,we focusin somedetailonapproachesto specifyingobject-orientedconceptsin Z
andgivea brief overviewof themorepopularobject-orientedextensionsto Z.

Z

Z is oneof themostpopularspecificationtechniquesusedtoday[158]. It is basedon first orderpredicate
logic andsettheory. It is arguedin [158] that this simplisticmathematicalbasisfor Z is oneof themain
reasonsfor its popularity.

A Z specificationusuallyconsistsof a collectionof Z fragmentswith accompanyingexplanatorytext.
The Z fragmentsareusuallygiven in a definition beforeusageordering. This is especiallytrue if tool
support[157] is used.

Theprimarystructuringmechanismusedin Z is thatof the schema. This providesa meansto group
variableswhosetypeshavebeendefinedelsewherein thespecification(or aregivenin themathematical
toolkit associatedwith theZ language,e.g. naturalnumbers)andto associatepredicateswith them. The
predicatesareoftenwrittenbelowadividing line,howeverhorizontalschemadefinitionsarepossiblealso;
theyarenormallyusedwhentheschematext is small.

The declarationof a schemaintroducesa type: an unordered,namedcollection of variousother
previouslydeclaredtypes. In somesensea schematype is similar to a Cartesianproduct,exceptthat the
Cartesianproducthasa specificordering. Schemanames(schematypes)areglobal in scopethroughout
thespecification.Thecomponentsinsidea schemaarelocal in scopeto thatschemahowever. We discuss
theconsequencesof theadoptionof a schematypeasa signature-onlytypingmechanismin sections4.2.2
and7.5.

As well asa specificationstructuringmechanism,schemasareusedto modelthingsthatoccurin the
realworld, e.g. actions.This is achievedby includingin theschemaa copyof thevariableswhosevalues
areexpectedto change.Thiscopyis primedby convention.Predicatesarethenusedto relatetheunprimed
variables(the variablevaluesbeforethe occurrenceof the schema)to the primedvariables(the variable
valuesafter theoccurrenceof theschema).Suchschemasaretypically referredto asoperationschemas.
Schemasthatdonot relateprimedandunprimedvariablesaretypically referredto asstateschemas.

As well as the schema,Z alsoprovidesaxiomaticdescriptionsto introducevariables,possiblywith
associatedpredicates.Thesevariablesareglobalthroughoutthespecification,thusthenamestheyintroduce
mustbenewto thespecification.If nopredicatesaregivenin theaxiomaticdescriptionthenthespecification
is termedloose, i.e. therearenoconstraintsthatthevariablemight have.It is alsopossibleto separatethe
declarationof a variablefrom thepredicatesthatapplyto it, i.e. a predicatecanappearon its own. This
practiceis deprecated,however, sinceit moreoftenthannotsimply confusesthespecificationreader.

We providea brief overviewof theZ syntaxandmathematicaltoolkit in appendixB.

Extensionsto Z

NumerousworkshaveextendedZ in variousways. Of particularrelevanceto this thesisarethoseworks
on object-orientedextensionsto Z. We providean overviewof theseextensionshere. A moredetailed
comparisonof thedifferentextensionscanbefoundin [186] and[123].

As identifiedin [172], objectsprovidea usefulmodellingparadigmto managecomplexbehavioursas
mightbefoundin adistributedsystem.Thisreliesontheability of objectsto encapsulateinformation.Z is
notobject-oriented,howeverusingthedefinitionpresentedby Wegner[205]. Ratherit mightbeconsidered
asobject-basedusingWegner’s classification.That is, Z canbeusedto specifya state(via a schemafor
example)andabehaviour(asoperationschemas).However, Z doesnotsupportthegroupingof operations
ona particularstate,otherthanpossiblythrougha textualstatement.Thusit is possibleto specifyobjects,
butclassesarenot supportedandinheritanceof operationsis not supported.

Most extensionsto Z haveattemptedto remedythis situationby extendingtheZ notationto includea
newstructuringmechanism:theclassschema.Perhapsthemostwell knownof theseis Object-Z[41, 63].
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Theclassschemaenablesthegroupingof operationsto actona particularstateschemaexistinginsidethe
class.A classschematypically contains:

• A visibility list to restrictaccessto thelistedfeaturesin objectsof theclass.A featuremaybeoneor
moreconstants,statevariablesor operationschemas.

• Typeandconstantdefinitionsasfoundin Z.

• Inheritedclassesto enablere-useof classschemasthroughinheritance.

• A stateschemagivenasa namelessschemathatcontainsstatevariableswith associatedpredicates.

• An initial stateschemadistinguishedby the keyword Init. This definespossibleinitial statesfor
instancesof theclass.

• Operationschemasto modelthebehaviourof theclass.Theoperationschemasaredifferentto those
foundin Z in thattheyhavea ∆-list of statevariableswhosevaluesmaychangewhentheoperation
occurs.In Z, ∆ normallyappliesto entireschematypes.

• A history invariant which actsas a predicateover historiesof objectsof the classwhich further
constrainthebehaviour.

Object-Zalsointroducesthe paralleloperator|| to enableinter-objectcommunication.This operator
conjoinsoperationschemasandmatchesoutputvariableswith input variables.Thesevariablesarethen
hidden.DetailedcasestudiesusingObject-Zhavebeendeveloped.Examplesof theseinclude[61, 62].

Object-Zis asatisfactoryspecificationtechniquefor modellingisolatedobjectsorsimplisticinteractions
betweenobjects. For modellingmorecomplex(distributed)systemsthe techniqueis limited. Thereare
severalreasonsfor this. Firstly, Object-Zdoesnot separatesyntacticissuesfrom behaviouralissues.As
a result,issuesin the syntacticalaspectsof compositionarenot addressed.Similarly, satisfactionof any
operationnamingrulesassociatedwith a classschema,suchasthoseprescribedby ODP [109], arenot
readilyenforceableby thelanguage,i.e. theyrequirethespecifierto follow anamingpolicy asopposedto
prescribingthepolicy. Thelanguageis alsolimited in theformsof compositionit offers. Ideallyalanguage
wouldprovidea multitudeof behaviouralcompositionpossibilities,e.g.asin LOTOS(seesection3.3.3).

Otherextensionsto Z includeMooZ [166], OOZE [2], Schuman& Pitt [169], Z++ [122] andZEST
[55]. Thelastof theseis worth mentioningin moredetailsinceit wasdesignedspecificallyto besuitable
for thespecificationof distributedsystems.Also, it doesnot attemptto modify thesemanticsof Z. Rather
theclassschemait providesis merelya syntacticconstructthatcanbeflattenedto producea standardZ
specification.

A classtypein ZESTcapturesthecommonbehaviourpatternof a setof objects— its instances.We
presentheretheoriginaldescriptionof aclassasgivenin [55]. Thework ondevelopingZESTis on-going,
however, andmorerecentextensions[56] includefeaturessuchasvisibilit y listsasfoundin Object-Z.This
work is notyetstable,sowerestrictourselveshereto theoriginalversionof ZEST. Classesarerepresented
in ZESTby schemasof thefollowing form.

TYPE∣∣∣∣∣∣∣

Attributes
States
Operations

HereAttributesareanaxiomaticdescription.They introduceattributevariablesandtherelationships
betweenthem. Thesevariableshavevaluesthatarefixed for anobjectof thatclass. Statesis a schema.
It declaresa numberof statevariablesandtherelationshipsbetweenthemandtheattributevariables.The
valuesof thesevariablesrepresentthecurrentstateof theobjectandtheymaybechangedby operations.
Operationsdenotesasetof namedschemas.Eachschemadeclareswaysin whichstateorattributevariables
canbeaccessedandtheeffect theschemahason thevaluesof thesevariables.The Operationssetmay
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containan Init schemawhich declaresthevalid initial statesfor an instanceof theclass. If omitted,then
anystatemaybeaninitial state.

The abovedescriptionis similar to Object-Z in many respects.ZEST, however, providesa formal
theory[52,53,54] for reasoningaboutinheritanceandalsoperhapsmoreimportantly, giventhediscussion
in 2.1.1,subtyping.This work providesa formal representationof whatit meansfor oneobjectto beable
to replaceanotherobject. This wasachievedthroughthe ideaof extension. Briefly oneclasss extends
anotherclasst in ZESTwhen:

• theattributeandstatespaceof s canbeprojectedin a naturalway ontotheattributeandstatespace
of t. That is, everyattributeandstatevariableof t is alsorepresentedby a correspondingattribute
or statevariablerespectivelyin s. Thevaluev of everycommonattributeor statevariablevalid in s
shouldalsobevalid in t.

• to eachoperationP t in t there is a correspondingoperationPs in s such that Pt has a weaker
preconditionandstrongerpostcondition.

Whilst aneleganttheorywasdevelopedfor subtyping,this wasfoundto belimited in its applicability
comparedto other currentapproachesto specifyingbehaviouraltype relations. This work provideda
theoreticalbasisfor reasoningaboutsuchissues,but aswith theactionorientedspecificationapproaches,
thiswasnot directlyavailablein thespecification.

Other Approachesto SpecifyingObjects in Z

The previoussectiongavea brief overviewof the numerousextensionsto Z thathavebeenproposedto
specifysystemsof objects.As statedin section3.3.5,Z allowsfor thespecificationof objectsbutdoesnot
strictly supportclassesandinheritance.

Thereexistswaysin whichZ canbeused,however, in a moreobject-basedstylewithout theneedfor
extensions.Weconsiderthetwomainproposalsfor specifyingobjectsystemsin Z: Hall’sapproach[91, 93]
andZERO(Z Expressionof RefinableObjects)[209, 210], asdevelopedby WhysallandMcDermid.

In Hall’s work conventionsin specificationstyle are usedfor modelling object-orientedsystems.
Brownbridge[37] describesasubstantialimplementationwherethisstylewassuccessfullyused.Thereare
five mainideasonwhichHall’sstyleis based:

• conventionsfor modellingobjectstates;

• useof objectidentitiesto referto objectsandexpresstheir individuality;

• a conventionfor expressingthestateof thesystemin termsof theobjectsit contains;

• useof objectidentitiesto modelrelationshipsbetweenobjects;

• a methodof definingoperationsin termsof singleobjectsandcalculatingtheir effect on thewhole
system,or ondefinedsetsof objects.

Hall in a laterpaper[91] goesonto showhowclassesandinheritancebetweenclassescanbemodelled
in Z. Thiscanbeachievedprovidedanextensionalnotionof classis usedasopposedto anintensionalone.

In ZERO,objectsaredescribedby so-calledexportandbodyspecifications.Exportspecificationsare
algebraicin style anddescribethe overall behaviourof the object independentof the internaldetailsof
the objects. Body specificationsaremodelorienteddescriptionsof theconstituentpartsof eachobjects,
in particulartheir stateandmethods. Body specificationsare typically given in standardZ. The body
specificationsare subsequentlyusedas the basisfor refinementof the objects. Proof obligationsare
requiredto ensurethatthebodyandexportspecificationsactuallyrepresentthesamebehaviours.
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3.4 Tool Support for LOT OSand Z

Tool supportfor FSLs is critical both to their successfulusageandto their uptakegenerally[50]. Tool
supportcantakemanyforms. Weprovideanoverviewof thedifferentsortsof toolsavailablefor LOTOS
andZ. As well asbeingof relevancein its ownright, thisoverviewalsohighlightsthesemanticapproaches
thatunderliethetwo languagesandshowstheirorthogonality.

3.4.1 Tool Support for Z

Tools to supportZ arebecomingmore availableand steadilybeing takenup by the Z community. A
summaryof Z toolscanbefoundin [157] and[185]. It is arguedin [7], however, that tool supportis not
necessarilytheanswerto producinggoodformalspecifications.Toolsarenotasubstitutefor thinking,and
producingspecificationsis essentiallya cerebralactivity. More oftenthannot, thebestspecificationsare
draftedwith pencilandpaperandwithout recourseto a tool in theinitial stages.Toolsareimportantin the
later stagesof specificationdevelopment,however, especiallywhenthe specificationbecomeslarge and
navigationthroughthespecificationis non-trivial. Tool supportis alsousefulfor identificationof minor
errorsin thespecification,e.g. typeerrors.

Z toolsoffervariousoptionssuchas: typesetting,syntacticchecking,crossreferencingandnavigation,
schemaexpansion,typechecking,theoremcheckingandproof assistance,animationandcodegeneration.

Theredoesnot exist presentlyany single tool that possessesall of theseoptions. FuZZ [182] for
example,providesonly syntacticcheckingandtypechecking.Thegenerationof theZ formattingrequires
a detailedknowledgeof the LaTeX processingenvironment. Other tools suchasFormaliser[74] offer
a morecompleteenvironmentfor productionof Z specifications.Crossreferencingandnavigationare
providedaswell asa userinterfaceto accessthe Z symbols. CaDiZ [193] is oneotherwell developed
toolsetthatcontainsseveralof theabovefeatures.

Tool supportfor theoremproving is still, by andlarge, a researchtopic. Recentwork suggeststhat
a certaindegreeof proof is possible. Machineswill neverbe ableto proveeverytheorem,but thereis
no point in reproducinga proof that hasbeendonemanytimespreviouslyandcanbe regurgitatedby a
machine.Onesuchtheoremprovingassistantis JigsaW [154]. Thishasincorporatedthedeductivesystem
of standardZ. JigsaW is supportedby the tactic languageAngel. This allows proofsto bedefinedin a
generalandreusableway. Throughproviding a basicminimum of deductiverules, tacticsfor complete
proofscanbedeveloped.An introductionto theGentzen-stylesequentcalculusthatformsthebasisfor the
deductivesystemof Z asgivenin theZ standard[106] canbefoundin [180].

Animationandcodegenerationarealsovery muchin their infancy. Tool supportfor codegeneration
asfoundin [199] and[140] haveshownthatarestrictedsubsetof Z canbeimplemented.Theextensionto
Z in its entiretyis highly unlikely howeverdueto its expressiveness.Z canbeusedto specifysystemsthat
canneverbeimplemented.A moregeneralapproachto developinganexecutablesemanticsfor Z is given
in [34].

3.4.2 Tool Support for LOTOS

Tool supportfor LOTOSis muchmoredevelopedthanthatcurrentlyexistingfor Z. Toolsareavailablefor
dealingwith thesyntacticaspectsof specifications.Examplesof thesetoolsinclude:

• syntaxdirectededitorssuchastheCornellSynthesizerGeneratoreditor[200] andthegraphicaleditor
for G-LOTOS[42];

• syntaxeditorssuchasSCLOTOS(SyntaxCheckerfor LOTOS);

• cross-referencerssuchasLXREF (LOTOSCrossReferencer);

• reportgeneratorssuchasREPADT andREPDEP;

• reportbrowserssuchasLOBROW(LOTOSBrowser);

• graphicalbrowserssuchasG-LOTOS(GraphicalLOTOS);
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• staticsemanticanalyserssuchasLISA (LOTOS IntegratedStatic Analyser)andTOPO (LOTOS
Compiler)[134].

LOTOSalsohasmanytoolsthathavebeendevelopedfor analysingandverifying propertiesof speci-
fications.Examplesof thesetoolsinclude:

• AUTO [132] for analysingandmanipulatinglabelledtransitionsystems;

• COOPER[1] for derivingcanonicaltestersbasedon theCOOPmethod[207].

• PERLON[21] for checkingthepersistencypropertiesof ACT ONEdatatypes.

• SQUIGGLES7 [24] for automaticallycheckingbehaviouralequivalencesof LOTOSspecifications.

• SMILE [64] for amongstotherthingsenablingthesymbolicsimulationof LOTOSspecifications.

LOTOSalsohasnumeroustoolsthatallow specificationsto betranslatedto implementationlanguages.
Examplesof theseincludeTOPO[134] andCOLOS(LOTOSto C Compiler).

Therenow exist severaltoolsetsthat encompassmany of theseindividual tools so as to provide a
completeLOTOSenvironmentfor developing,verifying andfinally implementingLOTOSspecifications.
Examplesof thesetoolsetsincludetheLOTOSPHEREIntegratedTool Environment(LITE) [201] andthe
CAESAR/Aldebarantoolset(CADP)[69]. LITE wasdevelopedthroughaEuropeancollaborativeproject.
CADPwasdevelopedjointly by two Frenchcompanies.

3.5 Conclusionson Formal Languagesfor Distributed Systems

The previoussectionshavegiven a broadsummaryof the formal languagefamily. Five sub-familiesof
the specificationlanguagespectrumwereconsidered.Eachof thesehasits own immediateadvantages
anddisadvantagesfor describingaspectsof distributedsystems.Thesesummarisetheseadvantagesand
disadvantagesin thefollowing sections.

3.5.1 Conclusionson Equational SpecificationLanguages

Equationalspecificationlanguagesoffer a meansto representdirectly thesyntacticaspectsof potentially
complexbehavioursin a checkablemanner, i.e. they supportdirectly the constructionof abstractdata
types.Oneproblemwith algebraicspecificationlanguagesthoughis thattheythemselvesdonotallow this
checkingto becarriedout in a flexibleenoughmanner. Thatis, theyusenamecomparisononly asa basis
for typechecking.Structuralrelationships,e.g. isomorphism,betweensortsisnotusedwhentypechecking
is done. As a result,theydo not in themselvessupportinclusionpolymorphism.A furtherproblemwith
algebraicspecificationlanguagesis that the equationsassociatedwith them, i.e. the axioms(behaviour)
thattheoperationsareexpectedto satisfy, aretypically verboseanddifficult to write correctly.

3.5.2 Conclusionson StateOriented SpecificationLanguages

Statebasedapproachesoffer certainadvantagesin describingobject-orienteddistributedsystems.State
orientedlanguagesallow reasoningaboutthe possiblestatesthatprocesses(systems)canget into andin
turn the statesthat cannotbe reached.It might bearguedthat this featuregoesagainstthe fundamental
objectorientedprinciple of encapsulation.It is arguedin [33] that certainstatesthat dictatethe visible
behaviour, i.e. thebehaviourof aninterfacefor example,donotnecessarilyhaveto violateencapsulation.
For example,anautomatedteller machinemight havecontrolstates:wait for card, wait for number, give
money. Thesecontrol statesdo not as suchviolate any principlesof encapsulation.Rather, they are
anothermeansof abstractlyrepresentingpotentiallycomplexbehavioursthatmight arisein an interface.
Encapsulationit is arguedwouldbeviolatedwhenstatesweremadevisiblethatwereonly usedfor specific
internalactionsequences.

7Socalledbecauseof thesymbolsusedto describestrongandweakobservationalequivalence,i.e. ≈ and∼.
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3.5.3 Conclusionson Action Oriented SpecificationLanguages

Action basedapproachesoffer severaldirect advantagesfor specifyingandreasoningaboutdistributed
systems.Theysupportmodularitydirectly throughprocesses.Theseprocessesallow complexbehaviours
to be specifiedthroughaction orderings. Further, thereexist numerousways in which theseprocesses
canbecombinedto form interactingsystems.This ideaof sub-systemsthat interactwith oneanotheris
well matchedwith modelsof distributedsystems.As well asthesefeatures,processalgebrashavea well
definedsemanticbasisthathasbeenusedto developdetailedtheoriesonbehaviouralrelationshipsbetween
systems.

Processalgebrasarenotwithout their limitationsthough.In distributedsystems,typecheckingis used
asa basisfor decidingwhetheroperationson remoteinterfacesarepossible.This is normallydoneon a
syntacticlevel. Asarguedin section3.2,formal languagesshouldsupportthissyntacticcheckingaswell as
augmentingit with otheraspects.Thisis notpossibleto dodirectlyin processalgebras.It is possibleto use
Act Onein suchaway thata contrivedform of syntactictypecheckingcanbeachieved.This is presented
in chapter7. Aspectsthat relateto non-functionalrequirementsarenot well suitedby processalgebras
though.Thereexistsmuchcurrentresearchandstandardisationactivities[153, 112] thatareinvestigating
howprocessalgebrascanbeextendedto dealwith non-functionalissuesof systems.

Anotherlimitation of processalgebrasfor specifyingdistributedsystemsis thatwhilst eleganttheories
havebeendevelopedthatrelateprocessbehaviours,thesetheoriesarenotusablein thespecificationdirectly.
For example,it is not possibleto reasonwithin LOTOS, aboutwhethertwo processesthat synchronise
with eachother will havesomedesirableor undesirablebehaviour. Suchconsiderationsare normally
consideredoutsidethe specificationwhen testingor reasoningaboutthe specificationis done. Whilst
LOTOSrelationssuchasextensionappearto dealdirectlywith behaviouraltypeissues,e.g. thereis aclose
relationshipbetweenextensionandinclusionpolymorphism,suchrelationsarenot directly accessiblein
thespecification.

3.5.4 Conclusionson Logic BasedSpecificationLanguages

Logic basedapproachesallow for a higherlevel of abstractionwhenspecifying. They enablereasoning
aboutthe systemin termsof assertions,that is, predicatesthatmayevaluateto eithertrueor false. This
propertyis aparticularlyusefulfeaturein formalspecificationlanguagesfor describingdistributedsystems.
For example,considernon-functionalassertions,e.g. statementslike thecostof usinga serviceshouldbe
lessthana certainnumber, canbespecifieddirectly. Modal logicsin particularoffer a powerfulmeansto
reasonaboutaboutaspectsof the behaviourof systems,e.g. onceinvokedsomeoperationwill returna
resultwithin a certaintime frame.

Whilstbeingverypowerful,logicorientedlanguagesontheirownarelimitedasaspecificationapproach
dueto thelackof modellingandstructuringconceptstheyoffer. Often,otherapproachesareusedto specify
systemsandlogic basedapproachesareusedto reasonabstractlyaboutthesespecifications.Examplesof
this approachinclude[16], whereLOTOS is usedto describethe behaviourof systemsanda temporal
logic (QTL) is usedto imposereal-timeconstraintson thesystem.Thisdual languageapproachis argued
to allow for a separationof concerns:thefunctionalbehaviourandreal-timeissues.

3.5.5 Conclusionson Model BasedSpecificationLanguages

Modelbasedapproachesin theirclassicalusageofferameanstodescribeabstractly, verycomplexsystems.
For example,the ability to write down global predicatesthat the systemasa whole mustsatisfyallows
a powerfulspecificationapproach.This abstractionmechanismmay in somerespectsberegardedasthe
mainadvantageaswell asdisadvantageof modelbasedapproaches.Whilst it isquitepossibletomakesuch
globalassertionsandstatements,thishigh-levelof abstractionmeansthatthestepfrom specificationto the
final implementationismademuchlargerthanin othermoreconstructiveFSLs.Refinementapproachesthat
relateabstractspecificationsto lessabstractoneshavebeendevelopedto addresstheseissues.Typically,
theserequirea proof to bemadethatrelatesa concreteto anabstractspecification,e.g. thepreconditions
andpostconditionsfor an abstractoperationshouldbe satisfiedby the refinedoperation. Despitesuch
approaches,thecomplexityinvolvedin realising,i.e. implementing,completelyabstractspecificationsof
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complexsystemsremainsvastdueto the amountof proofsthathaveto becarriedout in the refinement
process.

With regardto distributedsystemsin particular, model basedapproachesare also limited in their
classicalusage,sincetheydonotaddressissuessuchasconcurrencyor non-functionalbehaviour. Further,
theirsupportfor modularity, e.g.objects,is limited.

3.6 Summary

This chapterhasattemptedto providesomeinsight into formal languagesgenerallyandgive insight into
the particularrequirementson languagesusedto describedistributedsystems.Ideally, we would like a
languagethatsupported:

• thesyntacticaspectsof typesasfoundin algebraicspecificationlanguages;

• thebehaviouralpropertiesandreasoningfacilitiesasfoundin actionorientedlanguages;

• theability to reasonaboutstatesgenerallyasfoundin stateorientedlanguages;

• the ability to expressconciselypropertiesthat the systemshouldhaveas found in logic oriented
languages.

In thefollowing chaptersweshallseehowLOTOSandZ canbeappliedin suchawaythattheyaddress
manyof theseissues.



Chapter 4

Developmentof an Ar chitectural
Semantics

This chapterarguesin detail thatanarchitecturalsemanticscanalleviatemanyof theproblemsinvolved
in developingspecificationsfor aparticularproblemdomain.WeshowhowLOTOSandZ maybeusedto
developanarchitecturalsemanticsfor distributedsystemsbaseduponthereferencearchitectureof Open
DistributedProcessing.Theadvantagesanddisadvantagesof thesetechniquesarediscussedwith respect
to theconceptsandstructuringrulestheysupportandthosethattheycannotdirectlysupport.

4.1 Ar chitectural Semantics

It is oftenthecasethatwriting specificationsprovesto bedifficult dueto poorinitial choiceof specification
structures.Thushavinga goodarchitectureuponwhich specificationscanbebasedremovesmanyof the
difficulties involved in theactualwriting of specifications.By a similar argument,specificationswritten
without a well structuredarchitecturetendto benot only difficult to write but alsohardto understandand
difficult to modify andextend.

Havinga goodspecificationarchitectureis alsovery usefulfor problemsthatarenot well definedby
requiringdetailedconsiderationof theinformalproblemstatements.Thusattemptingto formalise“messy”
problemsdirectlycanleadto “messy”specifications.

An architecturalsemantics1 involvestakinganinformallydefinedreferencearchitectureandinterpreting
it in a formal language.We shall investigatedifferentapproachesto this interpretationshortly. Thetheory
behindthe developmentof an architecturalsemanticsis that by interpretingthe mostbasicof concepts
underlyinga givenarchitecture,specificationscanbeengineered.That is, providedthat the architecture
itself introducesconceptsin a hierarchicalfashion,2 specificationscan be structuredarounda baseset
of formalisedconcepts. >From a specifier’s viewpoint this hasseveraladvantages.It correspondsto
specificationre-use— theholy grail of softwareengineeringfrom thespecifier’s viewpoint. An analogy
herewould beanelectronicengineerwho worksat anarchitecturallevel. Theengineerdoesnot haveto
re-specifythe mostbasicof componentssuchasflip-flops andNAND gates,but rathermayusetheseas
buildingblocksto createmorecomplexcomponents.An approachusingLOTOSto doexactlythismaybe
foundin [174] and[173].

As well asthe possibleadvantagesfor specifiers,the developmentof an architecturalsemanticshas
numerousotheradvantages.An architecturalsemanticsprovidesclearandconcisestatementsin a given
formallanguage— aformalisationof conceptswhichthenactsasamoreprecisedefinitionof theinformally
definedarchitecturalconcept.Doing sorequiresa morein-depthconsiderationof thetextualdefinitionof
eachconceptthanmight otherwisehavebeenachieved.Thus“intuitively clear” conceptswhich mightbe
opento differentinterpretationsaremademorepreciseandanyambiguitiesareremoved.We shallshortly

1This termwasfirst usedby Prof. ChrisVissers,Universityof Twente.
2We shallseethatthis is thecasewith thearchitectureadoptedin this thesis:theODP-RM.
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seeexamplesof theproblemsof informality in developingspecificationsfor OSI.
In definingan architecturalsemantics,the developersof the architectureitself may haveconfidence

in their architectureif it canbe interpretedin a formal language.The architecturalsemanticsactsasa
bridgebetweentheconceptsof agivenarchitectureandthesemanticmodelof agivenformalspecification
language.Conceptsthatcannotbeinterpretedin agivenformalspecificationlanguageneednotnecessarily
bewrong. It might simply meanthat this conceptis not well matchedby thesemanticmodelof thegiven
formalspecificationlanguage.

An architecturalsemanticsalsooffers the basisfor comparisonof differentformal specificationlan-
guageswhenusedto provideformal descriptionsof thesamestandard.Henceit alsohelpsin identifying
which formalspecificationlanguageis mostsuitablefor a givenproblemdomain.

Notionssuchasconformance,consistencyandcompliancemayalsobeaddressedthroughthedevelop-
mentof anarchitecturalsemantics.Advantagecanbetakenof existingtool supportfor formal languages
thathavebeenusedto developanarchitecturalsemanticsfor thearchitectureunderconsideration.

Thereareseveralindirectadvantagesthatariseout of the developmentof anarchitecturalsemantics.
Perhapsthe most importantof theseis in clearingup the textual descriptionof the architectureunder
consideration.Thisof courseshouldideallybedonein conjunctionwith thedevelopmentof thearchitecture
itself. This wasthecasewith ODPbut not thecasewith OSI. In thecaseof ODPnumerousambiguities
andstatementsthat wereunclearor misleadingwereidentifiedandsubsequentlyrectified. We shall see
thatdespitethearchitecturalsemanticswork,severalproblemswith thereferencemodelof ODPstill exist.
We discussthesein therestof thischapterandthefollowing chapter.

By developinganarchitecturalsemanticsthelimitationsof theformalspecificationlanguagesusedare
alsoidentifiedanddocumented.Thesecanthenbeusedby formal specificationlanguagedevelopersto
extendandimproveexistingformalspecificationlanguages.

It shouldbe pointedout that the developmentof an architecturalsemanticsshouldnot be focused
on showingthat two arbitraryspecificationswritten in differentformal languagesarethe same(though,
of course,the equivalencesdefinedfor the specificationlanguagesshouldhelp here). An architectural
semanticsis alsonotaboutredefiningarchitecturalconceptsin a form moresuitablefor formal languages,
or adding/removingarchitecturalconceptsthatcan/cannotbe interpretedin givenformal languages.The
developmentof an architecturalsemanticsmight, however, result in the last of theseby making the
architecturedevelopersreconsidertheexistingconcepts.

An architecturalsemanticscanbeusedby anybodyinterestedin thatparticulararchitecture.Thesemay
include:

• developersof thearchitecturethemselves;

• developersof standardsto begeneratedfrom thatarchitecture;

• implementorswhoseproductscomplywith standardsgeneratedfrom thatarchitecture;

• testersof conformanceto standardsgeneratedfrom thatarchitecture;

• end-usersof productsdesignedaccordingto standardsgeneratedfrom thatarchitecture.

Theideabehinddevelopmentof anarchitecturalsemanticsisnot new. Indeedthearchitecturalsemantics
work of ODP originatedfrom problemswith OSI. We discusstheseproblemsbriefly in the following
subsection.

4.1.1 Historical Background

Formalspecificationsof OSI standardsgavescopefor differentinterpretationsof architecturalconcepts.
This wasnot in itself wrong,but simply reflectedthegeneralityof thearchitecture.Interpretinginformal
conceptsin formalspecificationlanguagesrequiresattentionto howagivenconceptshouldbeunderstood.
Someof theproblemsidentifiedincluded:

• Serviceprimitivesin OSI modelinteractionsat services.Serviceprimitiveswerenot definedin the
OSI ReferenceModel (OSI-RM) [103] but in theOSI serviceconventions[102]. It wasnot stated
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whetherserviceprimitiveswereatomic,instantaneousor synchronous.Thusspecifierscouldregard
serviceprimitivesasprocedurecallsor asynchronousrequests(in SDL [118] andESTELLE[100])
or synchronouscalls (LOTOS [101]). This wasnot just hair-splitting but led to radicallydifferent
behavioursbeingspecified,i.e.differentimplementationsof thesamestandard.

• Servicedataunits haddifferentinterpretations.It wasnot clearwhetherthey wereatomicor not.
Hencedifferentbehaviourswerepossible,e.g.protocoldataunitscouldbesentoff beforea given
servicedataunit wascompletelyreceivedby a protocolentity.

• Serviceaccesspointshaddifferentinterpretations:

* Did theyreflecta structuralconcept,e.g.aninterfacebetweentwo protocolentities?

* Weretheyactiveagents,e.g.did theyhavea dynamicaspectthroughwhichconnectionscould
beestablished?

* Couldtheyberepresentedby processeswhichcouldbefurtherdecomposed?

* Couldconnection-lessandconnection-modeservicesbesupportedat thesameserviceaccess
point?

* Wereendpointsnecessarilyassociatedwith connectionsor weretheya moregeneralconcept?

A fuller accountof thehistoricalreasonsfor thedevelopmentof anarchitecturalsemanticsfor OSImay
befoundin [195].

4.1.2 Realisation

Thefirst questionsthatarisewhenconsideringthedevelopmentof anarchitecturalsemanticsare: where
doesthe architecturecomefrom? As discussedin section2.3,we focusin this thesison the architecture
providedby theODP-RM.In particular, we choosethebasicmodellingandspecificationconceptsof the
ODP-RM,andcertainof theODPviewpointlanguages.

The next immediatequestionthat arisesis: what formal languagesshouldbe usedto developan
architecturalsemantics?In principle any formal languagecould be used. However, to be particularly
appositethe formal languageshouldhavea solid semanticsandbewell known. Thereshouldalsoexist
a sourceof expertisein thatparticularformal language,sincedevelopinganarchitecturalsemanticsoften
requiresspecificationchoicesto bemade. Insight into theconsequencesof selectinga particularway of
representinga givenconcept,andtheramificationsof thatchoice,shouldbeseenasfar aheadaspossible.
Further, usingthe languageto specifyconceptsandstructuresthat it wasnot specificallydevelopedfor
requiresdetailedknowledgeof the limitations and applicationof the language. We shall seehow, in
developinganarchitecturalsemanticsfor ODP, thesupportfor certainconceptsandstructuringrulesdid
not exist directly. However, the languagecouldbe usedin a certainstylisedway to achievethe desired
effect.

The formal languagesusedto developan architecturalsemanticsfor ODP included: LOTOS [101],
SDL’92 [118], Z [106], andESTELLE [100]. All of theseformal languageshavetheir own particular
advantagesanddisadvantagesin formalisingthearchitectureof ODP. We focusin this thesison LOTOS
andZ, whichasdiscussedin section3.3 representratherdifferentspecificationlanguages.

For any given formal language,thereare threemain ways that it can be usedto formalisea given
architecturalconcept:

• anapproachbasedon interpretation;

• anapproachbasedonprovidingspecificationtemplates;

• anapproachbasedonmappingfrom a direct(mathematical)interpretationof thatconcept.

Eachof theseapproacheshasbothadvantagesanddisadvantageswhichwill nowbediscussed.
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Interpr etation basedApproach

Thisapproachinterpretshowagivenarchitecturalconceptmightberepresentedin agivenformallanguage.
Theresultof thisisaprecisenaturallanguagestatementofferinghowthatconceptmightbestberepresented
in thatformal language.It is quitepossible,andaswe shallseeit is thecase,thatchoicesexistasto how
conceptscanberepresentedin agivenlanguage.Theinterpretationbasedapproachshoulddocumentthese
choicesand,wherepossible,give adviceon the advantagesanddisadvantagesof modellingconceptsa
givenway.

Theadvantageof anapproachbaseduponinterpretationis thatit enablesanin depthcomparisonof all
conceptsin all formallanguages.Throughthisapproachthesemanticsof all of theconceptsmaybechecked
againstthe semanticmodelsof the formal languages.In doing so, moreunderstandingof the concepts
is developed. The approachalso gives specifiersguidancewithout being prescriptiveas to how they
shouldspecifycertainconcepts.This lastpoint is alsoperhapsthegreatestweaknessof theinterpretation
basedapproach. For instance,as it not prescriptiveit is not possibleto identify immediatelywhether
any givenspecificationis compliantwith thatarchitecture.Similarly, the lack of prescriptivityprohibits
specificationsfrom beingbuilt directly. Instead,explanationsasto how theconceptsandstructuringrules
areto be representedprovidethe only informationfor specifiers.Whilst useful in itself, a moredirectly
accessibleapproachis to providespecificationtemplates.

TemplatebasedApproach

This approachis basedon providing specificationtemplatesfor conceptsandstructuringrules. Through
this approach,a structuringof specificationscanbeachieved.This approachcloselycorrespondsto our
analogygivenearlierof theelectronicengineer. Unfortunately, aswe shallsee,it is not thecasethatsuch
anapproachis alwayspossible.Certainconceptsaresogeneric,e.g.typeaspresentedin section4.3.7,that
developingspecificationfragmentsfor themis impossible.Further, certainconceptscannotbemodelled
directly in specificationlanguages,e.g.subtypeaspresentedin section4.3.9. Another limitation with a
templatebasedapproachis that it doesnot allow arbitraryspecificationsto becheckedfor someform of
complianceto thearchitectureunderconsideration.

Mapping from a DirectMathematical Interpr etation

Thetheorybehindthisapproachis basedongiving adirectmathematicalinterpretationof theconceptsand
structuringrulesformingthearchitectureunderinvestigation.Thismathematicalinterpretationmight,asin
thecaseof theworkdoneonODP[148], taketheformof transitionruleswhichcharacterisevalidbehaviours
of systemsof interactingobjects. >Fromthis mathematicalinterpretation,mappingsto differentformal
languagescanbedefined.It is arguedin [148] thatsuchanapproachallowsthesemanticsof architectural
conceptstobedefineddirectlyin mathematics,asopposedtomappingconceptsontothe(syntactic)features
of specificationlanguages.As a result,a basisfor languagecomparisoncanbe madeformally through
providingmappingsto specificationlanguages.Unfortunately, thereality of developingsuchanapproach
for ODPis somewhatdifferent.Mappingsto differentspecificationlanguageshavenotprovenpossiblefor
two mainreasons.Firstly, thefundamentallydifferentsemanticbasesunderlyingspecificationlanguages.
Trying to find a commonbasesfor comparisonof differentformal languagesalthoughperhapspossiblein
certaincases,e.g. [211], is unlikely to exist in the main. Oneof the main reasonsfor this specification
equivalentof thegrandunified theoryof physics[206], is thatspecificationlanguagesareoftenusedfor
entirelydifferentreasons.Fromthespecificationof low level intricatebehavioursasmight befoundin a
communicationsprotocolto broadstatementsthatrelateto entiresystemsandenterprises.Secondly, and
perhapsmoreproblematically, mappingshavenot provenpossibledueto thelack of prescriptiongivenin
theODP-RM.As stated,this is a naturalconsequenceof therole of ODP. It is a standardfor developing
numerousdistributedsystemswhichmayhavecompletelydifferentproperties.Hencethereis alimit tohow
prescriptivethe architecturecanbe. This issueandtheproblemsit causesin developinganarchitectural
semanticsareconsideredin detail in therestof thisandsubsequentchapters.

Thereareotherproblemswith this approach.Perhapsthegreatestdrawbackis thatit is very (overly?)
mathematical.Formalmethodsoftenoffer a symbolicmeta-languagewhich to a greatextenthidestheir
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mathematicalfoundations.With thisdirectmathematicalformalisation,the(mathematical)foundationsare
blatantlyvisibleandhencenot asaccessibleto peoplewith a non-formalbackground.

This approachby itself alsodoesnot offer any meansto developspecifications.It simply represents
the genericmathematicalinterpretationof a subsetof the architectureunderconsideration.In effect the
directformalisationdonefor ODP[148] representedapartof thecomputationallanguage,specifically, the
operationalinteractionsof thecomputationallanguage.Extendingthework to covermoreof ODPwould
beproblematicdueto thelack of prescriptionin theconceptsthatexistthere.

Another issuewith this approachis the questionas to whetherthe direct formalisationcorrectly
representsthearchitecturein thefirst place.Sincethearchitectureis itself informal,formalisationof it can
only everbedoneinformally. Formalityexistsoncea modelis completeandreasoningaboutthemodelis
doneformally, e.g.provingpropertiesaboutthemodelledsystem.Indeedseveraltechnicalproblemshave
beenfoundin thedirectformalisationof [148] asit currentlyexists.

4.1.3 Conclusionon Appr oaches

Eachof theseapproacheshasits advantagesanddisadvantages.Thebestpossibleapproachthatcouldbe
takenin developinganarchitecturalsemanticsfor a givenarchitecturewouldconsistof:

• providingtemplatesin all formal languagesfor all of theconceptscontainedwithin thearchitecture
andtheir combinators;

• beingableto checkarbitraryspecificationsfor complianceto thatarchitecture.

• beingableto checkwhenspecificationswritten in different languagesfor that architectureare in
somesensecompatible.

We shall seein therestof this chapterandthe following chapterjust how far the developmentof an
architecturalsemanticsfor ODPhasrealisedthis ideal.Beforedoingthis, it is usefulto notethedistinction
betweentheterms“architecturalsemantics”and“specificationarchitecture”.A specificationarchitecture
showshowaspecificationis structured.An exampleof anapproachtodevelopspecificationarchitecturesis
givenby Vogel’swork [203]. His approachwasto structureLOTOSspecifications,or morespecificallythe
processdefinitionsin theprocessalgebrapartof aLOTOSspecification,in ahierarchythatrepresentedthe
hierarchicalstructuringof theconceptsin ODP. Unfortunately, dueto thenecessarylack of prescriptionin
ODPhiswork fell shortin thattheprocesseshadlittle or nobehaviouror informationassociatedwith them.
Insteadhiswork provideda syntacticstructuringbasedonprocessnamesthatcorrespondedto conceptsin
ODP. Whilst not altogethera badstartingpoint to writing specificationsthe work hadproblemsin that it
providedlittle in theway of documentedlimitationsin theapproach.It couldalsobearguedthatthework
wasoverlyprescriptivein theway theconceptswerepresented.

An architecturalsemanticson the otherhandis wider in scope. Of course,ideally the architectural
semanticsshouldresultin theproductionof specificationarchitectures,weshallseehowtruethis is in the
restof this chapterandsubsequentchapters.The developmentof anarchitecturalsemanticsshouldalso
providedetailedanalysisof boththearchitectureunderinvestigation(hereODP),thelimitationsof formal
languagesandoutlinesuitableimprovementsandextensionsto thoselanguages.

4.2 Formalising the BasicModelling Concepts

In developinga variety of architecturesof similar broadtype, certainconceptsrepeatedlyarise. These
conceptsreflectthedomainunderconsiderationdirectly. That is, theymodelaspectsof therealworld in
whichourdomainexists.We,like ODP, termthesebasicmodellingconcepts.Giventheadvantagesoffered
by objecttechnologywith regardto distributedsystemsanddiscussedin section2.2, thebasicmodelling
conceptsgiven in ODPandformalisedhereareconcernedwith objectsandtheconceptsassociatedwith
them.

We attemptto introducetheseconceptsin a bottomup fashion. As will be seenthis is not always
possibledueto theircloseinter-relationships.Weshallseethatin certaincasesweoffer two formalisations
in Z which we term ClassicZ andAbstract Z. The first of thesecorrespondsto how conceptsmay be
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representedin Z in its classicalusageof stateandoperations.Thesecondof thesecorrespondsto usingthe
languagein amoreabstractmannerto formalisetheconcepts.As will beseenin thefollowing chapter, the
latterapproachoffersagreatdealmoreflexibility with regardto reasoningaboutconceptsand,importantly,
thestructuringrulesthatapplyto them.

It shouldbepointedout thatwe restrictourselvesin ourabstractZ approachto thoseconceptsneeded
for the following chapter. Specificallywe give thoseconceptsrelatedto the computationalviewpointof
ODP, as it is herethat our work focusesin detail. The primary reasonfor our focuson this viewpoint
languageandnot the othersis that ODP is moreprescriptivehere. Henceit offersus morepotentialto
developspecificationarchitectures.We notealsoherethat formalisationswithout a label, i.e. classicor
abstract,areto betakenasZ in its classicusage.

It shouldalsobenotedthatLOTOS in effect offers two languages:theprocessalgebraandAct One.
Our formalisationsherefocuson the processalgebrapart. It is quite possibleto formalisemanyof the
conceptsin Act Onealso[110]. Whilst offering certainadvantagesin somecases,this approachhasnot
beenpresentedin detailhere. We shall seein the following chapterhow someof theseconceptsmaybe
formalisedwhenweconsideraspectsof theinformationviewpointformalisation.

Theformalisedconceptsareintroducedasfollows. Firstlyaninformaldiscussionrelatingto theconcept
beingmodelledis given. This is looselybasedon thetext of theODP-RM[108]. Following this weshow
howtheconceptmayberepresentedin LOTOSandthenZ, bothin its classicalusageandin amoreabstract
manner.

4.2.1 Action

Architecturally, the most fundamentalof all conceptsis arguably the notion of an action. An action is
somethingthat happens.In the real world, actionsaretypically at arbitrary levelsof abstraction.The
actionof closinga door for examplecouldberegardedasa singleaction. At anotherlevel of abstraction
though,it may well be representedby a collectionof actionssuchas approachdoor, touchdoor, push
doorfor example.Froma modellingperspective,this distinctionis critical sinceit reflectsdirectly onour
specifications,e.g.actionsmayoverlapin time andtheyneednotbeinstantaneous.

Everyactionof interestfor modellingpurposesis associatedwith at leastoneobject. Actions them-
selvescan be partitionedinto two groups: internal actions and interactions. Internal actionsoccur
without environmentalparticipation.We defineenvironmentin section4.2.6. Interactionstakeplacewith
environmentalparticipation. This latter caserepresentsobservabilityof the action. Internalactionsare
invisible to theenvironmentof theobject. It is oftenusefulto considerinteractionsin termsof causeand
effect relationshipsbetweenthe interactingobjects. This is especiallyso if the client/serverparadigmis
used.

Formalisation in LOT OS

Actionsin theprocessalgebrapartof LOTOSaremodelledaseitherinternaleventsor observableevents.
All processalgebraeventsareatomic. An internalactionmay be given explicitly by the internalevent
symbol,i, or by aneventoccurrencewhoseassociatedgateis hiddenfrom theenvironment.

An interactionis representedby a synchronisationbetweentwo or morebehaviourexpressionsassoci-
atedwith objectsata commoninteractionpoint (gate).Interactionsmaybeof thekind:

• puresynchronisationonacommongatewith nooffer: nopassingof valuesbetweenobjectsoccurs;

• ! and! for puresynchronisation:novaluesareexchangedbetweentheobjects;

• ! and? for valuepassingprovidedthe? eventcontainsthe! event:anotherwayof consideringthis
is thatthe ! eventselectsa valuefrom a choiceof valuesfor the? event;

• ? and? for valueestablishment:heretheeffect is anagreementon a valuefrom theintersectionof
thesetof values.If theintersectionof thevaluesis theemptysetthennosynchronisationandhence
no interactionoccurs.
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If a non-atomicgranularityof actionsis required,eventrefinementmaybeused.Thiswill thenenable
non-instantaneousandoverlappingactionsto bemodelled. It shouldbenotedthateventrefinementis a
non-trivialproblem,especiallywhenbehaviouralcompatibilityis to bemaintained.Theissuessurrounding
eventrefinementin processalgebrasareconsideredin detail in [49].

Thereexistsnoconstructin theprocessalgebrapartof LOTOSto expresscauseandeffectrelationships,
althoughthis might sometimesbepossibleto representinformally. Valuepassingmayvery informally be
regardedasthesendingof avaluefromoneprocessto anotherwhichhascertainflavouringsof client/server
causalities,i.e. oneprocesssendsa messageto anotherprocessto performsomeservice. Semantically,
this causalityis not explicit. Processsynchroniseinstantaneouslyor not at all. Thereis no realnotionof
sendinga messagebetweenobjects.This is furtherexemplifiedby synchronisationsinvolving multi-way
valuepassing,e.g.eventofferswith actiondenotationssuchasg ?x: Nat !true;.

It mightalsobethecasethatanAct Onesortcanbeusedto labelaneventoffer with a givencausality.
Thischoiceof courserequiresthattheequalityor inequalityof thevaluesof thesesortscanbechecked.

Formalisation in Z

ClassicZ: An actionis modelledin Z by theperformanceof anoperationspecifiedin anoperationschema.
Theeffect is theinstantaneouschangein state(or thenull change)of theobjectswith which thatactionis
associated.An actionmayproducea non-deterministicresult.

Sincethereis noexplicit notationof encapsulationin Z, it is not usualto determinewhetheranaction
is observableor internalin Z, hencethedistinctionbetweeninteractionsandinternalactionsis not clearly
defined. One conventionthat can be usedto makesucha distinction is throughthe identificationof
inputs,outputsor globalvariablesin operationschemas.Operationschemasrequiringinputs,producing
outputsor accessingglobal variablesmay be regardedasobservableandhencemust interactwith their
environment.Theenvironmentitselfmayormaynotbespecified(see4.2.6).Actionsrequiringinputsfrom
anunspecifiedenvironmentthatproducenooutputsmayberegardedasexternallyinvokednon-observable
actions. Actions producingoutputsgoing to an unspecifiedenvironmentmay be regardedas internally
invoked(spontaneous)observableactions. Actions that requireinputsfrom an unspecifiedenvironment
andproduceoutputsgoingto thatenvironmentmayberegardedasexternallyinvokedobservableactions.

If theenvironmentof anobjectis specified,however, thenthis impliesthatfor eachoperationschema
requiringinputsor outputsthatis associatedwith aninterfaceto anobject,i.e. anobservableaction,there
existsanotheroperationschema(possiblyassociatedwith anotherobject)thatrequiresinputsor outputsof
thesametypeastheobjectunderconsideration.Thesetwo operationschemasarethenconjoinedwith the
inputs/outputsof the operationunderconsiderationbeingrenamedasthe outputs/inputsof the operation
representingtheenvironmentrespectively.

Alternativelytheoccurrenceof operationsthatreferencevariablesthatareglobalthroughoutthespec-
ificationcanberegardedasinteractions.

All operationsin Z areatomic.Thatis, operationschemasin Z eitherhappenin theirentiretyor donot
happenat all. Thusit is not possiblein Z to haveactionsthatarenot atomic. This includesactionsthat
consistof severalotheractions. For example,if two actionsarecombinedthroughthe schemacalculus
compositionoperator( 0

9) to form anotheraction,thentheoccurrenceof thisactioncompositeactionis not
oneactionfollowed by another. Ratherthe two actionsoccurtogetheror not at all, i.e. it is not thecase
thatathird actionmightoccurelsewherein thespecificationbetweentheoccurrenceof thefirst andsecond
actionsof thecompositeactionunderconsideration.

The notion of causeand effect relationshipsare not strictly within the scopeof Z. However, if an
operationrequiresaninputtooccur, thenthismightbeconsideredastheenvironmentcausingthisoperation
to occur, i.e. the environmentactsastheproducerandtheoperationschemaastheconsumer. Similarly,
if anoperationschemaproducesanoutputthenthis might beconsideredastheenvironmentactingasthe
consumerandthe operationasthe producer. If a given operationschemarequiresinputsandalsogives
outputs,or hasno inputsor outputs,thenit is not possibleto give a causeandeffect relationshipto that
particularaction.

It shouldbe notedthat the syntacticconventionfor distinguishing internalandobservableactionsis
limitedsincethereis nosemanticdistinctionbetweenoperationswhichareto beinterpretedasspontaneous
or internal, and thosewhich requireenvironmentalparticipation; this is left for the natural language
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commentarywhichshouldaccompanyall Z specifications.As a consequenceof this, theabovedefinition
treatsa lossyqueueasa subtypeof a queue.Clearly thoughthe intentionof a loseoperationin a lossy
queueis thattheoperationshouldoccurnon-deterministically.

Abstract Z: Z can be usedto consideractionsat different levels of abstraction. The highestlevel of
abstractionatwhichanactioncouldbeconsideredin Z wouldbeto introduceactionsasa basicdatatype.
Thisapproachcouldthenbeusedto denoteactionswithoutbeingparticularlyinterestedin whattheydo.

Typically, we are interestedin the consequencesof performingactions. In classicalZ, actionsare
representedby operationschemasrelatingstates.At a moreabstractlevel anactionis simply a relation.
Actionshavea syntacticelementto them,e.g. their nameandthe possiblyemptysetof parametersthey
acceptasinput or returnasoutput. Thedomainof therelationrepresentsthestatebeforetheoccurrence
of theaction. Therangeof therelationrepresentsthestatefollowing theoccurrenceof theaction. Given
thatactionscanbeeitherobservableor internal,anabstractrepresentationof anactionasrepresentedby a
relationmightbe:

Action ::= OAct〈〈ObsActSig× State× State〉〉 | IAct〈〈IntActSig× State× State〉〉

HereActionrepresentstheactionsunderconsideration;ObsActSigandIntActSigrepresentthesignatures
of theactions(seesection4.3.11). Staterepresentsthestatesthatactionsrelate. OActandIAct represent
therelationsbetweensignaturesandstatesthatproduceamodelof actions.Thismodelallowsthesyntactic
aspectsof actionsto bereasonedabout.Actionsmodelledthis way cannotbeusedto representcauseand
effect relationships.This canonly bedoneinformally throughthe inclusionof an identifiereitherin the
domainof theactionrelationor in somecontextwheretheactionexists,e.g.in theinterfaceif theactionis
associatedwith theinterfacebehaviour.

It shouldbenotedherethatthismodellingof internalandobservableactionsdoesnot takeinto account
thespontaneityof internalactions.

4.2.2 Behaviour (of an object)

Behaviourgenerallyis somethingthat happens. Typically it consistsof a collection of actions. At a
higher level of abstraction,a behaviourcan correspondto a singleaction. The actionsin a behaviour
haveconstraintson their occurrence. Theseconstraintsmay be expresseddirectly, e.g. throughsome
form of actionordering,or indirectly, e.g. throughstateinformationor environmentalparticipation.The
specificationlanguagein usedeterminestheconstraintsthatmaybeexpressed.

Formalisation in LOT OS

The behaviourof an object is definedby the LOTOS behaviourexpressionassociatedwith the process
definition thatconstitutesthe objecttemplate.A behaviourexpressionmay consistof externallyvisible
eventoffers and internalevents. The actualbehaviourof an object asmight be recordedin a trace,is
dependentuponthe behaviourexpressionassociatedwith the objectandhow this is composedwith the
environment.Theactualbehaviourtheobjectexhibitsdependsuponthebehaviourexpressionof theobject
andhowthis synchroniseswith its environment.An objectmayexhibit non-deterministicbehaviour.

Formalisation in Z

ClassicZ: The behaviourof anobject in a givenstateis the setof all possibleactivitiesthat mayoccur
from thatstate.Theactualsequenceof actionsthatmayoccurmaybeaffectedby theenvironmentof the
objectandtheconstraintsexpressedin thepreconditions.

Abstract Z: an abstractmodelof behaviour, wherethe actionsarerelationsbetweenstates,is simply a
relation.Two actionsarein therelationif thestatefollowing theoccurrenceof thefirst actionis suchthat
it makestheoccurrenceof thesecondactionpossible.This mayberepresentedas:
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behspec== {ar : action↔ action | (∀as1; as2 : ActSig; s1; s2; s3; s4 : State|
(Act(as1; s1; s2); Act(as2; s3; s4)) ∈ ar • s3 ⊆ s2)}

HereActSigcorrespondsto thesignatureof theactionthat theAct relationusesin relatingbeforeand
afterstates.We modelthestatesatisfactionrelationthroughsubsettingof states.It shouldbenotedhere
that thereis a distinctionbetweenbehaviouroccurrenceandbehaviourspecification.Similarly, thereis a
differencebetweenactionandactionoccurrence.Theactionoccurrencesin a givenbehaviourarealways
distinct. Theactiontemplatesin a behaviourspecificationneednot necessarilybedistinct though. As a
result,thismodelof abehaviourspecificationasarelationis bestsuitedtodealingwith orderingsof distinct
actiontemplates.We discussthis issueof actiontemplateandactionoccurrenceagainin section4.2.5.

To overcometheproblemof repeatedactiontemplatesin abehaviourspecification,it is possibleto use
bagsin Z. A bagmaybe regardedasa setthatallows for repeatedmembership.Thusanothermodelof
behaviourthatallowsfor repeatedactiontemplatesis:

∣∣∣∣∣
bs : bag (action× action)

∀as1; as2 : ActSig; s1; s2; s3; s4 : State| (Act(as1; s1; s2); Act(as2; s3; s4)) −< bs • s3 ⊆ s2

Heretheoperation−< checkswhetheranelementis a memberof a bagor not.
Othermodelsof behaviourarealsopossiblein Z. For example,a behaviourmight simply beregarded

asanactionorderingwithoutconsiderationof thestatesthatactionsrelate.ConsidertheLOTOSbehaviour
a;b;c;. This might be representedin Z by a relationcontainingthe two pairs(a,b),(b,c). Typically such
relationsform a transitive,irreflexiveandanti-symmetricorderingon thesetof actionsin therelation. A
modelof behaviourlike this is presentedin [178]. Intuitively, this relation representsthe facts that no
actioncancauseitself (irreflexive);if anactioncausesanotheractionthenthesecondactioncannotcause
thefirst (anti-symmetry);if oneactioncausesanotherwhich causesa third actionthenthefirst indirectly
causesthethird (transitivity).

We noteherethat it is not thecasethatschemasdefiningactionsaretreatedasfirst classcitizensin Z.
For example,usingthemodelof behaviourasanorderingrelationon actiontemplates,we would like to
statethatfor all actionpairsin thebehaviourrelationthepostconditionof thefirst impliestheprecondition
of thesecond.Thismightberepresentedas:

behspec== {ar : action↔ action | (∀a 1; a2 : action | (a1; a2) ∈ ar • posta 1 ⇒ prea 2)}

Postconditionsandpreconditionsapplyto operationschemasin Z. Unfortunately, it is not thecasethat
declaringa referenceto a schema,e.g.x: SchemaXdeclaresx to haveall thedeclarationsandpredicates
associatedwith theschemaSchemaX. Rather, declaringx: SchemaXstatesthatx hasthetypegivenby the
declarationsin SchemaXonly, i.e. thepredicatesarenot included.Thusif SchemaXwasdefinedas:

SchemaX∣∣∣∣∣∣
c : NN

d : RR

c ≤ d

Then declaringx: SchemaXwould modelx as an unorderedpair of naturaland real numberswith
referencesc andd respectively. Further, if operationsonx wereperformedin someotherschemathenthere
would benopreventingthevalueof c becominggreaterthand, sincethepredicatesarenot given. >From
thisdiscussion,it is apparentthatit is notpossibleto establishpostconditionsandpreconditionsto schema
references.

4.2.3 State(of an object)

Thestateof anobjectata giveninstantin timeis theinformationthatinfluencesthesetof all sequencesof
actionsin which theobjectcantakepart. Knowledgeof statedoesnot necessarilyallow predictionof the
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sequenceof actionsthatwill actuallyoccur, sincebehaviourmayincludemanypossibleseriesof actions.
Actionscancausemodificationsto thestateof anobject.

Formalisation in LOT OS

Thestateof anobjectis governedby thebehaviourexpressiondefinedin theobjecttemplatefrom which
theobjectwascreatedandby thecurrentbindingsof anyexistinglocalvariables.

It shouldbenotedthat this definitionincorporatesboththeideaof stateasrepresentedby thelabelled
transitionsystemof LOTOS,i.e.asplaceholdersoverwhichactionsaredefined,aswell asstateasit might
be representedthroughthe valuesof variablesassociatedwith processes,e.g.variablescontainedin the
valueparameterlist of a processdefinition. Examplesof this lattermodelof statearegivenin [144].

Formalisation in Z

Classic Z: A binding of the statevariablesdeclaredin the stateschema(s)associatedwith the object
templateusedfor calculatingpreconditions.

Abstract Z: the stateof an objectcanbe representedat manydifferentlevelsof abstractiondepending
uponhow low a level of informationmodel is considered.The mostbasicmodelwould considerstate
informationsimplyasabasicdatatype.Thevaluethatthisbasictypeis boundto would thenrepresentthe
stateof theobject. A morestructuredapproachto representingstateinformationwould beto representit
asa schematypeaswith classicalZ. Thevaluesthat thevariablesin theschemaareboundto would then
correspondto thestateof theobject.

4.2.4 Interface

The notion of interfaceis centralto distributedsystems,particularly thosebasedon object technology.
Interfacesarebehaviours,or moreprecisely, interfacesarethebehavioursof objectswhenfocusis placed
onasubsetof theinteractionsof thoseobjects.Giventhatobjectsareencapsulated,thedesignof interfaces
is fundamentaltodistributedsystemssuccess.Thatis,objectscanonly interworkwith oneanotherprovided
their interfacespermit themto do so. We shall investigateinterfaceinterworkingandthechecksthatare
neededin chapter7.

Formalisation in LOT OS

An interfaceis representedin LOTOS asthe abstractionof the behaviourof anobject. This abstraction
focuseson a subsetof the observableactionsof thatobjectthatareto form the observablebehaviourof
theinterface.All actionsoutsideof this setaretreatedasinternalactionsin thatinterface.Thebehaviour
exhibitedby an interfaceis the behaviourexhibitedby an object when all actionsoutsidethe set of
observableactionsthatcomposetheinterfacearemadeinternal. As all observableactionsof anobjectin
LOTOSrequiregateswith which to synchronisewith theenvironment,thesubsetof observableactionsis
usuallyachievedbypartitioningthegatesgivenin theprocessdefinitionassociatedwith theobject.In order
to obtainaninterface,hiding thegatesnot requiredfor theinterfaceunderconsiderationcanbeachieved.
Alternatively, synchronisingon only a subsetof thegatesassociatedwith anobjectcanbe used. In this
case,actionsoccurringat thosegatesin the processdefinition not in the setsynchronisedwith, may be
regardedasactionsinternalto theobjectasfar astheenvironmentsynchronisingonthosegatesmakingup
theinterfaceis concerned.

It shouldbenotedthatthis definitionrequiresthattheinterfacesof anobjectusedifferentgatenames,
i.e. it is notpossibleto distinguishbetweeninterfacesthatusethesamegate.

It shouldalsobepointedout thatthismodellingof interfaceis to a certainextentcontrivedin LOTOS.
Interfacescan be modelledbut they are not an inherentfeatureof the language,i.e. LOTOS models
behaviourandnotespeciallyinterfacesor thebehaviourof interfaces.
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Formalisation in Z

ClassicZ: An abstractionof thebehaviourof anobjectobtainedby identifying theoperationsassociated
with that object that are to form the substanceof the interface. In all remainingoperationschemasall
inputsandoutputsarehidden,andtheoccurrencesof theoperationsdefinedin theseoperationschemasare
regardedasinternalactions,i.e. theydo not requireor involve theparticipationof theenvironmentof the
object. TheresultingZ text representingthatobjectis an interfacetemplate.Any instanceof aninterface
templateis aninterface.

We noteherethat it is not possibleto simply groupoperationschemastogetherto form an interface
throughschemainclusion.Forexample,considerthefollowing Z fragment:

Interface∣∣∣∣∣∣
AddRecord
DeleteRecord

:::

The problemwith this approachis that it is likely that the two operationswould havedifferentand
potentiallyoppositepredicates,e.g.one addsa recordto a database,the other deletesa recordfrom a
database.As a result,thepredicateswouldnotbewell defined.It is of coursepossibleto usepredicatesto
guardagainstsuchcontradictionsfrom arising,e.g.if therecordis or isn’t in thedatabasethenonly delete
or addcanbe performedrespectively. Suchanapproachmaynot alwaysbepossiblethough,e.g.when
operationsarenot necessarilycontradictorybut resultin differentchangesto thestate.

Anotherproblemwith this approachis that the schemaInterfacedoesnot consistof a collectionof
individual operations.It is a singleschemawith declarationsandpredicatesgivenby all of the included
schemadeclarationsandpredicates.An alternativeapproachis to includereferencesto operationschemas.
Thismightberepresentedas:

Interface∣∣∣∣∣∣
add : AddRecord
del : DeleteRecord

:::

The problemwith this approachthough(seesection4.2.2) is that the semanticinformation of the
schemasAddRecord andDeleteRecord, i.e. their associatedpredicates,is lost.

Abstract Z: the modellingof interfacesdependspredominantlyuponhow the behaviourof an object is
represented.If nodistinctionis madebetweenobservableandinternalactionsin abehaviourspecification,
thenit is meaninglessto talk aboutinterfacesin thespecification.Supposethatwecanmakethedistinction
betweenobservableandinternalactions,andthatabehaviouris representedby arelationbetweenactions.
An interfacethen correspondsto that relation with its domainand rangemodified. This modification
requiresa subsetof theobservableactionsto beidentified.All otherobservableactionsin therelationare
thenmadeinternal.

4.2.5 Activity

Activities are definedin ODP [108] as single headedacyclic graphsof actions,whereeachaction in
an activity is madepossibleby the occurrenceof all immediatelyprecedingactions. From a modelling
perspective,activitiesprovidefeaturesfor reasoningaboutandspecifyingbehaviours.For example,as
we shallseein section4.4,concurrencymodelscanbeinterpretedin termsof startingnewor joining old
sequencesof actionsin activities.

Formalisation in LOT OS

LOTOS is particularlysuitedto modellingactivitiesdueto thenatureof the temporalorderingof events.
The actualmodellingof anactivity dependsto a greatextenton the interpretationof action in graphof
actions. In section4.2.1 it wasstatedthat actionswere“things that happen”. This thenmeansthat an
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activity is acollectionof thingsthathappenin aspecifiedorder. Furtherthethingsthathappenin anactivity
cannothappenagainin thatactivity. In section4.2.1we showedthatactionsin LOTOS aremodelledas
theoccurrenceof eventoffers.

Theconsequenceof this interpretationof activity is thatall LOTOSprocessesrepresentactivities.This
includesrecursiveprocessesandprocessesthat,wheninstantiated,offer severaleventsat the sametime.
We illustratethesepointswith anexample.Considerthefollowing LOTOSfragment:

process P[a,b]:noexit:=
a;P[a,b] [] b; P[a,b]

endproc (* P *)

Onceinstantiated,thisprocessoffersa choiceof actions,a or b. >Fromthis, it mightbeconstruedthat
theprocessasawholewouldviolatethesingleheadednessof activities.Giventhatactionsare“thingsthat
happen”though,this is not the casesinceneithera nor b aseventoffers actuallyhappen.That is, they
only happenwhentheenvironmentsynchroniseswith themat gatesa or b. As all eventsin LOTOS are
interleaved,theenvironmentcannotsynchroniseat bothgatesat thesametime. Henceonly a singleevent
offer becomesanevent,i.e.only onethinghappens.

The recursivecall doesnot violate the acyclic propertiesof activitiessincerecursionin the senseof
a behaviouralloop doesnot exist in LOTOS. For example,shouldeventa occur then it is not the case
thata loop is madebackto thesamenodein thegraph.Rather, thegraphis representedby collectionsof
sequencesof a or b actions.This is understandableif oneconsidersactiona asinsert coin sayandprocess
P asa moneyswallowingdevice. In therealworld the insertionof a coin is differenteachtime a coin is
insertedinto thedevice. Henceinsert coin is theactiontemplatefor insertinga coin into a machine,but
theactioninstancesof insertingcoinsinto machinesarealwaysdifferent.

Givena slightly differentmodelof anactivity whereit is actiontemplates(seesection4.3.11) in the
graphs,asopposedto actions,(i.e. actionoccurrences),thenmodellinganactivity requiresspecification
stylesto beadopted.For example,thesingle-headednessof theactivity hasto bemodelleddirectly. This
might beachievedthroughsingleeventoffersthatprefix behaviourexpressionsthatdo not makepossible
thesingleeventofferagain,e.g.throughprocessinstantiation.In thiscase,thesingleeventoffer represents
theheadof theactivity andtheotherbehaviourexpressionsrepresenttherestof thegraphof actionsin the
activity.

It shouldalsobe notedthat despitethe obviousfeaturesof LOTOS for modellingactivities, i.e. the
temporalorderingof events,activitiesthemselvesarenotfirstclasscitizensin LOTOS.Thatis, thelanguage
allowsfor themodellingof activitiesbutdoesnotprovidefeaturesfor treatingthemascommunicablevalues
or for reasoningaboutthemin anyway. Thisisnormallydoneoutsideof thespecification,e.g.whentesting.

Formalisation in Z

ClassicZ: The notion of an activity asa singleheadeddirectedacyclic graphof actionsdoesnot exist
directly in the Z language. However, the conceptof an activity may be modelledto someextentby
notingthatif actionx precedesactiony in someactivity thenthepostconditionof actionx mustimply the
preconditionfor actiony.

Abstract Z: Activities canbemodelledabstractlyin Z throughrelationsbetweenactions.To illustratethis
weintroduce(model)particularorderingrelationsusedin thedefinitionof anactivity. Themostelementary
of theseis a digraph.A digraphis a setof actions(as) with anorderingrelation(or) betweenthem. This
orderingrelationmight for examplerelatepostconditionsandpreconditionsof actionpairs. This canbe
representedas:

digraph== {as : PPaction;or : action↔ action | ( dom or ∪ ran or) ⊆ as}

A directedacyclicgraph(dag) is a directedgraphthatcontainsnocycles.Thiscanberepresentedas:

dag== {as : PPaction;or : action↔ action | (as; or) ∈ digraph∧ disjoint 〈or +; id action〉}



4.2. FORMALISING THE BASIC MODELLING CONCEPTS 55

Hereor+ representsthetransitiveclosureof theorderingrelationandid is theidentity relationonaset.
Theabovestatesthatno nodecanbereachedin oneor morestepsfrom itself. Thusthereareno cyclesin
thegraph.

A connecteddirectedacyclic graph(condag) is a directedacyclic graphthat doesnot haveseparate
subgraphs.Thiscanberepresentedas:

condag== {as : PPaction;or : action↔ action | (as; or) ∈ dag∧ (or ∪ or ) = action× action}

Hereor∼ representstherelationalinverseof thedirectededgerelation.Thusor ∪ or ∼ describesedges
wherethenodesarejoinedin bothdirectionsand(or ∪ or ∼ )∗ is thereflexivetransitiveclosureof theedge
relation,i.e. it relatesall nodesreachableby zeroor morestepsalongtheedges.action× action is theset
of all pairsof setsof actions.Theconditionthereforestatesthatall nodescanbereachedfrom all othersin
zeroor moresteps,hencethegraphis connected.

Finally anactivity correspondsto a connecteddirectedacyclicgraphof actionsthatis singleheaded.

activity == {as : PPaction;or : action↔ action | (as; or) ∈ condag∧ (∃a : action• {a} = as\ ran or)}

We shallseein section4.4thatactivitiesareusedto reasonaboutcertaintypesof behaviours.

4.2.6 Envir onment (of an object)

When modelling, abstractionsof somereal world systemor domainare built. Needlessto say, it is
impossibleto specify the whole world or domain. Yet, frequentlywe are interestedin how our model
will interactwith the“rest of theworld”. This is especiallythecaseif we wish to developopensystems,
whichasarguedin section1.1.1,areoneof themainadvantagesof distributedsystemssincetheyfacilitate
issuessuchassystemevolutionanddynamicresourcediscovery. To enabletheseissuesto beaddressed
the environmentof an objectis oftenconsidered.This may be regardedasthe partof a modelwhich is
notpartof thatobjector everythingoutsideof themodel.Thiscaneitherbeleft completelyunspecifiedor
specifiedto someextent.

Of course,it is possiblealsoto haveclosedsystems.Thesemay be regardedassystemswithout an
environment,or moreexactly, systemswheretheenvironmentdoesnoteffect thesystembehaviour. Given
our interestin distributedsystemsandthe advantagesofferedby opennesspresentedin section1.1.1we
focushereonopensystems.

Formalisation in LOT OS

In LOTOS, the environmentof an object is given by the environmentof the specificationand by the
otherbehaviourexpressionsthatarecomposedwith thatobjectin thespecification.Theenvironmentof
a specificationis empty, i.e. it is a closedsystem,if the specificationis not parameterisedwith gates. It
shouldbenotedthat it is alsopossibleto parameteriseLOTOS specificationswith datatypes,specifically
thoseexistingin theLOTOSstandardlibrary [101]. Thiscanbeconstruedasinformationprovidedby the
environmentthatmaybeusedto influencethebehaviourexhibitedby thespecification.This influenceis
lessdirectthantheinfluenceof theenvironmentthroughgatesthough.

Formalisation in Z

ClassicZ: Theenvironmentof anobjectin aZ specificationis describedin termsof theobject’s inputand
output. Input to anobjectcomesfrom theenvironment.Outputof anobjectgoesto theenvironment.The
environmentof anobjectcaneitherbespecifieddirectly or left unspecified.If it is unspecifiedthenthe
occurrenceof operationschemasproducingoutputsor requiringinputsmayoccurwith the environment
of the specificationasa whole eitherproviding the inputs or receivingthe outputsrespectively. If the
environmentof anobjectis specified,however, thenthis impliesthatfor eachoperationschemaassociated
with theobjectthereexistsanotheroperationschema(possiblyassociatedwith anotherobject)thatrequires
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inputsor outputsof thesametypeastheobjectunderconsideration.Thesetwo operationschemasarethen
conjoined,with theinputs/outputsof theoperationunderconsiderationbeingrenamedastheoutputs/inputs
of theoperationrepresentingtheenvironment.

Theenvironmentof anobjectmayalsobegivenby variablesreferencedby anobjectthathaveaglobal
scope,e.g.thosefoundin axiomaticdescriptions.

Abstract Z: If specified,theenvironmentof anobjectin anabstractZ modelcorrespondsto all of theother
objectsthatarecomposedwith thatobject. If left unspecified,thentheenvironmentof anobjectis similar
to Z in its classicusage,i.e. theenvironmentprovidesinputsto actionsandacceptsoutputsfrom actions.

4.2.7 Communication

Communicationis fundamentalto modellingmulti-objectsystems,i.e. wherethe modelswe makeare
of objectsthat sendmessagesto oneanother. To function correctly, the messagesthat aresentshould
obviouslyhaveanunderstoodform. Moreovertheir content,i.e. the informationtheyconvey, shouldbe
understoodalso.This issueis consideredin moredetail in chapter7.

Formalisation in LOT OS

Any synchronisationbetweenprocessesin LOTOS is a communication. The differentsynchronisation
possibilitiesin LOTOS,e.g.puresynchronisation,valuepassingandvalueestablishment,offer different
featuresfor modellingcommunication.Valuepassingallowsspecificvaluesto besentbetweenprocesses.
Thesevaluescanbeconsideredasinformationitems. Valueestablishmentallowsrangesof valuesto be
sentbetweenprocesses.Puresynchronisationdoesnot passvaluesassuch,but thesynchronisationevent
itself canbeinterpretedasa form of communication.

It is alsopossibleto modelasynchronouscommunicationin LOTOS. Oneway this canbe achieved
is throughhavingprocessescommunicatethroughanotherprocessrepresentingthe connectingmedium.
Examplesof thismodelaregivenin section6.2.5whereissuesrelatedto unreliablemediaandlatencyare
specified.

Formalisation in Z

ClassicZ: Communicationmaybemodelledin Z throughinputsandoutputsto operations.Inputsto and
outputsfrom operationschemasarenormallyconsideredascommunicationswith the environmentof an
object. Sincecommunicationoccursbetweenobjects,the environmentof an object(see4.2.6)mustbe
specifiedto modelcommunication.Communicationis thenachievedby firstly normalisingtheoperation
schemasassociatedwith theinteractingobjectsandthenconjoiningthem,with theoutputsof oneoperation
beingrenamedastheinputsto theotheroperationschema.Thismodellingof communicationrequiresthat
theinputsandoutputsof theassociatedoperationschemasareof thesametype.

Alternatively, the occurrenceof operationschemasthat referencevariablesglobal to the specifica-
tion representscommunication.The valueof the global variablefollowing the operationoccurrenceis
communicatedto all otheroperationschemasreferencingthatvariable.

Abstract Z: Communicationmayalsobemodelledabstractlyin Z. Theformof thismodellingdependsto a
greatextentonhowactionsaremodelled.Givenamodelof actionsasin section4.2.1,thencommunication
may be modelledthroughconjoiningthe schemasrepresentingactionsignaturesandaddinga predicate
thattheinputsof oneschemaareequalto theoutputsof theotherschema(andvice versa).

4.2.8 Location in Space

Given the potentialspatialseparationof distributedsystemsand the possiblemobility of objectsin the
system,thelocationin spaceatwhichactionsoccuris interestingfor modellingpurposes.
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Formalisation in LOT OS

Theconceptof spaceis notconsideredprimitive in LOTOS.Thelocationin spaceatwhichanactionoccurs
canonly begiven in LOTOS in termsof thespecificationmodelratherthantherealworld systembeing
modelled.Onewaythatthismightbeachievedis throughtheuseof anAct Onesortrepresentinglocation
in space.Includinginstancesof this sort in theactiondenotationsassociatedwith interactingobjectscan
thenbeusedto limit theinteractionsthatoccurbetweenprocesses.

Formalisation in Z

ClassicZ and Abstract Z: As with LOTOS, the conceptof spaceis not consideredprimitive in Z. The
locationin spaceat which an actionoccurscan only be given in Z in termsof the specificationmodel
ratherthanthe real world systembeingmodelled. Thusa locationin spacemight be introducedasa Z
type. Throughthis, relationscanbespecifiedassociatingactions(operationschemasor abstractmodelsof
actions)with specificlocationsin space.This thenmakesit possibleto reasonaboutlocationsin spaceat
whichactionscanoccur.

4.2.9 Location in Time

Thelocationin time at which anactioncanoccurrepresentsthefact thatcertainactionsmayhavetiming
constraintson their occurrence.Suchinformationis neededwhencomposingsystemstogetherto ensure
thatthedesiredbehavioursoccurat thedesiredtimes.

Formalisation in LOT OS

LOTOS abstractsawayfrom theconceptof time,only consideringtemporalordersothereis no absolute
location in relative metric time. Location in time would be possiblehowever, if an extendedform of
LOTOSsuchasE-LOTOS[112] wereusedwith timeaspectsincorporated.

Formalisation in Z

ClassicZ and Abstract Z: As with locationin space,theconceptof time is notconsideredprimitive in Z.
Thelocationin time at which anactionoccurscanonly begivenin Z in termsof thespecificationmodel
ratherthantherealworld systembeingmodelled.Thusa locationin timemight beintroducedasa Z type
thatcanbeassociatedwith givenactions,e.g.throughsomerelation.Throughthis,quantificationoverthe
time atwhich actionscanoccurcanbeachieved.This exactform of this quantificationdependsto a great
extenton thetiming policy in effect. Forexample,two possibilitiesmightbethattherelationsignifiesthe
actualtimeatwhich theactionshouldoccuror thelatesttimeatwhich theactioncanoccur.

4.2.10 Interaction Point

An interactionpoint representsa locationin time andspaceat whicha setof interfacesexist. Thatis, at a
givenlocationin time,aninteractionpointis associatedwith a locationin space.Severalinteractionpoints
mayexistat thesamelocationin timeandspace.

Formalisation in LOT OS

A gatewith a possiblyemptylist of associatedvalues. Mobile interactionpointsmay be modelledto a
limitedextentin LOTOSthroughmodellinglocationsin timeandspaceasAct Onesorts.Synchronisations
betweenprocessescanberestrictedby thevalueof thesesorts. Further, thesesortscanbepassedaround
betweenprocessesto allow othersynchronisationpossibilities. It shouldbenotedthat this is a contrived
form of interactionpoint modellingin LOTOS.LOTOS wasnot designedwith suchdynamicityin mind.
Thisfeatureis availablein otherlanguagessuchasthePi-calculus[143] andthecurrentE-LOTOSstandard
[112].
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Formalisation in Z

ClassicZ and Abstract Z: The conceptof interactionpoint dependsvery muchuponthe definitionsof
interactionandlocationsin spaceandtime. SinceZ doesnotmakea truedistinctionbetweeninternaland
observableactions,norprovidespecificfeaturesfor modellinglocationsin spaceandtime,theformalisation
of interactionpointin Z canonlyeverbedonein acontrivedmanner. Onewaythatthismightbeachievedis
throughincludingspecifictypesrepresentinglocationsin spaceandtime in theactions(operationschemas
or abstractrepresentationof actions)that representtheobservableactionsof the interface.Throughthis,
reasoningabout interactionpoints can be achieved,e.g. throughquantificationover the spaceor time
variables.

4.2.11 Object

Therearealmostasmanydefinitionsof whatanobjectis astherearebooksonobjecttechnology. An object
is typically a modelof somethingor entity. ANSA [192] classifiesa thingasanythingthatcanbenamed.
Objectsaredistinct from oneanother. Objectsarecharacterisedby their behaviourandstate. Emphasis
maybeplacedon eitherbehaviouror state.Whenemphasisis on behaviour, anobjectis saidto perform
functionsandoffer services.Objectscanperformmorethanonefunction.A functioncanbeperformedby
acollectionof objects.Functionsareperformedthroughinteractingwith anobjectat its interactionpoints.

Formalisation in LOT OS

An instantiationof a LOTOS processdefinition which can be uniquely referenced. Typically this is
achievedthroughhaving a parameterin eventoffers that referencethe object with which the event is
attached.Examplesof thisstyleof specificationaregivenin [145, 146].

Formalisation in Z

ClassicZ: An objectmaybedescribedin Z by a collectionof specificationfragments.Thesefragments
shouldcontaina collection of operationschemas(representingthe interfaceto the object) referring to
somestateschema(s)(representingthestateof theobject). Thespecificationfragmentsshouldalsohave
somemeanswherebythey canbeuniquelyreferenced(representingthe identity of theobject). This can
beachievedthroughhavingan identifier in the stateschema(s)of the objectthat remainsconstantin all
operationsdefinedfor thatobject. Finally, theremustexist a valid initial statefor that object. This can
beachievedthroughaninitialisationschemathatgiveslegalbindingsto thevariablesdeclaredin thestate
schemawith a predicatethatensurestheobjectidentifieris uniquewithin thespecification.

Abstract Z: it is possibleto representobjectsat manylevelsof abstraction.It is quitepossibleto treat
basicdatatypesasobjects.Thisapproachenablesdirectreasoningaboutobjectmanipulation,e.g.passing,
creationanddeletionof objects.Whilst valid at a high level of abstraction,this approachis limiting since
the datatypesthemselvesdo not havepropertiesthat one would normally associatewith objects,e.g.
encapsulatedstate,identity andinterfaces.At a lower level of abstractionan objectcanbe represented
by a collectionof interfaceswith behaviourthat relatesthem. Further, objectsshouldhavesomemeans
wherebytheyremembertheeffect of theirbehaviour, i.e.state.

4.3 Requirementson SpecificationLanguages

Theaboveconceptsreflectdirectlyfeaturesthatonewouldexpecttofindwhenmodellingsystemscontaining
objects. To modelsystemsof objectsit is necessaryto introducefurther conceptsthat describeobjects
and their associatedcharacteristics. For example,object template,instantiation,classand behaviour
compatibilityareall conceptsusedwhendescribingobjects. Thesefurtherconceptsmaybe regardedas
desirablefeaturesthatmayor maynotexistin ourspecificationlanguagesshouldwewishto modelsystems
of objects.
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4.3.1 Compositionof Objects

Thenotionof compositionis crucialto distributedsystems.Modelling isolatedobjectsis of little interest.
Modelling distributedsystemsascollectionsof objectsis only viable if theseobjectscaninteract. Com-
positionmakespossiblesuchinteractions.We shall investigatedifferentformsof compositionin chapter
7.

As well asthis, compositionis alsoa powerfuldesigntool. The ability to taketwo or moreobjects
andcombinethemto form a new object at a different level of abstractionis at the heartof bottom-up
developmentstrategies.

Formalisation in LOT OS

A compositeobject is an objectdescribedthroughthe applicationof oneor moreLOTOS combination
operators.Theseinclude:

• interleavingoperator(|||)

• parallelcompositionoperators(|| and|[gate-list]|)

• enablingoperator(�)

• disablingoperator([>)

• choiceoperator([] )

Formalisation in Z

ClassicZ: Compositionof objectsis nota featureexplicitly offeredby theZ language,dueamongstother
thingsto thelack of encapsulation.However, it is possibleto modelsomecharacteristicsof composition
throughschemainclusionandredefinitionof operationsthroughpromotion.

Abstract Z: Having an abstractmodel of objectsas given in section4.2.11 allows for a multitude of
compositionpossibilities.Forexample,compositionmayberegardedasa relationbetweenobjectswhere
theexactform of the compositionis determinedby the predicatesassociatedwith the relation. We shall
seein the following chapterexamplesof how anabstractrepresentationof objectsandthe interfacesthat
areassociatedwith themallowscompositionbasedonsyntactic,behaviouralandnon-functionalaspects.

4.3.2 Compositionof Behaviours

As with compositionof objects,compositionof behavioursis a powerfultool whendesigningdistributed
systems. The ability to take two or more behavioursand combinethem to yield a new behaviouris
fundamentalto (distributed)systemdesign.

Formalisation in LOT OS

Thecompositionof thebehaviourexpressionsassociatedwith thecomponentobjectsin thecreationof a
compositeobjectthroughcomposition.Theoperatorsfor thecompositionof behavioursarethesameas
thosefor thecompositionof objectswith theinclusionof theactionprefix(sequencing)operator(;).

Formalisation in Z

ClassicZ: As abehaviourin itsmostdegeneratecasemaybeconsideredasasingletonaction,andanaction
in Z is theperformanceof anoperationdefinedby anoperationschema,compositionof actionsequates
to thecombinationof operationschemasin Z. Operationschemasmaybecombinedin severalwaysin Z,
suchas:

• schemacalculus
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• schemacomposition(;)

• overriding(⊕)

• piping(�)

It shouldbe pointedout that the last of theseoperatorsdoesnot havea well definedsemanticsin Z
andis unlikely to bein theZ standard[106] which is currentlybeingdeveloped.Thesameeffect canbe
obtainedthroughconjunctionandrenamingof schemavariablesthough.

Abstract Z: atamoreabstractlevel,compositionof behaviourscanbeachievedin manywaysin Z. Given
thata behaviourmightberepresentedabstractlyby a relation,compositionof behaviourscanbemodelled
in asmanywaysin Z astherearewaysfor composingrelations.

4.3.3 Decompositionof an object

If compositionof objectsrepresentsa bottom-updevelopmentstrategythen decompositionof objects
representsa top-downdevelopmentstrategy. It shouldbepointedout that theeffectsof compositionand
decompositionareoneandthesamewhenfrom thepointof view of thespecification.Thatis, composition
takestwoor moreobjectsandcombinesthemto formanewobject.Decompositioncanlooselyberegarded
asthereversalof this process,i.e.a compositeobjectis decomposedinto its constituentparts.Whichever
of theseapproachesaretaken,theresultis thespecificationitself. Thusit is notpossibleto takeanarbitrary
specificationanddeterminewhetherit wasdevelopedthroughcompositionor decompositionapproaches.

Formalisation in LOT OS

The expressionof a given object as a compositeobject. Theredoesnot exist featuresin LOTOS to
decomposeanobjectinto aform thatis notthesameastheexistingform, i.e.howtheobjectwascomposed
in thefirst place.Suchissuesarenormallydealtwith whenrefinement(seesection4.3.6)of aspecification
is done.

Formalisation in Z

As with LOTOS,decompositionin Z is givenby theexpressionof a givenobjectasa compositeobject.
Theredoesnot exist featuresin Z to decomposeanobjectinto a form that is not thesameastheexisting
form, i.e. how the object was composedin the first place. Suchissuesare normally dealt with when
refinement(seesection4.3.6)of a specificationis done.

4.3.4 Decompositionof a behaviour

Decompositionof behavioursallows a structuredapproachto design. Having identifieda specificfunc-
tionality thatshouldbefulfilled by a component,decompositionof behaviourallowsthis functionalityto
bebrokendowninto parts.

Formalisation in LOT OS

Decompositionof behaviourin LOTOS is given by the decompositionof the behaviourexpressions
associatedwith thecomponentobjectsin thecreationof acompositeobjectthroughcomposition(see4.3.1).
Theoperatorsuncoveredduringdecompositionof behaviourarethesameasthosefor thecompositionof
behaviour. Thisdueto thediscussionin section4.3.3.

Formalisation in Z

As with LOTOS, decompositionof behavioursin Z resultsin the uncoveringof the samecomposition
operatorsaswasusedin theprocessof compositionof thebehaviourdueto thediscussionin section4.3.3.
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4.3.5 Behaviour Compatibility

Behaviourcompatibility is a relationbetweenbehaviours.An object is behaviourallycompatiblewith a
secondobjectwhenthe first objectcanreplacethe secondobjectwithout the environmentbeingableto
noticethedifferencein theobject’sbehaviouron thebasisof definedcriteria.

Behaviouralcompatibilitymaybenaturalor coerced.In coercedbehaviourcompatibilitythebehaviour
of thereplacingobjectis modifiedin someway sothat theenvironmentof thereplacedobjectcannottell
thedifferencebetweenthem.In naturalbehaviourcompatibility, nosuchmodificationis necessary.

Formalisation in LOT OS

In LOTOS, specifictheorieshavebeendevelopedto checkfor behaviourcompatibility. Thereare no
specificLOTOSlanguagesyntacticfeaturestoconstructandensurebehaviourcompatibilitygenerally. The
LOTOS standard,however, developsthenotionof conformancewhich providesa basisfor consideration
of behaviourcompatibility.

In orderto determinewhetheror not two objectbehavioursarecompatible,thenotionof conformance
needsto beintroduced.Conformanceis concernedwith assessingthefunctionalityof an“implementation”
againstits “specification”,whereherethetermimplementationmaybetakentobealessabstractdescription
of a specification.

If PandQ aretwoLOTOSprocesses,thenthestatementQ conformstoP (writtenasQ confP) signifies
thatQ is a valid implementationof P. Thismeansthatif P canperformsometraceœandthenbehavelike
someprocessP′ , andif Q canalsoperformtraceœandthenbehavelike Q′ thenthefollowing conditions
onP′ andQ′ mustbemet: wheneverQ′ canrefuseto performeveryeventfrom agivensetA of observable
actions,thenP′ mustalsobeableto refuseto performeveryeventof A.

ThusQ conf P if andonly if Q, whenplacedin anyenvironmentwhosetracesarelimited to thoseof
P, Q cannotdeadlockwhenP cannotdeadlock.Anotherway of definingthis is thatQ hasthedeadlocks
of P in anenvironmentwhosetracesarelimited to thoseof P.

An objectcanbemadebehaviourallycompatiblewith a secondobjectafter somemodificationto its
behaviour, whichmight includeextendingtheobject’sbehaviour(addingadditionalbehaviour)or reducing
theobject’s behaviour(restrictingtheobject’s behaviour).This processof modifying anobjectis known
asrefinement(seesection4.3.6).

Formalisation in Z

ClassicZ: Behaviourcompatibility is baseduponthe notion of substitutability in a given environment.
Extensionisonepossiblewayof achievingthis. An extensionof abasetemplatemayhaveextracomponents
in the associatedstateschema,a strongerstateinvariant,strongerinitial conditionsandmoreoperation
schemas.The operationschemasassociatedwith the extensionof the templatetype may haveweaker
preconditionsandstrongerpostconditionsthanthecorrespondingoperationschemasin thebasetemplate
type.

Abstract Z: Modellingabehaviourasarelationbetweenactionsallowsbehaviouralcompatibilityissuesto
bedealtwith directly. Onebehaviour(B1) is compatiblewith a secondbehaviour(B2) whenthefollowing
conditionholds:

dom B 2 ⊆ dom B 1 ∧ ( dom B 2) � B 1 ⊆ B 2

Herewestatethatthedomainof thefirst behaviour(B1) is asupersetof thesecondbehaviour(B2), i.e.
B1 acceptsall B2 actionspluspossiblymore.Further, westatethattheactionsthatB1 hasin commonwith
B2 producelessresultsthatthoseof B2. Moreprecisely, westatethatrestrictingthebehaviourof B1 to relate
only thoseactionsfoundin thedomainof B2 doesnotproduceresults(relateactions)thatB2 itself couldnot
produce.Intuitively theseconditionsimply thatbehaviourcompatibilityallowsmoreinputsandproduces
lessoutputs.Hencein anenvironmentexpectingthefirst behaviour, thesecondcouldbesubstitutedwithout
anydistinctionsbeingmade.We shallseein chapter7 thelimitationsof this interpretationwhena notion
of causalityis introducedinto thesystem.
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4.3.6 Refinement

Refinementis the processby which a specificationis transformedinto a more detailedspecification.
Preciselywhat is meantby a moredetailedspecificationdependsuponthe specificationlanguagein use.
Typically, someform of behaviourcompatibilitybetweena specificationandits refinementshouldexist.

Formalisation in LOT OS

Refinementis theprocessbywhichanobjectmaybemodified,eitherbyextendingor reducingitsbehaviour
or by a combinationof both,sothatit conformsto anotherobject.Letting P andQ beLOTOSprocesses,
an extensionof P by Q (written as Q extendsP) meansthat Q hasno fewer tracesthan P, but in an
environmentwhosetracesarelimited to thoseof P, thenQ hasthesamedeadlocks.A reductionof P by Q
(writtenasQ reducesP) meansthatQ hasno moretracesthanP, but in anenvironmentwhosetracesare
limited to thoseof Q, thenP hasthesamedeadlocks.

Formalisation in Z

ClassicZ: SinceZ dealswith abstractionsof systemswheredataandoperationson that dataareused
to representthe given systemunderconsideration,two main forms of refinementhavebeenidentified:
operationrefinementanddata refinement. In order to refinea specification,the refinementmustensure
behaviourcompatibilitybetweenthespecificationandtherefinement.Toaccountfor this,certainconditions
exist to ensurethat a Z specificationrefinementproducesa valid moredetailedspecification.Theseare
the safetyand livenessconditions. The safetyconditionon the refinementof a specificationis that any
circumstanceacceptableto thespecificationmustbeacceptableto therefinement.Thelivenessconditionon
therefinementof a specificationis thatfor anycircumstanceacceptableto thespecification,thebehaviour
of therefinementmustbeidenticalto thespecification.

Thesafetyandlivenessconditionsneedto applyto boththeoperationanddatarefinements.

Abstract Z: Refinementof behaviourmodelledasarelationcanbedonein manyways.Examplesof these
includemodifying the domainor rangeby addingor removingactionsandmodifying the relationitself
by including new relationshipsbetweenactions. Thesemodificationsto the behaviourmustensurethat
behaviouralcompatibility(seesection4.3.5)existsbetweentherefinedandoriginalbehaviours.

4.3.7 Type of an <X>

A type is a predicatethatcharacterisesa collectionof <X>s wherean X may be anobject,interfaceor
action.Typesaretypically usedto restrictinteractionsbetweenobjects.

Formalisation in LOT OS

Typesthatcanbewritten downexplicitly in LOTOS for objectsandinterfacesaretemplatetypes. There
is no explicit constructin LOTOS that will permit the modellingof action typesas such. A LOTOS
specificationconsistsof a behaviourexpressionwhich is itself composedof action denotations(action
templates).Theseactiontemplateseitheroccuraspartof thebehaviourof thesystem,in whichcasetheir
occurrencemaylooselyberegardedastheactiontemplateinstantiation,or theydonotoccur, in whichcase
theactiontemplateremainsuninstantiated.Theactiontemplatesthemselvesmaybegivenby theinternal
eventsymbol,i, or eventoffersatgateswhichmayor maynothavefinite sequenceof valueand/orvariable
declarations.

LOTOS doesnot offer facilities to characteriseactionsdirectly, howevera limited form of action
characterisationis built into the synchronisationfeatureof LOTOS. That is, it might be consideredthat
synchronisedactiondenotations(actiontemplates)mustsatisfythesameactiontypein orderfor theaction
tooccur. However, LOTOSdoesnotclassifythecharacterisingfeaturesof thesearbitraryactiondenotations
andthusit is not possibleto havea formal typefor anygivenaction. It might bethecasethat informally
the eventoffers involved in an interactionaregivena causeandeffect role, but this is generallynot the
case.Seesection4.2.7.
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Theinternaleventsymbolmaybeusedto representanactiontype,wherethecommoncharacteristics
of thiscollectionof actionsarethattheyhavenocharacteristics.

It shouldbenotedthatby statingthattheonly predicatepossiblein LOTOSfor objects(andinterfaces)
is thattheysatisfytheir templatetype,theconceptsof typeandtemplatetypereduceto thesamemodelling
techniquein LOTOS.Thusthereis no distinctionin LOTOS betweena type in its broadcharacterisation
sense,anda templatetypein its morerestrictivesenseof templateinstantiation.

Formalisation in Z

An object,interfaceor actioncanhavemanydifferenttypes.Thesetypesdependentirelyon thepredicate
thatis applied.Asaresultit isnotpossibleto formaliseagenericnotionof type. It canbestatedthatZ types
correspondto setsthoughandthatthecharacterisingpredicateof suchZ typesis givenby setmembership.

4.3.8 Classof <X>s

The conceptof classin computingsciencehastraditionally beensynonymouswith implementationof
objects.Anotherview of classis assimply a setwheretheelementsof thesetsatisfysometype. These
choicesreflectthedifferentinterpretations3 of class:thefirst beinganintensionalmodel,thesecondbeing
anextensionalmodel.ODPdefinesclassextensionallyandweusethis interpretationfor our formalisation.

Formalisation in LOT OS

The notion of classis dependentuponthe characterisingtype predicatewhich the membersof the class
satisfy. Objects,interfacesandactionscansatisfymanyarbitrarycharacterisingtype predicates.A type
thatcanbe written down is a templatetype(seesection4.3.18. Whenthis is the case,the set(class)of
objects,interfacesandactionsthatareassociatedwith thattemplatetypeis thetemplateclass(seesection
4.3.19.

It shouldbenotedthatby statingthattheonly classificationpossiblein LOTOSfor objects,interfaces
andactionsis that theysatisfytheir templatetype,the conceptsof classandtemplateclassreduceto the
samemodellingtechniquein LOTOS.Thusthereis nodistinctionin LOTOSbetweenaclassin its general
classificationsense,anda templateclassin its morerestrictivesenseasthe setof instancesof a given
templatetype.

Formalisation in Z

Sincea typeaspresentedin section4.3.7maynot bemodelledin Z dueto its genericity, themodellingof
classis alsolimited. It canbestatedthoughthatthemembersof a classshouldbemembersof thesetthat
definesthetype.

4.3.9 Subtype/Supertype

One type is a subtypeof anotherwhen it satisfiesthe samepredicateas the first. Given our interest
in specifyingsystemsthat may evolve,subtypingprovidesa mechanismfor reasoningaboutacceptable
substitutes.Further, sincetypesare frequentlyusedto restrict the interactionsthat can occur between
systems(objects),subtypesshouldpossessall of the interactionsand more. In this case,the satisfies
relationcorrespondsto “respondsto thesemessages”.

Formalisation in LOT OS

As the typesthat can be written down in LOTOS for objects,interfacesand to a lesserextentactions
aretemplatetypes(seesection4.3.18),a subtyperelationin LOTOS is a relationthatmayexistbetween
templatetypes. In LOTOS, however, thereexistsno featureto write down subtypingrelationsdirectly.
If subtypingis requiredthenextensioncan be usedto give a subtyperelationbasedon substitutability.
However, this is nota featureexplicitly providedfor in LOTOS.

3A primeexampleof theconfusionin terminologythatexistsin objecttechnologytoday.
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Formalisation in Z

Subtypesandsupertypescorrespondto subsetsandsupersetsrespectivelyin Z. Theexactform of this set
membershipdependsentirelyon how thesetdefiningthe typeis modelled.As stated,it is oftenthecase
thatsubtypingis basedonsyntacticaspectsof thetype. In suchcases,subtypingbetweentwo setsrequires
thatthesyntacticaspectsof theelementsfoundin onesetarecompatiblewith thesyntacticaspectsof the
elementsfoundin theotherset. Herecompatibilityfor interfacesignaturessaymight bebasedon similar
namesfor actionsandcompatibleinputandoutputparameters.We investigatethis issuein moredetail in
thefollowing chapters.

4.3.10 Subclass/Superclass

Oneclassis a subclassof a secondclassandtheseconda superclassof thefirst whenthetypeassociated
with the first is a subtypeof the typeassociatedwith thesecond.Subclassesareby definitionsubsetsof
theirsuperclassesgiventhisextensionalinterpretationof class.

Formalisation in LOT OS

As the typesthatcanbewritten down in LOTOS for objects,interfacesandto a lesserextentactionsare
templatetypes(seesection4.3.18),asubclassrelationexistsbetweentwo classeswhenasubtypingrelation
existsbetweentheircorrespondingtemplatetypes.

Formalisation in Z

Subclassesandsuperclassescorrespondto thesubsetandsupersetrelationshipsrespectivelyin Z. Theexact
form of thissetmembershiprelationdependsentirelyonhowthesetdefiningthetypeis modelled.

4.3.11 <X> Template

To modelsystemsof objects,interfacesandactions,a descriptionof theseconceptsmustbemade.These
descriptionsmaybecapturedin a template.Templatescapturecommonfeaturesof collectionsof objects,
interfacesandactionsin sufficientdetailthatwheninstantiated,theobject,interfaceor actionrespectively
will begenerated.

Formalisation in LOT OS

• Object Template: A processdefinition with somemeansby which it canbeuniquelyreferenced
onceinstantiated.Thiscanbeachievedfor example,by interactingwith someotherprocessto obtain
a uniqueidentifier(sort),or by beingassigneda uniqueidentifieruponinstantiation.

With regardtocombinationof objecttemplatesin LOTOStherearenoexistingcombinationoperators
exceptfor a limited form of scopingusingtheLOTOS“where” clause.

• Interface Template: Any behaviourobtainedfrom a processdefinition by consideringonly the
interactionsat a subsetof the gatesassociatedwith the processdefinition. This subsettingof the
gatesis achievedby hiding thegatesnot requiredfor theinteractionsunderconsideration.

With regardto combinationof interfacetemplatesin LOTOS thereare no existing combination
operatorsexceptfor a limited form of scopingusingtheLOTOS“where” clause.

• Action Template: An actiondenotationwhereanactiondenotationmaybeeitheraninternal-event
symbol,a gate-identifieror a gate-identifierfollowed by a finite sequenceof valueand/orvariable
declarations.

Thedefinitionhereof actiondenotationis contrivedasLOTOSdoesnot really supporttheconceptof
anactiontemplate.In LOTOS,possiblebehavioursarespecifiedby giving actiondenotationscombined
in someform. To relatea templateto anactiondenotationis theclosestthatcanbeachievedin LOTOS.
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However, thetext of Part2 requiresanactiontemplateto groupthecharacteristicsof actions.This is not
partof LOTOS aseventoffers(actiondenotations)exist in isolationandit is not possibleto collectthem
andapplya templateto characterisethem.

Compositionof action templatesmay loosely be likened to synchronisationwith value passingor
valuegeneration. In this case,two (or more)actiontemplatesagreeon a commonactiontemplatefor
the synchronisationto occur, i.e. anactiontemplatewith the commoncharacteristicsof all of the action
templatesinvolvedin thesynchronisation(composition).

Formalisation in Z

ClassicZ:

• Object Template: Fragmentsof a specificationthat representa state,havea unique(immutable)
identitythatcanbereferenced,andhaveanassociatedsetof operationschemasthatactonthatstate.
If theobjecttemplateis agenericone,thepreciseform of templatewill only begivenwhenthetypes
of theparametersaregiven.

• Interface Template: A set of operationschemasderivedfrom the Z text representingan object
templatein thewaydescribedundertheinterpretationof interface(4.2.4). If theobjecttemplateis a
genericone,thepreciseformof interfacetemplatewill onlybegivenwhenthetypesof theparameters
aregiven. InterfacetemplatesmaybecombinedusingtheZ operationsfor schemacombination.

• Action Template: An operationschema.Action templatesmaybecombinedusingtheZ operations
for schemacombination.If theactiontemplateis a genericone,thepreciseform of actiontemplate
will only begivenwhenthetypeof theparameterisingparametersaregiven.

Abstract Z:

• Object Template: An object templatemay be representedby a collectionof interfacetemplates
with a behaviourspecificationthat relatesthebehavioursassociatedwith theseinterfacetemplates.
Sinceobjectshavestatealso (seesection4.2.11) thereshouldexist a model of statewithin the
objecttemplate,e.g.asa variable.This canbeusedto remembertheeffect of theactionsthathave
occurred.Thereshouldalsoexistsomemeanswherebythe objectsinstantiatedfrom the template
canbeuniquelyreferenced.

• Interface Template: An interfacetemplatemay be representedby a collectionof schemasthat
capturethe syntacticaspectsof the functionality offered by the interface, i.e. the signature. A
behaviourspecificationmustalsobeprovidedthatshowstheeffect of invoking thesyntacticaspects
of theseinterfaces. In addition, thereshouldbe somemeanswherebythe effect of the actions
occurringcanberecorded,i.e.state.Weillustratethiswith aZ fragmentthatusestherepresentation
of behaviourgiven in section4.2.2. Here Signaturesare schemasusedto capturethe syntactic
structureof actionsin the interfaceandhistory is a modelof the statesof the interface. It should
benotedthat it might bethecasethatwe haveonly onesequenceof statesassociatedwith a given
objector interface.If this is thecasethenthehistorycanberepresenteddirectly as:

history== seq State

It is alsopossibleto modelmorecomplexstatesthatmight beassociatedwith anobjector interface,
e.g.if we havemorethanonestateat any time. This might bethe caseif the objector interfaceis itself
distributed. In sucha casethestateof thewhole objector interfacemaybecomposedof severalpartial
states.Furtherit maynotalwaysbepossibleto establishthestateof theobjector interfaceatonetime,e.g.
thepartialstatesmaybeperpetuallychangingandcheckingtheir valuessimultaneouslyis impossibledue
to theirdistribution. Suchcomplexitycanbereflectedin theZ text modellinghistory, e.g.assequencesof
setsof states.

>Fromthis,a modelof aninterfacetemplatemayberepresentedas:
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InterfaceTemplate∣∣∣∣∣∣∣∣

ops: Signatures
bs : behspec
his : history

predicates

Herepredicatesrepresentsthepredicatesnecessaryto relatethesignaturesandstatesto theactionsin
thebehaviourspecification.

• Action Template: Instantiationof anabstractmodelof anactiontemplatecantakeseveralforms.
Onepossibleform is simplyamodificationof thestatesassociatedwith theobjecttheactiontemplate
is part of. For example,using the abovemodelof statesas a sequenceof setsof possiblestate
sequences,thenthe instantiationof anactiontemplatewould requirethat thestaterequiredfor the
actionto occuris in thecurrentsetof sequenceof possiblestates(history). Further, therangeof the
actionrelation,i.e. thestatefollowing theactionoccurrence,is in thenextsetof statesequencesof
thehistory.

4.3.12 Interface Signature

An interfacesignaturerepresentsthesyntacticaspectsof an interface.This includestheoperationnames
alongwith the input parametersandexpectedreturnparametersof theoperations.Oftenanindicationof
directionof theparametersis givenexplicitly, e.g.throughlabellingthemasin, out or inout.

Formalisation in LOT OS

An interfacesignatureas a set of action templatesassociatedwith the interactionsof an interfaceis
representedin LOTOSby asetof actiondenotations.Themembersof thissetarethoseactiondenotations
thatrequiresynchronisationwith theenvironmentin orderto occur.

It shouldbenotedthatLOTOSdoesnotprovideexplicit featuresfor describinginterfacesignaturesas
such.Thatis, eventoffersgenerallydo notsimply capturethesyntacticaspectsof theaction.Theydefine
theactionsthemselves.It is possibleto adopta conventionwherebyeventoffersaretreatedassyntactic
devicesfor otherbehavioursthough.Weillustratethiswith thefollowing LOTOSfragment:

process P[g,h](s: State):noexit:=
g !modify ?x: Nat;
P[g,h](modify(x,s))

endproc (* P *)

Heretheoperationnameis givenby modifyandtheinput parametersareof typenaturalnumber. The
semantics(behaviour)attachedto this eventoffer is thengivenby the modificationsto thestategivenin
theprocessinstantiation.

It shouldbe pointedout that LOTOS doesnot allow for any meansto checkdirectly that interface
signaturesare compatiblewith one another. We provide an Act One approachthat allows interface
signaturecheckingin chapter7.

Formalisation in Z

ClassicZ: Thenormaliseddeclarationsfoundin thoseschemasthatmakeuppartof aninterface.

Abstract Z: A collectionof schemasthatcapturethesyntacticaspectsof theobservableactionsassociated
with theinterface.We shallseein thefollowing chapterthatODPprescribesspecificformsfor interface
signaturesin thecomputationalviewpoint.
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4.3.13 Instantiation of an <X> Template

Havingmodelledobjectsandinterfacesin a template,instantiatingthat templateis necessaryto produce
therespectiveobjector interface.Instantiationmayinvolveactualisationof parameters.

Formalisation in LOT OS

• of an Object Template: Theresultof aprocesswhichusesanobjecttemplateto createanewobject
in its initial state.Thisprocessinvolvestheactualisationof theformalgatelist andformalparameters
of aprocessdefinitionby aone-onerelabellingfromaspecifiedgatelist andlist of actualparameters.
Thefeaturesof theobjectcreatedwill begovernedby theobjecttemplateandanyparametersused
to instantiateit.

• of an Interface Template: Theresultof aprocessby whichaninterfaceis createdfrom aninterface
template.Theinterfacecreatedcanthereafterbeusedby theobjectit is associatedwith to interact
with the environment. The featuresof the interfacecreatedwill be determinedby the interface
templateandanyparametersusedto instantiateit.

• of anAction Template: Thisis givenasactionoccurrencein LOTOS.Thismayinvolvetherewriting
of Act Oneexpressions.

Formalisation in Z

ClassicZ:

• of an Object Template: Initialisationof theZ text representingtheobjecttemplate.This is often
providedfor explicitly in Z by aninitialisationschema.Theperformanceof thisinitialisationschema
mustsatisfytheconditionthat thereexistsa valid statefor theobjectafterthis initialisationschema
occurrence,i.e.astatewhichsatisfiesanyinvariantsthatmaybepresent.Theseinvariantsmayrefer
to otherobjects.

• of an Interface Template: Initialisationof the Z text correspondingto an interfacetemplate.An
interfacetemplatemaybeobtainedasshownin 4.2.4.It thusfollows from this thattheinstantiation
of aninterfacetemplateandanobjecttemplatearebothachievedthesamewayin Z, via initialisation
of theassociatedZ text.

• of an Action Template: Theperformanceof anoperationspecifiedin anoperationschema.

Abstract Z:

• of an Object/Interface Template: Instantiationof an abstractmodel of an object or interface
templatemaybemodelledthroughanoperationschema.This schemashouldprovidea statethatis
valid for thatobjector interfacetemplate.A valid stateheredependsonhowthestatesaremodelled.
Giventhemodelof statesin section4.3.11, i.e.asasequenceof setsof possiblestatesequences,then
a valid statewould beoneof thosein theheadof thesequence.In thecaseof objecttemplates,the
operationschemashouldalsoprovideanidentifierthroughwhichtheresultingobjectcanbeuniquely
referenced.

• of an Action Template: Instantiationof anabstractmodelof anactiontemplatecantakeseveral
forms. Given a modelof actionsaspresentedin section4.2.1andobjectsaspresentedin section
4.3.11, theinstantiation(occurrence)of anactiontemplaterequiresthatthecurrentstateof theobject,
i.e. thecurrentpositionin thehistorysequence,containsthestatenecessaryfor theactionto occur.
Further, following theactionoccurrencethefinal statemustbeoneof thosein thenextsetof states
in thehistorysequence.
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4.3.14 Creationof an <X>

Objectsmaybeinstantiatedin two waysdependingonhowtheyandthesystemtheyexistin aremodelled.
Objectsmayinstantiateotherobjectsby performingactions.This is termedcreation.Alternativelyobjects
canbeinstantiatedby someothermechanism.This is termedintroduction.

Interfacesmayeitherbecreatedor introduced.Interfaceintroductionis only possiblethroughobject
introduction.

Formalisation in LOT OS

• of an object Theinstantiationof anobjecttemplateaspartof thebehaviourof anexistingobject.

• of an interface As objectsand interfacesare modelledthe sameway in LOTOS (via process
definitions),creationof objectscorrespondstocreationof interfaces.Thusthedefinitionfor interface
creationis givenby thecreationof objectsasabove.

Formalisation in Z

ClassicZ:

• of an Object: Thecreationof anobjectin Z is givenby providinga valid initial statefor theZ text
associatedwith theobjecttemplate.Thatis,by providingabindingof thevariablesgivenin thestate
schemaof the objectto the initial valuesthat they hold. Often this is providedfor explicitly in Z
throughaninitialisationschema.In thiscase,theactionof creationis representedby performingthe
operationgivenin theinitialisationschema.

• of an Interface: Thecreationof an interfacein Z is inherentlylinked with thecreationof objects.
That is, whenthe text associatedwith anobjecttemplateis initialised,any interfacetemplatesthat
mightbepresentareinitialisedalso.

In creation,it is necessaryto ensurethat the identity of theobjectbeingcreatedis uniquewithin the
specification. This can be achievedthrougha framing schemawith an appropriatepredicateensuring
the identitiesof all of createdobjectsareunique. This framingschemacanthenbeusedto promotethe
initialisationof anobjectto effect thespecificationasa whole.

Thetext givenhereimpliesthat,becauseaninitialisationschemais givenaspartof a specification,an
objectis created.However, in Z thereis no notionof thespecificationactuallyapplyingthis initialisation
schema.This is in fact the introductionof an object, i.e. an object is instantiatedby a mechanismnot
coveredby themodel. It wouldappearthatthenotionof initialisationof aZ specificationis partlycreation
(in thataninitialisationschemais given)andpartly introduction(in thattheapplicationof theinitialisation
schemais notcoveredby themodel).

It is normally the casethat a proof obligationfollows the applicationof an initialisation schemato
ensurethattheobjectis in a valid initial state.

Abstract Z:

• of an Object/Interface: Creationof anobject/interfacefrom anobjector interfacetemplaterespec-
tively requiresthatanactionexistsin the behaviourspecificationof anexisting— in the senseof
alreadyinstantiated— object.This actionshouldresultin theinstantiationof anobjector interface
template.Asdiscussedin section4.3.13,instantiationin anabstractZ modelisdonewith anoperation
schema.It is not possibleto representsuchoperationschemasdirectly in thebehaviourof a given
object,i.e.aschemadefinesatypeandrelationsthemselvesaretyped.Hencebehaviourasarelation
betweenactions(modelledthemselvesasrelationsbetweenstates)cannotacceptschemasmodelling
instantiationsof templates.To overcomethis, functionscanbeusedthatrelatearbitrarystructures
(schemasrepresentingtemplates)to actions,e.g.aswith observableandinternalactionsignatures
in section4.2.1. Creationthen requiresthat an actionmodelledthis way existsin the behaviour
specificationof an existingobject. The occurrenceof this actionthenresultsin the instantiation
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(creation)of theassociatedobjector interface.In thecaseof objectcreation,thisactionshouldalso
establisha newidentifierthatcanbeusedto uniquelyreferencetheobject.

As canbe seen,creationcanbe modelledwhenusingZ abstractly, howeverthis is a particularly
contrivedrepresentation.

4.3.15 Intr oduction of an <X>

Introductionis theprocessof instantiationwhenit is notcoveredby theactionof objectsin themodel.

Formalisation in LOT OS

Theinstantiationof thebehaviourassociatedwith a LOTOSspecification.

Formalisation in Z

ClassicZ: SeeCreation(of anobject)(4.3.14).

Abstract Z: An abstractrepresentationof the introductionof an object may be achievedby an action
modellinginstantiationof an objecttemplatethat is not associatedwith an existingobject. It shouldbe
notedthat introductiondoesnot requirecontrivedfeaturesfor overcomingthe Z type systemaswasthe
casewith creation(seesection4.3.14),i.e. functionsthat relateschemasto the modelsof actionsin the
behaviourspecification.

4.3.16 Deletionof an <X>

Giventhatobjectsandinterfacescanbebroughtintoexistencein amodel,i.e.instantiated,it isalsonecessary
to providefeaturesfor their removalfrom the model. Deletionof an objector interfacecorrespondsto
destroyinganinstantiatedinterfaceor object. Interfacesmayonly bedestroyedby theobjectwith which
theyareassociated.

Formalisation in LOT OS

• of an object Theterminationof a processinstantiation.Thismaybeachievedthroughtheuseof the
LOTOS disablingoperator, theLOTOS inaction(stop) behaviourexpressionwhich doesnot allow
for thepassingof control,or thesuccessfultermination(exit) behaviourexpression(wherepassing
of controlis possiblevia theenablingoperator).

• of an interface Theprocessby which thefuturebehaviourof anobjectis limited to thatbehaviour
whichwasnotdeletedfor theinterface.

Formalisation in Z

ClassicZ: It maybepossibleto haveanabstractrepresentationof deletionwhereaframingschemais used.
Deletioncanthenbemodelledasthepromotionof anoperationto removeanobjectstateandidentityfrom
thesystemasa whole.

It mightalsobethecasethata form of deletionbaseduponinactivity maybemodelled.Forexample,
anobjectwhoseassociatedfuture behavioursmay no longeroccurdueto invariantsbeingviolatedmay
in somesensebeconsideredasdeleted.This form of deletionmay not accuratelycapturethedefinition
deletionaccuratelythough,i.e. thereis nodestructionassuch.

Abstract Z: Modelling the deletionof an objector interfacedependson how the objectsandinterfaces
themselvesarerepresented.If objectsandinterfacesaremodelledasshownin sections4.2.11 and4.2.44

thendeletionmaybemodelledby anactionwhoseresultantstateis not foundin thedomainof anyother

4And henceactions,behavioursandsignaturesareasshown.
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actionassociatedwith thatbehaviourspecification.Theoccurrenceof this actionis thenequivalentto the
LOTOSstop expression.

4.3.17 Instanceof a Type

An <X> thatsatisfiesthetype.

Formalisation in LOT OS

• of an Object Template An instanceof a given object templateis representedin LOTOS by an
instantiationof thatobjecttemplateor anacceptablesubstitutionfor an instantiationof thatobject
template. Herethe acceptablesubstituteshouldcapturethe characteristicsthat identify this type.
Thusanacceptablesubstitutemightbeanothertemplatethatisbehaviourally compatiblewith thefirst.
Thismightbeachievedthroughextensionasdefinedin section4.3.5.Usingthis relationguarantees
thatall characteristicsof the typeunderconsiderationareincluded. It might bethecase,however,
thataweakerformof typesatisfactionrelationcanbefoundwhichdoesnotrequireall characteristics
associatedwith a giventemplateto beincluded,butsomesubsetof thetotal characteristics.

• of an Interface TemplateAsaninterfacetemplateis representedthesamewayasanobjecttemplate,
(i.e.a processdefinitionin LOTOS),theabovetextappliesequallywell to aninterfacetemplate,i.e.
replaceall occurrencesof objectwith interface.

• of an Action Template An instanceof an action template(action denotation)is representedin
LOTOSby anactiondenotationofferinganequivalentevent.

Formalisation in Z

ClassicZ: An instanceof a typein Z is representedby anelementof thesetwhosememberssatisfythe
predicate,i.e. the type. Givena morespecificnotionof type,suchastemplatetype(seesection4.3.18),
an instanceof an objector interfacetype correspondsto the initialisation of the Z text (or an extension
of it) representingthe object/interfaceunderconsideration,suchthat thereexistsa valid initial statefor
thatobjector interface.Herethecharacterisingpredicateis givenby thespecificationtext andassociated
predicateson possiblelegalbindings(invariants),which mustbesatisfiedby the initialisationschemain
orderto beclassifiedasaninstanceof theobjector interfacetype.

As anoperationschemagivesthecharacteristicsof anactiontype,aninstanceof anactiontypeis given
by theoccurrenceof this operationschemaor by theoccurrenceof anotheroperationschemawhich is an
extensionof thisoperationschema,i.e. theextensionincludesthecharacterisingfeaturesof theactiontype.

Abstract Z: Theabstractrepresentationof an instanceof a typedependson theway thesetis definedon
which the type is based.It canbestatedthoughthat instancesof typesshouldsatisfythe characterising
predicatethatdefinesthetype.

4.3.18 TemplateType of an <X>

A templatetypeis a predicatedefinedin a templatethatholdsfor all instantiationsof thetemplateandthat
expressestherequirementstheinstantiationsof thetemplateareexpectedto fulfill.

Formalisation in LOT OS

Thenotionof a templatetypeasa predicateexpressingthatan< X > is an instanceof a giventemplate,
wherean< X > maybeanobject,aninterfaceor anactionis notafeatureofferedby theLOTOSlanguage.
Thisfeatureis only availableto acertainextentoutsideof LOTOS,e.g.whencheckingthestaticsemantics
of a specification.Thereissuessuchasvalid processinstantiationsaredealtwith, e.g.correctnumberof
gatesaregivenandactualparametersmatchformalones.
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Formalisation in Z

ClassicZ: In Z, an object/interfacetemplatetype is a predicatethat an initialisation schemaleavesthe
objectandassociatedinterfacesin a valid initial state. Thusall statevariablesshouldbe boundandall
necessarypredicates(invariants)satisfied.Oftencheckinganobjector interfacetemplatetyperequiresa
proof to bemade.

An actiontemplatetypecorrespondsto a predicatethatanactiontemplate,asgivenby an operation
schema,canoccur, i.e. is aninstantiationof a givenoperationschema.Thusall instantiationsareexpected
to satisfythepredicateson legalbindingsof variables,asgivenin theoperationschema’s predicates.

Abstract Z: An abstractmodelof a templatetype dependson how the templateon which the type is
basedis represented.If objectandinterfacetemplatesaremodelledaspresentedin section4.3.11, then
instantiationsof thesetemplatesshouldprovidea valid initial state.Theresultantobjector interfacewill
havethebehaviours,statesandsignaturesasdeterminedby thetemplateandhow it wasinstantiated.

It is possiblein anabstractZ modelto reasondirectly aboutwhatconstitutesa valid instantiation,i.e.
throughpredicatesin a schemamodellinginstantiation.

4.3.19 TemplateClassof an <X>

A templateclassis the setof all <X>s satisfyinga particular<X> templatetype, i.e. the setof <X>s
which areinstancesof the<X> template.This conceptis a specialisationof the ideaof class.A classis
usedasa generalclassificationmechanism.A templateclasson theotherhandis morerestrictivein that
themembersof thetemplateclassarelimited to thoseinstantiatedfrom a particulartemplate,or anyof its
subtypes,i.e. thememberssatisfyaparticulartemplatetype.

Formalisation in LOT OS

Thetemplateclassof an< X > is thesetof all < X >s thatareinstancesof that< X > template,wherean
< X > maybeanobject,aninterfaceor anaction.

Thenotionof the templateclassof anactionis limited in its applicationto LOTOS,asLOTOS does
notprovideexplicitly for actiontemplates,actiontemplateinstantiationsor actiontemplatetypes.

Formalisation in Z

A templateclassof an< X > is thesetof all < X >s thatareinstancesof that< X > template,wherean
< X > maybeanobject,interfaceor action.

4.3.20 Derived Class/BaseClass

If a templateis anincrementalmodificationof asecondtemplatethenthetemplateclassof instancesof the
first templateis a derivedclassof thetemplateclassof instancesof thesecondtemplate.This incremental
modificationmaytakemanyforms. It mightfor exampleinvolveaddingto or alteringthepropertiesof the
baseclass.

Formalisation in LOT OS

LOTOStemplatescanbeincrementallymodifiedby extending,enrichingandmodifyingthedatatypesor
by modifyingthebehaviour. Problemsarisewith thebehaviourmodificationshowever, specifically:

• subtyping:non-determinismmaybeintroducedinto thesystemwhentheinitials of thebasetemplate
andits modificationarethesame,thussubtypingcannotbeguaranteed;

• theneedfor aredirectionof self-reference:anyreferencetoaderivedtemplatefromaparenttemplate
shouldberedirectedto thederivedtemplate,which is notalwayspossible.

We illustratetheseproblemsthroughasimpleexample.Considerthefollowing LOTOSfragments:
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process S1[ g ]:noexit:= process S2[ g, h ]:noexit:=
g; S1 g; S2[ g,h ] [] h;stop

endproc (* S1 *) endproc (* S2 *)

HereprocessS2is verysimilar to processS1. It differsonly in theofferingof eventh. It is not thecase
thatwemaysubstituteS1for theidenticalbehaviourin S2though.Forexampleif wespecify:

process S3[ g ]:noexit:=
S1[ g ] [] h; stop

endproc (* S3 *)

This is no longerthesameastheprocessS2sinceonceaneventg occurs,eventh canneveroccur. The
problemstemsfrom theneedto redirectself-referenceform S1to S3. This issueis discussedin moredetail
in [164]. Thereis nosatisfactorysolutionto theseproblemsin standardLOTOS.

Despitethis, Clark andMoreira [43, 147] haveshownhow it is possibleto specifyandreasonabout
inheritanceandsubtypingin LOTOS.Theirapproachrequiresthatprocessesrepresentingbaseclasseshave
exit functionality. With this modeltheyhaveshownhow classescanbederivedfrom baseclassesusing
variousapproaches,e.g.extensionsto or redefinitionsof existingbehaviours.

Formalisation in Z

Given two templatesA andB in Z whereA is an incrementalmodificationof B andthe instancesof A
andB are in a derivedclass/baseclassrelationshiprespectively, the incrementalmodificationsto B to
produceA mayinclude: addingor deletingstateparameters;adding,deletingor modifyingoperations;or
strengtheningor weakeninginvariants.

4.3.21 Invariant

An invariantis a predicatethatmay appearin a specification.In particular, invariantsshouldalwaysbe
satisfiedbothbeforeactionsoccurandaftertheyhaveoccurred.

Formalisation in LOT OS

In LOTOS,theonly invariantswhichcanbewrittendownareprocessdefinitions.Thereis nowayto attach
aninvariantto a processdefinitionwhich is not theprocessdefinitionitself.

Formalisation in Z

A predicatethata specificationalwaysrequiresto betrue. Z allowsinvariantsto bewritten downdirectly
in schemasandaxiomaticdescriptions.Ofteninvariantsimposerestrictionson thepossiblebindingsthat
thevariablesin schemasor axiomaticdescriptionscantake. As such,aninvariantis oftenusedto restrict
thepossiblebehavioursgivenin a specification.

4.3.22 Precondition

A preconditionis apredicatethataspecificationrequiresto betruefor anactionto occur.

Formalisation in LOT OS

A preconditionmaybeexpresseddirectly in LOTOSusingoneor moreof: sequencingof actions;guards
andselectionpredicates.
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Formalisation in Z

ClassicZ: The conditionon the stateof the systembeforethe occurrenceof anoperationdefinedby an
operationschemaand on its inputs suchthat thereexistsa possiblestateafter the performanceof the
operationandoutputswhichsatisfythepostconditions.Z allowspreconditionsto bewrittendowndirectly.

Abstract Z: Modellingactionsasrelationsbetweenstatesallowspreconditionsto becheckeddirectly. For
example,given the modelof behaviourin section4.2.2,thenthe preconditionfor any actionoccurrence
is that the currentstateof the object,with which the actionis associated,satisfiesthe stategivenby the
domainof thataction.

4.3.23 Postcondition

Postconditionsare predicatesthat specificationsrequireto be true immediatelyafter the occurrenceof
actions.

Formalisation in LOT OS

In LOTOS,theoccurrenceof anactionis independentof thestateof thesystemaftertheoccurrenceof the
action.As such,LOTOSdoesnotprovidethemeansto directlyexpresspostconditions.

Formalisation in Z

ClassicZ: A predicatewhichdescribesthesetof statesthatagivensystemcanbein aftertheperformance
of anoperationdefinedby anoperationschema.Z allowspostconditionsto bewrittendowndirectly.

Abstract Z: Modelling actionsasrelationsbetweenstatesallowspostconditionsto be checkeddirectly.
Forexample,giventhemodelof behaviourin section4.2.2,thenthepostconditionof anyactionis implied
by thestateit relatesto.

4.4 SpecificBehavioural Concepts

Aswell asthemoreelementarynotionsof behaviour, theODP-RMintroducesmoreprescriptivebehaviours
thatobjectsshouldpossess.Specifically, behavioursareprescribedthatenableaspectsof concurrencyand
independentbehavioursof objectstobespecifiedandreasonedabout.Thesebehavioursincludethecreation
of newbehaviouraswell asthejoining of existingbehaviours.

4.4.1 Chain of Actions

Computationalobjectsmay beassociatedwith specificforms of activities. Of particularimportanceare
thoseactivitiesconnectedwith chains,wherea chainmayberegardedasa sequenceof actionswithin an
activity wherefor eachadjacentpair of actions,occurrenceof thefirst is necessaryfor the occurrenceof
thesecondaction.

Formalisation in LOT OS

Givena modelof activity asdiscussedin section4.2.5,thena chainmayberepresentedin manywaysin
LOTOSdependinguponhow thebehaviouris representedon which theactivity is based.For example,a
chainmight simply be representedby a sequentialorderingof actionswithin anactivity. Alternativelya
chainmaybemodelledthroughtheuseof compositionoperatorssuchasenabling,disabling,or parallel
compositionif thesewereusedin describingthebehaviourexpressionsof theactivity. Regardlessof which
approachis taken,achaincorrespondsto a tracethroughthebehaviourof theactivity underconsideration.



74 CHAPTER4. DEVELOPMENTOF AN ARCHITECTURAL SEMANTICS

Formalisation in Z

Giventhemodelof anactivity asrepresentedin section4.2.5,achain(Chain) mayberepresentedby:

Chain== {sa : seq action | (∃act : activity • (∀a 1; a2 : action |

〈a 1; a2〉 in sa • {a 1; a2} ⊆ first act ∧ (a 1 7→ a 2) ∈ secondact))}

Throughconsideringchains,objectshavingtheirownseparatebehaviourscanbereasonedabout.That
is, dividing andjoining actionscanbemodelled.

4.4.2 Joining Action

A joining actionis anactionthatis sharedbetweentwo or morechainsresultingin a singlechain.

Formalisation in LOT OS

A joining actionmayberepresentedin threemainwaysin LOTOS.It is possibleto modeljoining through
thesuccessfulsynchronisationof eventoffersata commongate.This requiresthatoneof theeventoffers
shouldprecedestop andtheeventoffersprecedingtheseofferswerecomposedthroughinterleaving.We
illustratethiswith anexample.Considerthefollowing LOTOSfragment:

process P[a,b,c,d,e]:noexit:=
a; (b;c;stop |[c]| d;c;e;stop)

endproc

Heretheactiona representsa forking action(seesection4.4.3)sinceit enablestwo chains.Thesetwo
chainsconsistof the actionsequencesb,d,c,eandd,b,c,e. Following the synchronisationat gatec, one
chainstopsandtheothercontinues.Thisresultsin thebehaviourfollowing actionc beingidenticalfor the
two chainswhichcanbeinterpretedasasinglechain.

An alternativemodelof joining canbeachievedthroughthesuccessfulterminationexit of processes.
Considerthefollowing LOTOSfragment:

process P[a,b,c,d,e,f]:noexit:=
a;(b;c; exit ||| d;e; exit) >> f; stop

endproc

Herethetwo behaviourexpressionsthatareinterleavedwith oneanotherjoin on thesuccessfultermi-
nation(¡). Thesetwo approachesallow for thenaturaljoining of chains,wherenaturalhereimpliesthat
thechainscompleteasspecified.In LOTOSit is alsopossibleto limit interleavedbehavioursthroughthe
disablingoperator. This canbe usedto join (terminate)numerouschainssimultaneously. Considerthe
following LOTOSfragment:

process P[a,b,c,d,e,f]:noexit:=
a;(b;c; exit ||| d;e; exit) [> f; stop

endproc

Here f canbeusedto stopnumerouschainssimultaneously. Variouscombinationsof joining chains
canbeachieveddependingon howthedisablingoperatorandtheothermodellingstylesgivenpreviously
areusedin particularbehaviourexpressions.

Formalisation in Z

A joining action(Join) mayberepresentedin Z by anactionthat takestwo chainsandproducesa single
chain.

JoinAction∣∣∣∣∣∣∣∣∣

Join : Chain× Chain 7→ Chain

∀c 1; c2; c3 : Chain | c1 6= c2 6= c3 • Join(c 1; c2) = c3 ⇒

(∃a : action• 〈a〉 in c 1 ∧ 〈a〉 in c 2 ∧ lastc 1 6= last c2 ∧

(a = lastc1 ⇒ c 3 = tail (SeqRestrict(a; c2)))∨
(a = lastc2 ⇒ c 3 = tail (SeqRestrict(a; c1))))
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HereSeqRestrictis a functionthattakesanactionandsequenceof actionsasargumentsandproduces
a subsequenceof thesequenceargument.This subsequenceis givenby thesequenceof actionsfollowing
theactionargument.

∣∣∣∣∣∣∣∣

SeqRestrict: action× seq action 7→ seq action

∀a : action; sa 1 : seq action•
SeqRestrict(a; sa1) = IF a = headsa1 THEN sa1

ELSE SeqRestrict(a; tail (sa1))

It shouldbenotedherethat this recursivedefinitionhasno basecasesinceits usagerequiresthat the
actionis in thesequenceasa preconditionin JoinAction.

Dividing actionsareactionsthatenabletwo or morechains. Therearetwo casesof dividing action:
forking actionsandspawningactions.

4.4.3 Forking Action

In forking actionstheenabledchainseventuallyjoin eachother.

Formalisation in LOT OS

Dividing actionsgenerallymaybe representedin LOTOS by actionsthatprecedebehaviourexpressions
composedthrougheither the interleavingor partial parallel compositionoperators. Despitethis, there
doesnot existan inherentfeatureof LOTOS for dealingwith forking actionsdueto theproblemsof the
chainshavingto join again. It is possibleto modelforking actionsin LOTOSprovidedcertainmodelling
approachesareadopted.Examplesof theseapproachesinclude:

• actionsthatprecedebehaviourexpressionscomposedthroughthepartialparallelcompositionoper-
ator. Thesebehaviourexpressionsmustsynchroniseonanevent,following whichonly onepossible
behaviouris possible.This singlebehaviourmaybeobtainedin severalways. Eitherall but oneof
thebehaviourexpressionshavestopafterthesynchronisationaction,or somebehaviourexpressions
offer stop afterthesynchronisationactionandtheotherssynchroniseon all subsequentevents.An
exampleshowingaforkingactionwhereall butonebehaviourexpressionsofferstopafterthejoining
actionis givenin section4.4.2.

• actionsthat precedebehaviourexpressionscomposedthroughinterleavingor parallelcomposition
operators.Thesebehaviourexpressionsthemselvesshouldprecedethedisablingoperator.

• actionsthat precedebehaviourexpressionscomposedthrough the interleavingoperator. These
behaviourexpressionsmustendwith exit andbe followed by an enablingexpression(�). The
actionthatfollows thisenablingexpressioncorrespondsto thejoining action.We illustratethiswith
a LOTOSfragment.

process P[a,b,c,]:noexit:=
a; (b; exit ||| c; exit) >> d; stop

endproc (* P *)

Herea representstheforking actionandd representsthejoining action.
It shouldbe notedthat combinationsof thesetwo approachesarenot possibledue to the semantics

attachedto exit. Thus(a;c;stop |[c] | d;c;e; exit) � f; stop for exampleis equivalentto (a;c;stop |[c] |
d;c;e; exit) sinceterminationonly occurswhenall processesarereadyto terminate.

As canbeseenthe modellingof forking actionsin LOTOS dependsto a greatextenton how the the
specificationis writtensoasto ensurethattheenabledchainsjoin oneanother.
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Formalisation in Z

Giventhemodelof chainsin section4.4.1,a forking actionmayberepresentedby a schemathat takesa
chainandproducestwo chains.Thismayberepresentedby:

ForkAction∣∣∣∣∣∣∣∣

fork : Chain 7→ Chain× Chain

∀c 1; c2; c3 : Chain | c1 6= c2 6= c3 • fork(c 1) = (c2; c3) ⇒
(∃a : action; j : JoinAction•

〈a〉 in c 1 ∧ c 2 = SeqRestrict(a; c1) ∧ (c 2; c3) ∈ dom j:join )

4.4.4 SpawnAction

In spawningactionstheenabledchainsarenot requiredto join oneanother.

Formalisation in LOT OS

In LOTOS,spawningactionscanbemodelledin severalways.As with forking actions,spawningactions
arerepresentedby actionsthatprecedebehaviourexpressionscombinedthroughtheinterleavingor partial
parallelcompositionoperators.Unlikeforkingactions,spawningactionsdonotrequirethatthesebehaviour
expressionsjoin again.Asaresultspawningactionsmaybemodelledbyanyactionthatprecedesbehaviour
expressionscombinedthroughthe interleavingor partial parallelcompositionoperators,i.e. thereis no
prescriptionthatthechainsjoin again.

Formalisation in Z

Giventhemodelof chainsin section4.4.1,a spawningactionmayberepresentedby a schemathattakesa
chainandproducestwo chains.Thismayberepresentedby:

SpawnAction∣∣∣∣∣∣∣∣

spawn: Chain 7→ Chain× Chain

∀c 1; c2; c3 : Chain | c1 6= c2 6= c3 • spawn(c 1) = (c2; c3) ⇒
(∃a : action; j : JoinAction•
〈a〉 in c 1 ∧ c 2 = SeqRestrict(a; c1) ∧ (c 2; c3) 6∈ dom j:join )

4.5 Summary

This chapterhas argued in detail how an architecturalsemanticscan alleviatemany of the problems
involvedin developingspecificationsfor a particularproblemdomain.Thedifferentapproachespossible
werepresentedandtheir advantagesanddisadvantagesdiscussed.We thenfocusedon applyingLOTOS
andZ to developanarchitecturalsemanticsfor distributedsystemsbaseduponthereferencearchitecture
of OpenDistributedProcessing.Theapproachtakenwasbaseduponinterpretation.

As wasseen,neitherLOTOS or Z could formaliseall of theconcepts.As arguedin section4.1 this
is only to beexpected.Someconceptsareso genericthat their formalisationis impossible,e.g. type. It
wasstatedin section4.1thatthelackof a formal interpretationneednot imply thatthedefinitionis wrong,
but simply that theconceptdoesnot equatewell with thesemanticsof theformal language.Thequestion
shouldbeaskedhere,whetherthis is really thecase?If a conceptis sogenericthatit resultsin aninfinite
numberof possiblesolutions,thenis theconceptworthkeepingin thatform?

With regardto the languagesthemselves,theybothhavetheir own advantagesanddisadvantagesfor
developinganarchitecturalsemantics.LOTOS,whilst suitedto describinglow levelbehavioursis limited
by thefact thatit doesnotoffer featuresinsideof thelanguagefor reasoningaboutthesebehaviours.With
regardto developingan architecturalsemanticsthis point is crucial. The ideaof specifyinga library of
componentsthatcanbeusedto constructspecificationsof distributedsystemsis a highly appealingone,
but without somemeanswherebythey canbe successfullycomposed,thenthe advantagesto be gained
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from the work areseverelylimited. The termsuccessfulis key here. LOTOS providesnumerousobject
andbehaviouralcompositionoperatorsaspresentedin section4.3.1. Unfortunately, theseoperatorsdo
not allow anykindsof checkson thebehavioursbeingcombinedto bemade.As a result,thecomposed
behavioursmay deadlock,livelock, etc. The significanceof this with regardto the developmentof an
architecturalsemanticsaregreat. Without combinatorsthat dealwith behaviourchecks,the “plugging
together” of thecomponentscannotbeguaranteedto havethedesiredeffects.

A lessgrandioseproposalis thusto dealwith thesyntacticaspectsof thebehaviours.Certainly, these
areareasthatcanbecheckeda priori . Unfortunately, LOTOS doesnot allow theseparationof signature
from behaviourdirectly. We showhow syntacticreasoningandcheckingcanbeachievedin Act Onein
chapter7.

Z on the otherhandin its classicalusageis severelylimited by its lack of featuresfor dealingwith
object-orientation.Whilst not sucha greatproblemfor describingsingleobjects,Z is severelylimited in
describingmulti-objectsystems.As a consequence,a moreabstractmodelof actionswaspresentedin Z.
This wasthenusedto describebehaviourin a way thatallowedfor muchmorescopein treatingobjects.
This includescompositionof objects. We shall seein the following chaptershow powerful the abstract
approachpresentedhereis. Thatis,wecanreasonaboutcompositionfrommanylevels,e.g.from syntactic
aspectstobehaviouralissues.Theabstractmodelgivenalsoallowsfor thecompositionof systemsbasedon
non-functionalaspectsof thosesystems,i.e.aspectsthatthebehaviourandsignaturealonedonotcapture.

The most importantquestionthat could be askedwith regardto this chapteris, doesthis work help
specifierswrite specificationsof ODP systems? Certainly, the formalisationof the conceptsprovides
guidanceasto how a conceptmight bestbeformalisedin a givenformal language.This informationmay
thensubsequentlybeusedby a specifier. It couldbearguedthat the benefitsto thespecifierareto some
extentlimited though. Theprimaryreasonfor this beingthe lack of prescription.Themaincauseof this
is thelack of prescriptivityin theODP-RMitself. This is hardlysurprisingsinceODPis a frameworkfor
developingmultipledistributedsystemsandnota singleone.Hence,theconceptsarenecessarilygeneric.
Weshallseein thefollowing chapterthatODPbecomesmoreprescriptivein its definitionof concepts,and
importantly, howtheycanbecomposedwith oneanother. This in turn,providesuswith morepossibilities
for developingamoreconstructive5 architecturalsemantics.

5In thesenseof re-usablespecificationfragments.
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Chapter 5

A Mor ePrescriptiveAr chitectural
Semantics

This chapterfocuseson developinga moreprescriptivearchitecturalsemanticsfor ODPbasedon formal-
ising thecomputationalviewpointlanguagein LOTOSandZ. Comparisonsaremadeon thesuitabilityof
theselanguagesfor thispurpose.

We alsooutlinesomeof the issuesinvolved in thedevelopmentof anarchitecturalsemanticsfor the
otherviewpointlanguages.We focusin particularontheenterpriseandinformationviewpointlanguages.

5.1 The Computational Viewpoint Languageof ODP

Thecomputationalviewpointof ODPdealswith thefunctionaldecompositionof adistributedsystem.That
is, it is from thisviewpointthatthesystemis seenasacollectionof objectsthatinterworkto achievesome
overall purpose.As such,this viewpoint containsthe conceptsandrulesassociatedwith computational
objectsandtheir associatedinterfaces.

Interfacesin the computationalviewpoint consistof a signature,a behaviourspecificationand an
environmentcontract.An interfacesignatureasdiscussedin section4.3.12representsthesyntacticaspects
of thefunctionality(behaviour)foundin thatinterface.Thebehaviourspecificationasdiscussedin section
4.2.2representswhattheeffectsareof invoking theactionsdescribedin thesignature.Theenvironment
contractrepresentsaspectsassociatedwith theinterfacethatits signatureandbehaviourspecificationalone
do not capture.Thesemight, for example,relateto usageor managementconstraints.We shall discuss
environmentcontractsandissuesin their formal representationin moredetail in thefollowing chapter.

Thecomputationalviewpointidentifiesthreeparticularinterfacekinds:

• operational interfaces: areusedto representclassical(RPC-like)interactions.Operationalinter-
facescontainoperationswhich may be eitherannouncementsor interrogations. Announcements
areusedfor sendingmessageswhereno responseis required. Interrogationsareusedfor sending
messageswhereresponses(results)arerequired.

• stream interfaces: areusedfor dealingwith continuousflow of data,e.g. multimedia. A stream
interfaceconsistsof a collectionof flows of information. The exactnatureof theseflows is not
discussedin ODP. Despitethisweshowhowaspectsof multimediaflowscanberepresentedformally
in section5.1.2.

• signal interfaces: signalinterfacescontainsignals,whereasignalrepresentsasingle,sharedatomic
interactionbetweencomputationalobjects. Signalsare the most basicunit of interactionin the
computationalviewpoint.

Thesethreekinds of interfacehavespecific rules definedin ODP that relate to how they can be
constructedandsubsequentlycomposedwith oneanother— or in ODPterminologybound. We discuss
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theserulesin moredetailin thefollowing sectionswhenweformalisethecomputationalviewpointlanguage
in LOTOSandZ. Beforeformalisingthespecificconceptsandstructuringrulesfoundin thecomputational
viewpoint,it is first of all necessaryfor usto provideformaldescriptionsof themoreelementaryconcepts
usedthere.Specifically, we addressthosedealingwith parametersassociatedwith operationalandsignal
interfacesignaturesand thosedealingwith the causalityof interfacesor, as the casemight be, actions
containedin thoseinterfaces.

5.1.1 Background Conceptsfor Computational Viewpoint

Operationalandsignalinterfacesignaturesmayhaveparametersassociatedwith them. Theseparameters
might for exampleberequiredasinputsto operationsandsignals.Theseparametersmaybebasic,e.g. of
typeBooleanor integer, or morecomplex,e.g.referencesto interfaceswherecomplexbehavioursmight
exist. To formaliseparametersit is necessaryto introducetwo concepts:namesfor thingsandtypesfor
things.

Formalisation in LOT OS

Namesaresimply labels. As we shall see,the computationalviewpoint requiresthat checks,e.g. for
equality, aredoneon theselabelswheninterfacesareconstructed.Wemayrepresentnamesgenerallyby:

type Name is Boolean
sorts Name
opns newName: -> Name

anotherName: Name -> Name
_eq_,_ne_: Name, Name -> Bool

endtype (* Name *)

For brevity sakewe omit theequations,which areexpectedto be obvious. It is possibleto bemore
prescriptivehere,e.g.usingcharacterstringsfrom theLOTOSlibrary. Theonly thingweareinterestedin
regardingnamesis thatwecandeterminetheirequalityor inequality.

As discussedin chapter4,atypein theODPsensemaynotbeinterpreteddirectlyin theprocessalgebra
partof LOTOS.It is howeverpossibleto modeltypesthroughtheAct Onepartof LOTOS.Unfortunately,
whilst Act Onewasdesignedspecificallyfor representingtypes,it is limited in thewaysin whichtypesand
typesrelationshipsarechecked.For example,it is not possibleto checksubtypingor equivalenceup to
isomorphismbetweentypesdueto typeequalityin Act Onebeingbasedonnameequivalenceof sorts.We
discussthisandotherrelatedissuesin moredetail in chapter7. As a basisfor reasoningherewe introduce
anelementarynotionof typesthatallowsusto testfor equality, inequalityandsubtyping.

type AnyType is Boolean
sorts AnyType
opns newType: -> AnyType

anotherType: AnyType -> AnyType
_eq_,_ne_,_isSubtype_: AnyType, AnyType -> Bool

endtype (* AnyType *)

Theequationsthatenablesubtypingandhencetypeequalityandinequalityaregivenin chapter7.
A parameteris arelationbetweenanameandits underlyingtyperepresentation.Thusaparametermay

berepresentedby:

type Param is Name, AnyType
sorts Param
opns newParam: Name, AnyType -> Param

_eq_,_ne_,_isSubtype_: Param, Param -> Bool
endtype (* Param *)

As previously, we requirecheckson the equality or inequality of parametersas well as when one
parameteris a subtypeof another. Two parametersarein a subtyperelationshipwhentheir typesarein a
subtyperelationship.
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It is alsousefulfor us to introducesequencesof theseparameters.The introductionof sequencesof
parameters,asopposedto setsof parameterssay, is not arbitrary. Havingsequencesof parametersallows
us to overcomepeculiaritiesfound in the computationalviewpoint relatedto type checking. Theseare
discussedin moredetailin section5.1.2.

type PList is String actualizedby Param
using sortnames PList for String Param for Element Bool for FBool
opns _isSubtype_: PList, PList -> Bool

endtype (* PList *)

HereweusethetypeStringfromtheLOTOSlibraryactualisedwith thetypeParamdefinedpreviously.
WealsoincludeanoperationhereisSubtypethatcancheckwhetheronesequenceof parametersis asubtype
of another. Oneparameterlist is a subtypeof a secondwhenall of theparametersit containsaresubtypes
of thosefoundin thefirst. In additiontheparametersshouldbein thesamepositionin theirrespectivelists.

Computationalinterfacesmayalsohavecausalitiesassociatedwith them.A causalitymayberegarded
as an implicit assumptionon the expectedbehaviourof the interface— clients requestservicesto be
performedby serverswho offer thoseservices. As discussedin section4.2.1 theredoesnot exist the
possibility to representcausalityin a formal way in LOTOS.Causalitymay only informally beattached
to eventoffers(behaviours).This canbeachievedthroughexplicitly labelling theeventoffer or through
interpretingthe synchronisationform, e.g.valuepassing,as a causalrelationship. Explicit labelling of
eventswith causalitylabelswasalsodonein [203].

Considerationof including a label of causalityin eventoffers is requiredthough. If we include a
labelof causalityin aneventoffer thenthiswill influencethesynchronisationpossibilitiesin LOTOS.For
example,theeventoffersg !client;||g !server; will deadlock.An alternativeapproachis to modelthese
eventoffersasg !client;||g?c: Causality. Unfortunately, thismodelof causalityis notcompatiblewith the
otherinformal approachto modellingcausalityin LOTOS, i.e. causalitybasedon valuepassing.It is not
normallythecasethatwe passa labelof causalityasa valueaswe might a parametersay. As a resultwe
considercausalityhereonlyasvaluepassingandwedonotattemptto dealwith specificlabelsfor causality.

Formalisation in Z

Giventhatwearenot interestedin hownamesfor thingssuchasoperationsandparametersarestructured,
wemayrepresentnames(Name) in Z simplyasabasicdatatype. Therearealsolikely to bea largenumber
of differenttypesin the system,e.g. actiontypes,objecttypes,interfacetypes,which arelikely to have
differenttyperepresentations.We introducethebasictype(AnyType) to representthesetof all typesthat
existin thesystem.

As above,theparametersthatareassociatedwith interfacesto computationalobjectsconsistof a name
anda type. It shouldalwaysbepossibleto determinethetypeof a parameterin a givensystem.Hencewe
introduceParameterasaninjectivefunctionfrom namesto types.

∣∣ Parameter: Name 7>→ AnyType

It is alsousefulto introducesequencesof theseparameters.

PList == seq Parameter

Asdiscussedin section4.2.1it isnotthecasethatcausalitymaybemodelledformally in theZ language.
Causeandeffect relationshipsmayonly beconsideredinformally. Oneway of achievingthis is to model
causalityasa freetype.

Causality::= Producer | Consumer| Initiator | Responder| Client | Server

We shallseethatZ in its classicalusagesuffers from thesameproblemsasLOTOS whencausalityis
introduced,i.e. the label cancauseproblemsin meaningfulinteractions.Applying Z in a moreabstract
mannerallowssuchissuesto beovercomethough.



82 CHAPTER5. A MORE PRESCRIPTIVEARCHITECTURAL SEMANTICS

5.1.2 Formalising Computational Interface Signatures

As discussedthe computationalviewpoint identifiesoperational,signalandstreaminterfaces. Eachof
thesehasasyntacticelementto them,i.e. its signature.ODPprovidesspecificrulesonhowtheseinterface
signaturesmay be constructedwith regardto namingconsiderations.Onceconstructed,thesenaming
considerationsareusedto checkonwhethertwo interfacescaninteractsuccessfully, or bereplacedfor one
another. Weconsidernowhowthesesignaturesmayberepresentedin LOTOSandZ.

Formalising Operational Interface Signaturesin LOT OS

As discussedabove,operationalinterfacesconsistof operationswhichcanbeinterrogationsor announce-
ments. Interrogationsconsistof an invocationactionfollowed by a non-emptyfinite setof termination
actions.Announcementsconsistof only aninvocationaction.

An invocationactionconsistsof anamefor theinvocationandthenumber,nameandtypeof theargument
parametersassociatedwith the invocation. Simplistically, we might representa client announcement
invocationby thefollowing LOTOSfragment:

<g> !<invName> !<inArg1> !<inArg2> ...!<inArgn>;

Herewe adoptthenotationthat< X > representsa placeholderfor anX, i.e. g, invNameandinArgi

representplaceholdersfor thegate,thenameof theinvocationandtheparametersthatareassociatedwith
the invocationrespectively. Theproblemwith this approachfor developinganarchitecturalsemanticsis
thatit leadsto immediatedeadlockswith processesthatdonothavesimilarnumbersof parameters.Since
we do not know how manyparameterseventoffershaveassociatedwith them,a moreflexible approach
for representingclient invocationsis:

<g> !<invName> !<inArgs>;

HereinArgsis thelist of arguments(asasinglestructuredvalue)associatedwith theinvocation. Through
this structure,processesneednot necessarilydeadlockimmediatelyif theparametersarenot compatible.
Serverannouncementinvocationsmayberepresentedas:

<g> ?<invName: Name> ?<inArgs: PList>;

Announcementinvocationsandinvocationsfor interrogationsdiffer in thatthelatterexpectsresultsto
be returned. The typesof the possibleresultsarepassedin the invocationandthe valuesof the results
aresentin a termination.It is of coursequitepossibleto modeltheexpectedresulttypesin theparameter
inArgs. Insteadwemodelclient invocationsfor interrogationsas:

<g> !<invName> !<inArgs> !<outArgs>;

Theinvocationsassociatedwith serverinterrogationsmayberepresentedas:

<g> ?<invName: Name> ?<inArgs: PList> ?<outArgs: PList>;

Theseeventoffer structuresadequatelycapturethetext givenin ODPwith regardto client invocation
structures.It is normallythecasethatobjectbasedsystemsrequireobjectsto bereferencedin communica-
tionshowever. Thisapproachdoesnotallow objectsto bereferenced.To overcomethismostobjectbased
LOTOSspecificationstyles,e.g.[44, 147], includea field in theeventstructurethatdenotestheobjectthe
messageis intendedfor.

Thenotionof objectidentitydoesnotplayanespeciallyimportantrole in thecomputationalviewpoint
though. It is predominantlythe interfacesto objectsthatareof moreconcern.The informationrequired
to find andsubsequentlyaccessan interfaceis containedwithin an interfacereference.This information
might for exampleinclude: the locationof the interface;the servicesthe interfaceoffers; constraintson
how the interfaceis accessed,e.g. securityconsiderations.Currentlyinterfacereferencesandbinding in
ODParethesubjectof standardisation[113].

Whilst it is quite possibleto modelan interfacein the processalgebra(seesection4.2.4), it is not
possibleto modela referenceto that interfacein theprocessalgebrathat, looselyspeaking,capturesthe
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functionality of that interface. Object identifiersas found in Moreira’s work [147] for example,allow
structuredinteractionsbetweenobjects(processes)to beachieved.It is not thecasethoughthata process
canobtaina referencefor anobjectandbeableto determinea priori that thereferencedenotesanobject
with certainbehaviour. That is, objectidentitiessupportreferencesto objectsbut thesereferencesdo not
containsufficient informationto restrictpotentiallyunwantedbehavioursbetweenobjects.

To overcomethis,wemodelinterfacereferencesin Act One.Giventhataninterfacereferencecaptures,
amongstother things, the signatureof the interface,we provide an Act One model of signaturesfor
operations.Operationsconsistof a name,a sequenceof inputsandpossiblya sequenceof outputs1. This
mayberepresentedby thefollowing LOTOSfragment:

type Op is Name, PList
sorts Op
opns makeOp: Name, PList -> Op

makeOp: Name, PList, PList -> Op
getName: Op -> Name
getInps: Op -> PList
getOuts: Op -> PList

eqns forall n: Name; pl1, pl2: PList
ofsort Name

getName(makeOp(n,pl1,pl2)) = n;
ofsort PList

getInps(makeOp(n,pl1)) = pl1;
getInps(makeOp(n,pl1,pl2)) = pl1;
getOuts(makeOp(n,pl1)) = <>;
getOuts(makeOp(n,pl1,pl2)) = pl2;

endtype (* Op *)

We noteherethatwemodeltwo formsof operations:thosethatdonot expectresultsandthosethatdo
expectresults.We shalldiscussthe form of this modellingof operationsin moredetail in chapter7 and
how it canbeusedfor determiningstructuralrelationships,e.g. subtyping,betweensignatures.We also
introducesetsof theseoperations:

type OpSet is Set actualizedby Op
using sortnames OpSet for Set

Op for Element
Bool for FBool

endtype (* OpSet *)

Now a direct interfacereferencemayberepresentedby thefollowing LOTOSfragment:

type IRef is Location, OpSet, Constraints
sorts IRef
opns makeIRef : Location, OpSet, Constraints -> IRef

NULL : -> IRef
getLoc : IRef -> Location
getOps : IRef -> OpSet
getCon : IRef -> Constraints
_eq_,_ne_: IRef, IRef -> Bool

eqns forall l: Location; o: OpSet; c: Constraints; ir1, ir2: IRef
ofsort Location

getLoc(makeIRef(l,o,c)) = l;
ofsort OpSet

getOps(makeIRef(l,o,c)) = o;
ofsort Constraints

getCon(makeIRef(l,o,c)) = c;
ofsort Bool

ir1 eq ir2 = (getLoc(ir1) eq getLoc(ir2)) and
(getOps(ir1) eq getOps(ir2)) and
(getCon(ir1) eq getCon(ir2));

endtype (* IRef *)

1Forsimplicity sakewedonotconsiderherewhethertheoperationis of infix, prefixor suffix notation.This is consideredin more
detailin chapter7
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HereLocation is a type usedto determinethe location,e.g. networkaddress,at which the interface
exists. For simplicity sakewe treatthis asa basictype (not given here)thatcancheckthe inequalityor
inequalityof valuesmodellinglocations. In reality, locationsmaybemorecomplex,e.g. they might be
modelledassetsof context-specificinformationaboutwheretheinterfacecanbefound.Forsimilarreasons
we alsodo not dealwith the possiblerelocationof objectsandhow this manifestsitself in the interface
reference.Thismightfor examplebeachievedthroughanextrafield in theinterfacereferencethatdenotes
a locationwhereanobjectexiststhatkeepstrackof locationsandrelocationsof interfaces.Constraints
representsotherinformationassociatedwith theinterface,e.g. informationrelatedto expectedquality of
serviceor interfaceusageconstraints.WeinvestigateConstraintsin moredetail in thefollowing chapter.

Herewenotethatequalityof interfacereferencesis basedon thecompleteinformationin theinterface
referenceasopposedto anyparticularfield in the interfacereference.Thereasonis thatestablishingthe
identityof elementsin adistributedsystemis anon-trivial task,e.g.wheredifferentnamingdomainsexist.
We alsonote that it is possibleto haveindirect interfacereferencesalso[113]. For example,interface
referencesmaybepassedbetweensystemsanddomainsthatdonot understandtheformatof theinterface
references,e.g.differentIDLs areusedtospecifythesignaturesof theservicesonoffer. In thiscase,opaque
informationis givenalongwith a referenceto aninterpreterthatcantranslatetheopaqueinformationinto
a formatunderstoodin thatdomain.

We alsointroducesetsof theseinterfacereferences.

type IRefSet is Set actualizedby IRef
using sortnames IRefSet for Set

IRef for Element
Bool for FBool

endtype (* IRefSet *)

>Fromtheseconsiderationswe maymodelanoperationalinterfacesignaturefor a client throughthe
following processdefinition.

process OpIntSigClient[ g... ](iref: IRef, known: IRefs, ...):noexit:=
g !<invName> !<SomeIRef> !<inArgs>; ...(* other behaviour *)

[]... (* other announcements *)
[]
g !<invName> !<SomeIRef> !<inArgs> !<outArgs>; ...(* other behaviour *)

(g ?<termName: Name> !iref ?<outArgs: PList>;
[ not(makeOp(termName,outArgs) IsIn getOps(iref))] -> ...(* return error message *)

[]
[ makeOp(termName,outArgs) IsIn getOps(iref)] -> ...(* other behaviour *)

[] ... (* other terminations *))
[] ... (* other interrogations *)

endproc (* OpIntSigClient *)

Herethecommentsanduseof dots(...) areusedto indicatethat this specificationfragmenthasto be
extended.Thedotsusedin theformalparameterlist mightbereplacedwith parametersusedto modelstate
informationfor example.

This specificationfragmentrequiresthattheprocessis instantiatedwith at leastonegatewhichcorre-
spondsto the interactionpoint at which the interfaceexists. Theprocessshouldalsobeinstantiatedwith
a setof interfacereferencesandits own interfacereference.We noteherethat it is not possibleto write
predicateson the invocationssent. To do sowould requirea level of prescriptivitythatwe do not have,
e.g.ensuringthat SomeIRefis an interfacereferencethat existsin the setof known interfacereferences
associatedwith theprocess.It is possibleto performcheckson terminationsthough,i.e. theterminations
receivedshouldbeoneof theoperationsassociatedwith thatinterfacereference.

We also note that we haveusedthe choiceoperatorhereto model the compositionof individual
announcementsandinterrogations.It is quite possibleto useseveralothercompositionoperatorshere,
e.g. interleaving. If interleavingcompositionis usedthenmultiple invocationscanbe receivedbefore
any terminationssay, are sent. Sinceinterfacesusually havesomeform of existence,i.e. they offer
operationsthatcanbeinvokedmorethanonetime, thecommentsrepresentingotherbehavioursarelikely
to containrecursive2 processinstantiations.Throughusingthechoiceoperatorwehaveaform of blocking

2But seealsothediscussionof recursionin LOTOSin section4.2.5.
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of operations,i.e. shouldan invocationassociatedwith aninterrogationoccur, thena terminationhasto
beissuedbeforeanyotherinvocationsareaccepted.This is notnecessarilythecasewith announcements,
e.g. theymaybefollowed directly by a processinstantiationwhich allowstheotherinvocationsto occur.
Similarargumentshold for all otherprocessesrepresentingcomputationalinterfacesignatures.

ODPalsorequiresthatthenamesof invocations(andterminations)in anoperationalinterfacesignature
aredistinct in thecontextof thatsignature.It is possibleto specifythesetsof operationsassociatedwith
aninterfacereferencesothattheyall haveuniquenames,howeverenforcingthis in theeventoffersis not
possible.

Operationalinterfacessignaturesfor serversmayberepresentedby:

process OpIntSigServer[ g... ](iref: IRef, known: IRefs, ...):noexit:=
g ?<invName: Name> !iref ?<inArgs: PList>;

([ not(makeOp(invName,inArgs) IsIn getOps(iref))] -> ...(* ignore/other behaviour *)
[]
[ makeOp(invName,inArgs) IsIn getOps(iref) ] -> ...(* other behaviour *)

[]... (* other announcements *))
[]
(g ?<invName: Name> !iref ?<inArgs:PList> ?<outArgs:PList>; ...(* other behaviour *)

([ not(makeOp(invName,inArgs,outArgs) IsIn getOps(iref))] -> ...(* return error mes-
sage *)

[]
[ makeOp(invName,inArgs,outArgs) IsIn getOps(iref) ] -> ...(* other behaviour *)

g !<termName> !<SomeIref> !resList ; ...(* other behaviour *)
[] ... (* other terminations *))

[] ... (* other interrogations *))
endproc (* OpIntSigServer *)

As with client interfacesignatures,a serverinterfacesignaturehasa setof knowninterfacereferences
and a referencefor itself. This latter interfacereferenceis usedto ensurethat the announcementor
interrogationinvocationsthe serverreceivesare thosethat were expected,i.e. they were in the set of
operationsassociatedwith that interfacereference. If theseinvocationswere not acceptable,e.g. the
parameterswerenot corrector theoperationrequestedwasnot available,thenerrorhandlingbehaviours
aretaken.In thecaseof announcementsthis might resultin a recursivecall with theformalparameterlist
beingunchanged.It is alsopossibleto usea guardhereto preventthe eventfrom occurringin the first
place. We do not do sosincethis might produceunwanteddeadlocksin thespecification.In thecaseof
interrogationsthiswould resultin someform of errormessagebeingreturned.

As with client operationalinterfacesit is possibleto requirethat themessagesreceivedarethosethat
wereexpected.It is notpossibleto haveprescriptionsonthemessagessentthough.It couldbearguedthat
this limitation is not necessarilya badthing. Providedeveryprocesstreatsreceivedmessagesthe same
way, thenno ‘bad things’ shouldeverhappen.Theworst thing thatcouldhappenfor a sentmessageis a
replyof ‘messagenotsupportedby thisinterface’.It is notthecasethatasentmessagecancausedeadlocks
throughits formatnot beingunderstoodfor example.

Formalising Operational Interface Signaturesin Z

As discussedabove,invocationactionsconsistof namesandthe number, nameandtype of parameters
associatedwith theinvocation.Thiscanberepresentedin Z by thefollowing schema:

InvTemplate∣∣∣∣ invName: Name
inArgs : PList

A terminationactionas representedby a terminationname,andnumber, namesandtypesof result
parametersmayberepresentedin Z by:

TermTemplate∣∣∣∣ termName: Name
outArgs : PList
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Therearenumerousramificationsof thismodelfor invocationandterminationtemplatesthatweneed
to discuss. Indeedtheseramificationsreflectdirectly onto the entireformalisationof the computational
viewpoint languagein Z andmore,importantlyhere,on theusageof Z to developa library of re-usable
specificationfragmentsasmightbefoundin anarchitecturalsemantics.

Considerfor exampletherepresentationof an invocation. We might definetheclient sideandserver
sideof aninvocationas:

SomeInvocation̂= InvTemplate[aName!=invName;aPL!=inArgs] �

InvTemplate[aName?=invName;aPL?=inArgs]

Here aName! and aPL! representthe actualparametersthat are insertedon the client side of the
invocationandaName? andaPL? theactualparametersinsertedon theserverside. This simplemodelof
a re-usableactiontemplateis adequatelyrepresentedin Z sincetheactionbeingmodelledis itself atomic.
Thismodelof anactiontemplatedoesnotlenditself tomodellingobject-orientedsystemshowever. Thatis,
theclientsideandserversideof theactiontemplatearerepresentedin thesameschema.Asstatedin section
3.3.5,mostobject-orientedextensionsto Z haveovercomethisproblemthroughtheintroductionof aclass
schemafor grouping(andhenceseparating)operations.With thisapproach,it is alsonotpossibleto model
non-atomicactionsasmight befoundin ODP. For example,considerthemodellingof an interrogationin
Z. As stated,aninterrogationis modelledin ODPasaninvocationfollowedby oneor moreterminations.
Theclient sideof aninterrogationmightberepresentedby:

ClientInterrogation=̂ InvTemplate[aName!=invName;aPL!=inArgs] ∧
( TermTemplate[tName1?=termName;PL1?=outArgs] ∨
TermTemplate[tName2?=termName;PL2?=outArgs] ∨ . . . )

Herethedotsrepresentpossiblefurther terminations.With this modelof theclient sideof an interro-
gation,theproblemis thattheschemaitself representsasingleatomicaction.Thatis, it is not thecasethat
the invocationoccursfirst andis followed by oneor moreterminations.The whole ClientInterrogation
representsa single atomic action template. The problemsof atomicity are further compoundedwhen
interrogationsthemselvesaremodelled.Assumingwemodelserversidesof interrogationsasinvocations
acceptingvaluesandterminationsproducingvalues,thenaninterrogationmightbemodelledas:

Interrogation=̂ ClientInterrogation � ServerInterrogation � ClientInterrogation

Herethereis in reality no orderingof operationschemasassuch. Interrogationsimply representsa
schemathathasexistentiallyquantifiedinputsandoutputsthroughthepipingoperator. Further, theseinputs
andoutputsarenot quantifiedin anorderedfashion,i.e. it is not thecasethatthefirst client interrogation
passesparametersandaninvocationnameto theserverinterrogationwhich thenpassesinformationto the
client interrogationagain.Thequantificationis madecompletelyonall of theschemasat thesametime.

Otherapproachesto modellinginterrogationssuffer from similarproblems.Forexample,modellingan
interrogationasaninvocationanda finite setof terminationsmightberepresentedby:

Interrogation=̂ SomeInvocation∧ ( SomeTermination 1 ∨ SomeTermination2 . . . )

HereasbeforeInterrogation representsa singleschema.Thusthereis no notion of the invocation
occurringfirst andterminationsfollowing afterwards.This directapproachto modellingODPconstructs
in Z is alsolimitedby thelackof checksthatcanbemade.Forexample,thereis nonotionof typechecking
here.It is of coursepossibleto modelall actions,i.e. invocationsandterminations,asseparateentitiesthat
exist in thespecificationwith informal commentarylinking them. This is a seriouslimitation with regard
to theusefulnessof Z for developinganarchitecturalsemantics,i.e. beingableto specifysimplisticactions
only resultsin analmosttrivial architecturalsemantics.

>Fromthisit is obviousthatZ whenusedin itsclassicalstyleof schemasandschemacalculusis limited
in modellinganyform of complexinteractionpatternsthatmightexistbetweencomputationalobjects.As
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aresultit is necessaryto developamoreabstractview of actionsandbehavioursgenerallyin Z. Hencewe
usetheabstractZ approachdevelopedin chapter4.

An abstractmodelof the computationalviewpoint requiresthat we representthe syntacticelements
of theactionsfound in the interfacesignaturesof computationalobjects.We haveseenhow invocations
andterminationsmayberepresenteddirectly. Announcementsasrepresentedassingleinvocationsmaybe
representedin Z by:

AnnSig∣∣ inv : InvTemplate

Interrogationsasinvocationsfollowedby a non-emptyfinite setof terminationsmayberepresentedin
Z by:

IntSig∣∣∣∣∣∣∣∣

inv : InvTemplate
terms: FF1TermTemplate

∀t 1; t2 : TermTemplate•
t1 ∈ terms∧ t 2 ∈ terms∧ t 1 6= t2 ⇒ t 1:termName6= t2:termName

Herewealsostatethattheterminationsassociatedwith agiveninvocationshouldhavedistinctnames.
Operationalinterfacesignaturesconsistof setsof announcementsandinterrogations,andtheinterface

asa wholeis givena causality:clientor server. Namingconsiderationsof thecomponentsof theinterface
arerequired.Thatis,all invocationnamesin theinterfacearerequiredto beunique.All terminationnames
associatedwith a giveninvocationarealsorequiredto beunique.Thiscanberepresentedas:

OpIntSig∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

anns: FFAnnSig
ints : FFIntSig
role : Causality

#anns+ #ints ≥ 1
role ∈ {Client;Server}
(∀as 1; as2 : AnnSig; is1; is2 : IntSig; t1; t2 : TermTemplate•
as1 ∈ anns∧ as 2 ∈ anns∧ as 1 6= as2 ⇒ as 1:inv:invName6= as2:inv:invName∧
is1 ∈ ints ∧ is 2 ∈ ints ∧ is 1 6= is2 ⇒ is 1:inv:invName6= is2:inv:invName∧
is1 ∈ ints ∧ as 1 ∈ anns⇒ is 1:inv:invName6= as1:inv:invName)

Herewealsostatethattheinvocationnamesof all announcementsandinterrogationsin agivensignature
aredistinct. We alsorequirethat thereexistsat leastoneannouncementor interrogationsignaturein the
interfacesignature.

It shouldbenotedthatODPalsostatesthatall of theparameternamesassociatedwith invocationsand
terminationsarealsorequiredto beunique.Thiscouldberepresentedby furtherpredicates,namely:

(as1 ∈ anns∧ 〈p 1〉 in as 1:inv:inArgs∧ 〈p 2〉 in as 1:inv:inArgs)∨
(is1 ∈ ints∧ 〈p 1〉 in is 1:inv:inArgs∧ 〈p 2〉 in is 1:inv:inArgs)∨
(is1 ∈ ints∧ t 1 ∈ is 1:terms∧ 〈p 1〉 in t 1:outArgs∧ 〈p 2〉 in t 1:outArgs)

∧p 1 6= p2) ⇒ first p 1 6= first p2)

Little justificationis givenin ODPasto why parameternamesshouldbedistinct. Onepossiblereason
[95] is thattheyallow directcorrespondencesbetweensignaturesto beestablished.Modelling theparam-
etersassociatedwith invocationsandterminationsassequencesovercomesthis problem. Corresponding
signaturesthenrequirethatparametershavethesamepositioningin their respectivesequences.

Formalising Signal Interface Signaturesin LOT OS

Asstatedpreviously, signalsareatomicactions.Theyresultin aone-waycommunicationfromaninitiating
to arespondingobject.Structurally, asignalsignatureis similar to aninvocationfor anannouncement(or a
terminationassociatedwith aninterrogation)asgivenpreviously, i.e. it consistsof aname(for thesignal),
a sequenceof parametersassociatedwith thesignalandanindicationof causality. As donepreviously, we
representthis indicationof causalityimplicitly throughtheeventoffer. Further, sinceall eventsin LOTOS
areatomic,thereis no inherentdistinctionbetweeneventsmodelledasannouncementsor signals.
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Signalinterfacesignaturesdiffer fromoperationalinterfacesignaturesthoughin thattheydonotrequire
that the interfaceasa whole is givena causality. Instead,signalinterfacesignaturesmaycontainsignals
with eitherinitiating or respondingcausalities.From this we may modela signal interfacesignaturein
LOTOSby:

process SignalIntSig[ g... ](iref: IRef, known: IRefs...):noexit:=
g !<sigName> !<SomeIRef> !<pl>; ...(* other behaviour *)
[]... (* other initiating actions *)
[]
g ?<sigName: Name> !iref ?<inArgs: PList>;

([ not(makeOp(sigName,inArgs) IsIn getOps(iref))] -> ...(* unsuccessful behaviour *)
[]
[ makeOp(sigName,inArgs) IsIn getOps(iref) ] -> ...(* successful behaviour *))

[]... (* other responding actions *)
endproc (* SignalIntSig *)

Herewe statethata signalinterfaceconsistsof a collectionof eventoffers. Theseeventoffersmay
modeleitheroutgoingsignals,i.e.thoseeventofferswith ! prefixingthesignalnameandlist of parameters,
or incomingsignals,i.e. thoseeventofferswith ? prefixingthesignalnameandlist of parameters.In the
caseof incomingsignals,it is possibleto checkthat theincomingsignalis oneexpected,i.e. thesignalis
in thesetof allowedsignalsassociatedwith thatinterfacereference.

As with operationalinterfacesignatures,ODPrequiresthat thenamesof signalsin a signalinterface
signaturearedistinctin thecontextof thatsignature.It ispossibletospecifythesetsof operationsassociated
with aninterfacereferencesothat theyall haveuniquenames,however, enforcingthis in theeventoffers
is notpossible.

Formalising Signal Interface Signaturesin Z

As stated,signalsrepresentthemostbasicunit of interactionin thecomputationalviewpoint. Theyhave
associatedwith thema name,the number, namesandtypesof parameters,anda causalitywhich canbe
initiating or responding.A signalsignaturemaythusberepresentedby:

SignalSig∣∣∣∣∣∣∣∣

signalName: Name
args : PList
role : Causality

role ∈ {Initiator; Responder}

Unlikeoperationalinterfacesignatureswherecausalitiesareattachedto interfacesasawhole,causalities
areattachedto individual signals.A signalinterfacesignatureconsistsof a setof signalsignatures.This
canberepresentedin Z by:

SigIntSig∣∣∣∣∣
sigs: FF1SignalSig

∀ss 1; ss2 : SignalSig • ss1 ∈ sigs∧ ss 2 ∈ sigs∧ ss 1 6= ss2 ⇒ ss 1:signalName6= ss2:signalName

Eachsignalnameassociatedwith a givensignalinterfacesignatureis requiredto beunique.We note
herethatODPalsorequiresparameternamesassociatedwith signalsto beuniquealso.As with operational
interfaceswe avoidthis throughmodellingtheparametersassociatedwith a signalasa sequence.There
shouldexistat leastonesignalsignaturein thesignalinterfacesignature.

Formalising StreamInterface Signaturesin LOT OS

As discussed,thecomputationalviewpointalsoconsidersinterfacesconcernedwith thecontinuousflow of
data,e.g. multimedia.Theseinterfacesaretermedstreaminterfaces.Streaminterfacescontainfinite sets
of flows. Theseflows maybefrom the interface(produced)or to the interface(consumed).Eachflow is
modelledthroughanactiontemplate.Eachactiontemplatecontainsthenameof theflow, the typeof the
flow, andanindicationof causalityfor theflow.
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TheODP-RMabstractsawayfrom thecontentsof theflow of informationitself. We considerherea
genericideaof informationflow wherethe flow of informationis representedby a sequenceof frames.
A framemay be regardedasa particularitem in the flow of information. We noteherethat it couldbe
arguedthatwearetakinganengineeringasopposedto a computationalviewpointwhenconsideringflows
of information. ODP abstractsfrom the natureof the informationflow. Flows areregardedin ODP as
continousactions.With ourapproachwemodelstreamsassequencesof discretetimedevents.Ontheone
handthis allowsusto dealwith the timing issuesof informationflows but we achievethis at thecostof
losingthecontinousnatureof theflows. Our approachmodelsstreamsastheymight berepresentedwith
signalsasgivenin ODP.

Eachframein aninformationflow canbeconsideredasaunit consistingof data(thismaybecompressed)
which we representby Data3 anda time stampusedfor modellingthetime at which this particularframe
wassentor received.It is alsooften thecasein multimediaflows thatparticularframesarerequiredfor
synchronisation,e.g.synchronisationof audiowith videofor example.Thereforeweassociateaparticular
Namewith eachframe. This canthenbeusedfor selectinga particularframefrom theflow asrequired.
Fromthis,wemaymodela frameas:

type Frame is Name, NaturalNumber, Data, Param
sorts Frame
opns makeFrame: Data, Nat, Name -> Frame

nullFrame: -> Frame
getData: Frame -> Data
getTime: Frame -> Nat
getName: Frame -> Name
toParam: Frame -> Param
setTime: Nat, Frame -> Frame

eqns forall d: Data, s,t: Nat, n: Name
ofsort Data

getData(makeFrame(d,t,n)) = d;
ofsort Nat

getTime(makeFrame(d,t,n)) = t;
ofsort Name

getName(makeFrame(d,t,n)) = n;
ofsort Frame

setTime(s,makeFrame(d,t,n)) = makeFrame(d,s,n);
endtype (* Frame *)

It shouldbenotedherethatwe modeltime asa naturalnumberasdoneby [60]. It might well bethe
casethat real (dense)time couldbeusedasin [121], or time intervals[47]. For simplicity herethough,
we restrictourselvesto discretetime representedasa naturalnumber. We alsointroduceanoperationthat
convertsa frameinto a parameter. Forsimplicity weomit theassociatedequations.

We alsointroducesequencesof theseframes:

type FrameSeq is Frame
sorts FrameSeq
opns makeFrameSeq: -> FrameSeq

addFrame: Frame, FrameSeq -> FrameSeq
remFrame: Frame, FrameSeq -> FrameSeq
getFrame: Name, FrameSeq -> Frame
timeDiff: Frame, Frame -> Nat

eqns forall f1, f2: Frame, fs: FrameSeq, n1,n2: Name
ofsort FrameSeq

getTime(f1) le getTime(f2) =>
addFrame(f1,addFrame(f2,makeFrameSeq)) = addFrame(f2,makeFrameSeq);

ofsort Frame
getFrame(n1,makeFrameSeq) = nullFrame;
n1 ne n2 =>

getFrame(n1,addFrame(makeFrame(d,t,n2),fs)) = getFrame(n1,fs);
n1 eq n2 =>

getFrame(n1,addFrame(makeFrame(d,t,n2),fs)) = makeFrame(d,t,n2);
endtype (* FrameSeq *)

3It is very likely thatData would be modelledthroughthe informationviewpoint language.This modelmight includehow the
informationwascompressed,whatinformationwascompressed,etc. As suchit is not consideredfurtherhere.
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Forbrevityherewedonotsupplyall of theequations.Framesareaddedto thesequenceprovidedthey
haveincreasingtimestamps.An operationis providedfor traversinga sequenceof framesto find a named
frame.We alsointroduceanoperationto getthetimedifferencebetweentimestampsof two frames.It is
possibleusingthis operationto specify, for example,thatall framesin a sequenceareseparatedby equal
timestamps.In thiscasewehaveanisochronousflow. Wealsointroducesetsof thesesequencesof frames:

type FrameSeqSet is Set actualizedby FrameSeq
using sortnames FrameSeqSet for Set FrameSeq for Element Bool for FBool

endtype (* FrameSeqSet *)

>From this modelof sequencesof frames,a streaminterfacesignaturemay be representedby the
following LOTOSfragment:

process StreamIntSig[ g... ](iref: IRef, known: IRefSet, fss: FrameSeqSet...):noexit:=
ConsumeAction[ g...](iref, known, recFrames...) []... (* other consume actions *)
[]
ProduceAction[ g...](iref, known, FramestoSend, ...) []... (* other produce actions *)

endproc (* StreamIntSig *)

As with signalinterfacesthenotionof causalityis appliedto individualactiontemplatesin thestream
interfacesignature.A streaminterfacesignaturecontainssetsof flows consumingor producingactions.
Eachflow signatureis representedby a process. Theseprocessescontain the referenceto the stream
interfacewith which theyareassociated,a setof interfacereferencesrepresentingtheinterfacereferences
knownto thatinterfaceandasequenceof framesto send(in thecaseof producingflows)or receive(in the
caseof consumingflows). Forbrevitywedonotspecifyhowthesetof sequencesof framesthatarepassed
to a streaminterfacesignatureareassignedto the producingflows in that interface. Wheninstantiated
all consumeflows areof courseempty. A producingflow maybe representedby the following LOTOS
fragment:

process ProduceAction[ g...](iref: IRef, known: IRefSet, toSend: FrameSeq...)
:noexit:=

[ toSend ne makeFrameSeq ] -> g !<flowName> !<SomeIRef> !<head(toSend)>;
...(* other behaviour and recurse with frame removed from toSend *)

endproc (* ProduceAction *)

Theprocessrepresentinga producingflow shouldhavea formal parameterrepresentingthesequence
of framesthatareto besent.It mightbeconsideredthattwo sequencesof frameswouldbeabettermodel,
e.g.onesequencerepresentingtheframesto besentandtheotherrepresentingtheframessent.Thismight
beusedto retransmitlostor delayedframesfor example.It is moreoftenthecasethoughthatin multimedia
flows of information,delayedor lost framesaresimply droppedor ignoredby theflow consumer. That
is, a certainamountof droppedframesis lessdetrimentalto theflow presentationthanstoppingtheflow
whilst framesareresent.

Therearevariouspossibilitiesfor how the framesget time stamped.We illustratethree. It might be
the casethatall processeshaveaccessto a global clock from which they canestablishthe currenttime.
Theframessentfrom aproducercouldthenbetimestampedwith this timevalue.Themodellingof global
clocksin LOTOSis notwithout its problemshowever. Forexample,onemodelof aclock mightbe:

process Clock[ t ](tnow: Nat) :noexit:=
t !tnow; Clock[t](tnow) [] i; Clock[ t ](succ(tnow))

endproc (* Clock *)

Heretheclock eitheroutputsthecurrenttime or aninternaleventoccursandthetime is incremented.
Thismodelof aglobalclockmayalsobefoundin [44]. Thismodelof timeis limitedwhenmodellingflows
of information. Here,the time itself is basedon non-deterministicinternalevents.Flowsof information
haveexplicit temporalrequirementsthatneedto besatisfied.As suchthismodelof time is notsufficiently
expressive.Modifying this clock processso that the non-determinismis removed,e.g. eachtime the
clock is referencedthe time is given and thenincremented,is alsoan unsatisfactorymodelsinceit can
adverselyinfluenceconcurrentbehaviours.That is, LOTOS modelsconcurrentbehavioursthroughthe
interleavingoperator. Concurrencyloosely implies that they canhappenat the sametime. If processes
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aretime dependentthoughthenthis is not thecase,i.e. onemusthappenaftertheotherif theyaccessthe
globalclock.

A secondapproachis to modeltime in theformalparameterlist associatedwith a processmodellinga
flow. This might for exampleberepresentedby:

process ProduceAction[ g,s...](... toSend: FrameSeq, tnow: Nat ...)
:noexit:=

g !<flowName> !<SomeIRef> !<setTime(tnow,head(toSend))>;
(* other behaviour and recurse with frame removed from toSend and time incremented *)

[]
s ?tupdate: Nat;
ProduceAction[ g,s...](... toSend,tupdate)

endproc (* ProduceAction *)

Herewehavealocalmodelof time. Thatis, theprocessitself keepstrackof its currenttime. With this
modelof time it is possibleto modelprocessesrunningat differentspeedssay, e.g. wheredifferenttnow
variablesandtheir modificationsexist in differentprocesses.If this approachis takenthenthereshould
existsomemeanswherebythecurrentlocal timecanbeset,e.g. sothatprocessescanre-aligntheir clock
values(tnowvariables).We introducethegates for this purpose.Thecurrenttime (local to theprocess)
is time stampedontotheframebeingsentthroughtheoperationsetTime. Thevaluethatthetime variable
tnow is increasedby is proportionateto therateof theflow. If themodificationto thetime variableis the
sameeachtimea frameis sentthenwehaveanisochronousflow.

It is often the casethat levelsof control arerequiredfor modifying flows of information,e.g. send
fasteror slowerasthe casemight be. In this model, the control is given by the recursivecall andhow
the tnow variableis incremented.As suchthe flexibility of manipulatingtnow is limited. That is, the
operationsgivenin therecursivecall arestatic. Further, if tnowrepresentsthelocal time, thenoperations
to manipulatehow time progressesmight alsoseemunnatural.To overcomethis, it is possibleto model
therateof flow of framesto besentasaformalparameter. This mightberepresentedby:

process ProduceAction[ g, m...](... toSend: FrameSeq, tnow: Nat, rate: Nat ...)
:noexit:=

g !<flowName> !<SomeIRef> !<SetTime(tnow+rate,head(toSend))>;
...(* other behaviour and recurse with frame removed from toSend *)

[] m ?newRate: Nat [newRate gt 0];
...(* other behaviour and recurse with new rate set *)

[] s ?tupdate: Nat;
...(* other behaviour and recurse with new current time set *)

endproc (* ProduceAction *)

Herewe notethatwe modeltherateasa naturalnumber. This allows therateof flow to bespedup
or sloweddowndependingon whethertherateis decreasedor increasedrespectively. Wheninstantiated,
predicatesshouldbegivento ensurethat therateis greaterthanzero. Proposednewratesarecheckedto
ensurethattheyaregreaterthanzero.Havingazeroor negativevaluefor theratewouldallow consecutive
framesin the sequenceto havedecreasingor equaltime stampvalues. This could destroythe temporal
integrityof theflow of information,for examplewherea negativeratewasgiventhatwasgreaterthanthe
timedifferencebetweentwo consecutiveframesin theflow.

It is likely thatthegatemwill beinternalto theobjectwith which theinterfaceis associated.Thisgate
might beusedexplicitly for managementandcontrol purposes.For example,anotherinterfaceusedfor
controllingtheflow of informationmightreceiveamessageto slowthespeedof flow up(or slowit down).
This informationwould thenbeusedto establishthenewrate.

Thismodelof localtimeis limited to acertainextentin that(non-relativistic)timeis usuallyconsidered
to beglobal.

A third alternativeis to modeltime entirely throughAct One. That is, whenthe sequenceof frames
is created,the time stampsaregiven there. For example,a constructoroperation(fs1 say)that returnsa
sequenceof framesmighthaveequationsthatgive thetimestampsexplicitly, e.g.

addFrame(makeFrame(d_1,t_1,n_1),... ,addFrame(makeFrame(d_i,t_i,n_i),makeFrameS eq)))

Here the time stampsti might be representedby explicit naturalnumberssay. With this modelof
sequencesof frames,theproductionof a framemightsimplyberepresentedby:
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process ProduceAction[ g...](... toSend: FrameSeq ...)
:noexit:=

g !<flowName> !<SomeIRef> !<head(toSend)>;
...(* other behaviour and recurse with frame removed from toSend *)

endproc (* ProduceAction *)

Thismodelof timedframesis thesimplestto representin theprocessalgebra.Unfortunately, theactual
sendingof the frameitself is givenby theoccurrenceof the processalgebraevent. As a result,the time
stampingachievedin Act Oneis independentof theeventoffer occurrencein theprocessalgebra.Another
problemwith this modelof timestampingframesis thatanythinglike a realisticsizedsequenceof frames
wouldnotbewell suitedto Act Onespecification.Thatis, theequationsrequiredfor aninformationflow of
severalthousandirregularlytimestamped4 framessaywouldbefar tooverboseto bepracticable.It might
be thecasethatonly isochronousflows areconsidered.In this case,the constantvalueof thedifference
betweentimestampsof consecutiveframescouldbespecifieddirectly in theequationsassociatedwith the
framesequence.

One major problemwith this modelof information flows, though, is that it doesnot lend itself to
changingtherateat which framesaresent. It is oftenthecasethatproducedinformationflows shouldbe
modified,e.g.sloweddownor speededup. Themodellingof informationflowsexclusivelyin Act Oneand
theoccurrenceof theseflows in theprocessalgebraprohibitsmodificationsto theinformationflow rate.

Consumptionof framestypically hasdifferentrequirementsplaceduponit. The needto continually
monitorthetimestampsof theincomingflow of informationisof particularimportance.Duetothepotential
spatialseparationof producersandconsumersof flowsof information,thereis oftenanon-negligibletime
differencebetweenthe sendingof a frame from a producerto its arrival at the consumer. This time
differenceis heavilydependentupontheconnectionbetweentheproducerandconsumerof theflow. This
connectionis likely to havea limit ontheinformationthatcanbepassedthroughit atanygiventime. The
currentusageof thisconnectionwill thusinfluencethespeedatwhichinformationis passedfrom producer
to consumer. A consumerof aninformationflow mayberepresentedby:

process ConsumeAction[ g,s...](iref: IRef, known: IRefSet, recFrames: FrameSeq, tnow: Nat...)
:noexit:=

g ?<flowName: Name> !iref ?<inFrame: Frame>;
([ not(makeOp(flowName,isParam(inFrame)) IsIn getOps(iref))] -> ...(* unsuccessful be-

haviour *)
[]
[ (makeOp(flowName,isParam(inFrame)) IsIn getOps(iref)) and

((getTime(inFrame) - tnow) gt limit) ] -> ...(* frame too late be-
haviour *)

[]
[ (makeOp(flowName,isParam(inFrame)) IsIn getOps(iref)) and

((getTime(inFrame) - tnow) le limit) ] ->
(* other behaviour, e.g. display frame and recurse with time incremented *)

(* or recurse with frame added to received frames and time incremented *)
[]
s !tnow;
ConsumeAction[ g...](iref,known,recFrames,tnow)

endproc (* ConsumeAction *)

Herewe rejecttheframesentif theflow nameandframearenot associatedwith this consumeaction.
If the flow nameandframeareacceptablethenwe checkthat the time of the incomingframeis within
somelimit. We focus in moredetail on this limit andother timelinessconsiderationsin the following
chapter. If theframearrivestoo latethensomeappropriatebehaviouris taken,e.g. theframeis dropped,
anda recursivecall is madewith the clock incrementedby someamount. If the frameis acceptableto
this interfaceandit doesnot violateanytiming constraints,theneitherit is displayedor appendedto those
alreadyreceived,or possiblyacombinationof these.

We also include an eventoffer herethat allows the current time of this processto be passedas a
parameterto synchroniseclocksfor example.

4i.e. consecutiveframesin thesequencemayhavetimestampswhosedifferencesarenotconstant.
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Formalising StreamInterface Signaturesin Z

As with LOTOS,wemodeltheflow of informationin Z in agenericmanner. Weconsiderdatathatcanbe
labelledandthathasa temporalorderinggivenby timestamps.We introducethebasicdatatypeData to
modeltheinformationitself. A genericframemayberepresentedby:

Frame∣∣∣∣∣
data : Data
timestamp: NN

label : Name

It is possiblehereto modelsequencesof framesaswith LOTOSandto provideoperationsfor adding
or obtaininga framefrom a sequence.Insteadwe showhow Z can be usedto capturedifferent types
of flow characteristic.Flowscanbe isochronouswhich implies thateachframeis sent/receivedin equal
time segments.Alternatively, flows canbeburstyin naturewhich impliesthatthe time intervalsbetween
successiveframesarenotnecessarilyequal.Wemaythusrepresenta flow characteristicas:

FlowChar ::= Isoch〈〈 NN 〉〉 | Bursty

>Fromthis,wemayrepresenta genericmultimediaflow as:

mmFlowType∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

frames: seq Frame
flowChar: FlowChar
rate : NN

∀f 1; f2 : Frame | 〈f 1; f2〉 in frames • f 2:timestamp> f1:timestamp∧
flowChar= Isoch(rate) ⇒

(∀f 1; f2 : Frame | 〈f 1; f2〉 in frames • f 2:timestamp− f 1:timestamp= rate)
flowChar= Bursty⇒

(∃f 1; f2; f3 : Frame | 〈f 1; f2〉 in frames∧ 〈f 2; f3〉 in frames•
f2:timestamp− f 1:timestamp6= f3:timestamp− f 2:timestamp)

This statesthata multimediaflow typeis givenby a sequenceof frameswith someflow characteristic
andtemporalordering.All framesin thesequencehavetimestampsin ascendingorder. Isochronousflows
haveframesseparatedby equaltimeintervals,whereasburstyflowsmayhaveframesseparatedby unequal
time intervals.

A flow signaturerepresentedasa name,flow typeandcausalitymaythusberepresentedby:

FlowSig∣∣∣∣∣∣∣∣

fName: Name
fType: mmFlowType
role : Causality

role ∈ {Producer;Consumer}

Streaminterfacesconsistof setsof flow signatures.Eachflow signaturenamein agivenstreaminterface
signatureis requiredto beuniquelyidentified.This canberepresentedas:

StrIntSig∣∣∣∣∣∣
flows: FF1FlowSig

∀fs 1; fs2 : FlowSig•
fs1 ∈ flows∧ fs 2 ∈ flows∧ fs 1 6= fs2 ⇒ fs 1:fName6= fs2:fName

This schemadescribesthesyntacticstructureof streaminterfacesignaturessatisfyingtherulesgiven
in the ODP-RM. However, it doesnot prescribeany particularbehaviour. Indeedwhilst the LOTOS
specificationfragmentsgivenherehaveexplicit commentsthatdenoteareasthat requirebehaviourto be
inserted,the Z textscaptureonly the syntacticelementsof computationalinterfaces.With regardto the
formalisationof theODParchitecture,this is all thathasbeenprescribedregardingtheactionstructures.
Interfaceshavebehavioursoweconsidernowhowthesesyntacticelementscanberelatedto behaviours.
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Intr oducing Behavioural Considerationsin Z

Aspresentedin section4.2.2,behaviourin Z mayberepresentedby arelationbetweenactions.Forapairof
actionsto bein therelationthepostconditionof thefirst actionmustsatisfythepreconditionof thesecond
action.As definedin section4.2.1,actionsmayberepresentedby functionsthatrequireasignaturefor the
actionandthestatesthat it relates.As discussedin section4.2.3,it is possibleto representstatesat many
levelsof abstractiondependingon the way the informationin the systemis represented.For simplicity
here,we considerthe mostelementarymodelof a state,i.e. asa basictype(State). In section4.2.1we
labelledthesyntacticaspectof actionsasObsActSigandIntActSigdependingontheirobservability. In this
chapterwe havedevelopedspecificactionsignaturesthat maybe found in interfacesignatures,namely:
InvTemplate;TermTemplate;SignalSigandFlowSig. We also introducethe action signatureInternal to
representthestructureof internalactions.We maythusrepresentactionsgenerallyby:

action ::= isInvAct〈〈InvTemplate× State× State〉〉 |
isTermAct〈〈TermTemplate× State× State〉〉 |
isSigAct〈〈SignalSig× State× State〉〉 |
isFlowAct〈〈FlowSig× State× State〉〉 |
isIntAct〈〈Internal× State× State〉〉

Herewestatethattheactionsin thecomputationalviewpointmaybeinvocations,terminations,signals,
flows or internal. Eachof theseactionstakesa syntacticelementandtwo states,thestaterequiredfor the
actionto occurandthestateaftertheoccurrenceof theaction.

Objectsandthe interfacesthat areassociatedwith themare typically not just collectionsof actions
though. As discussedin 4.3.11, typically theseactionshavesomeform of orderingrelationimposedon
them. This orderingis basedon thepreconditionsandpostconditionsof theactionsasshownin section
4.2.2. Objectsalsoremembertheeffect of actions.As shownin section4.3.11, we haddifferentwaysin
which thehistoryof anobjectcouldbemodelled.Forsimplicity herewedealwith a historyasasequence
of states.

We maynow representbasicinterfacetemplatesasschemasconsistingof signatures,behavioursand
historieswherethe actionsin thebehaviourspecificationrelatestatesin the history. We shall seein the
following chapterwhy weregardtheseinterfacesasbasic.

Modelling Operation Interface Templatesin Z

An operationalinterfacetemplatemaythusberepresentedby:

OpIntTemplate∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ops: OpIntSig
opbs: behspec
ophis: history

∀is : IntSig; as : AnnSig; s 1; s2 : State; ss: seq State |

is ∈ ops:ints∧ as ∈ ops:anns∧ ss _
〈s1; s2〉 prefix ophis•

(let ivs == {it : InvTemplate | (it = is:inv ∨ it = as:inv)∧
isInvAct(it; s1; s2) ∈ dom opbs∪ ran opbs• isInvAct(it; s 1; s2)}•

(let tms== {tt : TermTemplate | tt ∈ is:terms∧
isTermAct(tt; s1; s2) ∈ dom opbs∪ ran opbs• isTermAct(tt; s 1; s2)}•

(let ins == {i : Internal | isIntAct(i; s 1; s2) ∈ dom opbs∪ ran opbs• isIntAct(i; s 1; s2)}•
〈ivs; tms;ins〉 partition dom opbs∪ ran opbs)))

Here we statethat the only actionsthat can be found in an operationinterfacetemplateare either
invocationactions,terminationactionsor internalactions. Further, the actionsfound in the behaviour
specificationrelatestatesfoundin thehistoryof statesassociatedwith thatinterface.

Modelling StreamInterface Templatesin Z

Streaminterfacetemplatesarerepresentedsimilarly, exceptthattheactionsfoundin theinterfaceareeither
flowsor internal.This mayberepresentedby:



5.2. FORMALISING OTHERVIEWPOINT LANGUAGES 95

StrIntTemplate∣∣∣∣∣∣∣∣∣∣∣∣∣∣

streams: StrIntSig
strbs: behspec
strhis : history

∀s 1; s2 : State; ss: seq State | ss _
〈s1; s2〉 prefix strhis •

(let flowActs== {fs : FlowSig | fs ∈ streams:flows∧
isFlowAct(fs; s1; s2) ∈ dom strbs∪ ran strbs • isFlowAct(fs; s 1; s2)} •

(let otherActs== {ia : Internal | isIntAct(ia; s 1; s2) ∈ dom strbs∪ ran strbs•
isIntAct(ia; s1; s2)} • 〈flowActs;otherActs〉 partition dom strbs∪ ran strbs))

This statesthat the only actionsthat can be found in the behaviourspecificationassociatedwith a
streaminterfacetemplateareeitherstreamactionsor internalactions.As above,actionsin thebehaviour
specificationrelatestatesfoundin thehistoryof statesassociatedwith thatinterface.

Modelling Signal Interface Templatesin Z

Signalinterfacetemplatesmayberepresentedby:

SigIntTemplate∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

signals: SigIntSig
sigbs: behspec
sighis: history

∀s 1; s2 : State; ss: seq State | ss _
〈s1; s2〉 prefix sighis•

(let sigActs== {sig : SignalSig | sig ∈ signals:sigs∧
isSigAct(sig;s1; s2) ∈ dom sigbs∪ ran sigbs • isSigAct(sig;s 1; s2)} •

(let otherActs== {ia : Internal | isIntAct(ia; s 1; s2) ∈ dom sigbs∪ ran sigbs•
isIntAct(ia; s1; s2)}•

〈sigActs;otherActs〉 partition dom sigbs∪ ran sigbs))

Thisstatesthattheonly actionsthatcanbefoundin thebehaviourspecificationassociatedwith asignal
interfacetemplateareeithersignalactionsor internalactions,andthat theseactionsrelatestatesin the
historyof statesassociatedwith thatinterface.

Thespecificationfragmentsdevelopedsofar havedealtwith thesyntacticandbehaviouralaspectsof
computationalinterfacesin isolation. Thecomputationalviewpointalsoprescribesrulesasto how these
interfacescanbecomposedwith oneanotherandalsosubstitutedfor oneanother. Theserulesandhow
theymightbeformalisedareconsideredin moredetail in thefollowing chapters.

5.2 Formalising Other Viewpoint Languages

Theabovesectionshaveshownin detail how LOTOS andZ canbeusedto formalisethecomputational
viewpointlanguage.This is only oneof theODPviewpoints.Weconsidernowbriefly howLOTOSandZ
mightbeused,or notasthecasemaybe,to formalisetheotherviewpointlanguages.

5.2.1 Issuesin Formalising the Enterprise Viewpoint Language

The enterpriseviewpoint languagecomprisesthoseconceptsandstructuringrulesthatarenecessaryfor
describingthe purpose,scopeand policies that a given enterpriseshouldabideby. Surprisingly, the
enterpriseviewpointlanguageis veryshortwith few conceptsandstructuringrulesthatapplyto them.At
thetime of writing thedevelopmentof a morecompleteenterpriselanguageis undergoingstandardisation
[114].

>Froma formal viewpoint, it is obviousthat not all statementsthat might be madein the enterprise
viewpointcanbeformaliseddirectly. Indeed,scopeandpurposeareinherentlyinformal. Thestatement,“
thissystemimplementsthetraffic signallingfor railwayX”, is atypicalexampleof astatementdealingwith
scopeandpurpose.Whilst not directlyusablefor specifiers,suchstatementsareneverthelessimportantto
document.Normally, this is donein theinformalcommentarythataccompanieseveryspecification.
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It is not possibleto formaliseanythingwithout first havingstatementsaboutthesystemunderconsid-
eration.Statementsareoftenmadein naturallanguageandassuchareopento interpretationandpossibly
ambiguity. Formalmethodsoffer precisionandclarity in definingstatements.Thesestatementsoftentake
theform of businessrules,capturedin ODPby thenotionof policy. Policiescontainsetsof rulesrelated
to aspecificpurpose.Theserulesmaybe:

• obligations: prescriptionsthatcertainbehavioursarerequired;

• permissions:prescriptionsthatcertainbehavioursareallowedto occur;

• prohibitions: prescriptionsthatcertainbehavioursmustnot occur.

Permissionsandprohibitionsmay bemodelleddirectly in LOTOS andZ. In LOTOS, for example,a
permissionmightberepresentedsimply throughthetemporalorderingof actions,e.g. anactionthatmust
occurbeforesomeotherbehaviourcanoccur. Alternatively, selectionpredicatesandguardscanbeusedto
modelpermissions.Modellingprohibitionsin LOTOScanbeachievedin severalwaysalso.Forexample,
if a given behaviouris not permittedto occur then it is possiblein LOTOS to simply not specify that
behaviour, i.e. ignoreprohibitedbehaviours.Alternatively, if it is likely thata givenprohibitedbehaviour
canhaveat somelatertimea permissionassociatedwith it, thena prohibitionmaybemodelledthrougha
behaviourexpressionfollowing anidentifiedpermissioneventoffer. That is, thebehaviouris prohibited
until theidentifiedpermissioneventoffer occurs.Alternatively, aguardor selectionpredicatemaybeused
to modela prohibition.

In Z, all behavioursare modelledas permissions. That is, possiblebehavioursare specifiedwith
operationschemaswhichmayor maynotoccurdependinguponanypreconditionsandpostconditionsthat
might be associatedwith given operationschemasandthe environmentof the specification.Prohibited
behavioursin Z correspondto behaviourswhich would leavethe specificationin an indeterminatestate,
e.g. throughviolating an invariant. As such,prohibitedbehavioursaregenerallyavoidedin Z through
providingtotaloperations.

Neitherlanguageis well suitedto modellingobligationsthough.BothLOTOSandZ allow behaviours
to bespecifiedbut it is not generallythe casethatprescriptionson the occurrenceof thesebehavioursis
given. This maysometimesbedoneinformally. For example,considertheLOTOSbehaviourexpression
a; b; stop. It canbesaidthatevent(behaviour)a; must(is obliged)to occurbeforeeventb; canoccur.
However, generallyspeakingnothingobligatorycanbesaidabouteventa;. If theonly possibleeventin
thewholespecificationis a;, however, thenit canbesaidthata; will eventuallyoccur. Makingstatements
aboutobligationsin LOTOS(andZ) is thusnotgenerallypossibleasthereis usuallymorethanoneaction
whichcanoccurat anygiventime.

>From this discussion,it can be seenthat LOTOS and Z have advantagesand disadvantagesin
formalisingenterpriserules. The problemremainsthoughwith regardto our interestin developingan
architecturalsemanticsthattheexactnatureof therule is not given. As anexample,considertherule: the
numberof usersloggedonis lessthanten. BothLOTOSandZ canformalisethisrule,with Z morelikely to
belessverbose,e.g. Users≤ 10. Suchrequirementstatementscanbecaptured,but to beformalisedthey
mustexistin thefirst place.As aresult,developinganarchitecturalsemanticsfor theenterpriseviewpoint
languageis limited dueto thelack of prescriptivity.

Similarproblemsarefoundwith theotherconceptsin theenterpriseviewpointlanguage.Forexample,
a domainis definedas a set of objectsrelatedby a characterisingrelationshipto a controlling object.
In LOTOS, this may be achievedthrougha style of specificationwhich capturesa given characterising
relationshipbetweena setof controlledobjectsanda controllingobject. In effect this will meanthat the
objectsbeingcontrolledhavepartsof their behaviourexpressionsin commonwith oneanother, i.e. they
sharesomesimilaritiesin theirbehaviourexpressionsandthesesimilaritiesdefinetherelationshipthrough
which they arecontrolled. It is likely that a constraint-orientedstyle of specificationis bestsuitedfor
capturingthis configuration.Considerthefollowing LOTOSfragmentshowinghow a simplisticsecurity
domainmightbeachievedwithin LOTOS.

Controller[g1](idset, Sec_Level) |[g1]| (Obj[g1](id1,1) ||| Obj[g1](id2,2))
where

process Controller[g1](idset:IDSET, Sec_Level:Nat)
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:noexit:=
g1 ?sl: Nat ?id :ID[id in idset];
([sl ge Sec_Level] -> g1 !ok !id; Controller[g1](idset,Sec_Level)

[]
[sl lt Sec_Level] -> g1 !error !id; Controller[g1](idset,Sec_Level))

endproc (* Controller *)
process Obj[g1](id: ID, Lev:Nat)
:noexit:=

g1 !Lev !id; g1 ?res: Result !id;
([res eq ok ]-> ...(* behaviour *)

[]
[res eq nok]-> ...(* other behaviour *))

endproc (* Obj *)

In this example,all of theobjectshavea similar relationshipwith thecontrollingobjectwhich knows
their identities.Thisobjectcheckswhetheranyobjectit controlshasenoughauthorityto performacertain
operationwhichhasnot beenfurtherspecified.As maybeseen,themodellingof domainsin LOTOScan
beachievedprovideda styleof specificationis followed. However, it is not thecasethatdomainsarean
inherentfeatureof theLOTOSlanguage.

Z mayalsobeusedto specifydomainsto a certainextent5 but,aswith LOTOS,specificexamplesof
domainsarerequired,i.e. explicit characterisingrelationshipsshouldbeprovided.

>Fromthesediscussions,the developmentof an architecturalsemanticsfor the enterpriseviewpoint
languageis limited. LOTOS andZ requirespecificrulesandinstancesof conceptsto begiven. Unfortu-
nately, suchprescriptionin ODPis not6 given. As a result,thedevelopmentof anarchitecturalsemantics
for theenterpriseviewpointlanguageis reducedto informalmodellingsuggestions.

5.2.2 Issuesin Formalising the Information Viewpoint Language

ODPdefinesinformationas:

Anykindofknowledgeaboutthings,facts,conceptsandsoon,in auniverseofdiscoursethat isexchangeable
amongstusers.

Althoughinformationwill necessarilyhavea representationform to makeit more communicable,it is
theinterpretationof this representation(themeaning)that is relevantin thefirst place.

To givearepresentation-freewayof modellinginformation,[109] usesthenotionof invariant,dynamic
and static schema. Theserepresentthe invariant propertiesof information, the dynamicpropertiesof
information, e.g. the legal manipulationsof data, and the stateand structureof information at some
particulartime respectively.

We considerhowtheseconceptsmayberepresentedin LOTOSandZ.

Formalising the Information Viewpoint Languagein LOT OS

Generally, in LOTOStheinformationto bemodelledin a specificationis representedin Act One. This is
manipulatedandusedin the processalgebrapart. Informationmight alsobemodelledusingtheprocess
algebrapartof LOTOS.However, theabovedefinitionof informationin ODPstatesthat theinformation
mustbeexchangeableamongstusers.In LOTOS,exchangeof datacanonly occurbetweeninstantiations
of processdefinitionsusingdatamodelledin Act One. It is not possiblein LOTOS to exchangeprocess
definitionsbetweenprocessdefinitions.As a resulta giveninformationitem is representedby aninstance
of an Act Onesort with associatedoperationsandequations. Instancesof sortsin the processalgebra
aretypically simply values. To modelinformationitemsthat havea form of existencerequiresprocess
algebraspecificationstylesto be adopted. Examplesof theseinclude recursionin processdefinitions,

5In fact Z is moresuitedto modellingdomainssinceit allows global predicatesto be written that shouldbe satisfiedby all
operationsin thespecification.Thedomainheredoesnot explicitly modelacontrollingobjectassuch,ratherit modelstheeffectsof
therulesimposedby thecontrollingobject.

6andshouldnot be,if amultitudeof systemsbasedon ODPareto beconstructed.
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wheretheinformationitemis anelementof thevalueparameterlist associatedwith thatprocessdefinition.
Alternatively, let...in clausescanbeusedto modelinformationitemswith a form of existence.

>Fromthis it canbe seenthat the whole Act Onepart of a LOTOS specificationrepresentsanODP
invariant schemathat instancesof sortsand their manipulationsdeclaredin the processalgebrapart of
LOTOSmustsatisfy. This is slightly strange(butcorrect!) in thattheequationsandoperationsin Act One
arenot “watchdogs”lookingoverillegal informationmanipulations;theydefinethemanipulationsandso
cannotbewrongin themselves!

An ODPstaticschemais representedby thebinding(value)associatedwith thenameof aninstanceof
anAct Onesortat somepoint in time, e.g. anAct OnesortQueuemight be initially boundto the value
empty.

An ODPdynamicschemais givenby theAct Oneexpressionsusedto modify informationobjects(Act
Onesorts)in theprocessalgebrapartof aLOTOSspecification.It shouldbepointedout thatit is Act One
expressionsthat areassociatedwith the actiondenotationsof the behaviourexpressionsthat manipulate
the information. For example,considertheeventoffer g !push(val,emptyqueue)thatmight existaspart
of the behaviourof a givenspecification.It is not theeventoffer itself thatmanipulatesthe information
item, in thiscaseanemptyqueue,but theAct Oneexpressionpush(val,emptyqueue)thatmanipulatesthe
information. Thusit is only Act Onethat manipulatesthe information; however, the Act Onecanonly
be usedin LOTOS when it is associatedwith behaviour, i.e. the processalgebra. Thus the notion of
informationprocessingactivity in LOTOSis linkedbothto theAct Oneinformationmodelling,andto the
Act Oneinformationprocessingcontainedin theprocessalgebrapartof LOTOS.

Oneway of consideringthis is that theprocessalgebrarepresentsa behaviouralframeworkon which
informationcanbehungandmanipulated.

Formalising the Information Viewpoint Languagein Z

Informationis givenin Z throughmathematicaldatatypes. Themostelementaryof informationitemsin
Z arethe basictypes. From these,morecomplex(composite)typesmaybe developed.Therearethree
maincompositetypesin Z: settypes,Cartesianproducttypesandschematypes.Thesethreetypesandthe
basictypesmaybecombinedandmanipulatedusingtypeconstructorswhich follow mathematicalrulesto
modelthedifferentinformationpossiblein a Z specification.Examplesof thesetypeconstructorsinclude
functions,relations,etc.

The applicationof the four typesmentionedandany new typesdevelopedusingmathematicaltype
constructorscategorisetheinformationitemsinto sets.Thetype(ODPnotion) asdiscussedin section4.3.7
of anygiveninformationitemis thendeterminedby setmembership.

An ODP invariant schemacanbewritten explicitly in Z. It correspondsto anyinvariants(predicates)
thatmaybepresentin thestateschemaor axiomaticdescriptionsassociatedwith a Z givenspecification.
Thesepredicatesareindependentof behaviour, or rathertheygovernthepossiblebehavioursof thegiven
Z specification,wherebehaviourin Z is modelledasthe performanceof operationsdefinedin operation
schemas.

An ODPstaticschemais representedin Z by thebindingassociatedwith thevariablesdeclaredwithin
thestateschemaof thespecificationatanypointin time. Heretimeis anabstractnotionwhichis relatedto
thestateof thespecification.Time is thusdependentuponthestatechangesthathaveoccurredandthose
thatcanoccurwithin thespecification.

An ODPdynamicschemais representedin Z by the possiblebehavioursthat might be exhibitedby
thespecification.A dynamicschemais givenby the operationschemaspresentin a Z specification.All
operationschemasmustsatisfyanyglobalpredicates(invariants)thatmay limit thebindingsthatcanbe
takenbyvariablesdeclaredin thestateschemaor in axiomaticdescriptionsassociatedwith thespecification.

>Fromthesediscussions,it is obviousthatLOTOSandZ arelimited in whattheycanexpressfrom the
informationviewpoint.Bothlanguagescanmodelinformation.Z in particularis well matchedto theODP
concepts.As with theenterpriseviewpointthough,withoutspecificstatements,e.g. regardingthestructure
andlegalmanipulationsof information,thedevelopmentof anarchitecturalsemanticsfor thisviewpointis
reducedto informal modellingsuggestions.Theseissueswerediscussedalsopresentedin [176].
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5.2.3 Issuesin Formalising the EngineeringViewpoint Language

Thecomputationalviewpointallowsmodelsof systemsascollectionsof interactingobjectstobebuilt. This
offersa usefulandpowerfulconceptualmodelfor abstractingoverthelower-level systemconsiderations.
Ultimately theselower-level considerationshaveto be addressed.The engineeringviewpoint language
providestheconceptsandstructuringrulesfor dealingwith suchissues.

Certainwork, [68] and[203], hasshownhowLOTOScanbeusedto a certainextentto modelaspects
of the engineeringviewpoint language.Certainly, a structuringof conceptscanbeachievedthat reflects
the text containedin the ODP-RM.Given that the engineeringviewpoint is usedto realise(to a certain
extent)themodelsof systemsdevelopedin otherviewpoints,we would arguethat it is outsidethescope
of this thesis. Herewe aremoreinterestedin the specificationof distributedsystemsasopposedto the
mechanismsusedfor realisingthespecificationsdeveloped.

5.2.4 Issuesin Formalising the TechnologyViewpoint Language

Thetechnologyviewpointfocuseson therequirementsof thesystemwith regardto specifichardwareand
softwaretechnologiesthatareto beused.It is possibleto provideaform of formalisationhere,e.g.agiven
applicationmight makerequirementsregardingthehardwareor softwaretechnologiesthatmightbeused.
This informationcouldbeformalisedasa tuple for example,e.g. 〈HardwareX;OpSystemY; CompilerZ〉.
Thebenefitsto begainedfrom suchformalisationarequestionablehowever.

5.3 Summary

This chapterhasfocusedin detail on how the computationalviewpoint of ODP can be formalisedin
LOTOS andZ. Specificationtemplateshavebeengeneratedwherepossibleand a discussionhasbeen
given of the advantagesand disadvantagesof the two languagesfor specifyingcomputationalobjects
generally. We havealsohighlightedthe issuesinvolved in developinganarchitecturalsemanticsfor the
otherviewpointlanguages.In thecaseof theenterpriseandinformationviewpointsthemainproblemis a
lack of prescriptivityin theconcepts.Theseissueswerediscussedin moredetail in [176] and[175]. The
engineeringand technologyviewpointswe regardasbeingoutsidethe scopeof specificationgenerally.
Otherworkshaveattemptedto focusin moredetailoncheckingconsistencybetweenviewpointlanguages,
e.g.[31, 32, 183]. In themainthough,theseworksaremoreinvolvedwith compositionof specifications
moregenerally,andnotviewpointlanguagespecifications.It isoftenthecasethatenterpriseandinformation
languagespecificationsuseinformal or semi-formalnotations,e.g.diagramsandtext. As suchchecking
andprovingconsistencybetweenviewpointspecificationsis unlikely to bepossiblein manysituations.

It couldbearguedthat to a certainextentwe haveusedbothLOTOS andZ in a contrivedmannerto
specifycomputationalinterfaces.With LOTOSfor example,wemodelledinterfacereferencesin Act One
andinterfacesthemselvesin theprocessalgebra.To someextentthis placesa high level of requirements
on theusersof thearchitecturalsemantics.Forexample,theymustensurethattheinterfacereferencesare
fulfilled by theprocessestheyrepresent.With Z, wehaveanapproachthatdoesnot correspondto Z in its
classicstyleof stateandoperations.Thesemodelshavenot beenselectedwithout reasonhowever. We
shall seein chapters7 and8 that thesemodelsoffer usmuchmoreflexibility to specifyopendistributed
systems.

Theissueof specificationstylereflectingthearchitectureunderconsiderationversusgoodspecification
style is addressedin moredetail in chapter9. We noteherethatthereis a definitetensionbetween“good
practice”and“working practice”. That is, conceptsthatmaynot be interpretedwhenusinga languagein
its normal(classical)usagecomparedto conceptsthatcanonly bespecifiedwhenusingthelanguagein a
particularlystylisedmanner. Theareaof typing,subtypingandtypecheckingareODPconceptsthat,when
formalised,reflectthis conflictdirectly.

As discussed,computationalinterfacesconsistof interfacesignatures,behaviourspecificationsand
environmentcontracts.Computationalobjectsconsistof oneormorecomputationalinterfaces,abehaviour
specificationthat relatesthebehavioursin the interfaces,andanenvironmentcontractfor theobjectasa
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whole. In this chapter, environmentcontractshavelargely beenignored. We discusshow theymight be
representedin thenextchapter.



Chapter 6

Non-Functional Aspectsof Distributed
Systems

In this chapterwe investigatehow LOTOS andZ might be usedto specifya collectionof specification
fragmentsdealingwith non-functionalaspectsof systems.Therearenumerousnon-functionalaspectsof
systemsthatwe might be interestedin. It is not possibleto formaliseall of them. Instead,we showhow
threedisparatenon-functionalaspectsof systemsmightbeformalised.Specifically, weshowhowLOTOS
andZ canbeusedto specifyaspectsrelatedto cost,resourceusageandtiming considerations.

We note here that thesenon-functionalaspectsare very likely to be modelledin other viewpoint
languages.In particular, the enterpriseand information viewpoint languagesare very likely to model
issuesrelatedto non-functionalaspectsof systems.As notedin section5.2,theenterpriseandinformation
viewpoint languagesdo not provideenoughprescriptionto developspecificationarchitecturesdirectly.
As a result, we focushereprimarily on how non-functionalaspectscan be representeddirectly in the
computationalviewpointlanguage.On theonehandthis allowsa greatlysimplifiedapproachto betaken
sincewe do not dealwith issuesof consistencybetweenviewpoint languages,[31, 22, 32], e.g.ensuring
thattheseparateviewpointdescriptionsare:non-contradictory, behaviourallycompatibleor in somesense
conformantdependingon the interpretationof consistencytaken[31]. On the otherhandit reducesthe
formaldescriptionof non-functionalaspectsof systemsto possiblyover-simplisticmodels.

We shallseein thefollowing chaptershowthesespecificationfragmentscanthenbeusedto influence
typecheckingasmightoccurwhencomposingsystemsor replacingonesystemfor another. Moregenerally,
thiswill applyto writing specificationsof distributedsystemsin LOTOSandZ.

6.1 ClassifyingNon-Functional Aspectsof Systems

As discussedin section1.2, considerationof non-functionalaspectsof systemsis crucial if systemsasa
wholeareto interworkcorrectly. We illustratethis throughthefollowing threeexampleswhich form the
basisfor discussionsandformalisationsin therestof thischapter.

• If a systemproducescorrectresultsoutsidea givendeadlinethenit might bethecasethat this is as
badasproducingincorrectresultswithin a givendeadline.

• Knowledgethataserveris currentlyprocessingasmanyrequestsasit canmaybeusedby aclient to
avoidsendingyet anothermessage(request)to theserver. Similarly, suchinformationcanbeused
by aclient to selectaserverthatis lessbusythanotherservers.

• Knowledgethata costis attachedto a serverinterfacewill undoubtedlybean influential factor in
determiningwhethera client interactswith that interface.Similarly, thecostattachedto interfaces
canbeusedby clientsto selecta particularinterface,e.g. thecheapest,from a setof availableones.

101
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>Fromtheseexamples,it is obviousthatnon-functionalaspectsareespeciallypertinentto distributed
systemswherethe systemas a whole is dependentupon the successfulinterworkingof the interacting
objectsfrom which it is composed.

Despitethis, non-functionalaspectshavebeenuntil recentlya largely overlookedareaof computing
science.Certainly, theformalisationof amultitudeof non-functionalaspectsof systemshasnotbeenawell
investigatedarea.Whilst temporalaspectsof systemshavebeenformally investigatedto a certainextent,
e.g. timed extensionsto LOTOS [153] andtemporallogics generally[135, 160], otherfactorsthat can
influencebehaviour, e.g.cost,havenotbeenconsideredin anygreatdepth.Forexample,considerthecost
of usinganinterfaceor anoperationthatexistsin aninterface,or themaximumnumberof invocationsthat
aninterfacecandealwith atanyonetime. This information,whilst notdirectlyrepresentingthebehaviour
of thatinterface,is neverthelessvitally importantif anotherobjectwishesto accessthatinterfaceandhave
someform of desirablebehaviour.

Thereareseveralimmediatequestionsthatarisewhenspecificationof non-functionalaspectsof systems
is considered.Theseare:

• whatarethey?

• howaretheyrepresented?

• howaretheychecked?

With regardto thefirst bulletpoint,asstatedpreviously, wefocushereoncost,timeandresourcebased
non-functionalaspects.Otheraspects,e.g. reliability andfault tolerance,couldequallywell bespecified
though. Thenextbullet point hasnumerousanswerswhich reflectdirectly on the third bullet point. We
identify threedifferentwaysof representingnon-functionalaspectsof systems,eachof which hasa valid
role in relatingnon-functionalaspectsto behavioursandinterfacesmoregenerally.

• anon-functionalaspectis extrainformationthatdoesnot relatedirectly to thebehaviourwith which
it is associated,but mayinfluencethatbehaviourindirectly. We shallseethatcostis anexampleof
suchextrainformation.

• a non-functionalaspectis anassertionderivedfrom thebehaviourwith which it is associated.

• a non-functionalaspectis anassertionthatlimits thebehaviourwith which it is associateddirectly.

Theselast two bullet pointsarecloselyrelated. In thesecondpoint, the assertionrequiresa detailed
knowledgeof thebehaviourwhich thenallowspredicateson this behaviour. Oneexampleof this typeof
non-functionalrequirementis that the maximumdelayassociatedwith the productionof an information
flow is lessthansomevalue. With the third bullet point, thenon-functionalaspectis moreof a predicate
thatdictatesthebehaviour, ratherthanthebehaviourdictatingthepredicate.Oneexampleof this kind of
non-functionalaspectrepresentationis themaximumnumberof invocationsaninterfacecanprocessatany
onetime. We shallseehowLOTOSandZ canbeusedto modelthesedifferentinterpretations.

The next questionis wheredo non-functionalaspectsexist. They might for example,be found in
all operationsthat comprisethe interfaceon which the assertionis made,or elsewheresuchas some
managementinterface.

It shouldalsobepossibleto modify or withdraw assertionsmadeon behaviours.The modifications
themselvesmaytakeplacewhen(functional)behaviouroccurs,e.g.wheninvocationsarereceived,or only
throughspecificmanagementoperationssay, e.g.to increasethecostof accessinganinterface.

Non-functionalaspectsassociatedwith aninterfacemayor maynot bechecked,althoughcostis very
likely to beoneareawherechecksaremadeby boththeinterfaceproviderandtheaccessorof theinterface.
Checksmaybeperformeddirectly eachtime anoperationis to beinvoked,e.g. throughinquiring about
the currentvaluesof the non-functionalaspectsunderconsideration. In this casethe satisfactionof a
checkmight meanan answerwhosevalue is within the expectedlimits for that non-functionalaspect.
Alternatively, checkingcanbedoneonly oncewheninterfacesareboundandall subsequentinteractionsat
theinterfacearebasedon thatinitial check.We shall investigatethis issuein moredetail in thefollowing
two chapters.
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6.2 SpecifyingSelectedNon-Functional Aspectsin LOT OS

In thepreviouschapterwe showedhow aninterfacereferencemight berepresentedin LOTOSby anAct
Onedatatypewhosestructurewasgivenby:

type IRef is Location, OpSet, Constraints
sorts IRef
opns ...

getCons: IRef -> Constraints
endtype (* IRef *)

This data model was then usedto restrict the interactionsthat occurredbetweenprocesses.The
restrictionswe identifiedin thepreviouschapterwerebasedprimarily on thesetof operationsassociated
with the interfacereference.In this chapter, we showhow the Constraintsdatatype canbe represented
and,aswe shallseein thenextchapter, how it canbeusedto influence(restrict)the interactionsthatcan
takeplacebetweencomputationalobjects.We considerfirstly cost-basednon-functionalaspects.

6.2.1 Cost-RelatedNon-Functional Aspectsin LOTOS

Costinggenerallyis concernedwith charging for theuseof, andaccessto, services.Costingfor theuseof
servicesin a distributedsystemcanbea complexactivity. For example,issuesrelatedto security, e.g. to
checkfor authenticityof users,anddifferentchargingpoliciesassociatedwith differentdomainsmighthave
to bedealtwith. A costin generalis a monetaryvaluewhich we representhereasa constructoroperation
thatreturnsacostconstraint1 alongwith anoperation(Ord) thattakesacostconstraintandreturnsanatural
number. Wealsointroduceacomparisonoperator(cheaper) betweencostconstraints.Thischeckswhether
the valueof onecostconstraintis lessthananother. We also introducetwo operationsto increaseand
descreasecosts.

type CostConstraint is NaturalNumber, Boolean
sorts CostCons
opns cost : -> CostCons

_cheaper_ : CostCons, CostCons -> Bool
incC,decC : CostCons, Nat -> CostCons
Ord : CostCons -> Nat

eqns forall c1, c2: CostCons
ofsort Bool

c1 cheaper c2 = Ord(c1) le Ord(c2);
endtype (* CostConstraint *)

For brevity we omit the equationsfor increasinganddecreasingcosts. It is quite possibleto model
costsdirectly asnaturalnumbersbut we leavethemrepresentedasconstraintsfor clarity. We shall see
that it is possibleto usethesecostconstraintswhendecidingwhethertwo interfacescanbeboundto one
anotheror replacingoneinterfacefor another. Theissuesrelatedto thecharging itself arenot considered.
For example,it might bethecasethataccessto aninterfaceresultsin a setchargeestablishedoncewhen
the interfaceis accessed.It might alsobe the casethat the costsincurredby accessingan interfaceare
cumulativeandarebasedon how long the interfaceis accessed.Combinationsof thesepossibilitiesare
alsoconceivable,i.e. aninitial accesscharge is madealongwith a cumulativechargebasedon how long
theinterfaceis accessed.

A simplisticcharging policy basedon accessto aninterfaceonly mayberepresentedby thefollowing
LOTOSfragment:

process Object[ g...](myRef: IRef,...costInterface: CostCons,...):noexit:=
g ?opName: Name !myRef ?pl: HOPList;
([ getCC(getCons(getIRef(pl))) cheaper costInterface ] -> ...(* error message *)

[]
[ not(getCC(getCons(getIRef(pl))) cheaper costInterface) ] -> ...(* other behaviour *))
[]
g ...!costInterface...; Object[ g...](myRef,...costInterface,...)

endproc (* Object *)

1In effect the constraintariseswhencomparisonof costvaluesis given, e.g.checkingwhetheronecostvalueis greaterthan
another.
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We shall discussthe operationgetCC later in this chapter. The operationsgetConsandgetIRefare
discussedin moredetailin thefollowing chapter. Wenoteherethatweno longerhavea simpleparameter
list beingsent. This parameterlist is higher order in that it can containreferencesto other interfaces.
We discussthis higherordertype systemin moredetail in section7.4.1. It sufficesto sayherethat it is
possibleto takea parameterlist andreturnthe constraintsassociatedwith it; the constrainthereis cost.
Thisspecificationfragmentstatesthatif thecostconstraintassociatedwith theparametersof theinvocation
is lessthanthevaluechargefor thatinterface,thenaccessis prohibitedto theinterfacebehaviour.

It is quitepossibletomodelmorecomplexcostconstraints.Forexample,processesmayhaveavariable
usedto modelthemoneyavailableandrequestssentmaydecrementthisvariablesay. Subsequentrequests
may only besentdependingon thecurrentvalueof this variable. With this modelit is possibleto state
constraintssuchasthemoneyin thesystemremainsconstant.Theactualrepresentationof moneyandthe
charging processitself is of courseonly anabstractionof therealworld processof charging.

It might be thecasethatsetsof costconstraintsareappliedto a particularinterface.This is likely to
be the caseif individual operationshavecostsassociatedwith them. Setsof costsconstraintsmight be
representedby:

type CostConsSet is Set actualizedby CostConstraint
using sortnames CostConsSet for Set CostCons for Element Bool for Fbool

endtype (* CostConsSet *)

Other modelsof collectionsof costsconstraintsthat might be associatedwith the operationsin an
interfacearepossible. For example,sequencesof costconstraintsmight be given andoperationsin an
interfaceassignedcostconstraintsbasedon thepositioningof costconstraintsin thissequence.

6.2.2 Resource-RelatedNon-Functional Aspectsin LOTOS

A resourcemay be regardedas somethingwhich can be accessedandusedby objectsin a distributed
system.Interfacesandtheservicesthattheyareusedto modelmayberegardedasresourceswhichcanbe
accessedby otherinterfacesin thesystem.Wherethis is thecase,it is oftenusefulto beableto determine
the usageof interfaces. Interfacesand the computingsystemson which they exist only havea limited
resourcecapacity, e.g. processingpowerandavailablememory. As such,thenumberof requeststhatan
interfacecansatisfyat any given time shouldbe limited. Objectswishing to interactwith that interface
maywell wish to know what theupperlimit is on thenumberof requeststhatcanbeprocessedandalso
howmanyrequestsarecurrentlybeingprocessed.This informationmaythenbeusedto determinewhether
oneparticularinterfaceover anotheris selected.Further, for systemsthat havesomeform of resource
allocationpolicy, the numberof requestsbeingprocessedby an interfaceat a given time maydetermine
which interfacereceivesa requestsentto thatsystem.

It is possibleto modelresourcesat many levelsof abstraction.For simplicity, we model resources
simply as constraintswith an operation(morethan) to checkwhetherone resourceconstrainthasmore
resourcesthananother.

type ResourceConstraint is NaturalNumber, Boolean
sorts ResCons
opns res : -> ResCons

_morethan_ : ResCons, ResCons -> Bool
incR,decR : ResCons, Nat -> ResCons
Ord : ResCons -> Nat

eqns forall r1, r2: ResCons
ofsort Bool

r1 morethan r2 = Ord(r1) gt Ord(r2);
endtype (* ResourceConstraint *)

As with cost constraintswe introducetwo operationsfor increasingand decreasingthe resources
available.Forbrevity, theequationsareomitted.Weshownowhowaresourceconstraintmightbeusedto
limit thebehaviourassociatedwith anobject.Forsimplicity,wefocusonanoperationalinterfacecomposed
of interrogationsonly.
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process Object[ g...](...currentRvalue, upperRlimit: ResCons, ...):noexit:=
hide ac in

AccessControl[ ac ](currentRvalue, upperRlimit)
|[ ac ]|
FunctionalBehaviour[ g, ac, ...]

where
process AccessControl[ ac ](currentRvalue, upperRlimit:ResCons):noexit:=

ac ?opName: Name;
([ (opName eq invName) and (currentRvalue lt upperRlimit) ] ->

ac !ok; AccessControl[ ac ](incR(currentRvalue,1),upperRlimit)
[]
[ (opName eq invName) and (currentRvalue ge upperRlimit) ] ->

ac !nok; AccessControl[ ac ](currentRvalue,upperRlimit)
[]
[ opName eq termName ]->

AccessControl[ ac ](decR(currentRvalue,1),upperRlimit))
endproc (* AccessControl *)

process FunctionalBehaviour[ g, ac ...]:noexit:=
g ?invName: Name !myRef ?pl: PList;
ac !invName;
ac ?res: Message;
([ res eq nok ] -> g !termName !SomeRef !nok;

FunctionalBehaviour[ g, ac ...]
[]
[ res eq ok ] -> ( (* process request *)

ac !termName;
g !termName !SomeRef !results;
stop

|||
FunctionalBehaviour[ g, ac ...]))

endproc (* FunctionalBehaviour *)
endproc (* Object *)

Herean objecttemplatefragmentis given thathastwo resourceconstraintvaluesassociatedwith it.
Thefirst of theserepresentsthecurrentnumberof invocationsbeingprocessedandthesecondrepresents
themaximumnumberof invocationsthatcanbeprocessedatonetime. Invocationsareonly acceptedif the
currentresourcevalueis lessthantheupperlimit. Thislimit andthemodificationsto it arekeptin aprocess
dealingwith accesscontrol. If this returnsan affirmative responseto an invocationthena behaviouris
spawnedto dealwith therequestandatthesametimearecursivecall madeto acceptmoreinvocations.We
noteherethatwe statethat following theterminationthespawnedprocessstops.This maybechangedif
for examplethespawnedprocessmodifiessomestate(representedasAct Onesortsin theformalparameter
list). If a negativeresponseis returnedfrom theaccesscontrolprocessthenanappropriateerrormessage
is issuedin theassociatedtermination.

It shouldbepointedoutthatthismodelof resourcecountingtreatsall actionsasbeingequivalentresource
consumers.Thismaynotalwaysbeavalid assumption.It mightbethecasethatcertaininvocationsresult
in a greaterincreasein theresourcecountthanothers.This dependsto a greatextenton thespecification
itself andwhat the actionsin the specificationaremodelling. For example,issuesrelatedto concurrent
accessto sharedmemorywherelocksmightbesetwill definitelyhaveaneffect on thesimplisticmodelof
resourcesbasedsolelyonactioncounting.

The abovespecificationfragmentalsodoesnot deal with objectsthat interactwith other objectsto
satisfytherequeststhathavebeenreceived.Thismightcausetheresourcecounttobereducedfor example.

It is likely thatfeaturesfor determiningthemaximumlimit andcurrentvalueof resourceusagewill be
available.It mightalsobethecasethatrelationshipsbetweenthesevaluesmightbegiven,e.g. to dealwith
fair allocationof resourcessayby a resourceallocationmanager.

It mightbethecasethatwehavesetsof resourceusageconstraintsassociatedwith aninterface.These
mightberepresentedby:

type ResConsSet is Set actualizedby ResourceConstraint
using sortnames ResConsSet for Set ResCons for Element Bool for Fbool

endtype (* ResConsSet *)
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It is alsopossibleto assignresourceconstraintsto eachoperationin aninterfacedirectly. This might
beachievedthroughmodellingtheresourcesassociatedwith an interfaceasa sequenceof resourcesand
assigningresourcesto operationsbasedon somepositioningin this sequence.More complexresource
assignmentpoliciesarealsopossible,e.g.whereoperationsshareresources.

6.2.3 Time-RelatedNon-Functional Aspectsin LOTOS

LOTOS wasdevelopedspecificallyfor dealingwith the temporalorderingof events. As such,it does
not attemptto dealwith quantitativetiming considerationswhereeventsareexpectedto occurat certain
specifictimesor within specificintervals.Nevertheless,wehaveseenin section5.1.2howLOTOScanbe
usedto modelinformationflowswheretiming considerationsareespeciallyimportant.Thiswasachieved
throughmodellingthesequenceof time orderedinformationitemsin Act Oneandestablishingtheir time
by theoccurrenceof eventsin theprocessalgebra.Whilst allowing timing issuesto bereasonedaboutwe
acknowledgethatweonly haveanabstractmodelof time,i.e. thetimestampsweassociatewith eventsare
only anabstractionof therealworld locationin time atwhichaneventcanoccur. Thusif aneventis time
stampedto occurat time t say, thenthereis no inherentfeatureof LOTOSto ensurethatthis eventis fired
to occurat this time.

As discussed,one issuewith this model is that time may not be global to all processes.This need
not necessarilybe a bad thing. For example,the time at which separatesystemsprocessrequestsmay
not alwaysbeglobal. Giventhe limitationsof measuringtheabsolutevalueof realtime2 computerswill
undoubtedlyhaveslightly differenttimeclocks.Synchronisationof theseclocksmaythusbenecessary.

This modelrequiresthat processeswith time dependencieshavea variablerepresentingthe current
local time. This time variablemaybeusedto settheoccurrencetimesof actionsaswell asrestrictingthe
occurrenceactionsto certaintimesor timewindows.Weintroducenowthesetof timeconstraintsthatwill
beusedin establishingtime relationshipsbetweenactions.

type TimeConstraints is NaturalNumber, Boolean
sorts TimeCons
opns makeT,maxT,minT : -> TimeCons

_+_,_-_ : TimeCons, Nat -> TimeCons
Diff : TimeCons, TimeCons -> Nat
Ord : TimeCons -> Nat
_eq_,_gt_,_lt_,
_le_,_ge_ : TimeCons, TimeCons -> Bool

eqns forall t1,t2, t3: TimeCons
ofsort Nat

(t1 eq t2) => Diff(t1,t2) = 0;
(t1 gt t2) => Diff(t1,t2) = succ(Diff(t1,succ(t2)));
(t1 lt t2) => Diff(t1,t2) = Diff(t2,t1);

endtype (* TimeConstraints *)

We omit manyof theequationsfor brevity. It is likely alsothatsetsof timing constraintswill exist.
Thesemayberepresentedas:

type TimeConsSet is Set actualizedby TimeConstraints
using sortnames TimeConsSet for Set TimeCons for Element Bool for FBool

endtype (* TimeConsSet *)

Duration of Actions in LOT OS

As discussedin section4.2.1,actionsin LOTOSareatomic.As suchit is typically not thecasethatissues
relatedto their durationareconsidered.Nevertheless,it is possibleto specify the durationof a given
actionprovidedthespecificationstyleintroducedin chapter5 for modellingmultimediaflows is used.For
example,anactionthathasa durationof threetimeunitsmight berepresentedby:

process TimedProcess[ g....](myRef: IRef, ... tnow: TimeCons...):noexit:=
g ?op: Name !myRef ?pl: PList;

2e.g. to theaccuracygivenusingacaesiumclocksay.
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(* checks on validity of parameters *)
TimedProcess[ g....](myRef, ... (tnow+3)...)

endproc (* TimedProcess *)

Herethe variablerepresentingtime tnow is increasedby threetime units. For simplicity we assume
hereand elsewherethat the naturalnumbers1,2,3... etc are given, i.e. as opposedto representing3
by succ(succ(succ(0)))say. Not all action havea durationthough; actionsmay be atomic and hence
instantaneous.An instantaneousactionmaybemodelledsimplyby ensuringthatthecurrenttimevariable
is unchanged.Thustherecursivecall givenheremightberepresentedby:

TimedProcess[ g....](myRef, ... tnow ...)

It shouldbenotedthat this modelof timedactionsassumesthat theactionsthemselvesaresimplistic
eventoffersfollowedby arecursivecall. Thissimplemodelmaynotalwaysbeapplicable.In object-based
LOTOSspecifications[44], it is typically thecasethatinternaleventsareusedto processtherequestsfrom
theenvironment.It is quitepossibleto specifysystemssothat timing aspectscanbeassociatedwith any
action,i.e. internalor observable.Alternatively, it is frequentlythecasethattiming constraintsonactions
arerestrictedto observableactionsonly andassumptionssuchasmaximumprogressor actionurgency
(seesection3.3.3)areusedto avoiddealingwith timing issuesof all actions.This is oftenjustifiedby the
assumptionthatinternalactionshaveminimal timesin comparisonto thedelaysin waiting for observable
actionsto occur.

Thismodelof actiondurationsisstraightforwardwhentheactionsthemselvesarecomposedthroughthe
choiceoperator. Someconsiderationof actionscomposedthroughtheinterleavingor parallelcomposition
operatoris requiredhowever. Considertwo actionsinterleavedwith oneanotherthathaveactiondurations
of oneandthreetimeunitsrespectively. Thesemightberepresentedby:

process TimedProcess[ g....](myRef: IRef, ... tnow: TimeCons...):noexit:=
g ?op1: Name !myRef ?pl1: PList;
(* checks on validity of parameters *)
TimedProcess[ g....](myRef, ... tnow+1 ...)
|||
g ?op2: Name !myRef ?pl2: PList;
(* checks on validity of parameters *)
TimedProcess[ g....](myRef, ... tnow+3 ...)

endproc (* TimedProcess *)

Heretheeventoffersmayoccurin eitherorder. Unfortunately, thetiming introducedfor theseactions
meansthattheyareno longertruly temporallyindependent.Thatis, it shouldbepossiblefor bothactions
to occurwithin threetime unitsif theyweretruly concurrent.Herethetime for bothto occuris four time
units though. Anotherproblemwith this processis that thereis no notion of a commontime. That is,
sincethebehavioursareinterleavedwith oneanother, oncetheyoccurtheywill neverrejoin. This canbe
overcomethroughtheuseof thechoiceoperatorinsteadof interleaving,but this changesthebehaviourof
theprocesssothatit blocksotherbehavioursonceaneventoffer hasoccurred.

An alternativeapproachis to modeltheeventswith exit functionality.

process TimedProcess[ g....](myRef: IRef, ... tnow: TimeCons...):noexit:=
(g ?op1: Name !myRef ?pl1: PList;

(* checks on validity of parameters *)
exit(tnow+1, any TimeCons)

|||
g ?op2: Name !myRef ?pl2: PList;

(* checks on validity of parameters *)
exit(any Time, tnow+3))

>> accept t1,t2: TimeCons in (* choose larger time *)
TimedProcess[ g....](myRef, ... tnow+(* larger time *)...)

endproc (* TimedProcess *)

Heretheeventoffersmayoccurin eitherorder. Unfortunately, it isnotthecasethattwoop1occurrences
canoccurwithin two time units say. That is, thebehavioursmustsynchroniseon exit. As a result,both
operationsmustoccurwithin threetimeunits.
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Theseproblemsarisefrom the limitations of modellingtrue concurrencyin LOTOS. In LOTOS all
eventsareinterleavedwith oneanother. As such,anymodelof durationin LOTOSis limited to anabstract
representation.Despitethis it is possibleto specifyandmodelcertaintiming aspectsof systemsandthe
constraintsthey imposeon synchronisations.We considernow timing considerationsrelateddirectly to
informationflows. Thesemayberegardedasthemoststringentof timedbehaviours,i.e. theyplacemost
demandson thetiming of events.

6.2.4 Multimedia BasedNon-Functional Aspectsin LOTOS

Timing of eventsis especiallyrelevantto (distributed)multimediasystemswhenmodelledin LOTOS.We
haveseenalreadyhow time stampsmight beassociatedwith informationitemsin aninformationflow. It
is oftenthecasethatrestrictionsareimposedon the timesat which theseinformationitemsarereceived.
We investigateseveraltypesof restrictionsandhowtheymightberepresentedin LOTOS.

Maximum Jitter in LOT OS

Jittermayberegardedastheupperandlower limit on thetimewindow at whicha consumercanaccepta
frame. For example,if a frameis expectedeveryt secondswith anallowedvariationof ∆t, thena frame
shouldarrivewithin theranget - ∆t to t + ∆t. Therearetwo casesof jitter thatweconsiderhere:bounded
jitter andunboundedjitter. Thedistinctionbetweenthe two casesis dependentuponwhetherthearrival
time of the last frame influencesthe arrival time of the next frame. In unboundedjitter, if framesare
expectedeveryt secondswith avariationof ∆t thenshouldframesconsistentlyarriveearly, butwithin the
allowedtime range,thenthe flows will eventuallydrift out of synchronisation.For exampleif t was30
time unitssayand∆t was5 time unitsandframesarrivedevery29 time units, thenafterfive frameshad
arrived,all subsequentframeswould beoutsidetheallowedrange,i.e. thenextframewould beexpected
at180butwould arriveat174timeunitswhichwouldexceedthemaximumunboundedjitter rateof 5.

In boundedjitter if a framearrivesearlybut within theallowedtime variation,thenthearrival time of
thenext frameis time t afterthatarrival time. Henceusingtheabovenumbers,if a framearrivesat time
29 thenthenextonewouldbeexpectedat time59andnot60. Fromthis, it canbeseenthatboundedjitter
doesnot allow flowsto drift out of synchronisation.

Unboundedjitter wasrepresentedin section5.1.2.This correspondedto thevariablelimit givenin the
processdefinitionrepresentingtheconsumeaction. It shouldbenotedthatwith this modelof production
andconsumptionof flows, considerationof thetime takenfor consumingandproducingsingleframesis
critical. If both producerandconsumerproduceandconsumeframesrespectivelyat the samerate,then
ignoring issuesof latencyandlost framesfor now3, thereshouldneverbeanyjitter. It might well bethe
casethatproducersandconsumersoperateatslightlydifferentspeedshowever, i.e. themodificationsto the
timevariablein theprocessinstantiationarenotnecessarilyequalfor theproducerandconsumer. Bounded
jitter modelssituationswherethetimedifferencebetweenproductionandconsumptionof framesis slightly
differentbutwithin a certainlimit. This mayberepresentedas:

process Consumer[ g....]( ...recFrames: FrameSeq, jitter, tnow: TimeCons, ...):noexit:=
g ... ?inf: Frame ...;
([ Diff(getTime(inf),tnow) gt jitter ] ->

...(* error behaviour, e.g. drop frame *)
Consumer[ g....](...recFrames,jitter, (tnow+t)...)
[]
[ (Diff(getTime(inf),tnow) le jitter) and ((getTime(inf) - tnow) gt 0) ] ->

...(* successful behaviour, e.g. display frame *)
Consumer [...g...](...addFrame(inf,recFrames),jitter,(tnow+ t+Diff(getTim e(inf)-tnow)), ...)
[]
[ (Diff(getTime(inf) - tnow) le jitter) and ((getTime(inf) - tnow) le 0) ] ->

...(* successful behaviour, e.g. display frame *)
Consumer [...g...](...addFrame(inf,recFrames),jitter,(tnow+ t-Diff(getTim e(inf)-tnow)), ...))

endproc (* Consumer *)

3Theseareconsideredin moredetailin section6.2.5and6.2.5respectively.
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Herewe statethat if themaximumboundedjitter is exceededthentheframeis droppedandthe local
time incrementedby t time units. If the framearriveswithin the timing restrictionsimposedby the jitter
thentwo conditionsarisedependingonwhethertheframearrivesslightly earlyor late. If theframearrives
earlierthanexpectedthenthe time variabletnow is modifiedby addingon the time for consumptionand
subtractingtheamounttheframewasearlyby. Forexample,assumingframesareexpectedevery30 time
unitsandthecurrenttime is 60 if thenext frameis time stamped59 thenthetime variabletnowwouldbe
setto (60+30-1=89). As a result,thenextframeis expectedat time89.

Alternativelyshouldtheframearrivelaterthanexpectedbut within theallowedvariation,e.g. at time
61 thenthetimevariableis modifiedto (60+30+1=91). Hencethenextframeis expectedat time91.

Minimum DelaybetweenFramesin LOT OS

Theminimum delaybetweenthe framesa producerproducesmay bespecifieddirectly in LOTOS. This
correspondsto theminimumdifferencebetweentime stampsassociatedwith two framesin thesequence
of framesto be sent. If productionof all framesis isochronousthenthe minimum delayis equalto the
maximumdelayandis a constant.Typically, informationflows canhavetheir rateof flows increasedor
decreased.Theminimumdelaybetweentwo framesis inverselyproportionalto themaximumthroughput
of theflow, i.e. thesmallerthedelaybetweenframes,thehigherthethroughput.Theminimumdelayfor a
producermayberepresentedby:

process Producer[ g....]( ...toSend: FrameSeq, tnow, maxRate: TimeCons ...):noexit:=
g ... !<SetTime(tnow+maxRate,head(toSend))> ... ;
Producer[ g....]( ...tail(toSend),(tnow+maxRate),maxRate...)

endproc (* Producer *)

Herewe assumethe existenceof someupperlimit (maxRate) on the flow of frames. The minimum
delaybetweenframesfor a consumerflow, i.e. themaximumrateat whicha consumercanconsumemay
berepresentedby:

process Consumer[ g....]( ...recFrames: FrameSeq, tnow, maxRate: TimeCons ...):noexit:=
g ... ?inf: Frame ...;
((* reject frame if outside timing constraints *)

[]
(* accept (display) frame and recurse *)

Consumer[ g....]( ...AddFrame(inf,recFrames),(tnow+maxRate), maxRate ...))
endproc (* Consumer *)

Maximum Throughput of Flows in LOT OS

Themaximumthroughputthata producercanproduceanda consumercanconsumeis usefulinformation
that might be neededwhen decidingwhethertwo flows can be boundto one another. As stated,the
throughputis inverselyproportionalto thedelay. Throughputis typically measuredovera periodof time
andrecordedafter the eventshaveoccurred. It is possibleto specify the throughputat any given time
throughintroducingvariablesto representthe numberof frames(fcount) thathavebeensentor received
andthe time period(tPeriod) over which they havebeensentor received.For a producerthis might be
representedas:

process Producer[g,m...](...toSend:FrameSeq,tnow,rate,fCount, tPeriod: TimeCons...):noexit:=
g ... !<SetTime(tnow+rate,head(toSend))> ...;
Producer[ g,m....]( ...tail(toSend),(tnow+rate),(fcount+1),(tPeriod+rat e) ...)
[]
m !(fcount div tPeriod); Producer[ g,m....]( ...toSend,tnow,rate,fCount,tPeriod...)

endproc (* Producer *)

Herewe sendframeseveryrate time units. Themaximumthroughputis givenwhenrate is setto its
maximumvalue,e.g. maxRateasgivenpreviously, overanunspecifiedtime period. In this specification
fragmentwe alsocountthe numberof framessentandthe time periodover which they havebeensent.
This informationis thenmadeavailablethroughtheeventoffer m!(fcountdiv tPeriod);whichmightexist
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aspartof somemanagementinterface. It shouldbenotedthat for simplicity we assumetheexistenceof
thedivisionoperator, thatdoesnotexistin thestandardnaturalnumbertype.

Themaximumthroughputof informationflows for a consumermayberepresentedsimilarly. Weomit
thespecificationtext for brevity.

6.2.5 Relation of Transport Media to Timing Issuesin LOTOS

In thesespecificationfragmentsfor multimediaflows, we havelargely avoidedtheissuesinvolvedin the
communicationsmediumthatconnectstheproducersandconsumersof informationflows. Thecommu-
nicationmediumis very likely to havea greatinfluenceon the issuesinvolved in sendingandreceiving
frames(andmessagesmoregenerally).We investigatebriefly how LOTOS might beusedto specifytwo
aspectsof the communicationsmediumandhow they relateto the specificationfragmentsgiven above.
Specificallyweconsiderthedelayof messagesandthelossof messages.

SpecifyingLatency in LOT OS

The delay of messagesdue to the communicationsmediumthat connectsproducersand consumersis
typically termedlatency. Unsurprisinglygiven the abovediscussions,latencyis likely to havea definite
influenceonthetiming of flows of information.

Wediscussbriefly twosimplisticmodelsof delayin LOTOSfollowedbyamorecomplex(andrealistic)
model. In classicalLOTOS,delaysarerepresentedby timeouts.Themostsimplisticmodelof this for a
communicationbetweena producerandconsumeris:

process Comm[ p,g...]:noexit:=
p ...?inf: Frame ....; i; g ...!inf...;

endproc (* Comm*)

Here gatesp and g representreceivingoutputsfrom producersand sendingresultsto consumers
respectively. This model of delay is inadequatefor expressingthe real-time constraintsrequiredby
informationflowssincethespecifictiming requirementsimposedby theproducersandconsumersarenot
dealtwith, i.e. the time the producerstampsthe frame is the sameas the time the consumerreceives
it4. Also, if the informationflows producedaresentto consumersreceivingotherflows that are to be
synchronisedwith theseflows,thentiming considerationscannotbeguaranteed.An alternativeis to model
thedelayasa staticfeatureof thecommunicationsmediumitself. This mightberepresentedas:

process Comm[ p,g...](delay: TimeCons):noexit:=
p ...?inf: Frame ....; g ...!SetTime(getTime(inf)+delay),inf) ...;

endproc (* Comm*)

This approachallowsdelaysto beincludedon theframesarriving andsent,but it doesnot allow any
form of reasoningaboutthedelaysor variationin thesedelays.This might besatisfactoryin a simplistic
modelof a systemwhereissuesrelatedto how delaysin thecommunicationsmediumareestablishedare
notconsidered.A morerealistic(andhencecomplex)modelthatallowsdelaysto becalculatedto acertain
extentmaybespecified.

Latencyanddelaysgenerallyareinfluencedby severalfactors.Theseinclude:

• themaximumthroughputthattheconnectionbetweentheproducerandconsumercanachieve;

• thecurrentusageof theconnectionbetweentheproducerandconsumer;

• theprotocolsusedin transferingtheinformation;

• thesizeof theinformationitself.

It is quitepossibleto formaliseall of theseabstractlyin LOTOStogeneratetheamountof delayincurred
throughtheconnection.Forexample,asimplisticmodelof delaydeterminedby consideringonly theratio
betweenavailableandusedresourcesmightberepresentedby:

4Assumingthattheconsumeronly receivesframesfrom onesource.
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estimatedTime: ResCons, ResCons -> Nat

The estimatedtime of delay would be increasedif the differencebetweenthe resourcesusedand
resourcesavailabledecreases.A moreaccuratemodelof determiningdelaysmightbebasedonstochastic
modelsandqueueingtheories,e.g.Markov models,queueingnetworks[187, 191]. Using this simplistic
model,thecommunicationmediumbetweena producerandconsumermight berepresentedby:

process Comm[ p,g,m...](tnow: TimeCons,resUsed,resAvail: ResCons,fs: seq Frame):noexit:=
[ resAvail morethan resUsed ] ->
p ...?inf: Frame ....;
( Comm[ p,g,m...]((tnow+1),incR(resUsed,1),decR(resAvail, 1),addFrame(i nf,fs)) (*1*)

[]
( let next: Frame = highestPriority(fs,tnow) in
g ...!SetTime(getTime(next)+tnow,next) ...;
Comm[ p,g,m...]((tnow+1),decR(resUsed,1),incR(resAvail, 1),remFrame(n ext,fs))))

[]
m ...!estimatedTime(resUsed,resAvail) ...;
Comm[ p,g...](tnow,resUsed,resAvail,fs)

endproc (* Comm*)

Herewestatethatframesareacceptedby thecommunicationsmediumif thereareresourcesavailable.
Weincludethegatemwhichcanbeusedby somemanagementinterfacesay, tooutputtheestimatedtimeof
framedeliverybasedoncurrentresourceusage.We alsostatethattheestimatedtimebetweenacceptance
to deliveryof a framecanbeestablishedbasedontheresourcesavailableandresourcesused.This inquiry
takesnotime to complete.This is a legitimateassumptionif theframesbeingsentareparticularlylarge. It
mightalsobethecasethatdifferingsizedframestakedifferentamountsof time to besentandarrive. This
couldalsobespecifiedhere,e.g. throughguardsatthebeginningof line (* 1 *). Forexample,anoperation
suchas getSizemight be availableon a framewhich returnsa naturalnumber. This number(or some
multiple of this number)might thenbeusedto determinehow muchthe time wasincrementedby in the
recursivecall. Further, if framesarein formatsthatrequirespecificprotocolsor compressiontechniques
to beacceptedthenthis too might influencethetime for their acceptanceanddelivery. For simplicity here
weassumethatall framesareof comparablesizesandrequirecomparabletimesto beacceptedandsent.

If resourcesareavailablethentheframeis acceptedandaddedtoasequenceof framesbeingtransferred.
Thetimeis incremented;for simplicitysakeweassumethatthistakesonetimeunit. Theresourcesavailable
andusedarethendecreasedandincreasedby onerespectively. We thenspecifythat framesaredelivered
basedon somepriority. This priority canbeestablishedin numerousways,e.g. basedon thedifference
betweentheestimatedtime for deliveryof theframesbeingtransmittedandthecurrenttime. For brevity,
we assumethe existenceof the operationhighestPriority. Oncea framehasbeenselectedandsentto
the consumer, the local time is incrementedagainand the framesusedandavailablearedecreasedand
increasedrespectively. This frameis thenremovedfrom thesetof framesto besent.

As canbeseenit is possiblein LOTOSto specifycommunicationdelaysat manylevel of complexity.
Thedescriptionssofar havenot dealtwith thethepossibilityof errorsoccuringandthelossof frames.

Specifyingan Imperfect Communication Medium in LOT OS

Errors suchas the loss of messagesbetweenprocessesare typically representedby the internal event
operatori. As previouslyargued,theinternaleventis limited in its ability to modeltiming considerations
thatmight beassociatedwith thedelayof a frame. The internaleventmaybeusedto specifythelossof
framesthoughwithoutadverselyaffectingthemodellingof informationflows. A communicationmedium
thatallowsfor thepotentiallossof framesmayberepresentedas:

process Comm[p,g...](tnow: TimeCons, fs: seq Frame):noexit:=
p ...?inf: Frame ....;
( Comm[ p,g...]((tnow+1), addFrame(inf,fs))

[]
i; Comm[ p,g...]((tnow+1), fs)
[]
[ fs ne makeFrameSeq ] ->
g ...!SetTime(getTime(next)+tnow,next)...;
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Comm[ p,g...]((tnow+1),remFrame(next,fs)))
endproc (* Comm*)

For brevity we do not specifyhow framenextis obtained.This might bedoneusingtheaboveframe
selectionpolicy, i.e. with operationhighestPrioritysay. Here framescan be deliveredto consumers
providedframeshavebeensentto the communicationsmediumby producers. If a frame is sentby a
producertheneitherit is addedto thesequenceof sentframesor an internaleventoccursthatcausesthe
lossof that frame, i.e. the frameis not addedto thesequenceof framesto be delivered. As previously,
whenframesaredeliveredthenumberto bedeliveredis reducedby one.

6.2.6 Non-functional Aspectsin LOTOS

>Fromtheabovespecificationfragments,a generalmodelof theconstraintsthatmightbeassociatedwith
interfacesfocusingon timing, costandresourceconstraintscanberepresentedby:

type Constraints is CostConsSet, TimeConsSet, ResConsSet
sorts Constraints
opns makeCons : CostConsSet, ResConsSet, TimeConsSet -> Constraints

getCC : Constraints -> CostConsSet
getRC : Constraints -> ResConsSet
getTC : Constraints -> TimeConsSet
_Satisfies_ : Constraints, Constraints -> Bool

eqns forall cc: CostConsSet, rc: ResConsSet, tc: TimeConsSet
ofsort CostConsSet

getCC(makeCons(cc,rc,tc)) = cc;
ofsort ResConsSet

getRC(makeCons(cc,rc,tc)) = rc;
ofsort TimeConsSet

getTC(makeCons(cc,rc,tc)) = tc;
endtype (* Constraints *)

Hereweintroduceoperationsto returnthecost,timeandresourceconstraintsassociatedwith ageneral
constraintmodel. Furtherwe providean operationto checkwhenonesetof constraintsis satisfiedby
anothersetof constraints.We shall investigatethe equationsassociatedwith this operationin the next
chapterwhenweconsiderhowconstraintscanbeusedto establishcompatibilitybetweensystems.

6.3 SpecifyingSelectedNon-Functional Aspectsin Z

In the previouschapterit was shownhow computationalinterfacescould be representedby schemas
consistingof syntacticaspects(signatures)thatrelatetobehavioursandstates.It wasnotedatthebeginning
of this chapterthatconsiderationof syntacticandfunctionalaspectsof systemsonly may not beenough
to ensuresysteminterworking. As a resultwe extendthe schemasrepresentinginterfacetemplatesin
chapter5 to includesetsof assertionsonthenon-functionalaspectsof systems.In ODPtermionologythese
collectionsof assertionsaretermedenvironmentcontracts.In this sectionwe showhow Z maybeused
to formalisethecontentsof theseenvironmentcontracts.As with LOTOSwe focusoncost,resourceand
timing considerations.

6.3.1 SpecifyingCost-RelatedNon-Functional Aspectsin Z

As discussedpreviously, cost is very likely to play an importantrole in checkingthat interfacesmay
interwork acceptably. We may separatetwo forms of costing: costingto usea single operationin an
interfaceandcostingto usethe interfaceasa whole. This distinctionimplies that it is possibleto have
partial bindings,e.g. wherea client only wishesaccessto a subsetof the operationsat a server. This
selectionmight, for examplebebasedon issuesrelatingto thecostof usingtheoperationsin theinterface
aswell asthefunctionalbehaviourthoseoperationsrepresent.We considerthis issuein moredetail in the
following chapter.
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Costconstraintsmaybeassociatedwith operationsorinterfacesdirectlyin Z.A costmightberepresented
simplyby avariable,e.g.anaturalnumber, with apredicatethatthisvariableshouldbegreater5 thansome
value.Thisvariablemightberepresenteddirectly in anoperationschema,e.g.as:

SomeOp∣∣∣∣∣∣∣∣

:::
cost? : NN

:::
cost? ≥ 10

HerewestatethattheoperationSomeOphasaninvariantthatrequiresthevariablerepresentingcostto
begreaterthan10. An improvedmodelof costingwouldallow thecoststo bevarieddirectly, e.g.through
modellinga variablefor costsandhavingoperationcostinputsto exceedthis variable.If thecostis to be
associatedwith theoperationonly andnot appliedto thewhole interface,thenthis requiresthat the cost
variableis declaredlocally to theschemarepresentingtheoperation.Thiscanberepresentedas:

SomeOp∣∣∣∣∣∣∣∣∣

:::
cost: NN

cost? : NN

:::
cost? ≥ cost

If thecostis to beassociatedwith the interfaceasa whole thenoneway that this canbeachievedis
by includingthecostvariablein astateschemathatis accessedby all operationscomprisingtheinterface.
Onesuchstateschemamight berepresentedas:

State∣∣∣∣ :::
cost: NN

Costsof usingtheoperationsin theinterfacemaythenbemodelledas:

ValidOp∣∣∣∣∣∣∣∣∣

:::
∆State
cost? : NN

:::
cost? ≥ cost

Throughthisapproachit is possibleto modelcostchangesas:

IncreaseCost∣∣∣∣∣∣∣∣∣

:::
∆State
newcost? : NN

:::
newcost? > cost∧ cost = newcost?

Modelling upperandlower limits of costsis alsotrivial to achievein Z. This canbedoneby simply
modellingthecostasa rangeandrequiringthecostinputsto operationsto bewithin thatrange.

It is possibleto havecombinationsof costsassociatedwith operationsandinterfacesalso.Forexample,
a basiccostof accessingan interfaceandan additionalcostof accessingcertainoperations.Using the
abovemodelof statethismight berepresentedas:

5We considerthe minimum costof accessingan interfacein the following discussions,but considerationsof maximumcosts
requiresimilar reasoning.
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ValidOp∣∣∣∣∣∣∣∣∣∣∣

:::
∆State
opcost: NN

cost? : NN

:::
cost? ≥ opcost + cost

Thecostof accessinganoperationshouldof coursebelessthanthecostof accessingtheinterfaceasa
whole,i.e. thecostof accessingall of theoperationsin theinterfaceshouldbeat leastasgreatasthecost
of accessinga singleoperation.This canbeensuredthroughtheuseof predicates.If thecostof usingan
operationis increasedthenpredicatesshouldbegivento ensurethat thecostof usingtheinterfaceis not
exceeded.Alternatively, a newcostassociatedwith theinterfacemight begiven.

It is alsopossibleto modelexplicitly thecostconstraintsthatmightbeassociatedwith anoperationor
interface. This canbeachievedthroughthe useof functionsor relations. If functionsareusedthenthis
impliesthatinterfaces(or operations)canonly haveonecostassociatedwith themthematanyonetime. If
relationsareusedthenit is possiblefor interfaces(andoperations)to havedifferentcostsassociatedwith
themat anyonetime. This might beanoptionif differentclassesof usersexistwith differentprivileges
set for example. The choicedependson issuessuchasdomainmodelling. For an operationalinterface
templatewith only onecostthis canberepresentedas:

CostConsInterface∣∣ setCostInt: OpIntTemplate 7→ NN

It might alsobe the casethat predicatesaregiven hereto ensurethat this cost is greaterthansome
value(or within somerangeof values).Thecostof accessing(invoking)aninterrogationsignaturein some
operationalinterfacemightberepresentedas:

CostConsOperation∣∣∣∣∣∣∣∣

ΞCostConsInterface
setCostOp: OpIntTemplate× IntSig 7→ NN

∀oit : OpIntTemplate; is : IntSig | oit ∈ dom setCostInt∧ (oit; is) ∈ dom setCostOp•
setCostInt(oit) ≥ setCostOp(oit; is)

Herewe statethat the costof usingan interfaceshouldbe greaterthanor equalto the costof using
an operationin that interface. Modelling changesin the costof usinginterfacesor operationsin those
interfacesrequiressimilar considerationsasbefore,e.g. that the newoperationcostdoesnot exceedthe
interfacecostsay. An increasein costof usinganoperationwithout increasingthe costof the interface
maybemodelledas:

IncreaseCostConsOperation∣∣∣∣∣∣∣∣∣∣∣∣

∆CostConsOperation
oit? : OpIntTemplate
is? : IntSig
nc? : NN

setCostInt = setCostInt∧ (oit?; is?) ∈ dom setCostOp∧
setCostOp(oit?; is?) ≤ nc? ∧ nc? ≤ setCostInt(oit) ∧
setCostOp= setCostOp⊕ {(oit?; is?) 7→ nc?}

Herewestatethatthenewcostshouldbegreaterthantheold costandthenewcostshouldnotexceed
the costof usingthe interface. Alternatively the costof usingthe interfacemight be increasedalso, in
whichcasethepredicatesshouldbemodifiedaccordingly. Weomit theZ textsfor increasingthecostof an
interfacefor brevity.

6.3.2 SpecifyingResource-RelatedNon-Functional Aspectsin Z

As with costconstraints,resourceusageconstraintsmaybemodelledin Z throughvariablesrepresenting
resources.To modelresourceusagein Z requiresthatactionsthataccessanduseresourceshaveavariable
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associatedwith themthat is increased(or decreased)whenthe operationoccurs. This implies that it is
possibleto distinguishbetweenactionsthat useresourcesandactionsmoregenerally. This distinction
mayonly begivenwith a higherlevel of prescription,e.g.with regardto how thespecificationis written
andthemodelsof resourcesgenerally. As with LOTOS,anabstractmodelof a resourcemight simply be
representedby a naturalnumber. The specificationmight thenbewritten so that this numberis limited
by someamount.For example,if concurrentaccessto sharedinformationis limited to somevalue,then
actionsthataccessthissharedinformationcanonly occurprovidedthisvalueis not reached.Considerthe
following modelof informationwith accesslimited to somecurrentnumber.

LimitedResource∣∣∣∣∣∣
resource: Resource
currentCount;maximumCount: NN

currentCount≤ maximumCount

Actions thataccessthis resourcearethenrequiredto ensurethat themaximumlevel is not exceeded.
Thesuccessfulmodelof accessingsuchinformationmight berepresentedby:

ValidOpAccessingResource∣∣∣∣∣∣∣∣

:::
∆LimitedResource

:::
currentCount< maximumCount∧ currentCount = currentCount+ 1

Operationsto increaseor decreasethe availableresourcesmay be specifieddirectly throughschema
operations.Weomit theZ text for brevity. It is possibleto haveothermodelsof resourceusageconstraints
in Z. Forexample,it mightbethecasethatanupperlimit is givenonthenumberof invocationsassociated
with interrogations6 thatcanbeprocessedat anyonetime say. Herewe do not consideraccessto shared
resourcesassuch,ratherwefocusmoreonamodelof actioncounting.Thisapproachrequiresthatschemas
representing(interrogation)invocationshavea variableto keepcountof thenumberof invocationsbeing
processed.Theseschemascanonly occurwhenthisnumberis lessthansomeupperlimit. Theoccurrence
of terminationswill decreasethiscountby somevalue.

As with costconstraintsit maywell be the casethata moredirectZ approachcanbeusedto assign
resourcelimits. This canbe achievedthroughfunctionsandrelations7. Specifyingthat an operational
interfacetemplatesayhasa resourcelimit canbespecifiedby:

SetInterfaceResourceLimit∣∣ setIntLimit: OpIntTemplate 7→ NN

It mightalsobethecasethatoperationscouldhaveresourcelimits setalso,e.g.themaximumresources
that this operationcanget accessto. This may be representedsimilarly. Thesemodelsallow for direct
assertionsto bemadeon theinterfaces(or operations).This is only reallymeaningfulwhentheinterfaces
andoperationsthemselvesadhereto theselimits. Weshalldiscussthis featureof theZ languagein section
6.4.

A third approachto modelling resourceusageconstraintscan be achievedthroughthe abstractZ
approachgiven in chapter4. For example,resourceusagepoliciesmight statethat oncean invocation
hasbeenreceived,only a certainamountof actionoccurrences(or statechanges)arepermittedbeforean
associatedterminationis to besent.This informationmight beusedto ensurethatcertainfairnesscriteria
areupheld,e.g.throughrefusingmoreinvocationsif a terminationhasbeenblockedfor a certaintime.

To establishthemaximumnumberof actionsbetweenaninvocationandtermination,we requiretwo
functions.Thefirst of theseallowsusto determinewhetheranactionis betweentwo othersin abehaviour
specification.Thesecondreturnsthesetof actionsbetweentwo actionsin a behaviourspecification.

Establishingwhetheranactionis betweentwo othersin a behaviourspecificationcanbe represented
as:

6Wefocusoninterrogationshereasinvocationsarerequiredtoproduceterminations,i.e. moreactivity is required.Theinvocations
associatedwith announcementsmayor maynot requiremoreactivity andassuchtheir occurrencedoesnot necessarilyincreasethe
resourceusage.

7It is lesslikely thatinterfaceswill haveseveralpossibleresourcelimits, but not impossible.
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∣∣∣∣∣∣
isBetween: (action× action× behspec) ↔ action

∀a;b; c : action; bs : behspec| ((a; b; bs); c) ∈ isBetween•
(a; b) ∈ ({b} �− bs) +

∧ (c; b) ∈ (bs�−{a}) +
⇒ a = c ∨ (a; c) ∈ (bs�−{a}) +

This statesthat if a cancauseb, i.e. (a,b) is in the transitiveclosureof the behaviourspecification8

andif c cancauseb andit doesnot occurbeforea, i.e. (c,b) is in the transitiveclosureof thebehaviour
restrictedto all thoseactionsthatfollow a, theneithera is equalto c or a cancausec also.

Establishingthesetof actionsbetweentwo othersin a behaviourspecificationcanberepresentedas:

∣∣∣∣∣∣
allBetween: (action× action× behspec) ↔ FFaction

∀a;b : action; as : FFaction; bs : behspec| ((a; b; bs); as) ∈ allBetween•
(∀c : action | c ∈ as • ((a; b; bs); c) ∈ isBetween)

Here the set of actionsbetweentwo othersin a behaviourspecificationis given by checkingthat
individual actionsarebetweenthesetwo actions.With this latter function it is possibleto checkthat the
numberof actionsbetweenaninvocationandterminationdoesnot exceedsomeupperlimit. This canbe
representedas:

maxActionsBetween∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ΞOpIntTemplate
it? : InvTemplate
tt? : TermTemplate
s1?; s2?; s3?; s4? : State
maxActions: NN

∃is : IntSig | is ∈ ops:ints∧ it? = is:inv ∧ tt? ∈ is:terms∧
(isInvAct(it?; s1?; s2?); isTermAct(tt?; s3?; s4?)) ∈ (opbs�−{isInvAct(it?; s 1?; s2?)}) +

•

(let bA == max{as : FFaction |

as= allBetween(isInvAct(it?; s1?; s2?); isTermAct(tt?; s3?; s4?); opbs) • #as} • maxActions≥ bA)

This is givenaninvocationtemplate(it?),a terminationtemplate(tt?) andstateinformationsuchthat
theinvocationtemplate,terminationtemplateandstatesarein thebehaviourspecification.Themaximum
numberof actionsbetweentheinvocationandterminationis requiredto belessthansomemaximumvalue.
We noteherethatwe removetheactionsthatprecedetheinvocation,e.g.theinvocationmight havebeen
invokedpreviouslyandaterminationgiventhatwasnotassociatedwith theinvocationunderconsideration.
For simplicity we assumethat the invocationis not invokedagainbeforethe terminationis issued. We
discussthis specificationfragmentandtheusageof Z to specifysuchissuesat theendof thischapter.

6.3.3 SpecifyingTime RelatedNon-Functional Aspectsin Z

Time-relatedaspectsof behaviourmayberepresentedin manywaysin Z. We haveseenin section5.1.2
howcertaintiming aspectsassociatedwith multimediaflows couldberepresented.We considernowhow
Z mightbeusedto reasonabouttimedbehaviourmoregenerally.

In section5.1.2wemodelledtime througha naturalnumber. As suchwe considereda discretemodel
of time. It is quitepossibleto modeldensetime though,i.e. asa realnumber. Realnumbersdo not exist
in theZ mathematicaltoolkit, however, theycanbemodelledthroughtheuseof thetoolkit. Forexample,
realscouldbeintroducedasasetRR with operationsdefinedoverthisset.Thisapproachwastakenin [186].
Forsimplicity herethefollowing discussionstreattimeasa naturalnumber.

Time canbe usedto restrictactionoccurrencesin manyways. As with LOTOS, time itself canbe
modelledin differentways,e.g.local to processesor globalthroughoutthespecification.This distinction
dependson thevisibility andaccessibilityof thevariable(or variables)modellingtime. Forexample,time
can be modelledasa variablethat is accessed(andpossiblychanged)by all time-dependentoperation
schemas.Alternatively, differentvariablescanbeusedto representtime. Thesevariablescanbeusedto

8Foreffectivecomputationweremoveall actionsthatoccurfollowing b.
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modeltimelocal to operationschemas(or setsof operationschemas).Havingalocalmodelof timeallows
systemsto bemodelledwherethecomponentsof thesystemcanrunat differentspeeds.

Oncea modelof time is chosen,this canthenbe usedto restrict the behavioursof time-dependent
actions(operationschemas).If anactionis to bemodelledsothatit canonly occurat thelocal time3 say,
thenthiscanbespecifiedas:

SomeOp∣∣∣∣∣∣∣∣

:::
time : NN

:::
time= 3

Thisoperationschemadoesnotitselfmodelanymodificationsto thevariablerepresentingtime. Indeed,
aswith the modelof time in LOTOS givenpreviously, it neednot necessarilybe thecasein Z that time
is modelledso that it progresses,i.e. operationsmay or may not increasethe time. Typically we are
interestedin the temporalorderingof actionsthoughand how actionsoccurringmay prohibit (due to
temporalconsiderations)otheractionsfromoccurring.It shouldalsobepointedoutthat,giventhatwemay
modeltime asa naturalnumber, it is quitepossibleto specifytime asdecreasing,e.g. throughoperation
schemasthatdecrementvariablesmodellingtime. Thiswouldof coursebemeaningless(?).

In thepreviousspecificationfragment,themodelof timewaslocal to theoperationschema.Modelling
anactionthatcouldonly occurat time3 with a globaltimemodelmightberepresentedas:

SomeOp∣∣∣∣∣∣
:::

:::
time= 3

Herethevariabletimemight berepresentedas:

time== NN

It is quitepossibleto modeltime windowsdirectly in Z. If anactioncanonly occurwithin theglobal
times0::4, thenthiscanberepresentedas:

SomeOp∣∣∣∣∣∣
:::

:::
0 ≤ time ≤ 4

It is possibleto modeloperationschemasso that they canonly occurat regulartime intervals. For
example,anoperationschemathatcanonly occurat evenglobaltimes,i.e.0,2,4...canberepresentedas:

SomeOp∣∣∣∣∣∣
:::

:::
timemod 2 6= 1

A potentially infinite variationof timing possibilitiesis possiblethroughhavingdifferentpredicates
thatthevariablemodellingtime shouldsatisfy. This includestimesat which theactionsmaynot occuras
well astimesatwhich theactionis allowedto occur.

In theseexamplesso far, time itself hasnot beenmodified. As a result thesemodelsof actionscan
beregardedasinstantaneous.It is quitepossibleto modelactionswith durationshowever. Actionswith
durations9 requirethat thevariablemodellingtime is modified. For example,anactionthat takes2 local
timeunitsto completecanberepresentedas:

9or actionsfollowedby time intervals.
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SomeOp∣∣∣∣∣∣∣∣

:::
t; t : NN

:::
t = t + 2

Combinationsof thismodelof actionswith durationsandactionswith specifictiming requirementscan
bespecifieddirectly. Forexample,anactionthatcanonly occurat time3 andtakes5 timeunitstocomplete
canbemodelledas:

SomeOp∣∣∣∣∣∣∣∣

:::
t; t : NN

:::
t = 3 ∧ t = t + 5

In additionactionsthatmaytakedifferenttimesto completecanberepresenteddirectly. Forexample,
if theactionmodelledin thelastspecificationfragmentcouldlast for 5 or 7 time units,thenthis couldbe
representedby simply includinga Booleanor in thefinal predicate,i.e. t′ = t + 5 ∨ t ′ = t + 7.

As canbeseen,theZ languagecanbeusedto modeltiming issuesdirectly. We showhowthesebasic
specificationfragmentsfor reasoningabouttime canbe usedto specifya producerandconsumerflow
configurationin chapter8.

It is quite possibleto modeltime in a moreabstractfashion,i.e. modellingtime with the abstractZ
approachgivenin chapter4. A basicmodelof a timedbehaviourmayberepresentedin Z by:

Tbehspec== {tar : NN × NN × action↔ NN × NN × action}

Herewe statethata timedbehaviourspecificationis simply a relationbetweenactionsthathavebeen
timestamped.We considerhereactionsthathavebeentimestampedwith a startandendtime. Variations
arepossible,e.g.only time stampingthe time at which anactionis allowedto occur(or before,or after).
Thismodelof a timedbehaviourmight beusedto modeltimedoperationalinterfacetemplatesas:

TimedOpIntTemplate∣∣∣∣∣∣∣∣

ΞOpIntTemplate
topbs: Tbehspec

∀t 1; t2; t3; t4 : NN ; a1; a2 : action | t 1 ≤ t 2 ∧ t 3 ≤ t 4 ∧ t 1 ≤ t 3∧

((t1; t2; a1); (t3; t4; a2)) ∈ topbs• (a 1; a2) ∈ opbs

Herewestatethata timedbehaviourdoesnot expresslychangetheorderingof actionscomprisingthe
untimedbehaviourof theoperationalinterfacetemplate.If oneactioncausesanotheractionthenit should
havea lessthanor equalstarttime thanthe causedaction. We alsostatethatactionsshouldhavea start
time that is lessthanor equalto their endtime. We notethat it is possibleto modeloverlappingactions
by allowing thestarttimesof causedactionsto belessthantheendtimesof theactionsthatcausedthem.
This in turn would requirethesimplemodelof behaviourasanactiontemplateorderingto bemodifiedto
allow for non-atomicactiontemplates.

It is possibleto adoptdifferentpolicieswith regardto how thetime stampsthemselvesareassociated
with actions.Twoexamplesof suchpoliciesare:anascendingpolicyandarelativepolicy. In anascending
policy, if oneactioncancauseanotherthenit shouldhaveanendtimestampthatis lessthanor equalto the
starttime stampof thecausedaction. If thetime stampsareequalthenthis impliesthatthecausedaction
shouldoccurwithout time progressing,or it shouldnot occurat all. Time stampingactionsincreasesthe
constraintson thoseactionsoccurring. For example,if we havethebehavioura|||b saythenthis maybe
modelledas{(a,b), (b,a)}. If theseweretime stampedas: a{5,7}; |||b{2,4};, thenit is no longerthecase
that the behaviourspecificationcanexhibit the behaviour(a,b). The time for b to occurhaspassedif a
occurs.Of coursea maystill follow b asit hasa highertimestamp.

In arelativepolicy thetimestampsaredependentuponthetimedifferencebetweenactionoccurrences.
Thusthebehaviourb{4,6}; a{7,9}; usinganascendingtimestampmodelmightberepresentedby b{4,6};
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a{1,3}; usingarelativepolicy. Thislatterapproachis themorecommonlytakenapproachin timedprocess
algebras,e.g.T-LOTOS[139].

Thesedifferenttimestampingpoliciesplacedifferentrequirementsonthechecksfor timing issues.We
considernow how it is possibleto model the maximum(or minimum) timesfrom the occurrenceof an
invocationto theoccurrenceof anassociatedterminationwith thesetwo timestampingpolicies.

Maximum Time BetweenInvocation to Termination with AscendingPolicy

It is trivial to establishthe maximumtime differencebetweenan invocationand one of its associated
terminationsin a timedbehaviourspecificationwith actionstime stampedin ascendingorder. It is simply
representedby themaximumendtime stampassociatedwith oneof the terminationsassociatedwith the
invocation.Thiscanberepresentedby:

maxTimeInvTermAscendingPolicy∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ΞTimedOpIntTemplate
it? : InvTemplate
tt? : TermTemplate
s1?; s2?; s3?; s4? : State
tnow?; tmax: NN

∃is : IntSig | is ∈ ops:ints∧ it? = is:inv ∧ tt? ∈ is:terms•
tmax= max{t 1; t2; t3 : NN |

((tnow?; t1; isInvAct(it; s1?; s2?)); (t2; t3; isTermAct(tt; s3?; s4?))) ∈
(topbs�−{isInvAct(it; s 1?; s2?)}) +

• t 3} − tnow?

Herewestatethatthemaximumtimefrom aninvocationto terminationis givenby themaximumend
time stampassociatedwith oneof theassociatedterminationsminusthecurrenttime. Theminimumtime
from aninvocationto aterminationmaybeobtainedby changingthepredicatehereto returntheminimum
of theset. Forbrevity, weomit theZ text for this. We noteherealsothatwedo notconsiderterminations
associatedwith previousinvocations.For simplicity we assumethat theinvocationis only invokedonce
beforetheterminationis sent.

Maximum Time BetweenInvocation to Termination with RelativePolicy

If actionswere time stampedin relation to one anotherthen establishingthe maximumtime from an
invocationto aterminationrequiressummingall timestampsof actionsin thesequenceof actionsbetween
theinvocationto thetermination.Themaximumtime is thelargestof thesesums.To specifythis wefirst
needto introducetwo functions.Thefirst functiontakesa sequenceof timedactionsandreturnsthesum
of thetimesassociatedwith theseactions.Thiscanberepresentedby:∣∣∣∣∣∣∣∣

SumTimes: seq ( NN × NN × action) 7→ NN

∀sta: seq ( NN × NN × action) •
sta= 〈〉 ⇒ SumTimes(sta) = 0 ∨

sta 6= 〈〉 ⇒ SumTimes(sta) = Second(headsta) + SumTimes(tail sta)

We noteherethat in a relativepolicy, thesumof the timesis givenby the timesat which theactions
end.Forexample,if theactionswith anascendingpolicy werea{1; 2}; b{4; 6}; c{8; 10} thenthiswould
berepresentedasa{1; 2}; b{2; 4}; c{2; 4}. Thusc endsat(2+4+4=10),i.e. thesumof theendtimesof the
actions.For brevitywe donot providethespecificationtext for thefunctionSecond. TheZ mathematical
toolkit providestwo operationson tuples:first andsecond.Theseoperateonpairsof values.Thefunction
Secondherereturnsthesecondelementof a triple.

Thesecondfunctiontakesa timedactionsequenceandreturnstheuntimedactionsequence.This can
berepresentedas:

∣∣∣∣∣∣∣∣

UntimeSequence: seq ( NN × NN × action) 7→ seq action

∀sta: seq ( NN × NN × action) •
sta= 〈〉 ⇒ UntimeSequence(sta) = 〈〉

sta 6= 〈〉 ⇒ UntimeSequence(sta) = 〈Third head(sta)〉 _tail sta
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We omit theZ text for Third for brevity. This returnsthethird elementof a triple.
Themaximumtime betweentheoccurrenceof aninvocationto theoccurrenceof oneof its associated

terminationswhereactionsaretimestampedin relationto oneanothermayberepresentedas:

maxTimeInvTermDifferencePolicy∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ΞOpIntTemplate
it? : InvTemplate
tt? : TermTemplate
s1?; s2?; s3?; s4? : State
tmax: NN

∃is : IntSig | is ∈ ops:ints∧ it? = is:inv ∧ tt? ∈ is:terms•
tmax= max{sta : seq ( NN × NN × action); sa : seq action |

headsa = isInvAct(it?; s1?; s2?) ∧ last sa= isTermAct(tt?; s 3?; s4?)∧
UntimeSequence(sta) = sa∧
ran sa ⊆ allBetween(isInvAct(it?; s 1?; s2?); isTermAct(tt?; s3?; s4?); opbs) • SumTimes(sta)}

Herewearegivenaninvocationandterminationtemplateassociatedwith someinterrogationsignature.
Themaximumtimebetweentheinvocationandtermination(with arelativetimestampingpolicy) is given
building sequencesof actionsthatarestartedwith the invocationandendwith the termination,andonly
containactionsfoundbetweentheinvocationandterminationin thebehaviourspecification.Themaximum
time is obtainedby summingthe endtime stampsfor all of thesepossiblesequencesandreturningthe
maximumvalue. We noteherethatif theinvocationdid not startat time zero,thenit would benecessary
to subtractthe time at which it wasinvokedfrom this final value. We discussthe approachusedin this
schemaat theendof thischapter.

6.3.4 SpecifyingAspectsof Multimedia in Z

We considernow how Z canbeusedto modeltiming issuesrelatedto multimediaflows of information.
We focus hereon upperand lower delay limits of informationflows and throughputconsiderationsof
informationflows. We shall seein chapter8 how the approachdevelopedso far canbe usedto reason
aboutotheraspectsof informationflows,e.g.boundandunboundjitter flows andlatency. In section5.1.2
wepresentedanelementarymodelof a multimediaflow of information.Thiswasgivenas:

mmFlowType∣∣∣∣∣∣∣∣

frames: seq Frame
flowChar: FlowChar
rate : NN

:::

This modelprovideda basicoutlineof the featuresinherentto multimediaflows of information. It is
possibleto extendthis basicmodelto allow assertionsto bemadeon theinformationflowsalso.We shall
seein thefollowing chapterthattheseassertionsprovidea basisfor determiningwhetherinterfacescanbe
composedwith oneanotherandfunctioncorrectly.

Maximum and Minimum DelaybetweenFramesin Z

Themaximumdelayof amultimediaflow mayberegardedastheupperlimit onthetimewindowatwhich
a frameis expected.For example,a consumermaybeableto wait for a certaintime for thenextframeto
arrive. Without consideringissuessuchasbuffering, themaximumdelayassociatedwith aninformation
flow mayberepresentedas:

∣∣∣∣∣∣∣∣∣

maxDelay: mmFlowType→ NN

∀mft : mmFlowType•
mft:flowChar= Isoch(mft:rate) ⇒ maxDelay(mft) = mft:rate∧
mft:flowChar= Bursty⇒
maxDelay(mft) = max{f 1; f2 : Frame | 〈f 1; f2〉 in mft:frames • f 2:timestamp− f 1:timestamp}
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For isochronousflows, themaximumdelaythata consumercantoleratewithout buffering is givenby
the time differencebetweentwo frames. That is, if after this time periodthe frameis not received,then
anerrorhasoccurredandsomeremedyingactionmustbetaken,e.g. showlast frameagain. For bursty
flows,themaximumdelayis givenby themaximumtimedifferencebetweentwo successiveframesin the
sequence,i.e. if theconsumercanconsumeasfastastheproducercanproduce,thenconsumptionshould
beat leastasfastasproduction.

The minimum delayof a multimediaflow may be regardedasthe lower limit on the time window
at which a frameis expected.As with maximumdelayconstraints,for isochronousflows the minimum
delaycorrespondssimply to therate. For burstyflows though,the minimumdelayis the minimumtime
differencebetweentwo successiveframesin thesequence.Thusthefinal predicateshouldbemodifiedto
returntheminimumtime differencebetweentwo frames.We omit theZ text for brevity.

Maximum and Minimum Throughput of Flows in Z

Throughputmay be regardedas the numberof framesthat a producerof a flow wishesto produce,or
the numberof framesthat a consumerwishesto consume.Isochronousflows shouldhavea consistent
throughputhencetheir maximumandminimumthroughputsshouldbethesame.Burstyflows mayhave
situationswheremoreframesareoutput(or input)thanatothertimes.In burstyflowsit is especiallyuseful
to putanupperlimit on themaximumthroughputsof thedata.Thusthroughputmayberepresentedas:

∣∣∣∣∣∣∣∣∣∣∣

maxThruPut: mmFlowType→ NN

∀mft : mmFlowType•
mft:flowChar= Isoch(mft:rate) ⇒ maxThruPut(mft) = 1 div mft:rate∧
mft:flowChar= Bursty⇒
maxThruPut(mft) = max{s : seq Frame; f 1; f2 : Frame | s in mft:frames∧

f1 = heads∧ f 2 = last s∧ f 2:timestamp− f 1:timestamp≤ 1 • #s}

Herethethroughputof isochronousflows is simply representedby thereciprocalof therate,i.e. if the
timedifferencebetweensuccessiveframeswas0.1secondsthenthethroughputwouldbe10. Establishing
thethroughputof burstyflowsis alittle moreinvolvedhowever. Herethemaximumthroughputof abursty
flow is obtainedby calculatingthemaximumsubsequenceof theflow with a timestampdifferenceof less
thanor equalto onesecondfrom its first andlastelements.

As statedin section6.2.4,throughputis typically measuredovera periodof timeasopposedto afixed
timeunit (here1). Thismaybemodelledas:

∣∣∣∣∣∣∣∣∣∣∣

maxThruPut: mmFlowType× NN → NN

∀mft : mmFlowType•
mft:flowChar= Isoch(mft:rate) ⇒ maxThruPut(mft;n) = n div mft:rate∧
mft:flowChar= Bursty⇒
maxThruPut(mft;n) = max{s : seq Frame; f 1; f2 : Frame | s in mft:frames∧

f1 = heads∧ f 2 = last s∧ f 2:timestamp− f 1:timestamp≤ n • #s}

Herethethroughputof isochronousflows is simply representedby thetimeoverwhich thethroughput
is measureddividedby therate. Themaximumthroughputof burstyflows is obtainedby calculatingthe
maximumsubsequenceof theflow with first andlastelementshavinga time differencelessthanor equal
to thetimeperiodoverwhichthethroughputwasmeasured

The minimum throuputof a burstyflow may beobtainedsimply by changingthe final predicatesof
theseaxiomaticdescriptionssothattheyreturntheminimumsequenceof frames.Forbrevity, weomit the
Z text.

Thesespecificationfragmentsmayberegardedasassertionson theflows themselves.We shallseein
the following chapterhow theseassertionsmaybeusedto composesystems,andin chapter8 how these
assertionscanthemselvesbechecked.
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6.4 Summary

In this chapterwe haveshownhow LOTOS andZ canbeusedto specifya setof non-functionalaspects
(constraints)of systems.We havefocusedhereon timing constraints,resourceusageconstraintsandcost
constraints,althoughas statedit is quite possibleto specify numerousother non-functionalaspectsor
constraints.

In LOTOS we havespecifiedthe constraintsin Act One andusedtheseas a basisfor limiting the
possiblebehavioursthatcanoccurin theprocessalgebra.Severalissuesresultfrom thespecificationof
resourceusageandtiming considerationsin particular. Ourmodelof resourceusagewasbasedonkeeping
acountof theactionsthathaveoccurred,i.e. actionsthatstartnewactivities(invocations)andactionsthat
stopexistingactivities(terminations).This modelmayonly beregardedasa roughapproximationat best
to resourceusage.That is, this modeltreatsall actionsasbeingequalconsumersof resources.It is quite
possibleto extendthe approachso that differentactionsconsumemoreresourcesthanotherssay. This
requiresa moredetailedmodelof behaviourthanhasbeengivenhere,i.e. we do not work at thelevel of
dealingwith explicit examplesof behaviours.

Wehavefocusedonamodelof timein LOTOSwith particularemphasisonitsapplicationtoinformation
flows. Theapproachgivenhasshowntheflexibility andpowerof theLOTOSlanguage.It is not thecase
that languagesfor describingreal time systemsshouldnecessarilyhavebuilt-in featuresfor representing
time explicitly. The approachgiven herefor specifyingandreasoningabouttime in LOTOS is not the
only one. Forexample,issuessuchasjitter andtime windowsfor actionoccurrencescouldbeengineered
into theAct Onesortsmodellingtheoperations(actions)themselves,asopposedto simplefieldsfor time
stamping.

The approachgiven is not without its problems,especiallywith regardto the semanticsof LOTOS.
Modelling actionswith durationscan be achievedabstractly, but the inherentsemanticsof LOTOS is
that actionsareatomic. Thus, we do not havea true concurrencymodel for our timed extension,i.e.
whereactionscanoverlapin time. Despitethis, it is possibleto specifyandreasonabouta wide rangeof
time-dependentsystems.

The Z specificationfragmentsin this chapterhaveshownthat Z is particularlysuitedto specifying
non-functionalaspectsof systems.Sinceeverythingin Z is a set,satisfactionof theseconstraintsis given
by setmembership.This setmembershipmaywell havepredicatesassociatedwith it. We haveseenthat
timing issuescanbe representedin Z in manydiverseways. We shall considerthe timing demandsof
multimediasystemsin chapter8 whenwespecifya producerandconsumerflow configuration.

Z is anexceptionallyexpressivelanguage.Thishasbothadvantagesanddisadvantages.If weconsider
thepuristviewthataspecificationdenoteswhatasystemissupposedto do,asopposedtohowit issupposed
todoit, thenZ isaverypowerfulandusefulspecificationlanguage.Forexample,thespecificationfragments
givenpreviouslyto capturethemaximumnumberof actionsbetweenaninvocationandtermination,or to
capturethe maximumtimesbetweeninvocationsandterminations,highlight the powerof the language.
Suchexpressivenessis not without its problems.Thatis, whilst it is possibleto specifythatthemaximum
time betweenan invocationandterminationshouldnot exceedt time units,say, ensuringthat this is the
caseis anothermatter.

Thereare two main ways in which this problemcould be addressed.Refinementcould be usedto
iterativelyproducea lessabstractspecification,i.e. a specificationthatwascloserto an implementation.
Typically refinementis a laborious(and difficult) procedure,wheremany proofs are required. With a
particularlyabstractandcomplexspecification,suchapproachesarenot alwaysviable. An alternatively
approachis to developsomeform of operationalsemanticsin Z similar to that foundin LOTOS,say, and
usethis asa basisto ensurethattheabstract(expressive)statementsaboutbehaviourarefulfilled. Suchan
approach(whilst possible)to someextentgoesagainstthefundamentalZ approach.Thatis, if something
operationalis requiredthenthequestionmight well beaskedasto why not useLOTOSin thefirst place.
The sameargumentmight equallywell be put forward againstthe abstractZ approachgiven here. We
arguethatourapproachallowsaspectsof behaviourto becapturedin a mannerthatwouldnot bepossible
in a lessabstractspecificationtechnique.



Chapter 7

TypeChecking in Distributed Systems

In this chapterwe arguethat typesandtype checkinggenerallyarethe most fundamentalconstructsfor
developingdistributedsystemsand,importantlywith regardto this thesis,architectingspecificationsof
distributedsystems.We beginwith anoverviewof type checkingasit hastraditionally beenconceived
and introducethe specialrequirementsthat distributedsystemsimposeon type systems. Our focus is
predominantlyon interfacetypesandhow they may be usedto composesub-systemsor substituteone
systemfor another.

Typesandtypecheckingapproachesarethenconsideredin LOTOS.Thelimitationsof thelanguagefor
modellinginterfacetypesin a form thatallowsfor their checkingareshown,andanapproachis provided
that allows interfacesignaturecheckingto be achieved. As discussedin chapter1 though,signature
compatibilityof typeslendsitself to a “messageis understood”policy only. Whilst usefulasa basisfor
consideringinterworkingbetweensystems,it is only a basis. We thenproceedto showhow thework in
chapters5 and6 canbeusedto extendtypecheckingapproachesbasedonsignaturecheckingonly.

As well astheproblemsof treatingtypingasasignaturecheckonly, weidentifyotherproblemswith the
ODPtypesystem.Thesearethelackof distinctionbetweenclientsandserversandthespecialrequirements
theyplaceontypecheckingissueswith regardto bindingandsubstitution. A specificationof thenecessary
conditionsfor safebindingandsubstitutability in anopendistributedsystemis thenprovidedin LOTOS
andZ.

7.1 Typesand TypeCheckingTraditionally

Typing is oneof the most fundamentalconceptsin computingscience.From a low level programming
pointof view it offerstwo mainfeatures,namelydatamodellinganddataprotection.Blair notes[15] that
thisdatamodellingaspectfulfils two relatedroles:

• It enablesprogrammersto build abstractionsto overcometheunderlyingpropertiesof entitiesin the
system.For examplethis includestheability to abstractoverhow entities,e.g.integers,arestored
andrepresentedby thecomputerat thememorylevel.

• It offersa meansto develophigherlevelabstractionsfrom existingabstractions.Forexample,basic
typessuchasBooleansandintegersmaybeusedto build morecomplex(aggregate)typessuchas
records,whichmight in turnbeusedto build evenmorecomplextypes.Thisabstractionbuilding is
anessentialweaponin theprogrammer’sarmoury.

In thischapterit is primarily issueswith regardto dataconsistencythatwe investigate,specificallyon
thenotionof typeequivalence.Whatdoesit meanfor two typesto beregardedasbeingequal?

Type equivalencehistorically can be largely divided into two approaches:type checkingby name
matchingandtypecheckingby structuralequivalence.In nameequivalence,two valueshaveequivalent
typesif thetypessharethesamedeclaration,e.g.x, y: A declaresx andy to beof thesametype,namelyA.
Structuralequivalencein its strictestsense,saysthattwo typesareequivalentif thetypeshaveisomorphic

123



124 CHAPTER7. TYPECHECKINGIN DISTRIBUTEDSYSTEMS

structures.We shallseepresentlyhowdifferingtypestructuresor similar structureswith differentnaming
schemesalsobringinterestingandusefultyperelationshipsin section.Wehighlightthedifferencesbetween
nameand(strict) structuralequivalencethroughanexampleusingtheAda language[26]:

type Person is Record type Car is Record
age: Integer; age: Integer;
weight: Real; weight: Real;

endrecord; endrecord;

In structuralterms,PersonandCar definethe samesetof valuesi.e. the crossproductage: Integer
× weight: Real. Howeverin nameequivalencetermsthereis no relationbetweenPersonandCar. There
areadvantagesanddisadvantageswith this. Perhapsthe biggestadvantageof nameequivalenceis its
simplicity. Checkingtype equivalencein this way correspondsto checkingwhethertwo stringsarethe
same. This advantagegoesa long way to explainingwhy nameequivalenceis sucha popularscheme
within programminglanguages,e.g.Ada[26].

Nameequivalenceis notwithoutits drawbackshowever. Onedisadvantageof nameequivalenceis that
it doesnot allow for anonymoustypes. For example,onecannotwrite proceduresthatacceptparameters
of a certainshape,e.g.

procedure Dummy (X: array(1..10) of Integer);

Rather, typedefinitionshaveto beusedto resolvetheproblem,e.g.

type IntArray is array (1..10) of Integer;
procedure Dummy(X: IntArray);

A secondandmuchmoreseriousproblemwith nameequivalenceis its restrictionto subtypechecking.
Type equivalenceon nameequivalenceonly prohibitssubtypingasusedfor inclusionpolymorphismin
object-orientedlanguages.Forexample,considerthefollowing type:

type WorkingPerson is record
age: Integer;
weight: Real;
salary: Real;

endrecord;

CardelliandWegner[40] statethatthis is asubtypeof Personsinceit hasall of thesameattributes(and
more).Therearetwowaysin whichthissubtyperelationshipmaybechecked:implicitly wherebysubtypes
areestablishedby the type systemitself, or explicitly wherebythe userdeclaresthe type relationships
themselves,e.g.:

type WorkingPerson is a subtype of Person;

This informationmay thenbeusedto establishdifferentnameequivalencerelationships.In anopen
distributedsystemhowever, suchuserinformationis unlikely to alwaysbeavailable. Systemevolution
meansthatnewresourcesmaybe foundandbeexpectedto interwork with existingcomponents.Given
thepossibilityof autonomoussubsystems,thelikelihoodof usersbeingableto assertsuchrelationshipsis
remote.

A secondapproachto determiningthe relationshipsbetweenPersonandCar (andPersonandWork-
ingPerson)is throughstructuralequivalence. Structuralequivalenceof typesposesa different set of
requirementson establishingtype equivalence. Thereare, as with nameequivalence,advantagesand
disadvantagesto typecheckingbasedonstructuralequivalence.Onedisadvantageis that,in themain,type
checkingbasedonstructuralequivalenceis morecomplexthannameequivalenceandhencerequiresmore
processingtime. Perhapsthegreatestadvantageof typecheckingbasedonstructuralequivalenceis thatit
lendsitself to polymorphismasdiscussedin section2.2.2.

We noteherethoughthatnameequivalenceandstructuralequivalencewhenusedin conjunctionoffer
perhapsthe mostflexible of approaches.That is, whilst it will not alwaysbepossibleto assertthat one
typeis asubtypeof anothertype,in certaininstancesthismightbepossible.Forexample,assertionsonthe
morecommontypescanbemadethatcanaid in establishingtyperelationships,e.g. integeris asubtypeof
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real. Fromthis, establishingotherrelationshipsis madepossible,aswell asdeterminingmoreefficiently
whethertyperelationshipsexistor not. Thusif it wasknown that integerscouldbesubstitutedfor reals,
i.e. coercionsbetweenthe two typeswerepossible,thenthe typesCarandPersongivenearliercouldbe
substituted1 for thefollowing type:

type Vehicle is record
age: Real;
weight: Real;

endrecord;

The importanceof the labelsfor typesalsoneedsto be addressedwhentype checkingis done. For
example,few type systemscanestablisha relationshipbetweenVehicleandLorry dueto the operation
namesassociatedwith thetypesbeingdifferent:

type Lorry is record
lorryAge: Real;
lorryWeight: Real;

endrecord;

Automatedsyntacticstructuraltype equivalencethen,in the generalcaseof arbitrarytype structures
without a commonnamebasis,is not possiblewithout userintervention. Neverthelessestablishingthe
structuralform of thetypecanaid in establishingwheretyperelationshipsdonotexist.

We nowinvestigatehowtypesarerepresentedin LOTOSandthelimitationsof LOTOSin its classical
usagefor specifyingtypesystemsin a checkablemanner.

7.2 Typesin LOT OS

Typesmaybemodelledin LOTOSin two mainways. Theycanberepresentedin Act Onedirectly, or as
shownin section4.3.18indirectly in the processalgebra.As we shall see,both of theseapproachesare
limited with regardto thepossibletypecheckingrequirementsthatmightbefoundin adistributedsystem.

7.2.1 ProcessAlgebra Types

It is not strictly the casethat the processalgebrapartof LOTOS is usedto representtypes. Theprocess
algebramodelsbehaviourthroughprocessesandbehaviourexpressions.As discussedin section4.3.7,
an ODP type asa characterisingpredicatecannotbe formalisedin LOTOS (or Z) dueto its generality.
ODPis moreprescriptivein its definitionof templatetypesthough. A templatetype(seesection4.3.18)
is a predicatedefinedin a templatethatholdsfor all instantiationsof that templateandthatexpressesthe
requirementsthatinstantiationsof thetemplateareexpectedto fulfill.

Given this definition, a templatetype in the processalgebracorrespondsto an instantiationof a
processdefinition. Any LOTOSspecificationthathasa correctstaticsemantics,i.e. all processdefinition
instantiationsin the specificationsatisfy the LOTOS static semanticsrules given in [101], satisfy the
templatetype. Whilst correct,this interpretationof typing throughtemplatetyping andtheLOTOS static
semanticsis limiting sinceit prohibitssubtypechecking.Asdiscussedpreviouslyin section4.3.9,asubtype
shouldsatisfythesamepredicateasthesupertype.In theprocessalgebra,it is notpossibleto reasonabout
typesand subtypesas first classentities. We illustrate this with an example. Considerthe following
fragmentof LOTOSconsistingof two templatetypes,i.e. thetwo processdefinitionsandtheir associated
instantiations:

Temp1[g1,g2] ||| Temp2[g2]
where

process Temp1[g1,g2]:exit:= process Temp2[g2]:exit:=
g1; exit [] Temp2[g2] g2; exit

endproc (* Temp1 *) endproc (* Temp2 *)

1Weshalldiscussthisareaof substitutabilityshortly, sincethissubstitutionmaynotalwaysbepossiblewhencausalityisconsidered.
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Here the templatetype of processdefinition Temp1and its instantiationalso satisfiesthe predicate
associatedwith thetemplatetypeof processdefinitionTemp2andits instantiation.This is becauseprocess
definitionTemp2makesup onepart of the behaviourexpressionof Temp1andthe instantiationsof both
processesarecompatible. That is, the part of the behaviourexpressionsthat Temp1andTemp2havein
commonarebothinstantiatedwith gateg2. Thusin anenvironmentexpectingTemp2instantiatedwith gate
g2, aninstantiationof Temp1with gateg2asthesecondgate,wouldsuffice.

Although this methodof defining typesandsubtypesis valid it is not particularlyuseful. It is not
possibleusingthistype/subtypemodelto returnthesubtypesof agiventype,to list thepropertiesof a type,
or evento checkthat two typesarein a subtypingrelationwithin the constraintsof LOTOS.That is the
specifiercansee(or prove)thatTemp1is a subtypeof Temp2but thespecificationcannotderivethis fact
for itself.

Thuswith thismodellingof types,anytypecansynchronisewith anothertypeevenif theyaredifferent
types.Thatis, thereexistsnofeaturein LOTOSwhichchecksthatthetypeof processdefinitioninstantiation
X is thesameasprocessdefinitioninstantiationYandthereforetheycansynchronise.In LOTOSanyprocess
definitioninstantiationssynchronisedby theparallelcompositionoperators|| or | [::: ] | caninteractin some
way with eachotherandit is up to thespecifierto ensurethat theyhavethecorrecttypes,i.e. following
synchronisationthedesiredbehaviour(or anybehaviour)will occur. Undesiredbehaviourmight manifest
itself asdeadlockin thespecification.

An alternativeto modellingtypesandsubtypesasinstantiationsof processdefinitionsis to modelthem
throughADTs in theAct Onepartof LOTOS.

7.2.2 The Abstract Data TypeAppr oach

TheADT approachis to modeltypes2 asinstancesof sortsin theAct Onepartof LOTOS.Considerthe
ADT X typegivenhere:

type X_type is type Y_type is
sorts X sorts X, Y
opns a: -> X opns a: -> X

b: X -> X b: X -> X
c: X,X -> X c: X,X -> X

endtype (* X_type *) d: X -> Y
endtype (* Y_type *)

In thebehaviourpartof LOTOS,whena valueis declaredof sortX thenits sortdefinesthepredicate.
Forexample,if wehavex: X declaredthenthepredicatesatisfiedby x is thatit hastheoperationsa,band
c andsatisfiestheequations(if anyaregiven)3.

Theproblemwith this approachasfar asa typemanagementsystemis concerned,however, is that it
is not possibleto establishsubtypingrelationshipsor typeequivalencein a form that is checkable,i.e. in
a form that is not basedentirelyon trust. For example,it would bedesirableto haveanoperationof the
kind is subtype:Y, X → Bool. Beforegoingon to statewhy this is thecaseit is necessaryfirst to establish
formally whatexactlyis meantby typeequivalenceandsubtypingin ADTs. Weshallseein section7.3that
thesebasicideasdonotalwaysholdtruewhencausalityis introduced,i.e.whentheclient-serverparadigm
is used.

7.2.3 Typing and Subtyping in ADTs

Typeequalitymaybeinterpretedin termsof subtyping.Thusif ≤ is givenasthesubtypingrelationbetween
two ADTs adt1andadt2say, thenadt1equalsadt2 if theyarebothsubtypesof eachother. Thatis:

adt1 ≤ adt2 ∧ adt2 ≤ adt1

The obviousquestionnow arisesasto what exactly is subtypingbetweenADTs in Act One. Given
two ADT signaturesadt1 andadt2, then adt1 is a subtypeof adt2 providedthe operationsof adt2 are

2WenoteherethataLOTOStypeis distinctfromatypeasmightbefoundelsewhere.Thatis, typesin LOTOSaremorestructuring
unitsfor groupingsorts,operationsandequationstogether.

3If no equationsaregiventhenwehaveonly asignaturetype,asopposedto full behaviouralsubtyping.
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containedin or areacceptablesubstitutesfor theoperationsof adt1. Hereacceptiblesubstituteimpliesthat
theinputandresultparametersof theoperationsarein appropriatesubtypingrelations.Intuitively,with this
interpretationof subtyping,a subtypeshouldallow moreinputsandproducelessoutputs.For simplicity
we assumethat the parametersareidenticalanddo not concernourselveswith issuesof contra-variance
andco-variance.

ForanyADTs for whichsubtypingis expectedto hold this implies:

1. all operationnamesin adt2havecorrespondingoperationnamesin adt1(correspondingin thesense
of representingthesameoperation);

2. thecommonoperationshavethesamenumberandtype(sorts)of inputparameters(arguments);

3. thecommonoperationshavethesameprefix/infix nature;

4. thecommonoperationsproducethesameresulttypes(sorts)4.

As identifiedin [15], this is a restrictivesubtypingrelationin thatall of theoperationsof thesupertype
haveto beincludedin thesubtype,evenif theywill not beinvokedin a givencontext.

Considernow theADT Y typegivenabove.>Fromthetyperulesgivenabove,onewould expectthat
Y typewasa subtypeof X type. However, LOTOS establishestypesthroughinstancesof sorts. It is not
meaningfulin LOTOS to declaresomethinglike y: Y typeor x: X type. As statedpreviously, the type
constructsof LOTOSmerelyprovideameansto collecttogethersortsandoperations(andequations).The
only typeswe candeclarein theprocessalgebraareinstancesof sorts,i.e. x: X andy: Y. Thesuccessful
synchronisationof eventoffersrequiresthat theyhavecompatibleactiondenotations.Compatibilityhere
requiresthat the parametersin the eventoffers are declaredas being instancesof the samesort with
intersectingvalues.

>Fromthis it canbegatheredthatLOTOSusesnameequivalencewhentypecheckingis done.Thatis,
two typesarethesameonly whentheyhavethesamename,i.e. x: X is only equalto someothervaluea:
A whenA sortis in fact anX sort.

This is a seriousrestrictionon the usefulnessof ADTs to specify “types” directly, as it limits the
checkingthatcanbeperformed.Specifically, herewe arerestrictedto nameequivalence.Ideally, checks
onstructuralsimilarityshouldbemadepossible,wherestructuralsimilarity is similarlydefinedtosubtyping
of ADT signatureswith looserconstraintson theinputsandresultparameters.Specifically, rules2 and4
of thesubtypingrulesgivenaboveshouldbemodifiedto:

• thecommonoperationshavethesamenumberof inputparametersandthesemustbeusedconsistently
throughouttheentiresignature;

• the commonoperationsproducethe sameresult types(sorts)andthesemustbe usedconsistently
throughouttheentiresignature.

This consistentusageof a sort in a signaturemeansthat two ADTs usingdifferentsorts(labels)are
structurallysimilar only if thesortsin theADTs signaturescanbe relabelledconsistentlythroughoutthe
signatureso that the correspondingoperationsthey shareare identical. If the correspondingoperations
theysharerepresentthewholesignaturesof theADTs, thenthestructuralsimilarity theADTs shareis in
factastructuralequivalence.Anotherwayof consideringthis is thatif oneADT is structurallysimilar to a
secondADT, andthesecondADT is structurallysimilar to thefirst, thentheyarestructurallyequivalent.
Thusin effect,structuralequivalencecorrespondsto typeequivalence,andstructuralsimilaritycorresponds
to subtypingprovidedit canbeestablishedby somemeans(see7.2.6)that thesortsin thesignaturesare
semanticallyequivalent. For simplicity we do not considerextensionsto theserulesto takeaccountof
differentnumbersof inputs,e.g. inputsof theform makeNatPair:Nat,Nat→ NatPairwhichwouldallow
NatPair to beusedwheretwo naturalnumberswereexpectedsay. As anexampleof theserelationships
considerthefollowing ADT signatures:

4In LOTOSthereis noneedto considerthenumberof resulttypes,asAct Oneoperationsonly returnoneresult.
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type A_type is type B_type is type C_type is
sorts A sorts B sorts C
opns a: -> A opns a: -> B opns a: -> C

b: A -> A b: B,B -> B b: C -> C
c: A,A -> A c: B,B -> B c: C,C -> C

endtype (* A_type *) endtype (* B_type *) d: C,C,C -> C
endtype (* C_type *)

Here,A typeis structurallyequivalentto X typegivenabove,asrelabellingtheA labelwith anX label
makesthe A typesignatureidentical to the X typesignature. X type is structurallysimilar to C typeas
relabellingtheC label(sort)by anX labelin theC typesignaturemakesthecorrespondingoperationsthey
share(a,b,c) identical. However, X typehasno immediatelyidentifiablestructuralrelationshipto B type
asoperationb requirestoo manyinput parameters,hencerelabellingwill not satisfythe aboverulesfor
structuralsimilarity.

In fact in this examplethereexistsa direct isomorphismbetweenADTs A typeandX type. That is,
theydiffer only in the label that is attachedto the carrierin the signature,i.e. thesort. Thusa bijection
existsfrom A typeto X type(andhenceaninverserelation)whichis achievedby relabellingthesort(X or
A) in thetwo ADT signatures.It is worthnotingthatin homogeneousalgebras,i.e. algebraswith a single
sortasgivenherein A type, rule 2 of thesubtypingrulesrequiresthatonly thenumberof parametersof
correspondingoperationsis thesameasrelabellingwill alwaysbeconsistent.In heterogeneousalgebras,
i.e. algebraswith morethana singlesortasin Y typegivenabove,thenumberandsortsof parametersand
resultsneedto beconsideredfor correspondingoperations.Thusfor example,giventhefollowing ADTs:

type P_type is type R_type is
sorts P, Q sorts R, S
opns a: -> P opns a: -> R

b: P -> P b: R -> R
c: P,P -> P c: R,R -> R
d: P -> Q d: S -> R

endtype (* P_type *) endtype (* R_type *)

P type is structurallyequivalentto Y typeaboveasrelabellingX andY in the signatureof the ADT
Y typeby labelsP andQ respectivelywouldgive thesamesignatureasADT P type. However, this is not
thecasewith Y typeandR type, i.e. relabellingX andYby labelsR andSrespectively, asthiswouldresult
in operationd havingR asinputandSasoutput,which is not thesameasADT R type.

It shouldbepointedout thatbeingableto identify structuralsimilarity alsoenablesbrowsingof types
to befacilitated.Forexample,requestsof theform, ‘I knowwhatstructure(or partialstructure)for a type
I wantbut I don’t know thename’,couldbesatisfied.Augmentingstructuralsimilarity checkswith name
checkingcorrespondsto full signaturetypechecking.In this casecheckscanbeperformedto ensurethat
a giventypehasthecorrectnameandstructureassociatedwith thattype.

7.2.4 The Failur eof the Dir ect ADT Appr oach

Having identified the different forms of type checkingpossibleand noted that establishingstructural
equivalenceis a desirablepropertyfor a typemanagementsystemto possess;the questionnow arisesas
to howstructuralequivalencecanbeestablishedin LOTOS.Thatis, howcanit beestablishedthatx: X is
structurallyequivalentto a: A?Thespecifiercanseeimmediatelythatthis is thecase,but thespecification
cannotderivethis fact for itself. To establishstructuralequivalencewould requiresomethingof theform:

all_ops(X) -> Op_Set

which would returnthe operationset {a; b; c} (with the associatedinput andoutputparametersfor each
operation)for X andfor A. It would becheckedthat the operationson thesesortshavethesamenames,
thesamenumberof inputsanddiffer only in thelabelthatis attachedto thesortsthroughoutthesignature.
Structuralequivalencecouldthenbecheckedby anoperationof theform:

is_se(X,A) -> is_eq(all_ops(relabel(X,A)),all_ops(A))
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whereis sechecksfor structuralequivalence,andall ops, is eqandrelabelaremeantto beobvious.The
problemis, however, LOTOS cannothaveanoperationlike all ops. That is, it cannotreturna setof the
operationsassociatedwith agivensort. HenceAct Oneis limited in its classicalusagefor establishingtype
relationshipsotherthanthosebasedonnameequivalence.

7.2.5 EstablishingStructural Similarities in Act One

>Fromtheaboveargumentsit is obviousthat thefirst two methodsof representingtypesandsubtypesin
LOTOS haveseriouslimitations in the checksthatcanbeperformedwhentype checking. Onesolution
to establishingsignaturecompatibilitybetweentypesin LOTOS is throughAct OnedescribingAct One.
That is, the simplistic ideaof subtypingasa comparisonbetweeninstancesof sortsandtheir operations
is lacking only in a meansto compareinstances,i.e. we needto beableto modelthe operationall ops
to enablestructuralequivalencerelationshipsbetweentypesto be checked. Thuswhen providedwith
a namingschemeand in possessionof a systemcapableof checkingstructuralequivalence,type (and
subtype)checkingmaybeenforced.

Asshownabove,whengiventypeslike X typeandA typewewouldlike tobeabletodeterminewhether
they arestructurallyequivalentto oneanother. This requirescheckingthat they possesscorresponding
operations.In LOTOSanoperationmaybegivenby thequadruple:

Operation = < Operation_Name, In_Pre_fix, Input_Sorts, Output_Sort >

wheretheOperationNameis simply anidentifier(notnecessarilyunique),theIn Prefix denoteswhether
theoperationis of prefix or infix nature,theInput Sortsarea list of sortnames(possiblyanemptylist as
in operationa from ADT X above),andtheOutputSortis asortname.

To comparewhethertwo operationsarethe samein LOTOS it is necessaryto checkthat they have
compatibleoperationquadruples,i.e. samenames,sameprefix/infix notation,andcompatibleinputsand
results. Comparisonof operationnamesis trivial in LOTOS as it reducesto comparisonof identifiers.
Checkingtheinfix orprefixnatureof operationsmaybeachievedsimplybyensuringthatwhenanoperation
is definedin LOTOS,a Booleanis giventhatdetermineswhethertheoperationis of prefixor infix nature.
Checkingcompatibleinput andoutputsortsmay be achievedby comparisonof identifiers. In a given
namingscheme,all identifiers(sorts)in thesignaturewill beknown. Hencecheckingcompatibleinputand
outputsortscanbeachieveddirectly.

Using this approachof breakingdownanoperationinto separatecomponents,it is necessaryto have
somemethodof puttingthecomponentstogetheragainin a form thatwill beunderstoodby LOTOS.We
achievethis usingtheoperationmakeop. This is givenby:

make_op : Op_Name, In_Pre_fix, Sort_List, ResSort -> Op

wherean Op Name is simply an identifier, an In Pre fix identifier is a Booleandenotingwhetherthe
operationis infix or prefix,a Sort List is a list of identifiers,aSortis anidentifier, andanOp representsthe
operation.Thusequalityof operationsmaynowbecheckedby:

op1 eq op2 = ((get_name(op1) eq get_name(op2)) and
(get-inpre(op1) eq get-inpre(op2)) and
(is_eq_list(get_inputs(op1),get_inputs(op2))) and
(is_eq_sort(get_output(op1),get_output(op2))));

where

get_name(make_op(opn1,inpre,sl1,s2)) = opn1;
get-inpre(make_op(opn1,inpre,sl1,s2)) = inpre;
get_inputs(make_op(opn1,inpre,sl1,s2)) = sl1;
get_output(make_op(opn1,inpre,sl1,s2)) = s2;

andoperationis eq list checkswhethertwo listsarethesameandreturnsaBooleanresult,is eq sortchecks
whethertwo sortsarethesameandreturnsaBooleanresult.Havingamethodof determiningwhethertwo
operationsarethesamereducestheproblemof subtypingbetweenADTsto atrivial setcomparison,where
setelementsarethecreatedoperations.

With thisapproach,it is necessaryto createthetypesexplicitly. Thusif ADT X typegivenabovewere
to becreated,thiswouldbegivenby:
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sort(X) = all_sorts(X,{})
ops(X) = Insert(make_op(a,prefix,<>,X),

Insert(make_op(b,prefix,add_sort(X,<>),X),
Insert(make_op(c,prefix,add_sort(X,add_sort(X,<> )), X), {})))

where<> givesanemptySort List, {} givesemptysetsto containtheoperationsandsortsof thesignature,
all sortsaddsthesortscontainedin thesignatureinto a set,add sort insertsanidentifierinto a list, prefix
declarestheoperationto beof prefixnatureandInsertaddsanelementto a set.

Thussubtypingbetweentwo types,y: Y typeandx: X typecouldbecheckedby theoperation:

y isSubtype x = ops(y) Includes ops(x);

whereIncludescheckswhetheronesetis a subsetof anotherset.We shallseethatthismodelof subtyping
throughoperationsubsettingdoesnotalwaysholdwhenissuesof causalityareconsidered.

7.2.6 Type Naming Issues

Managementof typesin a distributedsystemis crucial for their opennessandevolutionarynature[116].
A completespecificationof a typemanagementsystemthatincorporatesmanyof theideasgivenherefor
estabishingtyperelationshipsis givenin AppendixA. Thisspecification,aswell asbeingableto determine
whethersubtypingbetweentypesexists,allowstyperelationshipsto beassertedandchecksto bemadeon
thetruthfulnessof theseassertionswith regardto structuralaspectsof thetypes.

As statedpreviously, thisapproachpermitssignaturecheckingof types.Thesemanticsof typesoccurs
in thisapproachonlywhenasuitabletypenamingschemeexists.It mightalsobepossibletoapplythesame
approachto theequationsof theADTs, thatis, reducethemto a stringcompatibilitycheck.However, this
is moredifficult sincetherearemanywaysof representingequationsin Act One.An alternativeto dealing
explicitly with thebehaviouralaspectsof typesis to bemoreselectivewith regardto namingissues.As
given,theADTsspecifiedandsubsequentlycheckedrepresentanemptyshellwith nosemanticsotherthan
thatsuggestedby theoperationnames.AlthoughX typeandA typearetypeequivalentupto isomorphism,
theirsemanticsmightbeentirelydifferent.Forexample,labelX mightrepresentnaturalnumbersandlabel
A Booleans.Hencea,b,cmight representtheoperations“0”, “succ” and“+” for X, and“true”, “not”, “or”
for A respectively. Thereforetheycanonly beconsideredtypeequivalentif thelabels(sorts)usedin the
signaturescanbeestablishedasbeingthesamesemantically. This might bedonevia humanintervention.
Thatis,whenanewtypeis suppliedto thetypemanagementsystem,itsnameissuppliedwith its associated
semantics.Theproblemof determiningwhentwo typesareequivalentthenbecomesa namingissue.This
doesnot imply that the type managementsystemis reducedto “only” nameequivalencingin its type
checking,however. A typemanagementsystemshouldperformbothnameequivalencingandstructural
equivalencewhentypechecking.

This raisesseveralissueswhich haveto beaddressed.For example,considerabletrust is requiredto
ensurethatthetypesregisteredwith thetypemanagementsystemareunambiguousandhavethesemantics
asexpected. This might be solvedthroughan engineeringaproach. For instance,restrictingthe users
wishing to accessandmodify the typemanagementsystem’s repositorycontents,e.g. addingnewtypes,
deletingtypesandmodifyingexistingtypes.

Anotherissuethatnamingraisesis with regardto differenttypemanagementsystemsandtheir inter-
workingor federation.It is likely thatin a distributedsystemseveralnamingschemesfor typeswill bein
place,eachassociatedwith a giventypemanagementsystem.A clientusingonenamingschemewishing
to accessaserverin anothernamingschemerequiressomeform of guaranteethatthetypeit requiresis the
oneprovided. That is, theymight havethesamenamebut a guaranteeof thesemanticsis requiredalso.
Alternatively, theymighthavedifferentnamesbutsemanticallytheymightbethesame.This requiresthat
thenamingschemesarescalableandalsothattheycanbemadecompatible.

Beingableto establishthattwo typesarestructurallyequivalenteasestheprobleminvolvedin merging
(andpossiblyautomating)typenamingschemes.Thatis, beingableto statethattwo typesarestructurally
equivalentmightnotnecessarilyimply thattheyaretypeequivalent.However, typesthatarenotstructurally
equivalentcannotbetypeequivalent.Henceestablishingstructuralequivalenceenablesa restrictedsetof
typenamesknownto the typemanagementsystemsto begiven,asopposedto thefull setof knowntype
names.
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In order to checkfor structuralequivalencebetweentypeswhenmerging (or federating)type man-
agementsystems,anefficient relabellingalgorithmis essential.As shownabovewith P typeandR type,
establishingstructuralequivalencerequiresconsistentrelabellingof the sortsin the signature. In very
complexADTs with numeroussortsmanydifferentrelabellingpossibilitiesmight exist. For two ADTs
consistingof n sortsandmsortsrespectively, permutationtheorygives

n!
(n − m)!

relabellingpermutations.Thustwo ADTswhicheachhavefive differentsortsin theirsignatures,say, offer
120 relabellingpossibilities. Thereforeto reducethis complexityseveralbasic,universallyknown types
shouldbeprovided. For instance,Booleans,naturalnumbersandintegersrepresenttypeswhich should
beuniversallyunderstood.Thesemay thenberemovedfrom thesetof sortscontainedin therelabelling
permutationset.

Other typesusedin ADTs which arenot universallyknown shouldbe labelledexplicitly as locally
definedapplicationspecifictypes. To further increasethe efficiency of the relabellingalgorithm,other
time-savingfeaturescan be includedwhen checkingfor structuralequivalence. For instance,before
relabellingcheckthat thetwo ADTs underconsiderationhavethesamenumberof sortsin their signature
andthesamenumberof operations.If theADTs do not satisfytheseconsiderationsthenit canbestated
that theyarenot structurallyequivalent,otherwisetherelabellingalgorithmmustbeappliedto checkfor
structuralequivalence.

7.3 The Influenceof Causality on TypeChecking

The previoussectionhas shownhow LOTOS can be usedto achievesignaturetype checking. This
approachof typecheckingbasedonsubsettingof operationshasformedthebasisof work ontypechecking
of signatures[109, 204]. Unfortunately, this modelis inadequatewhencausalityandexpectedbehaviours
areintroducedinto typecheckingschemes.Weinvestigatethis issuethroughconsideringthetypechecking
prescribedby ODPfor computationalinterfacesignatures.We noteherethattherulesaredefinedwithout
explicit referenceto thecausalityof theinterface.

ODPprescribesthefollowing rulesfor operationalinterfacetypes.

OperationalinterfaceX is a signaturesubtypeof interfaceY if thefollowingconditionshold:

• for everyoperationsignaturein Y, thereis anoperationsignaturein X (thecorrespondingsignaturein X) which
definesan operationwith thesamename;

• for eachsignaturein Y, thecorrespondingsignaturein X hasthesamenumberandnameof arguments;

• for eachsignaturein Y, everyargumenttypeisasubtypeof thecorrespondingargumenttypein thecorresponding
signaturein X;

• the set of terminationnamesof an operationsignature in Y containsthe set of terminationnamesof the
correspondingsignaturein X;

• for eachoperationsignaturein Y, a giventerminationin thecorrespondingsignaturein X hasthesamenumber
(andnames)of resultparametersandthoseparametersassociatedwith X terminationsare subtypesof those
foundin Y terminations.

Theserulesmaybeseenassatisfyinga substitutability relationbetweeninterfaces.We illustratethis
with figure7.1.

Thenotationof a→b for serversmeansthattheserveracceptsaninputof typea andprovidesanoutput
of typeb. For clientsa→b meansthattheclient sendsanoutputof typea andreceivesoneof typeb. We
statethatthesetypesarerangesandclassicaltyperules[40] applyto them,i.e. a subrangeis a subtype.

An interfacetyperelationis usedin ODPfor two different,but related,reasons:to checkwhetherone
interfaceis anacceptablesubstitutefor anotherandto bind interfaces.Thesetwo areasimposedifferent
requirementson typesandtypecheckingwhencausalityis considered.Unfortunately, this distinctionis
notmadein ODPandleadsto problemsin its typemodel.
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Figure7.1: A Client-ServerTypeCheckingScenario

7.3.1 Causality and its Effect on Substitution

Checkingwhetheroneinterfaceis anacceptablesubstitutefor anothershouldbebasedontheenvironment
in which theinterfaceis to beusedbeingunawareof anydifferencein thesubstitute.Thuscausalityasan
implicit expectationonbehaviouris essential.Forexample,if clientsinvokeserversthenthis impliesthat
theserversarepassiveentities,whereastheclientsaretheactiveentitieswith regardto causinginteractions
to takeplace. It might bethecasethatserverscaninitiate interactions,e.g. throughsendingnotifications
to clients. In this situationthereis no cleardistinctionbetweenclientsor serversassuch. Rather, this is
moreof apeer-to-peermodel.Wediscusstheproblemsof confusingpeer-to-peerandclient-servermodels
shortlyin section7.3.2.

Given that a distinctionis madebetweenclientsandservers,thenin the examplegiven it would be
incorrectto substituteserverobjectA with client objectC, eventhoughtheysupportthesameoperations,
sincetheclientexpectsfunctionsto beperformedby otherobjects.Thusanyclientsboundto serverobject
A initially, would not be servicedby client object C. Thus as far as substitutability is concerned,type
checkingrequireslike causalities.

Havingestablishedlike causality, checkingsubstitutability betweenclientsandclientsandserversand
serversis alsodifferent. A client is an acceptablesubstitutefor a secondclient whenthe operationsit
requestsarea subsetof the operationsof the original client. The input parametersassociatedwith the
requestaresubtypesof theoriginalparameters,andall resultparametersof thesubstitutearesupertypesof
theoriginal parameters.Thusit doesnot askfor anythingtheold client neveraskedfor andeverythingit
doesaskfor is understoodby theserver. In thediagram,C is thusanacceptablesubstitutefor D sinceit
haslessoperations;theoperationparametersof C aresubtypesof thecorrespondingoperationsin D; and
theresultsof thoseoperationsin C aresupertypesof thosein D.

A serveris anacceptablesubstitutefor anotherserverwhenit possessesall theoperationsof theformer
andpossiblymore,andany requestthatcouldbe dealtwith by the original servermay bedealtwith by
thesubstitute.This requiresthattheinputparametersof thesubstituteserveraresupertypesof theoriginal
serverandthereturnparametersof thesubstituteserveraresubtypesof theoriginalserverresultparameters.
In thediagram,B is thusanacceptablesubstitutefor Asinceit hasmoreoperations;theoperationparameters
of A aresubtypesof thecorrespondingoperationsin B; andtheresultsof thoseoperationsin B aresubtypes
of thosein A.

Thusin effect thetyperelationsbetweenclient substitutability andserversubstitutability areopposite
with subsettingand supersettingof typesrespectively. Hencein our example,B is type equivalent(a
subtype)to A andC is typeequivalent(a subtype)to D basedon a syntacticsubstitutability relationship.
As canbeseen,ODPonly dealswith thecaseof serverinterfacesanddoesnotmakeadistinctionbetween
thechecksrequiredfor clientandserversubstitutions.

7.3.2 Causality and its Effect on Binding

With regardto typerelationshipsandbinding, if a client-servermodelis takenwherethe clientsrequest
servicesto beperformedby servers,thenoppositecausalityis requiredbetweenthe interfaces.It would
be meaninglessto bind two clients(or two servers)sincethey would both eitherexpectto be servedor
expectto serveoneanotherrespectively. As statedpreviously, in peer-to-peersystems,i.e. systemswhere
serverscaninitiate interactionssuchassendingnotificationsto clients,thentheselimitationsdo not exist.
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Unfortunately, peer-to-peersystemsdo not supportsubtypingbetweenparameters.That is, if a client
caninvokeanoperationon a serverandtheservercaninvoke the sameoperationon the client, thenthe
parametersassociatedwith theoperationmustbeidenticalfor theclientandserver.

Giventhatoppositecausalityhasbeenestablished,a typerelationshipfor bindingrequiresthat:

• theclientasksfor only a subsetof theoperationsof theserver;

• therequestsmadeby theclientareunderstoodby theserver;

• theresponsesissuedby theserverareunderstoodby theclient.

In thesimplestform of binding(primitive) asgivenin clause7.2.3.2of [109], it is statedthatinterfaces
can be boundprovided they havecomplementaryinterfacesignatures. Complementaryis definedas
identicalexceptfor oppositecausality. Thisis toostrongasignaturecompatibilityrelationsinceit prohibits
theinterfaceof C beingboundto theinterfaceof B above,despiteall possibleclient requestsbeingcatered
for (understood)by theserverandtheserverresponsesbeingunderstoodby theclient.

7.4 TypeEquivalencein LOT OS

As a resultof theseconsiderations,it is apparentthatthenotionof causalityis fundamentalto thedifferent
aspectsthathaveto bedealtwith in establishingtypeequivalence.We arguethattypeequivalenceshould
beseparatedinto two areas:typecheckingfor bindingandtypecheckingfor substitutability. However,
asdiscussedpreviously, type equivalencebasedon signaturesonly is inadequate.We thusproposethat
typecheckingshouldbefurtherseparatedinto threesub-areas.Firstly, syntacticequivalenceof signatures
shouldbechecked.Secondly, non-functionalaspectsof typesshouldbechecked.Finally, thebehavioural
aspectsof typesshouldbe checked. We shall seethat syntacticaspectsandnon-functionalaspectsare
possibleto check;behaviouraltypecheckingis moreproblematichowever.

To showhow thesethreeareascanbedealtwith, we taketheresultsof chapters5 and6 to showhow
anextendedtypecheckingmodelcanbespecifiedin LOTOSandZ.

7.4.1 An ExtendedModel of Binding in LOTOS

As shownin section7.2.5,it is possibleto specifyinterfacesignaturetypecheckingthroughanapproach
basedoncreatingthesignaturesin Act One.Whenbindingbetweenaclientandserveris done,werequire
that the operationsrequestedby a client exist in the set of operationsthat a serveroffers and that all
non-functionalaspectsthatareassociatedwith aclient’sinterfacereferencearesatisfiedby theserver. The
serversideof a bindingmayberepresentedby:

process ServerInterface[ g ...](myRef: IRef, known: IRefSet, ...):noexit:=
g ?bind: Name !myRef ?pl: HOPList;
([ getIRef(pl) IsIn known ] ->

....(* already bound to server *)
ServerInterface[ g ...](myRef,known...)

[]
[ not(getIRef(pl) IsIn known) and not(getOps(getIRef(pl)) IsSubsetOf getOps(myRef)) ]->

...(* operations requested by client not supported by server *)
ServerInterface[ g ...](myRef,known...)

[]
[ not(getIRef(pl) IsIn known) and (getOps(getIRef(pl)) IsSubsetOf getOps(myRef))

and not(getCons(getIRef(pl)) Satisfies getCons(myRef)) ] ->
...(* client non-functional aspects not matched by servers *)

ServerInterface[ g ...](myRef,known...)
[]
[ not(getIRef(pl) IsIn known) and (getOps(getIRef(pl)) IsSubsetOf getOps(myRef))

and (getCons(getIRef(pl)) Satisfies getCons(myRef)) ] ->
...(* successful behaviour *)
ServerInterface[ g ...](myRef,Insert(getIRef(pl),known)...)

[]
...(* other behaviours restricted to clients in known *)

endproc (* ServerInterface *)
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Hereif theclient is alreadyboundto theserverthenherewerefusethebindingrequestandarecursive
call is made. It shouldbe notedthat this neednot necessarilybe the case,i.e. the sameclient might
be boundto the sameserverseveraltimes concurrently. Eachof thesebindingsmight havedifferent
propertiesassociatedwith them,e.g. differentsetsof operationsrequestedwith differentconstraints.This
would requirethat the serverobject returneddifferent interfacereferencesfor eachsuccessfulbinding.
For example,insteadof insertingthe client interfacereferenceinto thesetknownfor successfulbinding
requests,theservermight generatean interfacereferencewhich is sentto the client andaddedto theset
known. For simplicity, we assumethata successfulbinding resultsin theclient interfacebeingaddedto
thesetof knowninterfacereferences.

If theclient is not alreadyboundto the server, i.e. not in the setof knowninterfacereferences,then
theoperationsassociatedwith theclient’srequestarechecked.If theoperationsaskedfor arenotavailable
at theserverthensomeerrorbehaviouris takenanda recursivecall made.For simplicity herewe avoid
dealingwith theissuesinvolvedin typecheckingtheparametersof clientandserveroperations.Rather, we
simplystatethattheoperationstheclientrequestsshouldbein thesetof operationsthattheserverprovides.

In this specificationfragmentwe assumethat if the constraintsexpresslygiven by the client arenot
expresslysatisfiedby theserver, i.e. by a specificconstraintasopposedto its behaviour, thentherequest
to bind is refused. It might alsobe the casethat client constraintscanbe satisfiedby the serverwithout
constraintsbeingexpresslygiven. Unfortunatelythis is not possibleto check“on thefly” in LOTOS.As
statedin section7.2.1,LOTOSallowscomplexbehavioursto bespecified,but it is not thecasethatthese
behaviourscanbereasonedaboutwithin thespecificationitself. We discussthis issuein moredetailat the
endof this chapter.

Finally, if the client asksfor legal operations,i.e. in the set of operationssupportedby the server
interfacereference,andall constraintscanbesatisfiedthensomesuccessfulbehaviouroccurs.This might
be the sendingof a positiveresponseto the client. Following this the client interfacereferenceis then
addedto thesetof knowninterfaces.Membershipof thissetthenallowsaccessto theotherbehaviour(not
specifiedhere)availableat this interface.As statedpreviously, this otherbehaviourshouldrealisetheset
of operationsandconstraintsgivenby theinterfacereferencemyref.

This specificationfragmentusesseveralAct Oneoperationsthat shouldbe discussedin moredetail.
TheoperationSatisfiesrepresentsthesatisfactionof theclientsetof non-functionalconstraintsby theserver
constraints.If a client’s constraintsarebasedon thosegiven in the previouschapter, i.e. cost,resource
usageandtiming constraints,thentheirsatisfactionis givenby theserver:

• havinga lowercostthantheclient is willing to pay;

• havingmoreresourcesthantheclientneeds;

• producingresultsat leastasfastastheclientneedsthem.

As discussedin section6.2.1, costsmay be calculatedoncewhen the interfaceis accessedor may
accumulateasthe interfaceis used. As such,thesatisfactionof this relationmay involve morethanjust
comparisonof two valueswhenbindingis done.It mightbethecasethatcomplexpoliciesaresetupwhere
costsdecreaseastheinterfaceis successivelyaccessedfor example.Forsimplicity hereweassumeasingle
valuethatcanbecheckedoncewhenbindingis done.

Resourceconstraintswerespecifiedthroughactioncountingin section6.2.2.In reality, amorecomplex
approachto satisfactionof resourceconstraintsis likely. For example,sincenumerousclients may be
boundto the server, ensuringthat the resourceconstraintsgiven in a binding requestaresatisfiedat all
timesis likely to requirealgorithmsfor dealingwith maximumloadsandscheduling.

Satisfactionof timing constraintsfor clientsandserverswill dependverymuchontheparticulartiming
requirementsthemselves.For example,it might be the casethat a client hasconstraintsthat the results
shouldbereturnedwithin someallottedtime window. Alternatively, a clientmight requestthatresultsare
returnedat a specifictime. Henceit is not necessarilythecasethatfasterresponsesarealwaysdesireable.
Further, thesetiming constraintsmight beappliedto individual operationsor to the interfaceasa whole.
Theapproachgivenin section6.2.3canbeusedtodealwith suchissues,butrequiresalevelof prescriptivity
notpossiblehere.
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Satisfactionof timing constraintsfor otherinterfacetypes,e.g.streaminterfaces,will almostcertainly
bemuchmorecomplex.For example,timing constraintsrelatedto therate,allowedjitter, maximumand
minimumdelays,etc. will all haveto beaddressedbeforeanyform of successfulbindingcanbeachieved.

In theabovespecificationfragment(andin section6.2.1)wedonothavesimpleparameterlists. Rather,
wehaveahigherorderparameterlist, whereparametersthemselvescanrepresentinterfacereferences.It is
notpossibleto treatordinaryparameterlists, i.e. PList, in thesamewayashigherorderparameterlists, i.e.
HOPList in LOTOS,ascyclic dependencieswould existbetweentheAct Onedatatypes.Thatis, Param
is usedin PList; PList is usedin Op; Op is usedin OpSetandOpSetin IRef. Thusit is notpossibleto have
anoperationin IReflike isParam:IRef→Param, asthiswouldrequireIRefto beenrichedby Paramwhich
wouldproducea cyclic dependency.

It is of coursequite possibleto specify all parameterlists as being higher order, i.e. replaceall
occurrencesof PList in theprocessalgebraby HOPList. Wedonot dososincein mostcasestheyarenot.
A higherorderparameterlist mayberepresentedby:

Type HOPList is IRef, PList
sorts HOPList
opns makeHPL : -> HOPList

addParam: Param, HOPList -> HOPList
remParam: Param, HOPList -> HOPList
isParam : IRef -> Param
isIRef : Param -> Bool
getIRef : HOPList -> IRef

endtype (* HOPList *)

We omit theequationsfor brevity. They requirethata distinctioncanbemadebetweena parameter
representingan interfacereferenceand any other kind of parameter. This might be donefor example
throughcheckingthata locationis associatedwith the parameter, i.e. getLocasdefinedin section5.1.2
doesnot containa null value. We noteherethatthecheckshouldnot bemadeon constraintssincenot all
interfacereferenceswill haveconstraintsassociatedwith them. Further, thecheckshouldnot bemadeon
aninterfacehavingasetof operationsasall parametershavea setof operationsassociatedwith them.

A serverthatreceivesa messagefrom a clientwishingto deleteits bindingmayberepresentedby:

process ServerInterface[ g ...](myRef: IRef, known: IRefSet, ...):noexit:=
g ?deletebind: Name !myRef ?pl: HOPList;
( [ not(getIRef(pl) IsIn known) ] ->

...(* not bound to server *)
ServerInterface[ g ...](myRef,known...)

[]
[ getIRef(pl) IsIn known ] ->

ServerInterface[ g ...](myRef,Remove(getIRef(pl),known)...)
[]
(* other behaviours restricted to clients in known *)

endproc (* ServerInterface *)

Heretheservercheckswhethertheclient is boundto thatserveralready. If not thenthesetof known
interfacereferencesis unchanged.If it is thenthe clientsinterfacereferenceis removedfrom the setof
knowninterfacereferences.

It shouldbenotedthat it might bethecasethat it is theserverthatdecidesto deletethebinding. This
mightberepresentedas:

process ServerInterface[ g ...](myRef: IRef, known: IRefSet, ...):noexit:=
i; g !deletebind !SomeIRef !pl !Server;
ServerInterface[ g ...](myRef,Remove(SomeIRef,known)...)
[]
(* other behaviours restricted to clients in known *)

endproc (* ServerInterface *)

Herewedonot specifyhowtheinterfacereferenceSomeIRefwasselectedto beremovedfrom theset
of knowninterfacereferences.Theparameterlist pl maywell containinformationasto why thebinding
wasterminated.
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7.4.2 An ExtendedModel of Substitution in LOTOS

In the previoussectionwe haveseenhow a form of type checkingbetweenclientsandserverscanbe
achievedin theprocessalgebrapartof LOTOS.We now considerhow it is possibleto specifya form of
substitutionbetweenserverinterfaces.

As discussedin section2.2.3,substitutionmaybe regardedastheprimarymechanismfor addressing
evolution. This is the ability to replacea componentin a systemwith a differentcomponentandensure
thatthesystemoverall is not adverselyeffected.

In LOTOS,substitutionbetweenprocessdefinitionsdirectlyisnotpossiblein thesenseof anewprocess
definitionbeingaddedtoaspecificationto replaceanexistingone.Thenumberandconfigurationof process
definitionsin a LOTOS specificationis static. Thebehaviourof thespecificationmay, however, resultin
theinstantiationof potentiallyinfinite processinstancesthatallow for differentinteractionpatterns.

It is possibleto specifyaformof substitutionthroughtheredirectionof requeststhataresentto aserver.
This is commonlyreferredto asdelegation[165]. Here,themessagessentto anexistingprocessaresent
to anotherprocessprovidedtheotherprocesshasanacceptablebehaviour. We haveseenabovehow the
syntacticaspectsof thisbehaviourcanbechecked,i.e. throughoperationsubsetting.Furtherwehaveseen
how certainconstraintsassociatedwith a givenbehaviourmight be checked.A serverthatallows for a
form of delegationmaythusberepresentedas:

process ServerInterface[ g, d ...](myRef: IRef, known: IRefSet, delRef: IRef ...):noexit:=
g ?op: Name !myRef ?pl: HOPList;
( [ (op eq delegate) and (makeOp(op,pl) IsIn getOps(myRef)) and

(getCons(getIref(pl)) Satisfies getCons(myRef)) ] ->
ServerInterface[ g ...](myRef,known,getIRef(pl)...)

[]
(* behaviour for unsuccessful delegation operation *)

[]
...

(* if not delegation operation and delRef eq NULL *)
(* check parameters and have behaviour as before *)

...
[]

(* if non-delegation operation with ok details and delRef ne NULL *)
d !op !delRef !pl;
d ?res: Name !myRef ?pl : HOPList;
g !res !getIRef(pl) !pl;
ServerInterface[ g, d ...](myRef,known,delRef...)

endproc (* ServerInterface *)

Hereweincludeanextraparameterin theformalparameterlist delRefwhichis areferenceto aprocess
thatprocessServerInterfacedelegatesrequeststo. WhenprocessServerInterfaceis instantiated,this will
besetto NULL. Theserverprocessbehaviourthenchecksthatthis formalparameteris notsetto anyvalue
otherthanNULL whenrequestsarereceived.For simplicity, we do not dealwith thesituationwherewe
havemultipleinterfacesthatthebehaviouris delegatedto,althoughthiswouldbequitepossibleto specify.

Shouldaprocesssynchroniseatgateg with theoperationnamedelegatethenvariouschecksaredone.
Firstly, the processchecksthat the detailsof the requestare valid, i.e. that delegationis a permitted
operationfor this interface. Following this, it checksthat the constraintsassociatedwith the delegation
offer satisfytheexistinginterfacereferenceconstraints.It shouldbenotedthat if this is thecasethenthe
constraintsassociatedwith theknownsetof interfacereferencesshouldalsobesatisfied.

If theoperationinvokedatgateg is nota delegationoperation,thenthebehaviourdependsonwhether
theprocesshasalreadydelegatedresponsibility, i.e. if delRefis not NULL. All guardsthatlimit accessto
theprocessbehaviourincludea checkon whetherthis interfacereferenceis NULL or not. If it is NULL
thenbehaviourbeingguardedshouldbethatbehaviourrequiredto satisfythe interfacereference.If it is
not NULL andthedetailsof therequestaresatisfactory, i.e. therequestedoperationis permitted,thenthe
detailsof therequestareforwardedat gated to thedelegatedprocess.Responsesarereturnedwhich are
thenpassedon to theoriginal requestor.
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7.5 TypeEquivalencein Z

Wehaveseenin chapter5 howZ couldbeusedto specifyaspectsof computationalinterfacesconsistingof
collectionsof syntacticunits (operation,signalandflow signatures)andhow theseunitscouldbe related
directly to behaviours. In chapter6 we presenteddifferentconstraintsthat might influencebehaviours.
Specifically, we focussedon cost,time andresourceusageconstraints.In this sectionwe shall seehow
certainof thesespecificationfragmentscanbeappliedto developamorecompletemodelof typechecking
in Z. A similarapproachto developa morecompletetypecheckingmodelfor distributedsystemsmaybe
foundin [179].

ODPcomputationalinterfacesconsistof interfacesignatures,behaviourspecificationsandenvironment
contracts.Environmentcontractsmayberegardedasagreementson thebehaviourofferedby theinterface
andexpectedfromtheenvironmentfor theinterfaceto functioncorrectlyin theenvironment5. Environment
contractsmaycontainconstraintson quality of service,e.g.throughputsanddelays,aswell asusageand
managementconstraints.Thesemight includeparticularlocationconstraintsontheinterfaceusageaswell
astheneedfor selecteddistribution transparencies(seesection2.1.3).

ODP prescribesrulesthat haveto be satisfiedwhencomposingsystemsor replacingonesystemby
another. Theserulesarebasedon interfacesignaturesonly. No accountis takenof behaviouralissues
or considerationof environmentcontracts.To a largeextent,this is only naturalsinceODPasa generic
architecturecannotprescribeexplicit behaviouror environmentcontractcontents.Neverthelesswe shall
seehow it is possibleto specifysatisfactionof behaviouralandenvironmentcontractaspectsin a generic
mannerin Z. Forsimplicity wefocusonasubsetof thenon-functionalconstraintsthatmightbeassociated
with interfaces,namelydelaysandthroughputs.

We noteherethat we do not considerall aspectsof all interfaces,i.e. operational,signalandstream
interfaces.Ratherweshowhowsyntacticandbehaviouralaspectsof operationalinterfacescanbechecked,
andhownon-functionalaspectsof streaminterfacescanbechecked.

7.5.1 Checking Interface SignatureswhenBinding in Z

Two operationalinterfacesare syntacticallyequivalentand can be composed(bound)when they have
oppositecausalitiesandtheydo not issuerequestsor responsesthatarenot understood.To specifythis,
it is necessaryto introducea basicideaof subtypingbetweenparameters.For simplicity we assumethat
this relation is basedon sequencesof parameters.The extensionfrom relationshipsbetweentypesto
relationshipsbetweensequencesof typesis givenin [40]. Wemayrepresentthis relationshipas:

∣∣ isSubtype: PList ↔ PList

Two interfaceswith oppositecausalitycan be bound successfullywith regardto messagesbeing
understoodwhentheinvocationnamesof theclientexist in theserverandtheparametersassociatedwith
therequestaresubtypesof thosein theserverinterface. In addition,the terminationnamesof theserver
mustexistin theclientandtheparametersassociatedwith theresponsearesupertypesof thosein theserver
interface.Thiscanberepresentedby:

∣∣∣∣∣∣∣∣∣∣∣∣

BindSyntaxOk: OpIntSig↔ OpIntSig

∀ois c; oiss : OpIntSig | (oisc; oiss) ∈ BindSyntaxOk•
oisc:role = Client ∧ ois s:role = Server⇒
(∀int c : IntSig | int c ∈ ois c:ints • (∃int s : IntSig • int s ∈ ois s:ints∧

intc:inv:invName= ints:inv:invName∧ (int c:inv:inArgs;ints:inv:inArgs) ∈ isSubtype∧
(∀tt s : TermTemplate | tt s ∈ int s:terms• (∃tt c : TermTemplate • tt c ∈ int c:terms∧

tts:termName= ttc:termName∧ (tt s:outArgs;ttc:outArgs) ∈ isSubtype))))

This relationprovidesthebasisfor syntacticinterworkingbetweenclientsandservers,i.e. it provides
theminimumrequirementsnecessaryto startdealingwith issuessuchasopenness.For brevity, wedonot
makethisa symmetricrelationship.Forsimilar reasonswealsodonotproducetheZ text representingthe
syntacticcompatibilityof streamandsignalinterfaces.Thesespecificationsmaybefoundin [178].

5andin turn for theenvironmentto expectthecorrectbehaviourfrom theinterface.
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7.5.2 CheckingNon-Functional AspectswhenBinding in Z

Chapter6 introduceda collectionof non-functionalaspectsthatmightbeassociatedwith a giveninterface
or system.As statedpreviously, constraintson location,usageandmanagementmayalsobegiven. These
constraintsmay simply be representedas given types. For example,transparencyconstraintsmay be
modelledas:

Transparency::= Access| Location | Replication | :::

Wemaycollectall of theconstraintsthatmightapplyto agiveninterfaceor systeminto aparameterised
freetypedefinition. Wenameall of theseconstraintsof systemscollectivelyasConstraints. Thesecanbe
representedas:

Constraints::= maxCostInterface〈〈CostConsInterface〉〉 |
maxResInterface〈〈SetInterfaceResourceLimit〉〉 |
maxD〈〈maxDelay〉〉 |
maxTP〈〈maxThruPut〉〉 |
requiredTransparencies〈〈Transparency〉〉 | :::

Herethe dots imply that this setof assertionson systemis not complete. With this model,we may
representanenvironmentcontractas:

EnvCon∣∣∣∣ needs: FFConstraints
promises: FFConstraints

We noteherethat the environmentcontractis divided into two groups: constraintson the expected
behaviourof theenvironmentandconstraintsonthebehaviourof theinterfacewith whichtheenvironment
contractis associated.It shouldbepointedout that thesearefinite setsof constraintsandnot non-empty
finite setsof constraints.It mightwell bethecasethattherearenoconstraintsassociatedwith aninterface
or system.In this casethesignatureandbehaviourareall thatexist. Whereexplicit constraintsaregiven,
severalconditionsontheinterfacesareimposedwhenbindingis to takeplace.Firstly, theassertionsshould
beunderstandable.Thusaswith interfacesignaturebinding,theconstraintswill haveasyntacticform that
will beunderstoodbetweensystems.Secondly, theconstraintsshouldideally beeasilychecked.In most
casesa constraintcorrespondsto a nameandvaluepair. More complexconstraintscanexist aswell as
constraintsthataredependentononeanother, e.g.morecostallowsahigherthroughputto beachieved.It is
possibleto specifysuchrelationshipsbetweenconstraints,butfor simplicity wefocusonly onindependent
constraintsrepresentedby namesandvalues.Satisfactionof constraintswill dependuponthesevalues.

A consumerinterfacemaybeboundto a producerinterfacewhen:

• Themaximumthroughputtheconsumercanconsumeis greaterthanthemaximumthroughputthe
producercanproduce.

• Themaximumdelaya consumercantolerateis lessthanthemaximumdelaya producerexhibits6.

Theintuitivemeaninghereis thattheconsumercanconsumeatleastasfastastheproducercanproduce.
Further, the producerdelaysbetweenframeproductionarewithin the rangeof acceptabledelaysof the
consumer. Thesatisfactionof constraintsfor throughputsanddelaysgivenherecanberepresentedas:

∣∣∣∣∣∣∣∣∣∣∣

Satisfies: Constraints↔ Constraints

∀mft 1; mft2 : mmFlowType; c1; c2 : Constraints | (c1; c2) ∈ Satisfies•
(c1 = maxTP(mft1; maxThruPut(mft1)) ∧ c 2 = maxTP(mft2; maxThruPut(mft2))∧

maxThruPut(mft1) ≥ maxThruPut(mft 2))∨
(c1 = maxD(mft1; maxDelay(mft1)) ∧ c 2 = maxD(mft2; maxDelay(mft2))∧

maxDelay(mft1) ≤ maxDelay(mft 2))

6Forsimplicity we ignoreissuesrelatedto networklatency, althoughweacknowledgethatthis is aconsiderablesimplification.
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Thisstatesthatif theconstraintof interestis throughput,thentheconstraintof oneinformationflow is
satisfiedby anotherwith a higherthroughput.If theconstraintis delaythenoneinformationflow satisfies
anotherwhen it haslessdelaysbetweenframes. We shall show in section7.5.7 how this satisfaction
relationcanbeattachedexplicitly to interfacesto checkwhethertheycaninterworksuccessfully. A similar
approachto satisfactionof environmentcontractswaspresentedin [177].

7.5.3 Checking Interface BehaviourswhenBinding in Z

Establishingwhetherclientscan be boundto serversand havesomedesirablebehavioura priori is in
generalnot possibleto computefor anythingotherthansimplisticbehaviours.Nevertheless,it is possible
to specifycertaindesirablefeaturesthat onewould like boundinterfacesto possess.For example,one
featuremightbethattheclientandserverdonothavecontradictorybehaviours.

Wenoteherethatthebasisfor interactionis thattheclientsandservershavecompatiblesignatures,i.e.
their associatedsignaturesarein therelationBindSyntaxOkgivenpreviously. Clientsandservershaving
non-contradictorybehavioursmayberepresentedas:

∣∣∣∣∣∣
NonContraBehOk: OpIntTemplate↔ OpIntTemplate

∀ci; si : OpIntTemplate | (ci; si) ∈ NonContraBehOk•
(ci:ops;si:ops) ∈ BindSyntaxOk∧ (∃res: behspec• res= (si:sbs∪ ci:cbs) +)

This statesthat the transitiveclosureof the client andserverbehavioursshouldexist. This is only
trueif theclient andserverdo not wish to performcontradictoryactions,i.e. theclient wishesto perform
actionx followed by y andtheserverwishesto performy followed by x say. This specificationfragment
requiresthat all client andserveractionsnot observablein the interface,i.e. internalactionsor actions
at other interfaces,aredistinct. To overcomethis restrictionit is possibleto modify the relationso that
contradictionsdonot existin thesetof actionsthattheyhavein common.Forbrevity, weomit theZ text.
Thesameideaof checkingthatthetransitiveclosureof the(restricted)relationexistshowever.

We notethatthis relationalsorequiresthattheclientandserverbehavioursthemselvesareirreflexive.
This may not be the case,especiallywhereconcurrentprocessingis possible,e.g.wherethe behaviour
containsactionssuchasa|||b whichcanleadto theactions(a,b) and(b,a) beingin therelation.

Whilst havingnon-contradictorybehavioursmightbea usefulguideto checkingthatinterfacesdonot
havesome“bad” behaviour, e.g. deadlock,non-contradictorybehaviourdoesnot meanto say that the
interfacescaninteractsuccessfullyandhavesome“good” behaviour. Withoutbeingspecificregardingthe
modellingof behaviours,it is notpossibletoprescribewhatconstitutes“good” behaviour. Oneusefulthing
to specifythoughis thatoncea serverreceivesaninvocationfrom a client, it doesnot havea sequenceof
statesthatdoesnot leadto anassociatedterminationbeingsent.

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

BindBehOk: OpIntTemplate↔ OpIntTemplate

∀si;ci : OpIntTemplate | (ci; si) ∈ BindBehOk•
(ci; si) ∈ NonContraBehOk∧
(∀is : IntSig; it : InvTemplate; tt : TermTemplate; s 1; s2; s3; s4; s5; s6; s7; s8 : State |

is ∈ ci:ops:ints∧ it = is:inv ∧ tt ∈ is:terms∧
(isInvAct(it; s1; s2); isTermAct(tt; s3; s4)) ∈ ci:opbs +

∧

(isInvAct(it; s5; s6); isTermAct(tt; s7; s8)) ∈ (si:opbs�−{isInvAct(it; s 5; s6)}) +
∧

isInvAct(it; s1; s2) = isInvAct(it; s5; s6) ∧ isTermAct(tt; s 3; s4) = isTermAct(tt; s7; s8) •
(∀ss 1; ss2 : seq State | ss 1

_
〈s5; s6〉

_ss2
_
〈s7; s8〉 prefix si:ophis•

(∀ss 3 : seq State | ss 1
_
〈s5; s6〉

_ss3 prefix si:ophis • ss 3 prefix ss 2 ∨ 〈s 5; s6〉 in ss 3)))

Severalthingsshouldbe notedhere. Firstly, we statethat the behavioursof the client andserverdo
not contradictoneanother. Secondly, we statethat the invocationfrom theclient to theserverrepresents
thesameaction,asdoestheterminationfrom theserverto theclient. Thusfor interactionsto takeplace,
theactionsmustbethesame.It might beconsideredthat this goesagainstthesubtypingpossibilitiesfor
parameters.We argue that whenan interactiontakesplace,the subtypingruleseitheraresatisfied,e.g.
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coercionor someothermechanismis usedto convertthe type to oneexpected,or no interactiontakes
place.Sinceweonly dealwith successfulbindingheretheerroneouscaseis notconsidered.Thefinal two
universalquantificationpredicatesstatethatall sequencesof serverstatesfollowing aparticularinvocation
leadto theassociatedtermination,i.e. sequencesthatdonot leadto theterminationareprohibited.

Wenoteherethatwefocusonlyonthebehaviourspecificationconsistingof thoseactionsfollowing the
invocationbeingconsidered,i.e.weavoidtheproblemof terminationsassociatedwith previousinvocations.
Forsimplicity weassumethattheinvocationdoesnotoccuragainbeforea terminationhasbeenissued.

7.5.4 Checking Interface SignatureswhenSubstituting in Z

A serverinterfaceisanacceptablesubstitutefor anotherserverinterfacewhenit is syntacticallycompatible,
i.e. it extendsthesignature.Thiscanberepresentedby:

∣∣∣∣∣∣∣∣∣∣∣∣

SubstituteSyntaxOk: OpIntSig↔ OpIntSig

∀ois sub; ois : OpIntSig | (oissub; ois) ∈ SubstituteSyntaxOk•
ois:role= Server∧ ois sub:role = Server⇒
(∀int : IntSig | int ∈ ois:ints• (∃int sub : IntSig • int sub ∈ ois sub:ints∧
intsub:inv:invName= int:inv:invName∧ (int:inv:inArgs;int sub:inv:inArgs) ∈ isSubtype∧
(∀tt sub : TermTemplate | tt sub ∈ int sub:terms• (∃tt : TermTemplate• tt ∈ int:terms∧
ttsub:termName= tt:termName∧ (tt sub:outArgs;tt:outArgs) ∈ isSubtype))))

This relationprovidesthebasisfor syntacticsubstitutionbetweenservers,i.e. it providestheminimum
requirementsnecessaryto startdealingwith issuessuchasevolution.Forbrevity, wedo notgive herethe
conditionsfor client substitutions.Thesearesimilar but with therolessetto client andthesubtypingof
parameterrulesfor invocationsandterminationsreversed.

7.5.5 CheckingNon-Functional AspectswhenSubstituting in Z

As previously, we considerassertionson themaximumthroughputanddelaysof multimediaflows. One
consumerinterfacemaybesubstitutedfor a secondconsumerinterfacewhen:

• Themaximumthroughputthesubstituteconsumercanconsumeis greaterthantheoriginalconsumer.

• Themaximumdelaythesubstituteconsumercantolerateis greaterthantheoriginalconsumer.

A producerinterfacemaybesubstitutedfor anotherproducerinterfacewhen:

• Themaximumthroughputthesubstituteproducercanproduceis greaterthantheoriginalproducer.

• The maximumdelay betweenframesof the substituteproduceris less than that of the original
producer.

We note herethat theseconstraintsdo not imply that the producermustproducefaster. They only
representthefact thattheproduceris ableto producefaster. Forexample,if a consumerwantsa producer
to work at its maximumrate, then a substituteproducershouldbe able to achievethis rate also. For
brevity, wedo not producetheZ textsshowingsatisfactionof constraintswhensubstitutingfor producers
or consumers.Thesearesimilar to thosegiven previouslyfor constraintsatisfactionwith the predicates
modifiedaccordingly.

7.5.6 Checking Interface BehaviourswhenSubstituting in Z

Oncesignaturecompatibilityhasbeencheckedwe needto checkbehaviouralcompatibility. Behavioural
compatibility for serversubstitutesrequiresthat, whateversequenceof statesthe original servercould
producebetweenan invocationand its associatedtermination,then the substituteservercannothavea
sequenceof statesthat doesnot lead to thesesequences.A basisfor establishingthis is that they are
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syntacticallycompatibleandthatthebehaviourof theoriginal serveris containedwithin thebehaviourof
thereplacement.This canberepresentedas:

∣∣∣∣∣∣
SubContainsBehOk: OpIntTemplate↔ OpIntTemplate

∀si 1; si2 : OpIntTemplate | (si1; si2) ∈ SubContainsBehOk•
(si1:ops;si2:ops) ∈ SubstituteSyntaxOk∧ si 2:opbs⊆ si 1:opbs

Ensuringthatall invocationsleadingto terminationsin theoriginal serverareexhibitedby thereplace-
mentservermayberepresentedas:

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

SubstituteBehOk: OpIntTemplate↔ OpIntTemplate

∀si 1; si2 : OpIntTemplate | (si1; si2) ∈ SubstituteBehOk•
(si1; si2) ∈ SubContainsBehOk∧
(∀is : IntSig; it : InvTemplate; tt : TermTemplate; s 1; s2; s3; s4; s5; s6; s7; s8 : State |

is ∈ si 1:ops:ints∩ si 2:ois:ints ∧ it = is:inv ∧ tt ∈ is:terms∧
(Inv(it; s1; s2); Term(tt; s3; s4)) ∈ (si 2:opbs�−{Inv(it; s 1; s2)}) +

∧

(Inv(it; s5; s6); Term(tt; s7; s8)) ∈ (si 1:opbs�−{Inv(it; s 5; s6)}) +
∧

Inv(it; s1; s2) = Inv(it; s5; s6) ∧ Term(tt; s 3; s4) = Term(tt; s7; s8)•
(∀ss 1; ss2 : seq State | ss 1

_
〈s5; s6〉

_ss2
_
〈s7; s8〉 prefix si 1:ophis•

(∀ss 3 : seq State | ss 1〈s5; s6〉
_ss3 prefix si 1:ophis• ss3 prefix ss 2 ∨ 〈s 5; s6〉 in ss 3)))

Severalpoints are worth mentioningabout this specificationfragment. Firstly, we statethat the
invocationsandterminationsin thetwo serversarethesame.Thisallowsusto relatethestatesof thetwo
serversdirectly. Thuss1 ands5 for examplemight becompletelydifferent,but providedtheinvocationit
canoccurin thesetwo statesthenwe do not needto know any moreaboutthem. Similar considerations
apply to the otherstatesgiven. This lack of awarenessis deliberate. Otherwork hasfocusedin great
detail on staterelationshipsandtheir relationshipto subtyping. Cusackfor example[54] hasdeveloped
a detailedtheory for acceptablesubstituteoperationsbasedon statecomparisonsin a Z extension[55].
Our treatmentof stateshereis largely aslabelledplaceholdersfor reasoningaboutactionorderings.This
approachis morein the styleof processalgebras.We arguethat this is moredirectly relevantto ushere
sinceit canbeapplieddirectlywithin thespecificationasabasisfor reasoning.Cusack’sapproachrequires
considerationsaboutsubtypingissuesto behandledoutsidethe specifier’s domain. That is, suchissues
arenormallyconsideredwhenreasoningaboutthespecification.Herewe wantto specifywhattheissues
aredirectly whencomposingsystemsor substitutingthemfor oneanother. For substitutability, we would
arguethat reasoningaboutbehaviouralsubtypingcanlargely beavoidedif oneassumesthat invocations
andterminationsarethesame.This is notanoverlyrestrictiveassumptiongiventhatonewouldexpectthe
replacementto haveexactlythesamebehaviourswherethebehavioursoverlap7.

Thefinal two universalquantificationpredicatesstatethat for all invocationsandsubsequenttermina-
tionsassociatedwith a givenserver, a substituteservercannothavea sequenceof statesthatdoesnot lead
to thesameterminationoncethegiven invocationhasoccurred.For simplicity, we assumethat thestate
sequencesleadingup to thestatein which theinvocationis possiblearethesame.

7.5.7 ExtendedType CheckingModel in Z

Computationalinterfacetemplatesconsistingof signatures,behaviourspecificationsand environment
contractsmayberepresentedas:

ExtendedOpIntTemplate∣∣∣∣ opint : OpIntTemplate
ec : EnvCon

To specifytruly opensystemsrequiresthatall syntactic,behaviouralandnon-functionalconsiderations
containedwithin an(extended)operationalinterfacetemplatearesatisfiedwhenbindingtakesplace.Thus

7Of course,this assumesthat the original serverfunctionedcorrectly in the first placeand was not beingsubstituteddue to
erroneousbehaviour.
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all constraintsput forward in the environmentcontractshouldbe satisfiedby the interfacebehaviour(if
theywerepromises) or satisfiedby theenvironment(if theywereneeds). Thiscanberepresentedas:

∣∣∣∣∣∣∣∣∣∣∣

OpenComposition: ExtendedOpIntTemplate↔ ExtendedOpIntTemplate

∀ C; S : ExtendedOpIntTemplate | (C; S) ∈ OpenComposition•
(C:opint;S:opint) ∈ BindBehOk∧
(∀c 1; c2 : Constraints | c1 ∈ S:ec:needs∧ c 2 ∈ C:ec:needs•

(∃c 3; c4 : Constraints | c3 ∈ S:ec:promises∧ c 4 ∈ C:ec:promises•
(c4; c1) ∈ Satisfies∧ (c 3; c2) ∈ Satisfies))

To specify truly evolving systemsin Z requirethat all syntacticandbehaviouralconsiderationsare
upheldby systems. Further, all explicit statementsthe systempromisesto uphold are upheldby the
substitutesystemandtheconstraintsthereplacementsystemplacesontheenvironmentaresatisfiedby the
constraintsof theoldersystem.Thiscanberepresentedas:

∣∣∣∣∣∣∣∣∣∣∣

EvolvingSystem: ExtendedOpIntTemplate↔ ExtendedOpIntTemplate

∀ S 1; S2 : ExtendedOpIntTemplate | (S1; S2) ∈ EvolvingSystem•
(S1:bsi; S:bsi) ∈ SubstituteBehOk∧
(∀c 1; c2 : Constraints | c1 ∈ S 2:ec:needs∧ c 2 ∈ S 2:ec:promises•

(∃c 3; c4 : Constraints | c3 ∈ S 1:ec:needs∧ c 4 ∈ S 1:ec:promises•
(c1; c3) ∈ Satisfies∧ (c 4; c2) ∈ Satisfies))

7.6 Summary

Thischapterhasshownhowtypesarecritical to distributedsystemsdesignanddevelopment.An approach
to specifytypesin aform thatallowsfor theirstructuralsimilarity to becheckedwaspresentedin Act One.
A completespecificationshowinghowtypesystemscanbespecifiedandcheckedsothattyperelationships
canbeestablished,e.g. subtyping,is presentedin AppendixA. This specificationalsoallowsassertions
on typerelationshipsto bemadeandchecksperformedon thepossiblevalidity of thoseassertions.

We haveseenhow LOTOS canbeusedto modelinterfacereferencesconsistingof setsof operations
with associatedconstraints.This approachenableda form of typecheckingto beachievedwith LOTOS.
This typecheckingwasappliedto decidewhetheroneinterfacewishesto accepta bindingrequestfrom
anotherinterfacebasedontheoperationsandconstraintsof theotherinterface.In additionwehaveshown
how substitutionof systemscouldbeachievedabstractlythrougha form of delegationbasedon interface
referencecontents.

Oneissuewith thiswork in generalis thatwehavelargelyavoideddealingwith behaviouralaspectsof
interfaces.Theinterfacereferenceswemodelandcheckareessentallysyntacticstructureswitheconstraints
attached.Ideally, we would like to beableto checkbehaviouralaspectsof interfacesalso. For example,
the model of interfacereferencespresentedheredoesnot allow checksthat the setsof operationsand
constraintsarereally exhibitedby theprocesswith which theyareattached.Suchcheckswould certainly
berequiredif onesystemwereto bereplacedby another. Unfortunately, thecheckingof suchbehaviours
is notpossibleto achievewithin LOTOSitself. Behaviouralissuesregardingthespecificationarenormally
consideredwhenthespecificationis testedfor example.Testingfor bisimulations“on thefly” for example
is currentlyan activeareaof research[79]. Certaintools [69] can indeedcheckfor suchrelationships,
however, they placeoverly restrictivedemandson the specificationstructure,e.g. typically recursionis
not permitted.Suchrestrictionswhilst makingthechecksdecidable,do not allow realisticsystemsto be
specified,e.g.objectsthatcancontinuallyacceptrequestssay.

Despitethis, we haveseenthat it is possibleto specifypowerful relationsin Z representingdesirable
featuresof systems.For example,specifyingthat serversalwaysreturn terminationswheninvokedby
a client. We haveseenalsothat Z is well suitedto modellingconstraintson behaviours.As discussed
in section6.4, it couldbearguedthatoneproblemwith Z is that it is very goodat makingassertionson
behaviours,but limited in thefeaturesit offersfor verifying suchassertions.We shallseein thefollowing
chapterhowcertainassertionscanbecheckedwhenwespecifyaproducerandconsumerflow configuration.



Chapter 8

Applying the Ar chitectural Semantics

In thischapterweshowhowthearchitecturalsemanticsdevelopedin thepreviouschapterscanbeapplied
to two casestudies. The casestudiesselectedarea tradingsystemanda producerandconsumerflow
configuration.We specifythe tradersystemusingthearchitecturalsemanticsdevelopedfor LOTOS and
theproducerandconsumerflow configurationusingthearchitecturalsemanticsdevelopedfor Z.

8.1 Specifyinga Trading Systemin LOT OS

ODPaimsto providedistribution-transparentutilisationof servicesoverheterogeneousenvironments.In
orderto useservices,usersneedto beawareof potentialserviceprovidersandto becapableof accessing
them.Sincesitesandapplicationsin distributedsystemsarelikely to changefrequently, it is advantageous
to allow latebindingbetweenserviceusersandproviders.If this is to besupported,a componentmustbe
ableto find appropriateserviceprovidersdynamically. TheODPtradingfunctionprovidesthis dynamic
selectionof serviceprovidersat run time. Theinteractionsthatarenecessaryto achievethis areshownin
figure8.1.

Trader

Importer Exporter

exportsimport
requests

import
responses

invocations

responses

Figure8.1: A Traderandits Users

Herea traderacceptsa serviceoffer from anexporterwishingto advertiseits services.A serviceoffer
containsthecharacteristicsof a servicethata serviceprovideris willing to provide.We noteherethatthe
serviceproviderneednot necessarilybetheexporter. Similarly theserviceusermaynot betheimporter.
Thetraderthenstorestheseserviceoffersfor useby importers.

A traderacceptsservicerequestsfrom importersof services.Theserepresentrequirementsonavailable
servicesthata tradermayor maynothaveaccessto. Uponreceiptof arequestfrom animporter, thetrader
searchesits storeof serviceoffersto seeif anyoffersmatchtheimporter’sservicerequest.If anymatching
offersarefoundtheyarereturnedto theimporter, whichmaytheninteractdirectlywith theservice.

143
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It shouldbepointedout thata tradermight not itself havea serviceoffer thatmatchesan importer’s
request. In this case,a tradercan checkwhetherany other tradersit ‘knows’ might satisfy the import
request. This is known asfederatedtrading. The establishmentof trading links betweentradersis not
addressedhere,althoughanarchitecturalapproachcanbeappliedto developa tradingfederation.

Thetraderstandard[115] identifiesnumerousoperationsthatatradershouldsupport.In thissectionwe
consideronly a subsetof these.Specificallywedealwith exportinga serviceoffer andimportingaservice
offer. Both of theseoperationshavecertainparametersthathavebeenprescribedin the traderstandard.
We considerthesein turn.

8.1.1 ParametersAssociatedwith the Export Operation

Theexportoperationallowstraderusersto advertiseservices.As suchtheassociatedparametersshould
provideenoughinformationfor atraderto establishwhetherthisserviceis theonethataparticularimporter
wants.Theparametersassociatedwith anexportoperationinclude:

• anidentifierfor theexporterof theserviceoffer;

• thetypeof theservicebeingexported;

• thevaluesof theservicepropertiesassociatedwith this typeof service;

• thecurrentvaluesof theserviceoffer propertiesassociatedwith thisserviceoffer;

• areferencetoaninterfaceatwhichthecurrentvaluesof theserviceofferpropertiescanbeestablished;

• aninterfacereferencethatcanbeusedto accesstheservice.

The first bullet point hereis usedby the traderto decidewhetherthat exporteris allowedto export
the serviceoffer, i.e. whetherthey havealreadyregisteredwith the trader. The type of servicebeing
offeredis given by the setof operationsthat the servicesupportsanda setof servicepropertiesthat are
associatedwith thatservice.Servicepropertiesandserviceoffer propertiesrepresentextrainformationthat
thesignatureof theinterfacealonedoesnotcapture(i.e.ourmodelof constraintsgivenin chapters5 and6).
Servicepropertiesmaylooselyberegardedasstaticinformationassociatedwith theservice.Serviceoffer
propertiesrepresentmoredynamicinformationthatmight beassociatedwith an interface.For example,
if theservicewasa printer servicethena staticpropertymight becostanda dynamicpropertymight be
currentusage.

The currentvaluesassociatedwith theservicepropertiesandserviceoffer propertiesareincludedin
theexportoperation.Giventhatthepropertiesthemselvesmightchange,aninterfacereferenceis givento
aserviceoffer evaluatorinterface.Thisallowsthecurrentvaluesof theservicepropertiesandserviceoffer
propertiesto bechecked.TheOMG equivalentof this is thepropertyservice[89].

Finally theexportoffer containsaninterfacereferencethatcanbeusedby the importerto accessthe
service. For simplicity herewe assumethat this interfacereferenceis compatiblewith the servicetype,
servicepropertiesandserviceoffer propertiesassociatedwith theexportoperation. It might well be the
casethat thetrader(or a typemanagementsystemactingon the trader’sbehalf)performssomechecksto
ensurethatthis is thecase.

Theresultof anexportoperationis eitheranappropriateerrormessageor anidentifierfor theservice
thathasbeenexportedto thetrader. This identifiercanthenbeusedfor exampleto remove(withdraw)the
exportedservicefrom thesetof servicesthatthetraderhasaccessto.

8.1.2 ParametersAssociatedwith the Import Operation

The importer operationallows traderusersto find servicesthat meettheir particularcriteria. As such
the parametersassociatedwith the import operationshouldprovideenoughinformation that the trader
cansearchthroughthe serviceoffers thathavebeenexportedandreturnonly thoseoffers thatmeetthe
importer’scriteria.Theparametersassociatedwith theimportoperationinclude:
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• anidentifierfor theimportermakingtheimport request;

• thetypeof theserviceto beimported;

• theservicepropertiesthattheimporteris interestedin;

• theserviceoffer propertiesthattheimporteris interestedin;

• matchingconstraints;

• selectionpreferences;

• animportingpolicy.

As with the exportoperation,the traderrequiresthat importersareidentifiedto ensurethat usersare
registeredwith thetrader. Theimportoperationmustidentify thetypeof theservicethatis to beimported,
i.e. the set of operationsthat the importer is interestedin and servicepropertiesand offer properties
associatedwith this service.The importermayalsoenumeratetheservicepropertiesandoffer properties
whosevaluestheywantreturnedalongwith matchingoffersthemselves.

Thematchingconstraintsareusedtodeterminewhatconstitutesagoodenoughmatch.Forexample,the
matchingconstraintsmightstatethatonly interfacescostinglessthana certainamountshouldbereturned,
i.e. the servicepropertyassociatedwith the servicerepresentingcostshouldbe belowa certainamount.
Theselectionpreferencecanbeusedto orderthesereturnedoffersin someway, e.g.cheapestfirst. Finally,
the importer’spolicy canbeusedto restrictthescopeof thesearch,e.g.only searchthelocal trader(and
not remoteones)or stopthesearchaftera certainamountof time.

Theresultof animportoperationiseitheranappropriateerrormessage,oroneormore(possiblyordered)
interfacereferences.Theseinterfacereferencescansubsequentlybeusedfor accessingtheservices.

8.1.3 Structuring a Trader with Importers and Exporters

In orderto tradeservices,all importersandexportersmustbeawareof thetrader’sexistenceandbeableto
interactwith it. It is quitepossiblehereto specifyonly thetraderitselfandnotdealwith theissuesinvolved
in thesubsequentbindingthatmightor mightnotoccurbetweenimportersandexporters.Instead,weshow
howLOTOScanbeusedto specifysuchdynamiccommunications,i.e. whereimportersgetreferencesto
servicestheydid not knowaboutpreviouslyandinteractwith them“on thefly”.

In orderto specifysuchdynamicsystemsit is necessaryto imposeconstraintson thestructureof the
specification.As discussedin section4.2.1,all communicationtakesplacein LOTOSthroughgates.Gates
areassignedstaticallyto processesandtheymaynot bepassedaroundbetweenprocesses.As a result,to
modelsystemswheredynamiccommunicationpathsmaybeestablishedrequiresthatall processesshareat
leastsomecommongates.For simplicity weassumethatall processesareawareof thetrader. An outline
of a specificationstructureshowinghow importersandexporterscanbestructuredwith a tradermight be:

trader[ t ]
|[t]|
(importers[ t,g, .... ] |[ g,.. ]| exporters[ t,g, ....])

Hereall importersandexportersshould(potentially)beableto interactwith thetrader. Weusespecific
gatesfor interactingwith the trader. It might also be the casethat the traderhasmore than one gate
associatedwith it, e.g.differentgatesfor importersandexportersmight beused. We considera trading
systemwhereall communicationwith thetraderis througha singlegate. Importersandexportersthatare
likely to interactwith oneanotherat somefuturetime1 shouldshareone(or more)gatesthatcanbeused
for bindingusingtheinformationreturnedfrom thetrader, i.e. thereturnedinterfacereferences.

This structureprovidescommunicationchannelsbetweenimporters,exportersand the trader, but it
doesnotallow anyform of checkingto bedoneinsidethespecificationon thebehavioursthatmayor may
not takeplace.Wehaveseenin chapter5 thatit is possibleto modelinterfacereferencesin LOTOSasfirst
classcitizens.To allow importersandexportersto tradesuccessfullywith thetraderandsubsequentlybind
to oneanotherweneedto considertheinterfacereferencefor thetrader.

1It might bethe casethatall importersandexportershavethe potentialto bind with oneanother, in which casethey shouldall
shareacommongate.
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8.1.4 Specifyinga Trader Interface Reference

As givenin chapter5, an interfacereferencemaybe representedby anAct Onedatatypeconsistingof a
setof operations,a locationandasetof constraints.Forsimplicity hereweassumethatthetraderinterface
referencedoesnot haveany constraintsattachedto it. In reality, a tradermight for examplecharge for
servicesor haveotherconstraintsthatmight equallyapply, e.g.themaximumnumberof requeststhatcan
beprocessedatanyonetime.

Asdiscussedin sections4.2.8and4.2.9,formalspecificationisconcernedwith thebuildingof modelsof
systemsandusingthesemodelsto reasonaboutpropertiesof thosesystems.Giventhislevelof abstraction,
it is not thecasethat formal languagesdealwith real-worldlocationsin spaceor time. Neverthelesswe
arguedin sections4.2.8and4.2.9that LOTOS could be usedto modelandreasonaboutlocationin an
abstractmanner. Forbrevityweintroduceasimplemodelof locationin Act One.Thismightberepresented
as:

type Location is
sorts Loc
opns locX, locY, locZ: -> Loc
eqns ...

endtype (* Location *)

We omit the equationsfor brevity. We considerin moredetail how issuesrelatedto locationcanbe
usedto influencetradinggenerallyat theendof this chapter.

An interfacereferencefor a traderprovidingonly import andexportoperationscanbeconstructedby
thefollowing LOTOSfragment:

let tref: IRef = makeIRef(locZ,insert(import,insert(export ,{})),{}) in

For simplicity herewe assumethe existenceof the import andexportoperations.We statethat the
traderinterfacereferenceis locatedat location locZ, it supportsthe operationsof import andexportand
therearenoconstraintsattachedto it. All importersandexportersthatwishto import from or exportto this
tradershouldhaveaccessto this interfacereference2. This canberepresentedas:

let tref: IRef = makeIRef(locZ,insert(import,(insert(expor t,{}))),{})
in

trader[ t ](tref...)
|[t]|
(importers[ t,g, .... ](...tref...) |[ g,.. ]| exporters[ t,g, ....](...tref...))

As discussedin section5.1.2,interfacereferencesmodelledasAct Onedatatypesshouldberealised
by thebehaviourof theprocesswith whichtheyareassociated.Fora traderthis impliesthatit supportsthe
operationsof importandexport.An initial structurefor a traderspecificationprovidingimportandexport
operationsmight be:

process trader[ t ](tref: IRef, ...):noexit:=
t ?op: Name !tref ?pl: HOPList;
( [ not(makeOp(op,pl) IsIn getOps(tref)) ] -> ... (* return error *)

[]
[ makeOp(op,pl) eq export ] -> ... (* process request *)
[]
[ makeOp(op,pl) eq import ] -> ... (* process request *)
|||
trader[ t ](tref ...))

endproc (* trader *)

We expanduponthis structureshortlyafterwehaveconsideredhowexportersandimportersmightbe
structured.

2And acommunicationchannel(gate)shouldexistfor interactingwith thetrader.
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8.1.5 Specifyingthe Structur eof Exporters

To showhowLOTOScanbeusedto modeldynamicsystems,we considerhow servicescanbespecified.
To be lessabstractwe dealwith servicesconsistingof specificoperationsandproperties. Consideran
exporterofferingtheoperationsX1; X2; X3 at locationlocX, with servicepropertiesbasedoncostandwith
serviceoffer propertiesbasedon theexpiry dateof theserviceoffer. If thecostfor usingthis service,i.e.
invokinganyof theoperationsprovided,wassetatcostXandtheserviceoffer expirydatewassetat timeX,
thentheexporterinterfacereferencemightberepresentedas:

let eref: IRef = makeIRef(locX,
insert(X1, insert(X2, insert(X3,{}))),
makeCons(insert(costX,{}),{},insert(timeX,{ })))

in

Herewe usethe modelof constraintsgiven previously, i.e. basedon cost,resourceusageandtime
constraints.Wenoteherethatnoconstraintsweregivenfor resourceusage,i.e. thesecondargumentof the
makeConsoperationis anemptyset.

Using this modelof exporterinterfacereferencesandthe traderinterfacereferencegivenpreviously,
anexportermayberepresentedas:

process Exporter[ g,t...](eid: ID, eref, tref: IRef...):noexit:=
t !expName !tref !addParam(eid,

addParam(getOps(eref),
addParam(getCC(getCons(eref)),
addParam(getTC(getCons(eref)),
addParam(isParam(eref),
addParam(isParam(eref),makeHPL))))));

(t !expName !eref ?res: Message;
Exporter[ g,t...](eid,eref,tref,...)
[]
t !expName !eref ?id: ID;
Exporter[ g,t...](eid,eref,tref,...))

[]
...
g ... (* offering operations X1, X2, X3 *)
...
[]
g ... (* offering operations to return the current service properties *)

endproc (* Exporter *)

Severalthingsshouldbenotedhere. Firstly, we assumethat thereis someway in which theexporter
can be identified (eid). We do not considerin detail how this is doneherebut note that it is possible
to achieve,e.g. through restrictinginstantiationsof object templatesto ensurethat new identitiesare
guaranteed[44, 147, 110]. We notealsothat we do not distinguishbetweenthe interfacereferenceand
theinterfacereferencefor theserviceoffer evaluatorinterface.This impliesthat if thevaluesof dynamic
propertiesassociatedwith theserviceareto beestablished,thenthis is achievedthroughinteractingwith
theservicedirectlyasopposedto someotherobject.

8.1.6 Specifyingthe Structur eof Importers

Wearenot interestedin how importerinterfaceoffersarerepresentedhere.Weonly requirethattheyexist
andcanbeusedfor communicatingwith thetrader.

An importermaybestructuredasfollows:

process Importer[ g,t...](iid: ID, iref, tref: IRef, known: IRefSet...):noexit:=
t !impName !tref !addParam(iid,

addParam(insert(X1, insert(X3, {})),
addParam(makeCons({}, insert(resAvailable, {}), {}),
addParam(makeCons({}, {}, insert(expiryDate, {})),
addParam(insert(maxCost,{}), {}, insert(minDate,{}),
addParam(nullPref,
addParam(localPolicy,makeHPL)))))));
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(t !impName !iref ?res: Message;
Importer[ g,t...](iid,iref,tref,known,...)
[]
t !impName !iref ?irefs: IRefSet;
Importer[ g,t...](iid,iref,tref,(known Union irefs),...))

...
[]
g ... (* operations invoked on "known" interface set *)

endproc (* Importer *)

We considerthe modellingof the import requestparametersin turn. As with the exportrequest,we
assumethat thereexistssomemeanswherebyimporterscanbe identified. The import requestactually
createsthesetof operationsthattheimporteris interestedin here,i.e.operationsX1 andX3. It mightwell be
thecasethatthesetof operationsrequiredis givenby a referenceto someparticularsetof operations.We
noteherethatthisapproachto specifyingthesetsof operationsthatarerequiredopensupnumerousissues
thatarelikely to beaddressedby typemanagementsystems.Forexample,it mightbethecasethatnoone
interfacesupportsall of theoperationsthat theimporterrequires,but theoperationscanbefoundin more
thanone,possiblyremote,interfaces.This phenomenonof typecheckingbasedon particularoperations
in an interfaceis termedF-boundedpolymorphism[39]. Whetherit is meaningfulto returnmore than
oneinterfacereferenceto animporterfor subsetsof therequestedoperationsdependsto a greatextenton
theimportersandthesemanticsattachedto theoperationsrequested.For example,theoperationsmaybe
dependentupononeanother. If this is thecasethenit maynotbepossibleto separatethem.

We specifythat the importeris interestedin servicepropertiesrelatedto resourceavailablity, i.e. the
valuesof theavailableresourcesareto be returnedwith thematchingoffers. We notethat this, asin the
caseof theexporterspecifiedpreviously, mightbenull. Theimporteralsowishesto knowtheexpirydates
associatedwith exportedoffers,i.e. how long theserviceis likely to beavailable.

Thematchingconstraintsarerepresentedby thevaluesmaxCostfor costconstraintsandminDatefor
expiry date.Thusthetraderwill only returninterfacereferencesfor servicesthathaveanassociatedcost
lessthanmaxCost, haveanexpirydatelongerthanminDate, andsupporttheoperationsX1 andX3.

For simplicity wedonot dealwith issuesrelatingto orderingthematchingserviceoffers,i.e. wehave
a null selection(nullPref). We omit theLOTOStext for brevity.

The import policy can take many different forms with many different levels of complexity. For
example,import policiesmight be basedonly on searchingthe local trader. We modelthis throughthe
valuelocalPolicy. Alternatively, all tradersthatthis traderknowsaboutmightbesearchedalso.Theseare
perhapsthetwo mostsimplisticpolicies.Otheronesarepossible.Forexample,if thetraderwascharging
usersfor servicesthenimport policiesmight bebasedon costlimits for usingthe trader. It might be the
casethat importersrequestthe searchto stopaftera certainamountof time if timelinessconstraintsare
moreimportant.

8.1.7 A More CompleteTrader Specification

>Fromthespecificationof theimporterandexporterswemayexpandupontheinitial outlinefor thetrader
specificationgivenpreviously. A morecompletestructurefor a traderspecificationmightbe:

process trader[ t ](tref: IRef, exports: expOffers):noexit:=
t ?op: Name !tref ?pl: HOPList;
( [ not(makeOp(op,pl) IsIn getOps(tref)) ] -> ... (* return error *)

[]
[ (makeOp(op,pl) IsIn getOps(tref)) and (op eq expName) ] ->

t !op !getIRef(pl) ?id: ID[ not(id IsIn getIds(exports))]
trader[ t ](tref,addOffer(id,getIRef(pl),getSP(pl) Union getSOP(pl),exports))

[]
[ (makeOp(op,pl) IsIn getOps(tref)) and (op eq impName) ] ->

t !op !getIRef(pl)
!search(getSP(pl) Union getSOP(pl),getOps(getIRef(pl)),exports);

trader[ t ](tref,exports)
|||
trader[ t ](tref,exports))

endproc (* trader *)
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For simplicity we avoiddealingwith all of thechecksthatmight bemadefor erroneousinvocations,
e.g.wheretheexportandimportoperationsdonot havecorrectparameters.

HerethesortexpOffersrepresentsthesetsof serviceoffersthathavebeensuccessfullyexportedto the
trader. Thismayberepresentedas:

type ExportedOffers is IdSet, IRefSet, Constraints
sorts expOffers
opns empty : -> expOffers

addOffer: Id, IRef, Constraints, expOffers -> expOffers
remOffer: Id, expOffers -> expOffers
getIds : expOffers -> IdSet
search : Constraints, OpSet, expOffers -> IRefSet

endtype (* ExportedOffers *)

We omit theequationsherefor brevity. OperationgetIdsreturnsthe identifiersof all exportedoffers.
We areensuredthatall exportedoffersareuniquelyidentifiedthroughtheuseof a selectionpredicatein
the processalgebra.OperationremOfferremovesanoffer from the exportedoffers that hasa particular
identifier. OperationaddOfferrequiresasinput: anidentifier, aninterfacereferenceandasetof constraints.
Theseconstraintsarethenassignedto theconstraintsthatareassociatedwith theinterfacereference.

We alsoprovideanoperationfor searchingthroughthe serviceoffers thathavebeenexportedto the
trader. Thisoperationallowssearchesto bemadebasedonoperationsassociatedwith exportedoffersand
the constraintsthat they haveattachedto them. The equationsassociatedwith this operationcouldwell
bevery complexdependingon theconstraintsandoperationsthathavebeensupplied. For example,the
searchmight not find offerswith all of the operationssuppliedeventhoughthey satisfythe constraints.
Alternatively, thesearchmightfind offersthatpossessall of theoperationsrequestedbut thatdonotsatisfy
all of theconstraintsthathavebeensupplied.Otherpossibilitiesexistalso.

8.2 Conclusions

In this sectionwe haveseenhow LOTOS canbeappliedto developa tradingsystemwhereservicescan
befoundbasedonstaticor dynamicfeaturesthatareassociatedwith them. In additionwehaveseenhow
referencesto theseservicescansubsequentlybeusedto accesstheservices.

Relatedwork [112, 149] hasfocussedon addingnew mobility featuresto the LOTOS languageso
asto enabledynamiccommunicationpathsto beestablished.We haveshownthat this is not absolutely
necessary. TheLOTOSlanguageisexpressiveenoughfor certaindegreesof dynamismtobesupported.We
noteherethoughthatourapproachdoeshavecertainlimitations. Theprimaryproblemwith thisapproach
is thatall processesthathavethepossibilityto interactwith oneanotheratacommongatemustparticipate
(synchronise)on all eventsat this gate. This includessynchronisingon eventswherethe processwas
not expresslyreferenced,i.e. theinterfacereferenceassociatedwith theeventoffer referenceda different
process.

It isquitepossibletoextendtheapproachgivenhere.Forexample,it ispossibletoextendtheconstraints
thatmight applyto serviceproperties.Onesuchextensionmight bethe inclusionof locationconstraints,
e.g. import requestsmight specifythat the servicesof interestshouldexistwithin a specificlocation. In
theprevioussectionwe largely avoideddealingwith locationsandhow theycanbeusedto influencethe
importingof offers. It mightwell bethecasethatlocationplaysacritical partin offerselectionthough.For
example,importersmightspecifythatonlyservicesataparticularlocationareto bereturned.Alternatively,
it might be the casethat servicelocationscanhavesomemeanswherebytheir nearness(or remoteness)
can be usedas a basisfor decidingon which serviceis selected. Suchextensionscould be specified,
e.g.throughdatatypesmodellinglocationswith operationsthatcancheckon theequalityof locationsor
distancebetweenlocations.A simpleexampleof howthismightberepresentedis:

type Location is NaturalNumber, Boolean
sorts Loc
opns locX, locY, locZ: -> Loc

distanceBetween : Loc, Loc -> Nat
Ord : Loc -> Nat

eqns ...
endtype (* Location *)
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Weomit theequationsfor brevity. Locationsmightsimplyberepresentedby sortsandoperationsexist
thatallow comparisonsbetweenthesesorts.Thusthemoreremoteaninterfaceis from anotherthegreater
the differencebetweenthe operationOrd whenappliedto theseinterfaces. An importermight usethis
informationwhenimportingfrom atrader. Forexample,constraintsof theform ‘returnonly thoseinterface
referencesfor serviceswithin a certaindistance’,i.e. thedifferencein valuebetweentheimporterlocation
andthelocationof theserviceregisteredwith thetrader.

The notionof typecheckingis fundamentalto trading. Most currentapproachesto typecheckingin
distributedsystemsarebasedsolelyonsignatures[172]. Further, thechecksthattheyperformwith regardto
establishingtypeequivalenceis basedontheclassicaltypetheoryof subsettingoperations,contravariance
of inputs and covarianceof outputs[40]. We haveseenthat evenat the syntacticlevel, i.e. without
consideringissuesrelatedto semantics,this neednot necessarilybe the case.Type checkingfor trading
shouldprovideasmuchflexibility aspossiblefor the traderimporters,or at leastasmuchflexibility as
theimportersdemand.Theapproachgivenhereandin chapter7 hasshownhowusefultyperelationships
canbeestablishedin differentways. Thusimport requestsfor setsof operationsnot availableat anyone
interfaceshouldnot automaticallybesimply rejected,i.e. errormessagesstatingthatno matchingoffers
werefound. Further, issuesrelatedto type checkingthe constraintsthat might be attachedto interfaces
shouldalsobedealtwith, e.g.checkingthatconstraintvaluessuppliedarecompatiblewith theconstraints
associatedwith theinterface.

8.3 Specificationof a Producerand ConsumerFlow Configuration

As discussed,ODP introducesconceptsnecessaryfor modellingandreasoningaboutmultimediaflows
of information. We haveseenalreadyhow Z could be usedto reasonaboutissuessuchas maximum
throughputsanddelaysassociatedwith theseflows. In this chapterwe considerin moredetailhow Z can
beappliedto specifya configurationof producerandconsumerinformationflows. In particularwe show
how Z canbe usedto modelthe actualflow of informationandchangesto the flow of information. In
additionwe showhow thenon-functionalaspectsof theproducersandconsumersareusedto restrictthe
flowsandflow manipulationsthatcanoccur.

To enablea higher level of prescriptionto be given we dealwith specificoperationson the flow of
information. We consideroperationsfor startingand stoppingthe flow andoperationsto increaseand
decreasetherateof flow production.

For simplicity we assumethat the datacontainedin the informationflow from the produceris that
requiredby the consumer. That is, we avoiddealingwith issuesrelatedto type checkingof multimedia
flows of information. Rather, we focus only on how the information flows are passedfrom producer
to consumerin sucha way that the temporalconstraintsimposedon the flows are satisfied. Another
simplificationwemakeis to dealonly with producersandconsumersof singleflows.

8.3.1 Background Conceptsfor Modelling Information Flows

As presentedin section5.1.2,an informationflow canbe representedin Z by a schemaconsistingof a
sequenceof frames.In section5.1.2,weconsideredaframeasa schemaconsistingof a timestamp,some
dataanda label. Previouslyweconsideredthetimestampasanaturalnumber. In thissectionweconsider
time asa realnumber. This allowsusto havea densemodelof time andalsohighlightstheversatilityof
theZ language.We modela framehereas:

Frame∣∣∣∣∣
ts : RR
data : Data
label : Name

Informationflows associatedwith producersandconsumersof informationmaybe eitherflowing or
stopped.Weintroducethefollowing freetypeto representthepossiblestatusthatmaybeassociatedto the
informationflows attachedwith producersandconsumers.

Status::= Stopped| FlowIn | FlowOut
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8.3.2 Formalising the Stateof Producersand Consumers

Interfacesthat produceor consumeinterfaceflows arerequiredto accessvariablesmodellingtime. In
section5.1.2we showedthat time could be representedin Z in severalways. We considerherea local
modelof timewheretheproducersandconsumersof informationflowshavelocalvariablesmodellingthe
currentlocal time. Thelocal time is incrementedwhenoperationsoccur, i.e. informationitemsaresentor
received.Theamountthat the time is incrementedby dependson therateof productionor consumption
of flows. Sincewe areinterestedin modellingburstyflows here,i.e. flows that may havetheir ratesof
productionor consumptionvaried,wemodeltherateof productionor consumptionof flowsby a variable
local to theproduceror consumer.

We maymodela producerstateby thefollowing Z fragment:

PState∣∣∣∣∣∣∣∣∣∣∣∣

ps : seq Frame
ptnow: RR
pstat: Status
prate : RR
pCons: ProducerCons

∀f 1; f2 : Frame | 〈f 1; f2〉 in ps • f 2:ts > f1:ts∧
pstat∈ {Stopped;FlowOut} ∧ . . .

Herewe statethat theproducerstateis givenby a sequenceof frames(ps), thecurrenttime (ptnow),
therateof productionof frames(prate, i.e. thetime it takesfor a producerto producea frame),thecurrent
status(eitherstoppedorflowingoutfromtheinterface),andasetof constraintsassociatedwith theproducer
informationflow. Wealsostatethatall framesin thesequenceof framesto besentshouldhaveincreasing
timestamps.Herethedotsaredependentupontheconstraintsassociatedwith themultimediaflow andhow
theyinfluencetheflow itself. To allow thesepredicatesto begiven,it is necessaryto bemoreprescriptive
regardingtheconstraintsof interest.Weconsiderthemaximumdelay, maximumthroughputand(bounded)
jitter associatedwith theinformationflow. Theseconstraintsmayberepresentedas:

ProducerCons∣∣∣∣∣
pmt : RR
pmd: RR
pjb : RR × RR

We noteherethat it is normally the casethat Z specificationsarewritten in a definition beforeuse
manner. This is especiallythe caseif tool supportis used. Semanticallythe orderingis unimportant
providedtheZ textcanbeorderedin sucha way thatall Z fragmentsaredefinedbeforetheyareused.

In theschemaProducerCons, pmtrepresentstheproducer’smaximumthroughput,pmdthemaximum
delayandpjb theupperandlower limits on jitter. We noteherethatwedonotconcernourselveswith how
thesevaluesarecalculatedandset.Weareonly interestedthatthesevaluescanbeset.Weshallseeshortly
thatthevaluescanbeassignednon-deterministically. With this,a morecompletemodelof theproducer’s
stateis givenby addingthepredicates:

∀f 1; f2 : Frame | 〈f 1; f2〉 in ps •
f2:ts − f 1:ts < pCons:pmd∧ 1 div prate< pCons:pmt

Herewe statethat all consecutiveframesin the sequenceshouldhavetime differenceslessthanthe
maximumalloweddelay. Wealsostatethattherate(prate) of productionof framesmustbelessthansome
upperthroughputlimit. For simplicity we assumethat throughputis measuredover a single time unit.
Extendingthis to coverotherrangesof time canbe achievedusingthe approachgiven in section6.3.4.
We noteherethatwhilst theseconstraintscanbeasserteddirectly andusedto influencetheproductionof
frames,it is not possibleto write explicit predicateson thejitter. Thejitter dependson theactualsending
andreceivingof frames. Beforewe showhow jitter constraintscanbeusedto influencethe information
flow, weconsidertheconsumerstate.
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We mayrepresentconsumerstatessimilarly. Thiscanberepresentedas:

CState∣∣∣∣∣∣∣∣∣∣∣∣

cs : seq Frame
ctnow: RR
cstat: Status
crate : RR
cCons: ConsumerCons

∀f 1; f2 : Frame | 〈f 1; f2〉 in cs • f 2:ts > f1:ts∧
cstat∈ {Stopped;FlowIn} ∧ . . .

Forbrevitywedonotexplainthevariablesctnow, cstatandcratewhicharetheconsumerequivalentof
thevariablesgivenfor theproducer. Thevariablecsrepresentstheframesthathavebeenreceivedby the
consumer. Forsimplicity weassumethatframesarrivein theorderin which theyaresent.Thisallowsus
to assertthatall framesin thesequencehaveincreasingtimestamps.Thisneednotnecessarilybethecase
though,i.e. framesmayarrivein anorderdifferentfrom thatwhich theyweresent. It is quitepossibleto
extendtheapproachgivenhereto dealwith suchcases.

As above,thedotsaredependentuponthespecificconstraintsaconsumermighthaveonaninformation
flow. For simplicity, we assumetheconsumerhasthesameconstraintsastheproducer, i.e. on maximum
delays,throughputsandjitter bounds.Thiscanberepresentedas:

ConsumerCons∣∣∣∣∣
cmt : RR
cmd : RR
cjb : RR × RR

Herecmt representsthe consumer’s maximumthroughput,cmd the consumer’s maximumdelayand
cjb theupperandlower time limits at which a frameis acceptable.With this, a morecompletemodelof
theconsumer’sstateis givenby addingthepredicates:

∀f 1; f2 : Frame | 〈f 1; f2〉 in cs •
f2:ts − f 1:ts < cCons:cmd∧ 1 div crate< cCons:cmt

Here we statethat all consecutiveframesin the consumerflow shouldhavea time differenceless
thanthemaximumalloweddelay. We alsostatethatconsumptionof framesis lessthansomemaximum
throughputvalue.As with theproductionof flows, jitter constraintsareconsideredwhenwedealwith the
sendingandreceivingof informationflows.

As donein section7.5.2wemayrepresentstheconstraintsthatmight beassociatedwith a produceror
consumergenerallyby aparameterisedfreetypedefinition. Thiscanberepresentedas:

Constraints::= prodBindCons〈〈ProducerCons〉〉 | consBindCons〈〈ConsumerCons〉〉

Similarly we representthesatisfactionof constraintsassociatedwith producersandconsumersas:

∣∣ Satisfies: Constraints↔ Constraints

Forbrevityweomit theassociatedpredicates.Thesatisfactionof throughputanddelayconstraintswere
given in section7.5.2. Satisfactionof jitter constraintsrequiresthat theproducerallowedjitter is within
theconsumerjitter range.

To modeltheinstantiationof theproducerandconsumerweusetheZ convention[161] of considering
only theprimedstateschemas,i.e. we do not carewhat the statewasbeforethe producerandconsumer
wereinitialised. Theinitialisationof theproducerandconsumermayberepresentedas:
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PCInit∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

PState
CState

∃pc : ProducerCons; cc : ConsumerCons; ss: seq Frame | ss 6= 〈〉 •

(consBindCons(cc); prodBindCons(pc)) ∈ Satisfies∧
(prodBindCons(pc); prodBindCons(pCons)) ∈ Satisfies∧
(consBindCons(cc); consBindCons(cCons)) ∈ Satisfies∧
pCons = pc ∧ cCons = cc ∧ ps = ss∧
cs = 〈〉 ∧ ptnow = ctnow∧

pstat = cstat = Stopped∧
prate = 1 div pc:pmt∧ crate = 1 div cc:cmt

Thisstatesthatthereexistproducerandconsumerconstraintssuchthat:

• thevaluesthat theproducerandconsumerconstraintsaresetat is satisfactoryto theconsumerand
producerrespectively, e.g.theproducer’s maximumdelayis lessthanthemaximumdelaythat the
consumercantolerate.

• thevaluesat which theproducer’sconstraintsarebeingsetaresatisfactoryto theproducer, e.g.the
throughputis not beingsetata valuethattheproducercannotproduce.

• thevaluesat which theconsumerconstraintsarebeingsetaresatisfactoryto theconsumer, e.g.the
jitter is beingsetatvalueswithin theupperandlower jitter limits.

Theseconstraints(if theyexist)arethenassignedto theproducerandconsumerconstraints.We also
statethat the produceris instantiatedwith a non-emptysequenceof framesto sendand the consumer
initially hasreceivedno frames.Theproducerandconsumerlocal timesaresynchronisedandbothhave
thecurrentstatusof stopped.Finally westatethattheproducerandconsumerratesaresetto valuesgiven
by thereciprocalof themaximumthroughputs.

We notethat we definea singlerelationbetweenconstraintshere. In reality this is likely to be split
into severaldifferentrelationssincesatisfactionof constraintsis differentfor producersandconsumers,
producersandproducers,andconsumersandconsumers.Thesedifferenceswerediscussedin sections
7.5.2and7.5.5.

8.3.3 Formalising Interfaces for Controlling Information Flows

As well ashavinginterfacesfor producingandconsuminginformationflows,producersandconsumersof
informationflows arelikely to haveoperationsfor manipulatingtheseinformationflows. We termthese
control interfaces. It is likely that theseinterfaceswill follow an RPC-likemodeof interaction,where
messagesaresentandresponsesaregivento thesemessages.For simplicity here,we assumea basicset
of messagesthatarepassedbetweenproducersandconsumers.Thesemayberepresentedby thefreetype
definition:

Message::= ExceedsMax| AlreadyStopped| AlreadyStarted|
NotStarted | ArrivedTooEarly | ArrivedTooLate | Ok | . . .

The dotsheresignify that thesemessagesmaywell be extendedto covernumerousothersituations.
We shalldiscusssomeof theseothersituationsat theendof this chapter.

Starting and Stoppinga ProducerFlow

Themostelementaryof operationsarethestartingandstoppingof flows. A flow beingstartedsuccessfully
mayberepresentedby:
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ProdStartFlowOk∣∣∣∣∣∣∣∣∣

∆PState
res! : Message

pstat= Stopped∧ ps = ps∧
ptnow = ptnow∧ pstat = FlowOut∧
prate = prate∧ pCons = pCons∧ res! = Ok

Thepreconditionsfor thisoperationrequirethattheflow is currentlystopped.Thepostconditionsstate
that the statusof the produceris changedto FlowOut. All othervariablesassociatedwith the producer
stateareunchanged.It might well be thecasethat theoccurrenceof this operationschemamight takea
non-negligibletime. In thiscase,thelocalvariablemodellingtimeshouldbeincrementedbysomeamount.
We assumethattheoperationtakeszerotimeandthattime is only incrementedon thesendingof frames.

A startflow operationmayfail if theproduceris alreadyproducingtheflow. An unsuccessfulrequest
to startaflow mayberepresentedby:

ProdStartFlowNOk∣∣∣∣∣∣
ΞPState
res! : Message

pstat= FlowOut∧ res! = AlreadyStarted

Herewe saythat the stateof the produceris unchanged.The total operationto starta flow may be
representedby:

ProdStartFloŵ= ProdStartFlowOk∨ ProdStartFlowNOk

For brevity we do not provide the operationsfor stoppinga flow. Thesearesimilar to the starting
of a flow with the obviouschangesto the predicates.For reasonsof brevity we alsodo not providethe
operationsfor startingor stoppinga consumerflow. Thesearesimilar to theoperationsgivenfor starting
andstoppingproducerflows.

Increasingand Decreasingthe Rateof Production

Therateof productionof informationflows maybeincreasedor decreaseddependingon thedemandsof
theconsumer. A successfuloperationto increasetherateof flow from theproducermayberepresentedby:

ProduceFasterOk∣∣∣∣∣∣∣∣∣

∆PState
nr? : RR
res! : Message

pstat= FlowOut= pstat ∧ nr? < prate∧ pCons:pmt≥ 1 div nr?∧
ps = ps∧ ptnow = ptnow∧ prate = nr? ∧ pCons = pCons∧ res! = Ok

This operationrequiresthattheproduceris currentlyoutputtinginformationandthatthenewrate,i.e.
thetimeto produceframes,is lessthantheexistingonebutwithin thethroughputlimits. Thepostconditions
statethatthestatus,currenttime,sequenceof framesandconstraintsareunchanged.An outputmessageis
sentstatingthattheoperationwassuccessful.

Weconsidertwo casesin which thisoperationmight fail. Theoperationmight fail if therequestedrate
would resultin themaximumthroughputconstraintsbeingexceeded.Thiscanberepresentedas:

ProduceFasterExceedMax∣∣∣∣∣∣∣∣

ΞPState
nr? : RR
res! : Message

pCons:pmt≥ 1 div nr? ∧ res! = ExceedsMax
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Herethestateof theproduceris unchangedif therateexceedsthemaximumallowedthroughput.An
appropriateerrormessageis alsoreturned.

A requestto producea flow fastermayalsofail if theproduceris not currentlyproducinga flow, i.e. it
hasnotyetbeenstarted.Thiscanberepresentedas.

ProduceFasterNotStarted∣∣∣∣∣∣∣∣

ΞPState
nr? : RR
res! : Message

pstat= Stopped∧ res! = NotStarted

Thetotaloperationshowinghowtheproducerflow canhaveits rateincreasedis givenas:

ProduceFaster̂= ProduceFasterOk∨ ProduceFasterExceedMax∨ ProduceFasterNotStarted

We omit theoperationsshowinghow the informationflow ratescanbereduced.Thesearesimilar to
thosegiven for the increasein productionbut with the obviouspredicatechanges,e.g.checkingthat the
ratedoesnot becomezeroor negative.For reasonsof brevity we alsodo not providetheoperationsfor
increasingor decreasingthe consumerconsumptionrate. Thesearesimilar to the operationsgiven for
changingtheproducerflow ratebut with thepredicatesmodifiedaccordingly.

8.3.4 Formalising the Production and Consumptionof Information Flows

Giventhatwehavetakena local modelof time,theproductionof framesrequiresthattheframesaretime
stampedwith the local time whenthey areto be sent. The sendingof a framefrom a producermay be
representedas:

PSendFrame∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∆PState
f ! : Frame

ps 6= 〈〉 ∧ pstat= FlowOut= pstat ∧

ps = tail ps∧ prate = prate∧ pCons = pCons
(∃timesent: RR | (ptnow+ prate− first (pCons:pjb)) ≤ timesent∧

timesent≤ (ptnow+ prate+ second(pCons:pjb)) • prate = timesent∧
(let nextframe== ( ¯Frame | data= (headps):data ∧

ts = timesent∧
label = (headps):label) • f ! = nextframe))

Severalthingsshouldbepointedouthere.Firstly, werequirethattheproducerhasframesto send.The
producershouldcurrentlyhavethestatussetsothatit is producingframes.Sendinga frameremovesthat
framefrom the sequenceof framesto besent. Thecurrentrateandconstraintsassociatedwith the flow
areunchanged.Theactualtimeatwhichtheframewassentis dependentuponthecurrentrate,thecurrent
time andthejitter. Thetime theframeis sentis givenby thecurrenttime plusthecurrentrateandwithin
thejitter bounds.

Theactualframesentis theheadframein thesequenceof framesto besent.This is timestampedwith
thevaluefor thetime calculatedpreviously. We noteherethat theuseof thedefinitedescriptionrequires
thataproofobligationis fulfilled to ensurethattheframesentis unique.Thisobligationis satisfiedthrough
modellingall framesin thesequencewith increasing(i.e. non-equal)time stamps.Sinceno framein the
sequencehasthe sametime stamp,the framesentwith the currenttime is unique. Also we requireasa
preconditionthatthesequenceof framesis non-empty.

A consumermayreceivea framesuccessfullyprovidedtheconstraintsfor its acceptancearesatisfied.

CGetFrameOk∣∣∣∣∣∣∣∣∣

∆CState
f ? : Frame

cstat = FlowIn = cstat∧ crate = crate∧ cCons = cCons∧
ctnow− first (cCons:cjb) ≤ f ?:ts ≤ ctnow+ second(cCons:cjb)∧
cs = 〈f ?〉 _cs∧ ctnow = ctnow+ crate
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Thepreconditionsfor this operationarethat theconsumercancurrentlyreceiveframes,i.e. its status
is currentlyFlowIn. The operationitself doesnot affect the rate of consumption,the currentstatusor
consumptionconstraints.Theframeis only acceptedprovidedthetime stampis within theallowedjitter
rangeassociatedwith the consumerconstraints. If the time constraintsare satisfiedthen the frame is
acceptedandaddedto the sequenceof framesreceivedandthe currenttime is incrementedby whatever
valuetherateis currentlysetat, i.e.howlong it takesto addtheframeto thesequenceof receivedframes3.

We considertwo situationsin which a framemay be rejectedby a consumer. Firstly, the framemay
arriveoutsidethetimeconstraints,e.g.tooearlyor too late. Thiscanberepresentedas:

CGetFrameTimeNOk∣∣∣∣∣∣∣∣∣

ΞCState
f ? : Frame
res! : Message

( f ?:ts ≥ (ctnow+ second(cCons:cjb)) ∧ res! = ArrivedTooLate) ∨
( f ?:ts ≤ (ctnow− first (cCons:cjb)) ∧ res! = ArrivedTooEarly)

Forsimplicity hereweassumethatthestateof theconsumeris unchanged,i.e. thattheoperationtakes
no time to occur.

A framemight alsobe rejectedif the consumeris not yet readyto startconsumingframes,i.e. it is
currentlystopped.Thiscanberepresentedas:

CGetFrameNotStarted∣∣∣∣∣∣∣∣

ΞCState
f ? : Frame
res! : Message

cstat= Stopped∧ res! = NotStarted

Theactualsendingof a framefrom a producerto aconsumermayberepresentedas:

ProdSendtoConsumer̂= PSendFrame∧ (CGetFrameOk[f !=f ?]∨
CGetFrameTimeNOk[f !=f ?]∨
CGetFrameNotStarted[f !=f ?])

8.3.5 SpecifyingLatency and Imperfect CommunicationsMediums

It is possibleto specifylatencysimply througha schemathatacceptsa frameandoutputsthat framewith
someincreasedtimestamp.Thiscanberepresentedas:

Latency∣∣∣∣∣∣
f ?; df ! : Frame

∃delay: RR•
df !:ts = f ?:ts + delay∧ df !:data = f ?:data∧ df !:label = f ?:label

Herethedelayedframe(df!)is increasedby somevaluenon-deterministically. Thelatencybetweenthe
sendingof a framefrom aproducerto its arrivalat theconsumermayberepresentedas:

ProdSendtoConsumerwithLatency=̂ PSendFrame∧ Latency[f !=f ?] ∧ (CGetFrameOk[df !=f ?]∨
CGetFrameTimeNOk[df !=f ?]∨
CGetFrameNotStarted[df !=f ?])

It is possibleto specify imperfectcommunicationsmediumsin Z. This canbe achievedfor example
by schemasthatacceptframesasinputsanddo not give framesasoutputs.We noteherethoughthat this
notionof erroneousbehaviouris limited in thesensethatthereis no realnotionof spontaneityasmightbe
foundin LOTOS,say, with theinternaleventi. Thismodelof imperfectcommunicationssimplyrepresents
a choicein theactualbehaviourthatthesystemcanexhibit.

3Sinceweregardthetimefor checkingthetime associatedwith anarrivedframeasnegligible.
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8.4 Conclusions

In this sectionwe haveseenthat Z can be usedquite successfullyfor modelling and reasoningabout
informationflows. We haveseenthatthelanguageallowsmanipulationof flowsandcheckingconstraints
thatmightapplyto flows directly.

The work heremay well be extended.For example,it is possibleto modeldynamicchangesto the
constraintsthatapplyto theinformationflows. Thismight involve therenegotiationof theconstraintsthat
aresetinitially whentheflows wereinstantiated,e.g.whena consumercanno longerconsumeasquickly
for whateverreason.

The approachgivenherehasto a certainextentavoidedtheproblemsinvolved in usingZ to specify
objectbasedsystems.Thatis,wehavenotfocussedonissuesrelatedtospecifyinginterfacesandthechecks
prescribedby ODPfor thelegalcompositionof interfaces.Rather, wehaveusedZ in amoreclassicalstyle.
Thusproducersandconsumersof informationflows aresimply conjoined.On theonehandthis allowsa
straightforwardspecificationapproachto modellinginformationflows. Unfortunatelythis approachdoes
notallow anyform of a priori checkingin thespecificationitself asto whetherthecompositionis likely to
besuccessfulonasyntacticlevel. We are,however, ableto specifythattheconstraintsassociatedwith the
informationflows mustbesatisfied.

We notealsothatasdiscussedin section5.1.2,the Z notationis essentiallya flat notation. Thereis
assuchno realorderingof operations,e.g.in thesensethattheproducersendsa framefollowing whicha
consumerconsumestheframe. Thewholeactionof productionandconsumption(evenwith latency)is a
singleoperationin Z, i.e. it happensin its entiretyor notat all. Despitethis limitation wehaveseenthatZ
canbeusedeffectively to modelflowsof information.
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Chapter 9

Conclusions

This chapterreviewsthegoalsof this thesisanddiscusseshow successfulour investigationof thesegoals
hasbeen.Thechapteralsoidentifiessomepossiblefuturedevelopmentsfor thework.

9.1 Summary of the Thesis

Thegoalsof this thesisasput forward in chapter1 wereto investigatehow thewriting of specifications
of distributedsystemscould be alleviatedthroughadoptingan architecturalapproach.In this thesiswe
basedour specificationfragmentson the ODP-RM architecture.In particularwe focussedon two areas
of ODP:thebasicmodellingconcepts,specificationconceptsandbehaviouralconceptscontainedin Part
2 [108], andthe moreprescriptiveviewpoint languagesof Part3 [108] with particularemphasison the
computationalviewpoint.

The computationalviewpoint dealswith objectsinteractingat interfaces. Objectscanonly interact
with oneanotherprovidedthey havesomecommonunderstandingof the services(or behavioursmore
generally)offeredat theseinterfaces.Thisunderstandinghastypically beenbasedonthesyntacticaspects
of interfaces. This is limiting sincesyntaxaloneis unlikely to containsufficient informationto enable
interfacesto decidewhetherthey are able to accessother interfaces. We havethus investigatedhow
additionalinformationin theform of constraintscanbeusedasa basisfor increasingtheknowledgeabout
behaviouroffered at interfaces. Specifically, we havefocussedon timing constraints,cost constraints
andresourceconstraints.We noteherethat thereexistsa duality in the opennessandheterogeneityof
systemsregardingthe syntacticaspectsof types. For example,interfacedefinition languagesallow for
the separationof syntacticaspectsfrom implementation(behavioural)considerations.On the onehand
this promotesheterogeneity, i.e. usersarenot tied downto particularoperatingsystems,languagesetc1.
Treatingsystemspurely from syntacticconsiderationsis, however, detrimentalto openness.Syntactic
treatmentof systemsdoesnot provideenoughinformationto enablethe issuesrelatedto opennessto be
addressed.As arguedin section1.1.1,syntacticaspectsof systemsareprimarily an initial guidelineasto
whetherthosesystemscaninterwork.

Ideally of course,typesystemsshoulddealwith behaviouralandnon-functionalaspectsof systemsif
theyareto interworkcorrectly. WehaveseenhowLOTOSandZ canbeusedto specifythenon-functional
constraintsthatmight beassociatedwith a systemin a form thatis directly checkable.Unfortunately, it is
not thecasethatLOTOSor Z allowsfor behaviouraltypecheckingin theform thatmightberequiredin a
distributedsystem,i.e. wherea resourceis discoveredandexpectedto interworkwith anexistingsystem
“on thefly”. We notethat it is possibleto specifysuchissuesin Z, but implementingthemis likely to be
undecidable.

As well astraditionalmessagepassingbetweenobjects,ODPattemptsto dealwith objectssupporting
informationflows. Flowsof informationplacestringenttiming constraintson the interfaceswith which
they areassociatedif the interfacesareto passthe informationsuccessfully. We haveinvestigatedhow

1Providedof coursethatlanguagebindingshavebeendevisedfor theuser’spreferredlanguageandtheinterfacedefinitionlanguage
canbeunderstoodonthatoperatingsystem.
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LOTOS andZ canbe usedto modelsuchconstraints. We presenteda specificationof a producerand
consumerflow configurationthathighlightedin detail how Z couldbeusedto specifyandchecktiming
issues.

Distributedsystemsare inherentlydynamic. They offer the usera meansto find new servicesand
informationthatmight exist in thesystem,andinteractwith themdynamically. To enablesuchdynamic
issuesto beaddressedwe havefocussedon applyingLOTOS in sucha way that interfacereferencescan
be treatedas first classcitizens. Thesemodelsof interfacereferenceswereappliedto two main areas:
dynamicbindingandsubstitution.Both of theseareasrequiredthat interfacereferencesbedecomposed.
Thisdecompositionshouldpermitchecksonoperationsat theinterfacesandanyconstraintsthatmightbe
associatedwith theinterfaces.WehaveshownhowLOTOScanbeusedto addressbothof theseissues.A
traderspecificationwaspresentedthatshowedhowLOTOScouldbeusedto modelthis dynamism.

9.2 Comparisonof LOT OSandZ for SpecifyingDistributed Systems

In chapter4 we arguedthat LOTOS andZ were languagesfrom differentendsof the formal language
spectrum.As aresult,onewouldhaveexpectedthedevelopmentof specificationarchitecturesusingthese
languagesto beradicallydifferent. Certainlywe haveseenthatLOTOS andZ havedifferentadvantages
anddisadvantagesfor specifyingdistributedsystems.Forexample,Z allowsglobalpredicatesto begiven
thatcanbeusedto influenceandrestrictbehaviours.LOTOSontheotherhandis well suitedfor describing
collectionsof actionsformingcomplexbehaviours.

In our work herewe haveattemptedto showhow thesefeaturescan be incorporatedinto LOTOS
andZ. For example,in our abstractZ approachwe havemodelledbehaviourthroughgraphsof actions
that is similar to the representationof behaviourin the processalgebrapart of LOTOS. In LOTOS, we
haveintroduceda form of type checkingon behavioursthat includesconstraintchecking. To a certain
extent,theseconstraintsrepresentstatementsaboutbehaviourthataresimilar to theglobalpredicatesthat
might be found in Z. Herethe predicatesareassociatedwith processesthough. We note that for these
constraintsto bemeaningful,theprocessbehaviourthattheconstraintis attachedto shouldrealise(satisfy)
theconstraint.Forexample,if a processhasa constraintthatit canaccepta certainnumberof invocations
thenthebehaviourexhibitedby thisprocessshouldreflectthis.

Thusin this thesis,we haveusedLOTOS andZ in a way thatallowsthemto capturetheadvantages
in the otherlanguage,i.e. Z or LOTOS respectively, whilst at the sametime keepingtheir own inherent
advantages.As a resultthestrikingcomparisonof approacheshas,to a greatextent,not materialised.

9.3 Contributions of the Thesis

This thesishasmadenumerouscontributionsto severalareas.Theseareasinclude:

• distributedsystemsin thelarge;

• formalmodelsof object-baseddistributedsystems;

• formalmodelsof multimediaandtime-dependentsystemsgenerally.

Regardingthe first bullet point, it is widely acknowledgedin distributedsystemsthat type checking
basedentirelyonsyntacticelementsis limited. We haveshownhow it is possibleto extendtypechecking
with assertions(constraints)thatcanbecheckeddirectlywhenbindingor substitutingsystems.Whilst not
guaranteeingthat two systemswill interworkcorrectly, this approachcanbeseenasa usefulstepforward
in checkingthatsystemscaninterworkcorrectly.

We haveidentified the different requirementsthat are placedon type checkingmechanismswhen
causalitiesareintroducedinto distributedsystems.In addition,we haveshownthat typecheckingwhen
substitutinginterfacesrequiresdifferentchecksfrom thoserequiredfor bindinginterfaces.This includes
thesyntacticchecksaswell asthechecksonconstraints.

This thesishasconsideredhow object-basedconceptscanbe appliedto developspecificationarchi-
tecturesfor distributedsystems.Object-basedspecificationapproacheshavebeena well investigatedarea
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[44, 147, 81, 136]. Fewapproacheshaveconsideredhow object-basedideasandformal techniquescan
be appliedto distributedsystemshowever. As discussedin section2.2.4,object-orientationis a useful
modellingparadigm,but not all of the object-orientedconceptualbaggageis necessarilyrequiredwhen
describing(specifying)distributedsystems. Rather, we argue that specificationof distributedsystems
shouldfocusmoreon issuesrelatedto:

• evolution: specifyinghow onesystemmaybe replacedby anotherandthe kind of checksthatare
required. In particular, evolutionin activesystemsis of interest,i.e. wherethe systemis already
interworkingwith othersystems.

• discovery:specifyingsystemssothattheycanreceiveinformationthattheycanusetodecidewhether
theywishto enterinto newcommunications.

We haveseenhow LOTOS canbe usedin sucha way that it allows both of theseareasto be dealt
with. We note that LOTOS is limited to a certainextentwhenspecifyingtrue dynamism,wherenew2

communicationchannelsareestablishedbetweeninteractingobjects. LOTOS modelsinteractionpoints
throughgates.Thegatesassignedto a processaregivenstatically. It is not thecasethat thesegatesmay
be passedaroundto setup new interactionpoints betweenprocesses.This facility is only availablein
certainprocesscalculi, e.g. the Pi-calculus[143]. Neverthelesswe haveseenin chapter8 how a form
of dynamismcan be achievedthroughusing the synchronisationfeaturesof LOTOS. That is, through
processessynchronisingat a commongateandusingtheactiondenotationsto limit theprocessingof the
messagessent. This hasthedisadvantagethatall processeswishing to receiveor sendthese“broadcast”
messagesthroughacertaingatemustreceiveall messagessentthroughthatgate.

Our work hasalso contributedto formal modelsof multimediaand time-dependentsystemsmore
generally. AlthoughLOTOSprovidesa modelof thetemporalorderingof actions,wehaveseenhow the
languagecanbeusedin sucha way that it allows time-dependentsystemsto be specifieddirectly. Our
attentionwasfocussedon aspectsof multimediabut thesameapproachcouldbeappliedmoregenerally.
Therehavebeenseveralapproachesto modellingtime in LOTOS [44]. In standardLOTOStheapproach
hasbeento representtime by eventsassociatedwith someform of clock process.As discussedin section
5.1.2this allows for an abstractmodelof time to be introducedinto the specification,but it is often the
casethat real-timesystems,e.g.multimediasystems,requirea moredefinitemodelof time. As a result,
manydifferentworkshaveextendedLOTOS with timing facilities [112, 139, 136]. We haveshownthat
thelanguageis moreflexiblethanfrequentlyclaimed.Also, themodellingof timein LOTOSasopposedto
a timeextendedversionof LOTOSallowsusto work in a standardisedformal technique.Thishasseveral
advantagesincludingthelack of learningcurvein learninganewtimeextendedlanguageaswell asbeing
ableto useexistingtool supportdevelopedfor LOTOS.

In contrastto the large amountof work on time extendedprocessalgebras,therehavebeenfew
approachesto modellingtime in Z [70, 117]. It couldbearguedthatthemainreasonfor this is thattiming
considerationsaretrivial to achievein Z. It is possiblethatthelackof documentedapproachesto modelling
time in Z stemfrom this triviality. Our work documentsseveraldifferentapproachesto modellingtime
in Z, andassuchcanbe regardedascontributingto the field of specificationtechniquesfor modelling
real-timesystems.

9.4 Discussion

Giventhatwehavearguedthatanarchitecturalapproachcanhelpalleviatemanyof theproblemsin writing
specificationsof distributedsystems,wediscussbriefly whetherthis hasreallybeenthecase.

Part2 of theODP-RM[108] providesgenericconceptsthatcanbeusefulwhenmodelling,specifying,
andgenerallyreasoningaboutdistributedsystems.Due to their genericity, theseconceptsmayonly ever
be formalisedthrougha semi-informalapproach.For example,it is not possibleto formalisewhat the
conceptof behaviouris in any formal languageto a degreewhere the formalisationcan be usedand
applieddirectly. As aresult,the“formalisation”of certainconceptscanonly beachievedthroughinformal
modellingsuggestions.

2In thesenseof aconnectionbetweenobjects(processes)thatneverexistedpreviously.
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In the computationalviewpoint of Part3 of the ODP-RM [109] we haveseenthat thereis a higher
levelof prescriptivityin thedefinitionof concepts.As aresult,thedevelopmentof specificationfragments
suitablefor architectingspecificationsof distributedsystemshasshownmorepotential. Unfortunately,
whilst it is the casethat moreprescriptionis given, the prescriptiondoesnot lend itself directly to the
specificationlanguagesLOTOS andZ. The problemwith Z is that the languagesuffers from a lack of
objectmodellingfacilities. Thusalthoughit is possibleto specifycollectionsof specificationfragments
representingthemoreprescriptiveconceptsgivenin thecomputationalviewpoint,Z in itsclassicusagedoes
not lenditself to specifyingbehaviouralaspectsassociatedwith thesestructures.As a result,anapproach
waspresentedthatallowedbehaviourto beassociatedwith thesespecificationfragmentsin amoreabstract
manner. On theonehandthis provideda meansto specify(powerful) relationsbetweenthe behavioural
aspectsof interfaces.On theotherhand,it couldbearguedthattheapproachgivenwasnotusingZ asthe
languagewasdesigned.Further, althoughit waspossibleto specifycomplexrelationsbetweeninterfaces
(or setsof interfaces)thatsatisfiedandextendedtherulesgivenby ODP, thespecificationfragmentswere
not themselvesimmediatelyre-usable.

In comparison,LOTOShasmorepotentialfor modellingobjectbasedsystems.With LOTOS,however,
theprescriptiongivenin thecomputationalconceptsandstructuringrulesof ODPwasnot directly repre-
sentablein facilities of thelanguageitself. Thatis, theprescriptiongivenwaslargely syntacticin nature,
e.g. interfacesbeing boundshouldhavesimilar operationnames. Given that we model interfacesand
behaviourin theprocessalgebra,andthatbindingcorrespondsto establishingsynchronisationpossibilities
betweenprocesses,it is notanaturalfeatureof theprocessalgebrathatsyntacticchecksareenforcedwhen
synchronisationis done.Thatis, gatesareusedfor synchronisationandanyprocessmaybesynchronised
with anyotherprocess.Whethertheydeadlock,livelock or haveanyotherarbitrarybehaviouris typically
notconsideredin LOTOS.Suchchecksarenormallyperformedoutsidethespecification,e.g.whentesting
is done.As aresultourapproachhasimposeda syntacticlayeronthesynchronisationfeaturesof LOTOS.
Although this providesus with a workablesolution, thereis a dangerof working solutionsand good
specificationpracticebecomingseparated.TheAct Oneapproachdevelopedin chapter7 highlightsthis.
To overcomethelimitationsof LOTOSin its classicusagefor specifyingandcheckingtyperelationships,
it wasnecessaryto usethe languageto describeitself. As a result,we canseethat the languagecanbe
usedin a stylised(or contrived)mannerto specifysuchissues,but whetherthis is at theexpenseof good
specificationpracticeis opento debate.

Wenoteherethattheideaof developinga library of specificationfragmentsthatcanbeusedto specify
distributedsystemshasnotbeenrealisedto theextenthoped.Therewereseveralreasonsfor this. Perhaps
themainoneis thelack of prescriptionin concepts.As discussedpreviously, ODPis not a standardto be
usedto developa singlesystem.It is a standardto beusedto developmanysystems,henceit cannotbe
overly prescriptive.As a result,thedevelopmentof a library of specificationfragmentsthatcouldbeput
togetherto builddistributedsystemsdirectlyhasnotprovenpossible.Wewouldarguethatamorepowerful
form of re-usabilityhasbeendevelopedherethough,namelythere-usabilityof theapproach.Someof the
re-usableapproacheswehavedevelopedhereinclude:

• showinghowqualitativetiming issuescanberepresentedin LOTOSandZ;

• showinghow it is possibleto useLOTOSto developdifferentformsof signaturetypechecking;

• showinghow interfacereferencescanbetreatedasfirst classcitizensin LOTOS;

• showinghowconstraintsonbehaviourscanberepresentedandcheckedin LOTOSandZ.

Eachof theserepresentsnot a singlefragmentof text thatcanbeuseddirectly, but a sourceof ideas
andapproachesfor modellingopendistributedsystemsgenerally.

9.5 Ar easof Futur eWork

Thework presentedheredoesnot representthefinal solutionfor specifyingopendistributedsystems.It is
possibleto extendthiswork in numerousways.Forexample,thenon-functionalaspectsof systemsmight
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beextendedto includeotherconstraints,e.g. location,reliability or availability constraintsarejust three
possibleones.

The approachdevelopedfor allowing signaturetype checkingto be achievedin LOTOS could well
beextended.Insteadof basingtype checkingon subsettingof operations,it is possibleto havedifferent
approaches.For example,F-boundedpolymorphism[39, 38] allows type relationshipsto beestablished
dependingon the operationsrequiredin a particularcontext. Thusif only a singleoperationis required
in a givencontextthenotherwisedissimilartypestructuresmight becompatibleif theysharea common
(compatible)operation.Similarly, it is quitepossibleto extendtheapproachgivento modellingandusing
interfacereferencesin LOTOS sothat thereferencesthemwould not bestaticentities. Instead,interface
referencesmight bespecifiedsothattheyareperpetuallymodifiedasoperationsoccur, or behaviourmore
generally. For example,it is quitepossibleusingtheapproachgiven to specifythat thesetof operations
andconstraintsassociatedwith aninterfacecanchange.This might beasdirectasanincreasein costof
usinganinterface,or theremovalof anoperationfrom thesetof operationsavailableat thatinterface.In a
similar vein, it is possibleto specifyandreasonaboutissuessuchasdynamicrenegotiationof constraints
or operationsto bemadeavailablein bindingssay, e.g.whenmoreresourcesareaddedto theprocess.

Theapproachgivenin Act Onemightalsobeappliedin amorepracticalenvironment.Forexample,the
currentODPtypemanagementstandardisation[116] is likely to requireapproachesthatenablestructural
relationshipsbetweentypesto beestablished.

The approachgiven to modellinginteractionsbetweenprocessesin LOTOS could alsobeextended.
We havefocussedprimarily on interactionsbetweenpairsof objects. This neednot necessarilybe the
case.It is possiblefor exampleto specifysetsof interfacereferencesin parameterlists andmodelgroup
forms of communication.Alternatively, interfacereferencesthemselvesmight be modelledin Act One
so that classesof interfacereferencesarespecified. For example,a classmight be basedon the setof
interfacereferenceswith locationX or supportingoperationY, say. With thesemodels,differentformsof
communicationpossibilitiescanbeachieved.

TheapproachesgivenherehaveshownhowLOTOSandZ canbeusedin a stylisedmannerto specify
open,object-baseddistributedsystems.Ideally of course,stylisedspecificationsshouldnot benecessary;
languagesshouldhaveinherentfeatureswherespecificationstylesareusedto introducethesefeatures.
Extensionsto Z to dealwith objects-basedsystemsareonestepin the right direction. Otherinteresting
worksincludecomposingZ andCSP[8, 72] to giveZ aninteractionsemanticsasopposedto theinformal
conventionof inputsandoutputs.

With regardto LOTOS,thecurrentE-LOTOSstandardisation[112] is certainlyattemptingto address
manyof theissuesinvolvedin specifyingopen,object-baseddistributedsystems.Theseincludeextensions
to LOTOSfor dealingwith timing issuesexplicitly. Hencein E-LOTOStiming issuesaremanifestin the
semanticsaswell asthe syntaxof the language.In additionthe languageallows for the specificationof
prioritisedactions.

The dynamicityof distributedsystemsis beingaddressedin E-LOTOS throughproviding a form of
dynamicreconfigurabilitybasedonamobilecalculus[149]. E-LOTOSalsoprovidesfeaturesthatresemble
typecheckingasmight befound in IDLs. This is achievedthroughgatetyping. Whilst enablinga form
of typecheckingto beachieved,gatetypingrepresentsonly a partialsolutionto thechecksrequiredwhen
composingsystemstogetheror replacingonesystemfor another. Gatetyping in effectallowsactionsto be
typechecked,whereasideally it shouldbeinterfacesasa wholethataretypechecked.E-LOTOS is also
providingfeaturesto dealwith exceptionsasmightbefoundin IDLs.

Most specifiersareagreedthattheAct Onepartof LOTOSspecificationsis bothtoo verboseanddoes
nothaveenoughpredefinedanduser-orienteddatatypes.E-LOTOShasthusextendedLOTOSwith anew
datatyping languagebasedonML [84]. This containsa wider rangeof standarddatatypessuchasunion
types,recursivetypes,recordsandextensiblerecords.

E-LOTOSalsoextendsLOTOSwith modules.Thecomparisonof modulesin LOTOSanddistributed
systemsascollectionsof interworkingobjectsis immediatelyapparent.

It is hopedthattheseareasof work havebeeninfluencedto someextentby thework undertakenin this
thesisandthedevelopmentof anarchitecturalsemanticsfor ODPmoregenerally.



164 CHAPTER9. CONCLUSIONS



References

[1] R. Alderden.COOPER– thecompositionalconstructionof a canonicaltester. In S.T. Vuong,editor,
Proc. Formal DescriptionTechniquesII , pages13–18.North-Holland,Amsterdam,Netherlands,
1990.

[2] A. J.AlencarandJ. A. Goguen.OOZE:An object-orientedZ environment.In P. America,editor,
Proc. ECOOP’91EuropeanConferenceon Object-OrientedProgramming, volume512of Lecture
Notesin ComputerScience, pages180–199.Springer-Verlag,1991.

[3] C. Alexander. TheTimelessWayof Building. Oxford UniversityPress,1979.

[4] ANSA, ArchitectureProjectsManagementLimited, PoseidonHouse,CastlePark,Cambridge,UK.
TheANSAReferenceManual, 1989.

[5] ANSA. The challengeof ODP. TechnicalReportTR.33.02,ArchitectureProjectsManagement
Limited, PoseidonHouse,CastlePark,Cambridge,UK, 1993.

[6] Apollo. NetworkComputingArchitecture (NCA) Protocol Specifications. Apollo ComputerInc.,
1989.

[7] R. Barden,S.Stepney, andD. Cooper. Z in Practice. BCSPractitionerSeries.PrenticeHall, 1994.

[8] M. Benjamin.A messagepassingsystem.anexampleof combiningCSPandZ. In Z UserWorkshop,
Workshopsin Computing. Springer-Verlag,1989.

[9] J.K.Bennett.Thedesignandimplementationof distributedSmalltalk.In OOPSLA’87 Proceedings,
ACMSIGPLANNotices, volume22,pages318–330,October1987.

[10] J. Bernabeu,Y. A. Khalidi, M. Ahamad,W.F. Appelbe,P. Dasgupta,R.J. LeBlanc, and U. Ra-
machandran.Clouds– a distributedobject-orientedoperatingsystem: Architectureand kernel
implementation.In Proceedingsof the88’EUUGConference, October1988.

[11] A.D Birrell andB.J.Nelson.Implementingremoteprocedurecalls.ACMTransactionsonComputer
Systems, 2:39–59,February1984.

[12] D. Bjørner, C.A.R.Hoare,andH. Langmaack.VDM’90: VDM andZ - FormalMethodsin Software
Development, volume428of Lecture Notesin ComputerScience. Springer-Verlag,1990.

[13] A. Black, N. Hutchinson,E. Jul, H. Levy, andL.Carter. Distribution andabstractdatatypesin
Emerald.IEEETransactionsonSoftwareEngineering, SE-13No. 1:65–76,1987.

[14] StewartBlack. ObjectsandLOTOS. In S.T. Vuong,editor, Proc. Formal DescriptionTechniques
II . ElsevierSciencePublishers,B.V. NorthHolland,December1989.

[15] G. Blair, J. Gallagher, D. Hutchison,andD. Shepherd.Object-OrientedLanguages,Systemsand
Applications. PitmanPublishing,1991.

[16] GordonBlair, Lynne Blair, Howard Bowman,and AmandaChetwynd. Formal supportfor the
specificationandconstructionof distributedmultimediasystems(the Tempoproject). Technical
ReportMPG-93-23,Universityof Lancaster, England,1993.

165



166 REFERENCES

[17] GordonBlair, AmandaChetwynd,AbderrahmaneLakas,andNeil Barnes.TEMPO:Specification
and validation of quality of servicein distributedmultimediasystems. TechnicalReport????,
Universityof Lancaster, England,1996.

[18] GordonS.Blair andRodgerLea. Theimpactof distributiononsupportfor object-orientedsoftware
development.TechnicalReportMPG-93-25,Universityof Lancaster, England,1993.

[19] LynneBlair. TheFormal Specificationand Verification of DistributedMultimediaSystems. PhD
thesis,Departmentof ComputingScience,LancasterUniversity, 1994.

[20] KeesBogaards.A Methodologyfor the ArchitecturalDesignof OpenDistributedSystems. PhD
thesis,Universityof Twente,NL, 1990.
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[127] Guy LeducandLuc Léonard.A timedLOTOS supportinga densetime domainandincludingnew
timedoperators.In Michel DiazandRolandGroz,editors,Proc.FormalDescriptionTechniquesV,
pages87–102.North-Holland,Amsterdam,Netherlands,October1992.



172 REFERENCES

[128] L. Leonard,G. Leduc,andA. Danthine.Thetick-tockcasestudyfor theassessmentof timedFDTs.
In TheOSI95TransportServicewith MultimediaSupport[58], pages338–352.

[129] H.Leopold,G.Coulson,K. Frimpong-Ansah,D.Hutchison,andN.Singer. Theevolvingrelationship
betweenOSI andODP in the new communicationsenvironment. TechnicalReportMPG-93-16,
Universityof Lancaster, England,1993.

[130] P. F. Linington.Whyobjectshavemorethanoneinterface. ISO/IECJTC1SC21/WG7DraftAnswer
to Q7/5.InternationalOrganizationfor Standardization,1995.

[131] Luigi M. S. Logrippo, MohammedFaci, and Mazen Haj-Hussein. An introductionto LOTOS:
Learningby examples.ComputerNetworksandISDNSystems, 23:325–342,1992.

[132] E. MadelaineandD. Vergamini. AUTO: A verificationtool for distributedsystemusingreduction
of finite stateautomatanetworks. In S. T. Vuong,editor, Proc. Formal DescriptionTechniquesII ,
pages79–84,Amsterdam,Netherlands,December1989.North-Holland.

[133] D. Maier, J.Stein,A. Otis,andA. Purdy. Developmentof anobject-orientedDBMS. In Proceedings
of theOOPSLA’86 Conference, pages472–482,1986.
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Appendix A

Specificationof a TypeManagement
Systemin LOT OS

This appendixshowsthe specificationof a type managementsystemin LOTOS that enablesstructural
equivalencesbetweentypesto beestablished.Thisspecificationdoesnotattemptto dealwith higherorder
typesystemswhereissuesof contravarianceandcovariancehaveto beaddressed.However, theapproach
givencouldwell beextendedto dealwith suchsystems.

(* Specification of a first order type management system in LOTOS *)

specification type_manager[add_t,del_t,list_t,add_r,del_r,lis t_r,all_r]:no exit

library
Boolean, NaturalNumber, Set

endlib

(* Names used to identify types *)

type NameSort is Boolean, NaturalNumber
sorts NameSort
opns NULL_SORT,typename1,typename2,typename3,typename,

sort1, sort2, sort3, sort4: -> NameSort
_ eq _ : NameSort, NameSort -> Bool
_ ne _ : NameSort, NameSort -> Bool
Ord : NameSort -> Nat

eqns forall n1, n2: NameSort
ofsort Nat

Ord(sort1) = 0;
Ord(sort2) = succ(0);
Ord(sort3) = succ(succ(0));
Ord(sort4) = succ(succ(succ(0)));
Ord(typename1) = 0;
Ord(typename2) = succ(0);
Ord(typename3) = succ(succ(0));
Ord(typename4) = succ(succ(succ(0)));
Ord(NULL_SORT) = succ(succ(succ(succ(0))));

ofsort Bool
n1 eq n2 = Ord(n1) eq Ord(n2);
n1 ne n2 = Ord(n1) ne Ord(n2);

endtype (* Name *)

(* Sort lists used as input and output parameters to operations *)

type Sort_List is NameSort
sorts Sort_List
opns <>: -> Sort_List

add_sort: NameSort, Sort_List -> Sort_List

177
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del_sort: NameSort, Sort_List -> Sort_List
is_in : NameSort, Sort_List -> Bool
is_eq : Sort_List, Sort_List -> Bool
_conc_ : Sort_List, Sort_List -> Sort_List
head : Sort_List -> NameSort
tail : Sort_List -> Sort_List

eqns forall sn,sn1: NameSort, sl1,sl2: Sort_List
ofsort NameSort

head(<>) = NULL_SORT;
head(add_sort(sn,sl1)) = sn;

ofsort Sort_List
tail(<>) = <>;
tail(add_sort(sn,sl1)) = sl1;
del_sort(sn,add_sort(sn,sl1)) = sl1;
del_sort(sn,<>) = <>;
<> conc <> = <>;
sl1 conc <> = sl1;
sl1 conc add_sort(sn,sl2) = add_sort(sn,sl1) conc sl2;

ofsort Bool
(head(sl1) eq NULL_SORT)=> is_in(sn,sl1) = false;
(head(sl1) ne NULL_SORT)=> is_in(sn,sl1) = (sn eq head(sl1)) or

(is_in(sn,tail(sl1)));
is_eq(<>,<>) = true;
(head(sl1) ne NULL_SORT)=> is_eq(sl1,<>) = false;
(head(sl2) ne NULL_SORT)=> is_eq(<>,sl2) = false;
((head(sl1) ne NULL_SORT) and (head(sl2) ne NULL_SORT))=>

is_eq(sl1,sl2) = (head(sl1) eq head(sl2))
and is_eq(tail(sl1),tail(sl2));

endtype (* Sort_List *)

(* Names of operations *)

type OpName is Boolean, NaturalNumber
sorts OpName
opns opn1, opn2, opn3, opn4: -> OpName

Ord : OpName -> Nat
_eq_: OpName, OpName -> Bool
_ne_: OpName, OpName -> Bool

eqns forall op1, op2: OpName
ofsort Nat

Ord(opn1) = 0;
Ord(opn2) = succ(0);
Ord(opn3) = succ(succ(0));
Ord(opn4) = succ(succ(succ(0)));

ofsort Bool
op1 eq op2 = Ord(op1) eq Ord(op2);
op1 ne op2 = Ord(op1) ne Ord(op2);

endtype (* OpName *)

(* Operations consist of a name, a list of input sorts and a
list of output sorts *)

type Op is OpName, Sort_List
sorts Op
opns make_op : OpName, Sort_List, Sort_List -> Op

get_name : Op -> OpName
get_inputs : Op -> Sort_List
get_outputs: Op -> Sort_List
_eq_ : Op, Op -> Bool
_ne_ : Op, Op -> Bool

eqns forall op1,op2: Op, opn1: OpName, sl1,sl2: Sort_List
ofsort OpName

get_name(make_op(opn1,sl1,sl2)) = opn1;
ofsort Sort_List

get_inputs(make_op(opn1,sl1,sl2)) = sl1;
get_outputs(make_op(opn1,sl1,sl2)) = sl2;

ofsort Bool
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op1 eq op2 = ((get_name(op1) eq get_name(op2)) and
(is_eq(get_inputs(op1),get_inputs(op2))) and
(is_eq(get_outputs(op1),get_outputs(op2))));

op1 ne op2 = ((get_name(op1) ne get_name(op2)) or
(not(is_eq(get_inputs(op1),get_inputs(op2)))) or
(not(is_eq(get_outputs(op1),get_outputs(op2))))) ;

endtype (* Op *)

(* Generate sets of operations to enable data types to be built *)

type OpSet is Set actualizedby Op using
sortnames OpSet for Set

Op for Element
Bool for FBool

endtype (* OpSet *)

(* Data types should allow names, sort lists, sets of
operations to be established and subtyping to be checked *)

type DataType is OpSet
sorts DataType
opns NULL_DT, DT1, DT2, DT3, DT4: -> DataType

is_a: NameSort -> DataType (* get data type with given name *)
IS_A: DataType -> NameSort (* get name of data type *)
sort: DataType -> Sort_List (* return sort lists of data type *)
ops : DataType -> OpSet (* return operations on data type *)
sub : DataType, DataType -> Bool (* subtype checking operation *)

(* Build some data types for checking functionality of type manager *)

eqns forall op1, op2: Op, opl1,opl2: OpSet,
adt1, adt2, adt3, adt4: DataType

ofsort Sort_List
sort(DT1) = add_sort(sort1,<>);
sort(DT2) = add_sort(sort2,add_sort(sort1,<>));
sort(DT3) = add_sort(sort3,add_sort(sort2,add_sort(sort1,<>))) ;
sort(DT4) = add_sort(sort4,add_sort(sort3,add_sort(sort2,add_s ort(sort1,<>)) ));
sort(NULL_DT) = <>;

ofsort OpSet
ops(DT1) = Insert(make_op(opn1,<>,add_sort(sort1,<>)), {});
ops(DT2) = Insert(make_op(opn1,<>,add_sort(sort1,<>)),

Insert(make_op(opn2,add_sort(sort1,<>),add_sort (sort2,<>)),{} ));
ops(DT3) = Insert(make_op(opn1,<>,add_sort(sort1,<>)),

Insert(make_op(opn2,add_sort(sort1,<>),add_sort (sort2,<>)),
Insert(make_op(opn3,add_sort(sort1,add_sort(sor t2,<>)),

add_sort(sort3,<>)), {})));
ops(DT4) = Insert(make_op(opn1,<>,add_sort(sort1,<>)),

Insert(make_op(opn2,add_sort(sort1,<>),add_sort (sort2,<>)),
Insert(make_op(opn3,add_sort(sort1,add_sort(sor t2,<>)),

add_sort(sort3,<>)),
Insert(make_op(opn4,add_sort(sort1,add_sort(sor t2,

add_sort(sort3,<>))), add_sort(sort4,<>)), {}))));
ops(NULL_DT) = {};

ofsort DataType
is_a(typename1) = DT1;
is_a(typename2) = DT2;
is_a(typename3) = DT3;
is_a(typename4) = DT4;
is_a(NULL_SORT) = NULL_DT;

ofsort NameSort
IS_A(DT1) = typename1;
IS_A(DT2) = typename2;
IS_A(DT3) = typename3;
IS_A(DT4) = typename4;
IS_A(NULL_DT) = NULL_SORT;

ofsort Bool
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(* Subtyping checked through subsetting of operations *)

sub(adt1,adt2) = ops(adt2) Includes ops(adt1);

endtype (* DataType *)

(* Database is a repository for types. Operations are provided for
adding types to and deleting types from the database; listing
all types in the database; returning all subtypes of a given
type in the database *)

type DB is DataType
sorts DB
opns empty : -> DB

add_db : DataType, DB -> DB
del_db : DataType, DB -> DB
get_names: DB -> Sort_List
get_dt : NameSort, DB -> DataType
get_subs : NameSort, DB -> Sort_List

eqns forall adt,adt1: DataType, sn: NameSort, adb: DB
ofsort DB

del_db(adt, adb) = empty;
(sub(adt,adt1) and sub(adt1,adt)) =>
del_db(adt, add_db(adt1,adb)) = adb;
(not(sub(adt,adt1) and sub(adt1,adt))) =>
del_db(adt, add_db(adt1,adb)) = add_db(adt1,del_db(adt, adb));
add_db(adt, add_db(adt, adb)) = add_db(adt, adb);

ofsort Sort_List
get_names(empty) = <>;
get_names(add_db(adt,adb)) = (add_sort(IS_A(adt),<>)

conc get_names(adb));
get_subs(sn,empty) = <>;
(not(sub(adt,is_a(sn))))=>
get_subs(sn,add_db(adt,adb)) = get_subs(sn,adb);
(sub(adt,is_a(sn)))=>
get_subs(sn,add_db(adt,adb)) = (add_sort(IS_A(adt),<>)

conc get_subs(sn,adb));
ofsort DataType

(IS_A(adt) eq NULL_SORT)=>
get_dt(sn,adb) = NULL_DT;
(IS_A(adt) eq sn)=>
get_dt(sn,add_db(adt,adb)) = adt;
(not(IS_A(adt) eq sn))=>
get_dt(sn,add_db(adt,adb)) = get_dt(sn,adb);

endtype (* DB *)

(* Operations used by type manager *)

type Operation_Type is
sorts operation_sort
opns request, response,

add_type, del_type,
list_type, list_rel,
all_rel: -> operation_sort

endtype (* operation_type *)

(* Identifiers of users of type manager *)

type id_type is
sorts id_sort
opns user_id1, user_id2: -> id_sort

endtype (* id_type *)

(* Error messages that type manager can return to the user *)

type error_type is NaturalNumber, Boolean
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sorts error_sort
opns ok: -> error_sort

requesting_entity_does_not_have_the_appropriate_aut hority:
-> error_sort

properties_not_applicable_to_this_type_are_present:
-> error_sort

type_name_not_registered:
-> error_sort

type_name_already_registered:
-> error_sort

relationship_not_allowed:
-> error_sort

no_relationship_found_between_given_types:
-> error_sort

no_compatible_type_found:
-> error_sort

a_given_type_name_not_registered:
-> error_sort

err_msg: Nat -> error_sort
eqns ofsort error_sort

err_msg(0) = ok;
err_msg(succ(0)) =

requesting_entity_does_not_have_the_appropriate_a uthority;
err_msg(succ(succ(0))) =

properties_not_applicable_to_this_type_are_presen t;
err_msg(succ(succ(succ(0)))) =

type_name_not_registered;
err_msg(succ(succ(succ(succ(0))))) =

type_name_already_registered;
err_msg(succ(succ(succ(succ(succ(0)))))) =

relationship_not_allowed;
err_msg(succ(succ(succ(succ(succ(succ(0))))))) =

no_relationship_found_between_given_types;
err_msg(succ(succ(succ(succ(succ(succ(succ(0))))))) ) =

no_compatible_type_found;
err_msg(succ(succ(succ(succ(succ(succ(succ(succ(0)) ))))))) =

a_given_type_name_not_registered;
endtype (* error_type *)

behaviour
hide a_check, db_type in

test[add_t,del_t,list_t,add_r,del_r,list_r, all_r]
|[add_t,del_t,list_t,add_r,del_r,list_r,all_r]|

type_admin[add_t,del_t,list_t,add_r,del_r,l ist_r,all_r,db _type,a_check ]
|[ a_check ]|

authority_check[a_check]
where

(* process for testing the functionality of the type manager *)

process test[add_t,del_t,list_t,add_r,del_r,list_r,all_r ]:noexit:=
del_t !request !user_id1 !typename1;
del_t !response !user_id1 ?msg: error_sort;
add_t !request !user_id1 !typename1 !DT1;
add_t !response !user_id1 ?msg: error_sort;
add_t !request !user_id1 !typename2 !DT2;
add_t !response !user_id1 ?msg: error_sort;
add_t !request !user_id1 !typename3 !DT3;
add_t !response !user_id1 ?msg: error_sort;
del_t !request !user_id1 !typename1;
del_t !response !user_id1 ?msg: error_sort;
del_t !request !user_id1 !typename1;
del_t !response !user_id1 ?msg: error_sort;
add_t !request !user_id1 !typename4 !DT4;
add_t !response !user_id1 ?msg: error_sort;
list_r !request !user_id1 !typename1 !typename4;
list_r !response !user_id1 ?msg: error_sort ?msg1: Bool;
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del_t !request !user_id1 !typename2;
del_t !response !user_id1 ?msg: error_sort;
list_r !request !user_id1 !typename1 !typename2;
list_r !response !user_id1 ?msg: error_sort ?msg1: Bool;
all_r !request !user_id1 !typename3;
(

all_r !response !user_id1 ?msg: error_sort; stop
)
[]
(

all_r !response !user_id1 ?sl: Sort_List; stop
)

endproc (* test *)

process type_admin[add_t,del_t,list_t,add_r,del_r,list_r ,all_r,db_typ e,a_check]
:noexit:=

let db_initial: DB = empty in

type_repository[db_type](db_initial)
|[ db_type ]|

type_manager[add_t,del_t,list_t,add_r,del _r,list_r,all_ r,db_type,a_c heck]
where

process type_manager[add_t,del_t,list_t,add_r,del_r,lis t_r,all_r,db_ type,a_check]
:noexit:=

op_type_manager[add_t,del_t,list_t,add_r, del_r,list_r,a ll_r,db_type, a_check]
[]

rel_type_manager[add_t,del_t,list_t,add_r ,del_r,list_r, all_r,db_type ,a_check]

where
process op_type_manager[add_t,del_t,list_t,add_r,del_r,li st_r,all_r,db _type,a_check]
:noexit:=

add_type[add_t,del_t,list_t,add_r,del_r,lis t_r,all_r,db_t ype,a_check]
[]

del_type[add_t,del_t,list_t,add_r,del_r,lis t_r,all_r,db_t ype,a_check]
[]

list_type[add_t,del_t,list_t,add_r,del_r,li st_r,all_r,db_ type,a_check]
where

process add_type[add_t,del_t,list_t,add_r,del_r,list_r ,all_r,db_typ e,a_check]
:noexit:=

add_t !request ?id: id_sort (* identifier of requester *)
?stn: NameSort (* type name *)
?st: DataType; (* type sort *)

(
a_check !request !add_type ?a_res: Nat;

(
(

[a_res ne 0] ->
add_t !response !id !err_msg(a_res);
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)
[]
(

[a_res eq 0] ->
db_type !request !add_type !stn !st;
db_type !response !add_type ?res: error_sort;
add_t !response !id !res;
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)))
endproc (* add_type *)

process del_type[add_t,del_t,list_t,add_r,del_r,list_r ,all_r,db_typ e,a_check]
:noexit:=
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del_t !request ?id: id_sort (* identifier of requester *)
?stn: NameSort; (* type name *)

(
a_check !request !del_type ?a_res: Nat;

(
(

[a_res ne 0] ->
del_t !response !id !err_msg(a_res);
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)
[]
(

[a_res eq 0] ->
db_type !request !del_type !stn;
db_type !response !del_type ?res: error_sort;
del_t !response !id !res;
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)))
endproc (* del_type *)

process list_type[add_t,del_t,list_t,add_r,del_r,list_ r,all_r,db_ty pe,a_check]
:noexit:=

list_t !request ?id: id_sort (* identifier of requester *)
?stn: NameSort; (* type name *)

(
a_check !request !list_type ?a_res: Nat;

(
(

[a_res ne 0] ->
list_t !response !id !err_msg(a_res);
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)
[]
(

[a_res eq 0] ->
db_type !request !list_type !stn;
db_type !response !list_type ?opl: OpSet ?res: error_sort;

(* returns an empty operation list if non-applicable operation *)
list_t !response !id !opl !res;
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)))
endproc (* list_type *)

endproc (* op_type_manager *)

process rel_type_manager[add_t,del_t,list_t,add_r,del_r,l ist_r,all_r,d b_type,a_check ]
:noexit:=

list_rel[add_t,del_t,list_t,add_r,del_r,l ist_r,all_r,db _type,a_check ]
[]

all_rel[add_t,del_t,list_t,add_r,del_r,li st_r,all_r,db_ type,a_check]
where

process list_rel[add_t,del_t,list_t,add_r,del_r,list_r ,all_r,db_typ e,a_check]
:noexit:=

list_r !request ?id: id_sort (* identifier of requester *)
?sn1: NameSort (* first type name *)
?sn2: NameSort; (* second type name *)

(
a_check !request !list_rel ?a_res: Nat;

(
(

[a_res ne 0] ->
list_r !response !id !err_msg(a_res);
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)
[]
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(
[a_res eq 0] ->
db_type !request !list_rel !sn1 !sn2;
db_type !response !list_rel ?res1: error_sort ?res: Bool;
(* checks two types are valid, if not, default of false for res *)
list_r !response !id !res1 !res;
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)))
endproc (* list_rel *)

process all_rel[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]
:noexit:=

all_r !request ?id: id_sort (* identifier of requester *)
?sn1: NameSort; (* type name *)

(
a_check !request !all_rel ?a_res: Nat;

(
(

[a_res ne 0] ->
all_r !response !id !err_msg(a_res);
type_manager[add_t,del_t,list_t,add_r,del_r,list_r, all_r,db_type ,a_check]

)
[]
(

[a_res eq 0] ->
db_type !request !all_rel !sn1;
(

(
db_type !response !all_rel ?msg: error_sort;
all_r !response !id !msg;
type_manager[add_t,del_t,list_t,add_r,del_r,list_ r,all_r,db_ty pe,a_check]

)
[]
(

db_type !response !all_rel ?res: Sort_List;
all_r !response !id !res;
type_manager[add_t,del_t,list_t,add_r,del_r,list_ r,all_r,db_ty pe,a_check]

)))))
endproc (* all_rel *)

endproc (* rel_type_manager *)
endproc (* type_manager *)

process type_repository[db_type](db: DB) :noexit:=

add_type[db_type](db)
[]

del_type[db_type](db)
[]

list_type[db_type](db)
[]

list_rel[db_type](db)
[]

all_rel[db_type](db)
where

process add_type[db_type](db: DB):noexit:=

db_type !request !add_type ?stn: NameSort ?st: DataType;
(

[ not(is_in(stn, get_names(db))) ]->
db_type !response !add_type !ok;
type_repository[db_type](add_db(st,db))
[]
[ is_in(stn, get_names(db)) ]->
db_type !response !add_type !type_name_already_registered;
type_repository[db_type](db)

)
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endproc (* add_type *)

process del_type[db_type](db: DB):noexit:=

db_type !request !del_type ?stn: NameSort;
(

[ not(is_in(stn, get_names(db))) ]->
db_type !response !del_type !type_name_not_registered;
type_repository[db_type](db)
[]
[ is_in(stn, get_names(db)) ]->
db_type !response !del_type !ok;
type_repository[db_type](del_db(get_dt(stn,db),db))

)
endproc (* del_type *)

process list_type[db_type](db: DB):noexit:=

db_type !request !list_type ?stn: NameSort;
(

[ not(is_in(stn, get_names(db))) ]->
db_type !response !list_type !{} !type_name_not_registered;
type_repository[db_type](db)
[]
[ is_in(stn, get_names(db)) ]->
db_type !response !list_type !ops(get_dt(stn,db)) !ok;
type_repository[db_type](db)

)
endproc (* list_type *)

process list_rel[db_type](db: DB):noexit:=

db_type !request !list_rel ?sn1: NameSort ?sn2: NameSort;
(

[not(is_in(sn1,get_names(db))) or not(is_in(sn2,get_names(db))) ] ->
db_type !response !list_rel !a_given_type_name_not_registered !false;
type_repository[db_type](db)
[]
[is_in(sn1,get_names(db)) and is_in(sn2,get_names(db)) ] ->
db_type !response !list_rel !ok !sub(is_a(sn1),is_a(sn2))

(* or sub(is_a(sn2),is_a(sn1)) *);
(* include above line if subtyping checked in both directions *)
type_repository[db_type](db)

)
endproc(* list_rel *)

process all_rel[db_type](db: DB):noexit:=

db_type !request !all_rel ?sn: NameSort;
(

[ is_in(sn,get_names(db)) ] ->
db_type !response !all_rel !get_subs(sn,db);
type_repository[db_type](db)
[]
[ not(is_in(sn,get_names(db))) ] ->
db_type !response !all_rel !type_name_not_registered;
type_repository[db_type](db)

)
endproc (* all_rel *)

endproc (* type_repository *)
endproc (* type_admin *)

process authority_check[a_check]
:noexit:=

a_check !request ?op: operation_sort !0;
authority_check[a_check]

[]
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a_check !request ?op: operation_sort !succ(0);
authority_check[a_check]

endproc (* authority_check *)
endspec (* type_manager *)



Appendix B

Summary of Z Notation

Thisappendixprovidesa summaryof theZ notationusedin this thesis.

B.1 Schemasand Axiomatic Descriptions

Schemashavebeenusedwidely in this thesis.Their generalformatis:
Name∣∣∣∣∣
Declarations

Predicates

Axiomaticdescriptionshavebeenusedwidely. Theirgeneralformatis:

∣∣∣∣∣
Declarations

Predicates

B.2 BasicTypes,AbbreviatedDefinitions and FreeTypes

Basictypeshavebeenusedto representinformationin Z thatwehavenowish to describeata lower level
of abstraction.Examplesof thesetypesinclude:

[TypeIdentifier;Label]

Abbreviateddefinitionshavebeenusedto introducenewtypes.Examplesof thesetypesinclude:

PList == seq Parameter

In this thesisusagehasbeenmadeof basicfreetypesandparameterisedfreetypes.Examplesof these
haveincluded:

Causality::= Client | Server

Action ::= Observable〈〈ActSig× State× State〉〉 | Internal〈〈ActSig× State× State〉〉

B.3 Logic/SchemaCalculusand SpecialSchemaOperators

Logic/schemacalculusandspecialschemaoperatorshavebeenusedthroughoutthis thesis.
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true, false logicalconstants ¬ P negation
P ∧ Q conjunction P ∨ Q disjunction
P⇒ Q implication P ⇔ Q equivalence
∀ ... universalquantification ∃ ... existentialquantification
∃ 1 ... uniqueexistentialquantification ∆ S deltaconvention
Ξ S xi convention ΘS Theta-expression
S[a=b; c=d] Renaming S \ (a,b) Hiding
S |̀ T Projection pre Op Precondition
OpA 0

9 OpB SequentialComposition OpA � OpB Piping

B.4 Numbersand Arithmetic

Thefollowing lists thenumericsetsandoperationson themthathavebeenusedin this thesis.

N
N naturalnumbers ZZ integers
+ - * div mod arithmeticoperations = 6= < ≤ ≥ > arithmeticcomparisons
N
N 1 strictly positiveintegers m . . . n numberrange
# sizeof a set minS minimumof a set
maxS maximumof a set
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B.5 Sets

Thesetoperationsandnotationgenerallyusedin this thesisincluded:

x ∈ S membership x 6∈ S non-membership
{ a,b,..., z } setdisplay { x: T | P @E } setcomprehension
(let x == E @ P) Let expression ∅ or { } emptyset
S ⊆ T subsetrelation S ⊂ T propersubsetrelation
PPS powerset PP1 S non-emptypowerset
FF S finite set FF1 S non-emptyfinite set
S × T Cartesianproduct (x,y,z) tuple
first p first of a pair secondp secondof a pair
S ∪ T setunion S ∩ T setintersection
S \ T setdifference

⋃
A generalisedunion⋂

A generalisedintersection

B.6 Relationsand Functions

The relationsandfunctionsusedin the Z mathematicaltoolkit andemployedto varying degreesin this
thesisinclude:

X ↔ Y binaryrelation x 7→ y maplet
dom A domainof relation ran A rangeof relation
id A identity relation Q 0

9 R composition
Q ◦ R backwardscomposition S � R domainrestriction
S � R rangerestriction S �− R domainanti-restriction
S �− R rangeanti-restriction R ∼ relationalinverse
R(| S |) relationalimage Q ⊕ R overriding
R k iteration R+ transitiveclosure
R∗ reflexivetransitiveclosure f(x) functionapplication
X 7→ Y partialfunctions X → Y total function
X 7>→ Y partialinjection X >→ Y total injection
X 7→→ Y partialsurjection X →→ Y total surjection
X >→→ Y bijection X 7 7→ Y finite partialfunction
X 7 7>→ Y finite partialinjection
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B.7 Sequences

The sequenceoperationsthat canbe found in the Z mathematicaltoolkit andhavebeenusedin various
partsof this thesisinclude:

seq finite sequences seq 1 non-emptysequences
iseq injectivesequences 〈a; ::z〉 sequencedisplay
s_t concatenation revs reverse
heads headof a sequence last s lastelementof a sequence
tail s tail of a sequence front s all but lastelementof sequence
s |̀ U filtering s prefix t prefixrelation
s suffix t suffix relation s in t segmentrelation

disjoint SS disjointness SS partition T partitionrelation
U |́ s extraction



Appendix C

Summary of LOT OSNotation

Thisappendixprovidesa brief summaryof theLOTOSnotationusedin this thesis.

C.1 An Overview of LOT OS

A LOTOSspecificationtypically consistsof two mainparts:a datatypingpartbasedonAct One[65] and
a behaviouraldescriptionpartgiven in theprocessalgebra.Theprocessalgebraitself is related(but not
thesameas)Milner’sCalculusof CommunicatingSystems[141] andHoare’s CommunicatingSequential
Processes[96]. ThesimilaritiesanddifferencesbetweenLOTOSandtheseothertwo languagesaregiven
in [71].

C.2 An Overview of the Act OnePart

LOTOS presentsdataasabstractdatatypes(ADTs) usingAct One. Thedescriptionof anADT typically
consistsof threeparts:

• thenewtypenameandtypesusedin its construction;

• thenewsortsintroducedinto thespecificationandtheoperationsthatareapplicableto thesesorts;

• theequationsassociatedwith thesesorts.

Oneexampleof anabstractdatatypeis:

type (* new type name *) is (* imported types *)
sorts (* sortname(s) *)
opns (* operations on sortname(s) *)
eqns (* equations associated with operations *)

endtype

Herethe newtypenamerepresentsthe typeof theADT beingdefined.This shouldbeuniqueto the
specification.Thereservedword is maybefollowedby zeroor moretypedefinitions.Thesortsgivesthe
nameof thedatasortsthatarebeingintroducedto thespecification.Theoperationsonthesortprovidethe
signaturefor theoperationsavailableon thatsort. Operationsaredefinedasfunctionswith zeroor more
inputsanda singleoutput.Operationswith zeroinputsareoftenreferredto asconstants.

Theequationsassociatedwith anADT showwhattheeffect is of operationsoccurring.Typically, this
effect is given by providing someform of equivalenceclassof equationalterms, e.g.a + 0 = a. The
equationsthemselvesaregroupedaccordingto theresultsortsthattheyproduce.

An exampleof anADT definedin Act Oneis a stack.Thiscanberepresentedas:
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type Stack is NaturalNumber
sorts Stack
opns create : -> Stack

push : Nat, Stack -> Stack
pop : Stack -> Nat

eqns forall s: Stack, n: Nat
ofsort Nat

pop(push(n,s)) = n;
pop(create) = 0;

endtype (* Stack *)

Theconstant“0” hereis usedto indicatethatanerrorhasoccurred.
As well asdirectinclusionfollowing the is keyword,Act Oneallowsre-useof datadefinitionsthrough

parameterisation,renamingandactualisation.An exampleof a datatypethatcanbeparameterisedmight
be:

type AbstractStack is
formalsorts data
formalopns d: -> data
sorts Stack
opns create : -> Stack

push : data, Stack -> Stack
pop : Stack -> data

eqns forall s: Stack, d: data
ofsort data

pop(push(d,s)) = d;
pop(create) = 0;

endtype (* AbstractStack *)

Thiscanbeactualisedby providingsortsandoperationsfor theformalsortsandoperationsgiven. One
exampleof thisactualisationmightbe:

type RealStack is AbstractStack
actualizedby (* some existing data type *)
using sortnames (* some sort associated with existing data type *) for data

opnnames (* some operation on existing sort *) for d
endtype (* RealStack *)

We noteherethattheactualoperationmustsatisfyall constraintsassociatedwith theformaloperation,
e.g.theactualandformaloperationsshouldbestructurallyidentical.Further, if formalequationsaregiven
thenthesemustbesatisfiedby theactualoperationsupplied.

Renamingmaybeusedwhena newdatadefinitionis requiredthat is similar to anexistingdatatype.
Renamingcanbeachievedby explicitly changingthesortnamesandoperationnamesof theexistingdata
type. Thesyntaxfor renamingis givenby:

type (* new type *) is (* existing type *) renamedby
sortnames (* new sort name *) for (* old sort name *)

... (* other sorts renamed *)
opnnames (* new operation name *) for (* old operation name *)

... (* other operations renamed *)
endtype (* new type *)

We noteherethatactualisationsandrenamingsdiffer in thatrenameddatatypesmustbe isomorphic,
i.e. theymaynotextendthesignatureof theexistingdatatype. Actualisationsmaydoso.

C.3 An Overview of the ProcessPart

Theprocessalgebrapartof a LOTOSspecificationconsistsof a collectionof processabstractions(defini-
tions). Thesemaybe regardedasblackboxescomposedof observableandinternalactions.Observable
actions(interactions)takeplacethroughsynchronisationwith the environmentof the process. Internal
actionsdo not requiresynchronisationwith the environment. The processesthemselvesaredefinedas
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Name Syntax
inaction stop
termination exit
terminationwith parameters exit(e1. . . en)
choice B1 [] B2

actionprefix g; B
unobservableactionprefix i;B
full parallelcomposition B1 || B 2

generalparallelcomposition B1 | [g1; . . . gn] | B2

interleaving B1 ||| B 2

hiding hide g1; . . . gn in B
processinstantiation P[g1; . . . gn ](e1; . . . en)
guarding [ Ce]→ B
disabling B1[> B2

enabling B1 � B 2

enablingwith valuepassing B1 � acceptv 1 : T1 in B2

B; Bi : behaviourexpressions e1: valueexpressions
g; gi : gateidentifiers P : processidentifier
Ce: conditionalexpression vi : variableidentifiers

TableC.1: Syntaxof LOTOSBehaviourOperators

temporallyorderedcollectionsof actions.Thesetemporalorderingsaregiven in a behaviourexpression.
Theactualtemporalorderingsthatexistis dependentuponthebehaviouralcompositionoperatorsused.A
summaryof thebehaviouralcompositionoperatorsis givenin tableC.1.

Action templatesaremodelledin LOTOSby eventoffers. Internaleventsaremodelledeitherthrough
the internaleventsymbol i or througheventoffers at hiddengates. Eventoffersmay be representedby
gatesor by gatesfollowed by oneor moreassociatedarguments.LOTOSprovidestwo waysto associate
argumentswith aneventoffer. Argumentscanbeprecededby !a in which casetheargumentis a single
valueexpression.Alternatively, argumentscanbeprecededby ?a:A in which casea is a variableof the
sortA. Forexample,theeventoffer g !0 ?x: Bool indicatesthatthenaturalnumbervalue0 is requiredand
thetermx: Bool indicatesthatanyvalueof sortBoolean,i.e. trueor false,is acceptableandassignedto x.

Eventsmayoccurprovidedall eventoffersinvolvedin thesynchronisationhaveanon-emptyintersec-
tion of associatedargumentvalues.It is possiblealsoto restrictthevaluesthatcanbeacceptedby event
offers throughselectionpredicates,e.g.theeventoffer g ?x:Nat[x>2]; indicatesthat theeventoffer will
only synchronisewith othereventoffersthatoffer naturalnumberargumentvaluesgreaterthan2.

Processeshavethefollowing structure:

process PROCESS_NAME[gate-list ](parameter-list): functionality:=
(* behaviour expression *)
where

(* data type definitions *)
(* process definitions *)

endproc

The functionality canbe eithernoexit, in which casethe processmay not successfullyterminate,or
exit in whichcasetheprocessmaysuccessfullyterminate.Processwith noexit functionalityarefrequently
recursivelydefinedprocessesor processesthatoffer the null behaviourstop, i.e. do nothing. Processes
thatmayterminatecando sowith results.Thetypes(sorts)of theseresultshaveto bedeclaredwhenthe
processis defined.
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C.4 SpecificationStructur e

A LOTOSspecificationtypically hasthefollowing structure:

specification SPECIFICATION_NAME[ gate-list ](parameter-list):functionality
library ... endlib
type ... endtype
type ... endtype
...
behaviour ...(* behaviour expressions *)
where

process ... endproc
process ... endproc
...

endspec

In the library themorecommonlyuseddatatypesaregiven,e.g. thedatatypesfound in theLOTOS
standard[101].

Thereexistsa rich sourceof tutorial materialon LOTOS thatgreatlyexpandson this brief overview.
Examplesof thesetutorialsinclude: [23, 131, 59,197].


