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Abstract

Specificationis difficult. It is oftenthe casethatthemostdifficult aspecbf specifyingis thestructuring
of thespecificatiorto beginwith. Adoptinganarchitecturabpproactcanhelpto alleviatethis structuring
problem.WehaveinvestigatedowtheformallanguagesOTOSandZ canbeusedo developspecification
templatesuitablefor architectingspecification®f distributedsystems.

Theimmediatequestiorthatariseds: wheredothearchitecturatoncept£omefrom? Wehavefocused
primarily on the work of the currentstandardisatiomctivity of OpenDistributedProcessindODP). The
approachtakenthereis to provide an object-orientedset of conceptsandto usetheseas the basisfor
developinga multi-viewpoint approach. A viewpoint may be regardedas an abstractionof the system
focusingon someparticularaspectthe intention beingto help reducethe complexity of the systemas
a whole. ODP identifiesfive viewpoints: the enterprise information, computational,engineeringand
technologyviewpoints. In our work, we formalisethe foundationsetof conceptdn LOTOS andZ then
show how specificationarchitecturedasedon the computationaliewpoint can be developed.We also
highlight the advantage# a formal approachthroughthe identificationof limitations and errorsin the
ODPframework.

Centralto work ondistributedsystemgor anysystemadoptinganobject-orientednethodology)andto
the computationaViewpointof ODPin particular is theissueof type managementWe haveinvestigated
how LOTOS andZ canbe usedto reasorabouttype systemgenerallyandto investigatethe issueghat
haveto beresolvedn determiningtype equivalenceWe baseour work ontheideaof typeequivalenceas
a substitutabilty relationbetweentypes. We addressssuessuchassignatureype checking,behavioural
type checkingandnon-functionalaspectof type checkingsuchasquality of service. Our investigations
havealsoincludeda treatmentof multimediatype systemswvherecontinuousflows of informationraise
performancessueghatareparticularlyimportant.

We haveappliedour approacho two casestudies:the specificatiorof the ODPtraderin LOTOS and
the specificationof a producerandconsumeiflow configurationin Z. The advantageanddisadvantages
of adoptingLOTOS or Z to developspecificatiorarchitecturegor distributedsystemsarehighlightedand
discussed.
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Chapter 1

Intr oduction

In this chaptemwe providethe contextin whichthis thesiswasdevelopedndgive anoverviewof thework
asawhole. We beginwith an overviewof distributedsystemsandtheir needfor formal representation.
The role of object-orientatiorand its relevanceto distributedsystemss discussed.Following this we
hypothesisahat an architecturalapproachcanreducethe complexityin specifyingdistributedsystems.
In particularwe proposethat the formal languaged OTOS [101] and Z [106] canbe usedto develop
specificatiorarchitecturesuitablefor constructingspecification®f distributedsystems.This hypothesis
formsthebasisfor theinvestigationglocumentedh thisthesis.

1.1 Contextof Thesis

This thesisis concernedwith writing specificationof distributedsystems. Writing specificationds a
difficult activity. Writing specification®f distributedsystemsds especiallycomplexdueto theirinherent
propertiesfor exampletheirpotentialremotenesandheterogeneityWe provideamoredetaileddiscussion
of thesgpropertiesn sectior?.1.1. 1t isquitepossibldo write specification$or aparticularmproblemdomain
without recoursdo anyreferencerchitecturedevelopedor thatdomain. We arguethatmoreinsightinto
formal language@ndthe domainitself is generatedvhenthey areappliedto the architecturaprinciples
thatunderliethatdomain.

We haveinvestigatechowtheformallanguage$ OTOS[101] andZ [106, 181] canbeusedto develop
specificationarchitecturesuitablefor constructingspecificationsof distributedsystems. Theseformal
techniquesreparticularlyinterestingsincethey may be seenin manyrespectsascomingfrom opposite
endsof theformal methodsspectrum An overviewof this spectrumandthe positioningof LOTOS andZ
in thefamily of specificationanguagess givenin chapter3.

1.1.1 OpenDistributed Systems

Opendistributedsystemsare one of the mostimportantdevelopmentén computingsciencetoday[198,
66, 107]. The conceptaandtechnologieghatunderliethemarerevolutionisingcomputingscience.The
typical large mainframewith collectionsof terminalsjostling for resourcess rapidly becomingobsolete.
The primary reasorfor this is the decreasingostof computetardwareandincreasegowerof modern
computersOpendistributedsystem$avenumerougdvantageg@nddisadvantagesissociateavith them.
For exampledistributedsystemsanbe designedsothatthey aremoretolerantof certainsystemfailures
andmakebetterusageof systemresourcesOn the otherhand,distributedsystemsre,in themain, more
complexthanothercomputersystems.Theseadvantageand disadvantageare discussedn moredetail
in section2.1.2.

Distributed systemsthemselvesonsistin the main of collectionsof computingsystems,wherea
degenerateomputingsystemis a singlecomputer Thesesystemsommunicatavith oneanothetypically
using a sophisticatechetwork. Thereis a fundamentadistinction betweena distributedsystemand a
basicnetworkof computerdhrowever Loosely the distinctionis the ability of distributedsystemdo mask

1



2 CHAPTER1. INTRODUCTION

complexityfrom theuser Thatis, throughprovidingspecificfeaturegtranspaencie$ thatallow aspect®f
theinherentistributionto behidden.Forexampletheremotenessf applicationsandusageof potentially
heterogeneousesourcexanbe hiddenfrom usersof the system. We discussheseand numerousother
complexitiesthat are associatedvith distributedsystemsin section2.1.3 along with featuresthey are
expectedo providefor maskingthesecomplexities.We note herethat objecttechnologyoffersa way to
managecertainof thesecomplexities.

The Opennesf Systems

The term openis frequentlyfound in literaturerelating 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 distributedsystemditerature:

- anenvironmentndits modelareeasilyobtainableandwell documented;

- the modeland environmentexist on many operatingsystemsand work with many programming
methodologiesindlanguages;

- severamanufacturersupport@andcontrolthe market;

- theenvironmentaindits modelhavedevelopedfterconsiderabléopendebating”.

Weregardtheopennessf adistributedsystenin thisthesisastheextendabilityof thatsystem.Thatis,
hownewresource-sharingystemanbeaddedo asystemwithoutdisruptingexistingservices.Typically
thisis achievedhroughmakingavailablethedescription®f specificentrypointsinto thesystemcommonly
referredto asinterfaces.Fromthesejt shouldbe possibleto addnew (possiblyheterogeneousgjardware
andsoftwareto the system. This definition may be regardedas being moreabstracthanthosegivenin
[129. Thatis, we do not concernourselveswith the specificsof proprietaryhardwareand softwareand
theirinterworkingin this thesis,nor whatconstitutesa resource-sharingystem.Rather sinceour interest
is in developingformal specification®f suchsystemswe abstracfrom suchissues. The usefulnesof
abstractiorin aformal methodscontextis discussedh moredetailin section3.2.

As well asthis task, recentareasof research4, 107 into opendistributedsystemsarereplacingthe
notion of interconnectivityof computerdy interworkingof enterprises We notethe distinctionbetween
thesawo concepthiereastheypertainto thisthesis.Weregardnterconnectivityof computergastheability
of computerdo communicatesuccessfullywith oneanother This might berealisedfor examplethrough
ensuringhattheyusesimilarcommunicatiorprotocolsasmightbefoundin theOpenSysteninterconnec-
tion (OSl)referenceanodel[103]. Interworkingis widerin scopeghanmessag@assingcapabilitieghough.
Thatis, whilst communicatioris essentiafor the successfuinterworkingof separat@nterprisest is only
abasisonwhichtheinterworkingcanbe establishedinterworkingmaythusberegardednformally asthe
integrationof enterprise$o achievesomecommonlyagreedgoal. This integrationneednot be complete
betweerenterprisesThatis, separatsub-enterprisesf someargerenterprisenaybeintegratedo achieve
sometask. An overviewof therelationshipbetweerinterconnectivityasmightbefoundin the OSIdomain
to interworkingasmight befoundin ODPis givenin [129].

In this thesiswe adoptone architecturedevelopedo enablethe issuesinvolved in interworkingto
be addressedthe currentstandardisatiomactivity of OpenDistributedProcessingODP)[107, 108 109
110, 111]. 1t is clearthatresearchinto enterpriseinterworkingis inherentlymultifaceted. Techniques
for alleviatingthis complexityarethushighly desirable.To this end ODP hasembracedbject-oriented
technologyandformaltechniques.

1.1.2 Object Technologyand Distributed Systems

Objecttechnologyis regardedy manyto bethe panacedor softwaredevelopmenf27, 46, 137, 165. To
othersit is simply anoverhypedcomputertrend[67]. Whateverpoint of view is taken,objecttechnology
is certainlyin widespreadisethroughouthe computingindustry
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Objecttechnologypervadesll aspect®f computingsciencesystermanalysisanddesign programming
etc. Despitetheobviouspopularityof theobject-orientegharadigmaphenomenamounif disagreement
existson the fundamentaterminology Gibson[81] captureghis throughlists of differentdefinitionsfor
popularobject-orientecconceptsall of which, he agues,arecorrectin a givencontext. To someextent
thesaerminologicalrregularitiesof fundamentatlefinitionsstemfrom thepopularityof objecttechnology
For example anobjectto a systemdesigneits likely to bedifferentto thatof a programmer As captured
by Gammaeaetal. [77],

“everythingdownto thehardware or all thewayup to entire designapplicationscanbean object. How
canwedecidewhatshouldbean object?”.

An alternativeperspectiveon the lack of precisionin existingobject-orientedechnologyis given by
DanforthandTomlinson[57] who statethat:

“object-orientedorogrammingis generallyexpessedin philosophicalterms,resultingin a natural
proliferation of opinionsconcerningexactlywhatobject-orientegprogrammings”.

Theessencef object-orientatiors thatconceptsideas processesr data,or combination®f thesecan
begroupedogetheiinto a capsulecalledanobject. An objecthasassociateavith it atleastoneinterfacé,
which is usedto communicatewith other objects. The only way for one objectto accesdnformation
associateavith anotheremoteobjectis throughinteractingwith thatobjectat oneof its interfaces.This
hiding of informationis commonlyreferredto asencapsulatiof27, 46, 165.

Thusobject-orientatiomffersseveraimmediateadvantagewith regardo distributedsystem$18,152].
Encapsulatiornablesnformationto be hidden. Interfacescanbe usedto allow restrictedaccesdo areas
andhencenformationin the system.This compartmentalisingf the systeminformationprovidesa more
structuredapproacho systemdesignandmanagementn particular the approachendsitself to openness
asdefinedabove.

Object-orientatiomndformaltechniquest hasbeerargued[120, 147, arein manysensesomplemen-
taryto oneanother The proliferationof object-orientedpecificatiortechnique$14, 81, 118] is testimony
to this. An overviewof object-orientedspecificatiorapproachess givenin [123] and[186]. Similarly,
numerouspproachew introduceobject-orientegrinciplesandpracticesnto non-object-orientetbrmal
developmentechniquesreoccurring,[147] beingonesuchexample.

1.1.3 Formal Techniquesfor Describing Distributed Systems

Formaltechniquesn variousguiseshavebeenaroundfor a considerableamountof time. Surprisingly
little work hasbeendoneto establishwhich languagés bestsuitedto particularproblemdomains.More
oftenthannot their usages predominantlygiven by existingexpertisen thattechniqueyratherthantheir
beingmoresuitedfor thetaskat hand. Of course certainlanguagesveredevelopedvith certainproblem
domainsin mind. For example,Estelle[100], LOTOS [101] and SDL [118] were developedwith the
intentionof beingsuitedfor specifyingcommunicatiorprotocols. Henceit is naturalthatthey aremore
suitedto this problemdomainthanothertechniquesOthertechniquesuchasZz [10€], it couldbeargued,
weredevelopednorewith theideaof softwareengineeringn general Thatis, asanaidto developingcode
in amoreformal manner Theissuethatwe areinterestedn is, whathappensvhenanewproblemdomain
arisesthatexistingtechniquesverenot specificallydevelopedor? Needlesdo say the developersf the
formallanguagesvould like to applytheir languagdo newproblemdomains.As statedby [199], thisis
especiallytruewith the standardisetbrmaltechnique4 OTOS, Estelle,SDL (andsoonto bestandardised
Z), wheretheinvestmentn their developmenhasbeenconsiderable.
Distributedsystemsepresenvnesuchuntriedproblemdomainofferinganewandinterestingchallenge
for formaltechniquesAt presenit is not clearwhich techniqués bestsuitedfor specifyingandreasoning
aboutdistributedsystems.Thereare severalpossibilitiesin determiningwhich formal techniques more

1Thenumberof interfacesanobjecthasis discussedn section2.3.2.
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suited. Thelow level approachwould beto try to specify particular(aspectof) distributedsystemsand
learnfrom the experience. This is not a particularly satisfactorysolution sinceit may resultin many
tried andfailed specificationgn manydifferentlanguagesWe amguethata higherlevel andmoreuseful
approachis to developspecificatiorarchitectures.

Thetermarchitectures receivingmoreattentionfrom thecomputingsciencecommunity(77, 107, 195
196. As inheritanceoffersthe possibility of codere-use soarchitectureoffer the re-useof designsand
experiencesTo createanarchitectureequiredetailecknowledgeof theunderlyng problemdomain.From
thisunderstandinggreciseconcept@ndstructuringrulesfor thoseconceptsaswell asabasicterminology
itself for reasoningaboutthatproblemdomaincanbe developed.Sucha collectionof conceptsrulesand
terminologyfor a particularproblemdomainis commontermeda refeencearchitectue.

We aguethat, givena particulardomain(heredistributedsystemspandan associatedlomainspecific
referencearchitecture the ability to formalise the conceptsand structuringrules associatedvith that
architecturgin a givenformal language)nay be regardedasa betteryardstickfor languagecomparison
in thatdomain. Thusif a givenformal languagemaybe usedto formaliseall aspect®f a givenreference
architecturghentheability to build specificationdbasedon thatarchitectureshouldbe straightforwardn
that formal language. Alternatively, if a formal languagecannotbe usedto formalisethe architectural
concept®r structuringrulesassociatevith thoseconceptsthenits applicabilityfor specifyingsystemsn
thatproblemdomainneedso be questioned.

The immediatequestionthat arisesis where do thesearchitecturescomefrom? In this thesiswe
are concernedvith the specificationof distributedsystems. Henceit is naturalthat we shouldhavean
architecturghatlendsitself to reasoningaboutdistributedsystems Thereexistseveralkurrentlyproposed
architecturesor developingdistributedsystems.[66, 198] discusseshe relativemeritsof someof these
proposalsthroughworked examples. In this thesiswe have adoptedone particulararchitecture: the
ReferenceModel of OpenDistributedProcessingODP-RM) [107, 108 109, 110, 111]. This may be
regardedas the mostwide-reachingof the proposedarchitectures. Thatis, whilst certainarchitectures
attemptto provide openinterconnectivityas discussecearlierin section1.1.1, ODP hasattemptedto
addres®ntireenterprisanterworking. We discusODPin relationto theseotherarchitecturesn section
2.3.

1.2 Contributions of the Thesis

The main contributionof this thesisis the investigationof how LOTOS andZ canbe appliedto specify
architectureof distributedsystems.And in turn, how specification®f distributedsystemscanbe con-
structed. In doingthis, we contributeto the body of knowledgeon formal techniquespbject-orientation
anddistributedsystems.

To achievesuchspecificationarchitecturesye considerhow the basic (architectural)}conceptghat
underliedistributedsystemanight be formalisedin LOTOS andZ. Further we considethow thesemore
elementaryconceptsanbe structuredcomposedvith oneanother From theseinvestigationsve con-
cludethat neitherformal techniquehasthe necessaryeaturesn its classicalusageto modeldistributed
architecturezompletely As a result,we proposea novel approachto specifying(aspectof) opendis-
tributedsystems.This newapproactenableausto specifyexactlywhatis requiredwhencomposingwo
(or more)systemgogetherto enablebehaviourainterworkingto takeplace. The novelty hereis thatwe
canspecifyinsideaspecificationthenecessargriteriafor interworkingto takeplace. Thatis, it is normally
thecasethatreasoningabouta specificatiortakesplaceoutsidethe specificationg.g. whentestingfor the
satisfactiorof someparticularbehaviouratelation. We havedevelopednapproactwherebythesetesting
relationscanbeincorporatednto thespecificatioritself. Further we extendthebasicnotionof behavioural
relationsasfoundin languagesuchasLOTOS, e.g. conformanceextensiorandreduction[35, 125], to
includeperformancendothernon-functionabspectselatedo thebehaviouthatcanaffectthe successful
interworkingof enterprises.

Traditionally systemscould be composedgrovidedthey were syntacticallycompatible. Thatis, they
couldunderstandhe messagethatweresentbetweerthem,i.e. theyweresyntacticallytype equivalent.

2|t shouldbe notedthatthisis the correctacronymfor the ODPreferencenodelandnotRM-ODP
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Typeequalitybasednsyntacticstructuringonly is myopicif interworkingasopposedo interconnectivity
is to be achievedthough. Syntactictype checkingis a well investigatedarea,though,with a large body
of theoryandpracticalapproache$o supportit. Our approachdoesnot attemptto replacetype checking
asit currentlyexists. Ratherwe augmenthe syntactictype checkingwith behaviouratheckingandother
checkghatthe syntaxandbehaviourdo not capture.Ourwork maythusberegardedisanextensiorto the
basic'messagés understoodparadigminherentin mosttype checkingsystems.

As well asthis, our work recogniseshe particularrequirementshatdistributedsystemshaveon type
systems. The client/serverparadigmwhich forms the basisfor many distributedsystemsarchitectures
imposesconstrainton type systemshatexistingapproachedo not address We investigatethesediffer-
encesandshowhow they canbedealtwith andspecifiedrom a syntactic behaviourabhndnon-functional
perspectiveo enableinterworking.

Finally, sincethearchitecturave baseourwork onincorporategmultimedia)flows of information,we
investigatehow suchmultimediaflows canbe specifiedandreasonedbout. This includescompositionof
flows and performancespectselatedto thoseflows that might affect successfutomposition. Thusour
approactoffersthe specifiera powerful meango specifyand reasoraboutopendistributedmultimedia
systems.

1.3 RelatedWork

The applicationof formal techniquesand object-orientatioris not a newidea. With regardto LOTOS,

[14, 44, 52, 147 haveall investigatechow object-orientedconceptsanbe representech the language.
Possibleextensionso thelanguagédiavebeensuggestedy [164] for supporif theobject-orientedoncept
of inheritance Gibson[81] considerethowtheLOTOSdatatypinglanguageACT ONE [65] couldbeused
to developsoftwarein a formal object-orientednanner We notethatwhilst developingan architectural
approachbhasedon conceptslerivedfrom objecttechnologyour work doesnot attemptto providea new

object-orientedlievelopmeninethodology Ratherwe useobject-orientedonceptandtheirformalisation
asatool for reasoningboutdistributedsystems.

Thereexistsa plethoraof work relatedto object-orientatiorandZ [2, 41, 55, 122, 16€. Overviews
of theseapproachearepresentedn [123] and[186]. Thiswork canbedecomposethto two mainareas:
extensiongo thelanguagendspecificatiorstyle conventionsThework presentedhereinvestigateshese
two areasandshowshowtheyarelimited for our purposesA newapproachs thenprovidedthatdoesnot
requireextensiongo theZ language.

Architecturalapproache® specifyingdistributedsystemsarenotanewideaeither [20, 136 168,203)]
haveall developedarchitecturalapproacheso specify distributedsystems. All of thesehavefocused
predominantlyon LOTOS and not attemptedo compareotherformal languagesn any detail. Vogel's
work [203 in particularis relevantto this thesissince he developedan architecturalmethodologyin
LOTOS basedon ODPR Whilst philosophicallysimilar in approachpur work differsin technicalcontent,
his approactbeingbasedn a syntacticstructuringof specificatiorstakeholdersyherea stakeholdemay
beregardedisatheshellof a procesglefinitionthatrequiresbehaviourabspectso beinserted.

Gotzhein[86] hasalsodevelopedan architecturalpproachto distributedsystemsdevelopment.He
presentan abstracimathematicamodelconsistingof objects,actionsandinteractionpoints— concepts
that we discussin more detail in chapter4. Using thesebasicconceptsand somefunctionsthat relate
themto oneanotherhe showshow morecomplexstructuresanbe built. He thenproceed4o showhow
his abstraciapproactcanbe mappednto atemporallogic specification. Thushe aguesthat a basisfor
specificatiolanguageomparisorcanbeachievedn aformal manner In asimilarvein, StefaniandNajm
[148] proposea directmathematicalormalisationof the computationaviewpointof ODR Theirapproach
andthe advantagesnd disadvantageassociatedvith a direct mathematicainterpretationgenerallyare
discussedh sectiord.1.

Performanceaspectsaand their formal specificationhavebeenconsideredn numerousworks. Mc-
Clenaghar{136] providedextensiongo LOTOS to enableperformanceaspectdo be specified. These
extensiondncludedtiming issues,probabilisticbehavioursand prioritised behaviours. Schieferdecker
[167] alsoinvestigatedhow LOTOS might be extendedo dealwith performanceorientedaspects.In
particularsheproposedtructuredactions. Thesemayberegardedciseventsn LOTOS parameterisedith
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time, priority, resourceandmonitoringsignals.

Thereexistsa plethoraof time extensiongo LOTOS andprocessalgebragyenerally An overviewof
theseis givenin [153]. A casestudyfor assessingjmedformal descriptiortechniquess givenin [128].

Multimedia distributedsystemswere consideredby Blair [19] using a combinationof LOTOS and
temporallogic. Issuedn the specificatiorof multimediawerecoveredin the TEMPO project[16]. This
work is alsobeingextended17] to dealwith probablisticbehaviours.Pinto[159] proposeda new model
for the specificatiorof interactiveanddistributedmultimediasystemaisinga LOTOS-like language.

Surprisinglyverylittle work hasbeerdoneusingZ for reasoningboutdistributedsysemsarchitectural
approachesr performancaspectgenerally Raymoncetal. [188] showedchowZ mightbeusedo specify
aspectof distributedsystems.Of particularrelevanceo this thesisis the work by Foggetal. [75] who
compared OTOSandZ in theirapplicabilityto specifydistributedsystems Thiswork suggestedyerhaps
surprisingly thatwhenusedin the classicalstyle of stateand operationdn conjunctionwith a temporal
logic, Z wassuperiorto LOTOS for specifyingdistributedsystems.It wasamguedthatLOTOS hadtwo
main problemsfor specifyingdistributedsystems. Firstly, thereis the problemof being unableto treat
processeasfirst classentities,e.g. passhemaroundasparametersSecondlythereis thelack of LOTOS
featuredor reasoningaboutthe specificatioritself, for exampletheinability to describeandreasorabout
tracesinsidethe specification.In Z, this is possiblesinceactionsarerepresentethy schemasn Z which
arealsodatatypes.We discusghisissuein moredetailin sections4.2.2and7.5.

Fidge[70] showedhow Z couldbeusedto specifyandverify real-timebehaviour His approactwas
basedon interpretingReal-Time Logic (RTL) [119] in Z, and subsequentlysing the featuresof the Z
languag€dor reasoningandverifying real-timebehaviours.Suchwork is rarehoweverin comparisorto
theabundancef materialontimedprocessalgebras.

Theuseof object-orientedersionsof Z hasbeeninvestigatedn somedetailfor specifyingmultimedia
systems.Indeedthe standardisatioareaof PresentatiofEnvironmentfor Multimedia Objects(PREMO)
[117] is activelyusinga Z extensiorto reasoraboutmultimediasystems.Our work is moregenerakthan
this in thatwe look at behaviouralissuesgenerally with multimediaflows being one particulartype of
behaviour

Interestingwork in relationto thisthesisis thatof HoustonandJoseph$97]. Theyhavebeenapplying
Z asanaidto understandinghe ObjectManagemenGroup’s(OMG) CoreObjectModel[90]. We discuss
this objectmodelandthework of OMG in generain section2.3.1.

With regardto formal techniquesandODPthereexistsa copiousamountof recentworks,in particular
approachebasedntheviewpointlanguagesf ODP[109]. Theseviewpointlanguagesindotheraspects
of ODParepresentedh moredetailin chaptergt and5. Farooqui68] proposec LOTOSbasedpproach
to ODP systemsdevelopmenbasedon the idea of viewpoint transformations.His proposalconsisted
of applying correctnesgpreservingtransformationsn LOTOS to show consistencybetweenviewpoint
languagespecifications. This work was limited in thatit could only be appliedto computationabnd
engineeringiewpointspecificationfiowever Bowmanetal. [31] haveconsidereshowLOTOSandZ can
beusedo provideviewpointconsistencyTheirwork hasattemptedo embracenter-languageonsistency
andintra-languageonsistencyacrossthe ODP viewpoint languages.We discussthe relevanceof their
work to oursin numerougplaceshroughouthisthesis.

Stefani[184] and Leydekkerset al. [80] haveappliedformal techniquedo enablereasoningabout
aspectof quality of serviceof ODP computationabbjects. Their work and the wealth of otherwork
relatedto the specificatiorof ODP systemss discussedh moredetailthroughouthisthesis.

ODPthusrepresentamajorresearctareahattheformal methodsommunityis activelyinvestigating,
bothin developingnew formal languagesnd new specificationstyles. Indeed,currentstandardisation
activities[112] arebeingdevelopedvith theintentionof beingsuitablefor specifyingfeaturef distributed
systemsWe discusghesedesiredeaturedn section3.2andconsidehow successfully OTOSandZ can
beusedto modelthem.

1.4 ThesisStructure

Therestof thethesisis structuredasfollows:



1.4. THESISSTRUCTURE

- Chapter 2 — givesan overview of distributedsystemsand their associategroperties. The ad-
vantage=f distributedsystemsover centralisedsystemsare discussedalong with their potential
disadvantagesObjectorientationis thenintroducedasa paradigmfor reasoningabout,modelling
(specifying)and subsequentlylevelopingdistributedsystems. In particularwe focus on general
aspectof object-orientatiorthat aid in the removalof systemcomplexityaswell specificobject
orientedconceptghatare especiallyrelevantto distributedsystemsnamelytype andclassandthe
associateconceptf subtypeand subclass.The chapterconcludeswith an overviewof current
distributedsystemreferencearchitectures. Our attentionfocusesin particularon how other ap-

proachegompardan scopeandtechnicalcontentto thearchitectureon which this thesiswasbased:
the ODP-RM.

- Chapter 3— identifiesdesirablgropertiegshatformalmethodshouldpossesgiventhediscussion
of the previouschapter LOTOS andZ andtheir positioningin the family of formal specification
languagesirepresentedParticularemphasiss placedon thosespecificatioanguages:

— developedespeciallyfor specifyingobject-orientedystems;
— thathavebeenusedfor specifyingobject-orientedystems;
— thathavebeenusedfor specifyingandreasoningboutperformanceaspects;

— thathavebeenusedfor specifyingandreasoningaboutmultimediaflows of information.

- Chapter 4 — considershow LOTOS and Z may be appliedto developa genericframework of
architecturacomponentdasedupon Part2 of the ODP-RM[108]. Somepossibleapproacheso
formalisatiorarepresentedndtheirrelativemeritsarediscussedTheadvantageanddisadvantages

of bothtechniquesor developinghesearchitecturatomponentsrediscussedndanovelapproach
is presentedbasecdn thesediscussions.

- Chapter 5 — considershow LOTOS and Z can be usedto developa more prescriptiveset of
architecturatomponentbasecdn the viewpointlanguage®f the ODP-RM[109]. In particularwe

considerthe computational/iewpointlanguage.The advantageanddisadvantagesf LOTOS and
Z arediscusse@ndtheadvantagesf the newapproactareshown.

- Chapter 6 — considershow performanceaspectsandother non-functionalaspectselatedto dis-
tributed systemscan be includedin the realmof specification. We firstly provide an overview of
variousperformanceand non-functionalissuesthat might be neededvhen consideringdistributed
systems.An overviewof currentapproacheto specifyingtheseaspectss presentedindtheir lim-

itationsfor our purposesdentified. Finally our approacho specifyingthesenon-functionalspects
is givenandsomeconclusionsaredrawn.

- Chapter 7 — considersthe notion of type and issuesrelating to establishingtype equivalence.
Whilst currenttechnologieshaveadopteda notion of type equivalencebasedon syntacticaspects
of thetype, we alguethatit is necessaryo considertheraspectsf opendistributedsystemsareto
interwork correctly More specifically we statethat syntactictype checkingshouldbe augmented
with behaviouratypecheckingandnon-functionabspect®f thetype,e.g. aspectof thetyperelated

to quality of service. We providea specificationapproachhatincorporatesall of theseaspectsn
establishingypeequivalence.

- Chapter 8 — providesspecificatiorcasestudiesof howthearchitecturabpproactdevelopedanbe

applied.We showthis throughthe specificatiorof the ODP Trader[115] in LOTOS anda producer
andconsumeflow configurationin Z.

- Chapter 9 — drawssomeconclusiondrom the thesisasa whole andidentifiespossibleareasof
futurework.

- Appendix A — showshow the syntactictype checkingapproachdevelopedfor LOTOS canbe
appliedto developatype managemergystem.
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- Appendix B — givesa brief summaryof the Z notationusedin thisthesis.

- Appendix C — givesa brief summaryof the LOTOS notationusedin thisthesis.



Chapter 2

Distributed Systemsand Technologies

This chapterintroducedistributedsystemsn the large andthefeaturesnherento them. An overviewof
theadvantageg@nddisadvantagesf distributedsystem®vercentralisecomputingsystemss presented.

Following thesediscussionsve providea broadoverviewof objecttechnology In particularwe focus
onthoseaspect®f objecttechnologythatmakeit especiallypertinento distributedsystemsThisincludes
thosefeaturesof objecttechnologythat encouragesimplificationthroughabstractionaswell as specific
conceptssuchastype andclass. Whilst objecttechnologyrepresentsn intuitively appealingparadigm
within which distributedsystemsamay be reasonedboutand developedit is not without its drawbacks
whenappliedto distributedsystemsThesdimitationswill bediscussedn somedetail.

Finally we discusgherole of architecturan systemslevelopmentTheadvantagesf anarchitectural
approacharediscussedespeciallythosebaseduponobjecttechnology Currentarchitecturabpproaches
to distributedsystemsievelopmenarethencontrastedvith oneanother We focusin somedetailon how
otherapproachesomparewith ODPin bothscopeandcontent.

This chaptemaythusberegardedissettingthe contextfor distributedsystemsandobjecttechnology
asusedin therestof this thesis.

2.1 Distributed Systemsand Technologies

Distributedsystemsarereshapinghe way in which computingis donetoday[5]. Theirprimarygoalis to
enableapplicationgo interworkanddatato be sharedbetweerorganisations Diversity in hardwareand
softwareis afact of life. This diversityis in somerespectslueto the explosivegrowthrateof computing
today Computingscienceijt couldbeamued,s auniqueareaof researchTherearefew subjectshathave
suchinvestmentsassociatedvith them,or suchpotentialfor directexploitation. As aresult,the frontiers
of computingscienceareperpetuallybeingextended Distributedsystemsepresenbneareain particular
wherethis dynamismis especiallyevident.

This rapid growth is not without its problems. As new technologiessmege, they are expectedto
interwork with older (legacy) systems. Thesesystemsare potentially huge, e.g. telecommunication
systemspftenwith no centraldesignor managemerauthority Further suchsystemsftenhavestringent
requirementsattachedo them that make incrementalchangesespeciallydifficult. For example,some
systemsnustoperatecontinuouslyandsystenclosureto enablerepairsor upgradess oftennot possible.

Currentresearchnto distributedsystemsandthetechnologieshatunderliethemis investigatinghese
problems.Theseinvestigationgnaylooselybe placedinto two relatedgroups:considerationfor theuser
of the systemandconsiderationgor extensiongo the system. Thefirst of thesecorrespondso the need
for maskingsystemcomplexityfrom the user— commonlyreferredto astranspaency Variousforms of
transparenchavebeenidentifiedandarediscussedn section2.1.3. The seconctonsideratioriocuseon
theneedfor opennesasdiscussedn sectionl.1.1.

Inevitably, the provision of systemsupportto overcomeproblemsof distributionis difficult. This
difficulty stemsfrom the characteristicinherentto distributedsystemsn the large. We now providean
overviewof someof thesemorefrequentlyoccurringcharacteristics.

9
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2.1.1 Characteristicsof Distributed Systems

Typically distributedsystemsavecharacteristicsuchas:

Remoteness:componentsnaybespreadverspacewith bothlocalandremoteinteractiongossible.This
in turnintroducesa whole hostof associategrroblemshathaveto be overcome.

Heterogeneity: differenttechnologiesnaybe usedwithin the system— this includesdifferenthardware
andsoftware.Thistoo introducesa wealthof issueghathaveto beresolved.For example naming
issueshaveto be addressedg.g. translatingthe namesassociatedavith interactionsbetweenlocal
andremotecomponentsf thesystem.

Concurrency: componentarelikely tobeexecutingn parallel. Asaresult,issuesuchassynchronisation
of componentandconsistencyf sharedlatahaveto beaddressedThisin turnrequiresnanagement
of separatelyexecutingprocesseandthe problemstheyincur, e.g. deadlockslivelocks, etc. This
toois further complicatedy the fact thatthereis often no singlecontrolleror scheduleasin most
centralisedsystems. Of particularimportanceis the needto ensurethat the functionality of the
systemasawholeis representetby the functionality of the concurrentlyexecutingcomponent®f
thesystem.

Partial Failures: componentsmayfail independentlypf others.>Fromthis,issuegelatedo errorrecovery
mechanismbaveto beaddressed.

Asynchrony: global communicationsrenot driven by a global clock. Thusinteractionshetweencom-
ponentamaybedelayedwhichin turn mayresultin error propagatiorduringcommunicationsg.g.
whenrepeatedequestsiresentto acomponenthatis busyprocessingnearlierrequestthuscausing
overloadingproblems.

Autonomy: differentpartsof thesystemmaybeownedandmanagedeparatelyThisrequiresamultitude
of issuedo be addressedror example securityandprotectionaspecthaveto be dealtwith. Often
thisis likely to bemorecomplexthanin acentralisedystensinceaspectsuchastrustandthird party
interactionshaveto beresolved.Similarly, resourceautonomymeanghataccountingandchaging
for resourcess not necessarilystraightforward.Schedulingandmanaginghe applicationghatrun
in the systemis alsomademoredifficult sincetherewill oftenbe no singlecontrollingcomponent,
asmightbefoundin acentralisedsystem.

Evolution: thetechnologiesn thesystenmaychangeovertime. Thisrequiresghatsystemshouldallow
unwanteccomponentto beremovedandreplacedvith differenttechnologieslt is oftenthecasehat
older(legacy)systemsannotbereplacedput areexpectedo interworkwith newertechnologies.

Mobility: sourcesandsinksof informationin the systemmightbe physicallymobile.

As can be seen,thesecharacteristicgreatly increasethe complexity of distributed systemsover
centralisedsystemdor the systemdevelopergbutideally notthe users).Needlesso say suchanincrease
in complexityis notwithout benefits.

2.1.2 Advantagesof Distributed Systems

Distributedsystemsoffer usersseveraladvantagesver centralisedsystems. Typical examplesof these
advantagemclude:

Heterogeneity Support: distributedsystemsanhelpovercomeproblemsof heterogeneityn computers,
operatingsystemsprogrammindanguagesndthe underlyingnetworks. Thususersof the system
shouldhavea certainamountof freedomin their choiceof hardwareand software. Thatis, they
shouldnot be constrainedo onelanguagepne operatingsystemand one particularmachinetype.
Further distributedsystemsanencourageheintegrationof newtechnologies.
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Fault Tolerance: distributedsystemsanbe designedotheyaremoretolerantof certainsystenfailures.
This couldalsobeconsideredsameasuref theavailabilityandhencereliability anddependability
of thesystem.Replicationof componentss onemechanisniby which this canbeachieved.

Performancelssues: it might well be the casethat distributinga systemresultsin increaseccomputing
resourceusage and hencehigherperformance.Migration of programsanddatato balanceloads
betweercomponentss oneway this mightbe achieved.

Further Optimisations: aswell as systemcomputingperformanceconsiderationsgdistributedsystems
encouragdurther optimisationgo exploit resourcepotential. For example,costoptimisationscan
beaddressed.

Distributed systemsare not without their drawbackshowever It may not always be desirableto
distributeasystem.Forexampleaspectselatedo informationintegrity andsystensecuritymayoutweigh
performanceheterogeneitandreliability constraints Perhapshebiggestdrawbacko distributedsystems
is theirincreaseccomplexity This is especiallysofor the developer®f thesesystems.This complexity
shouldideally be hiddenfrom theuserof thesystemj.e. it shouldbe madetransparento thesystenusers.

2.1.3 Complexity Solving Through Transparency Provision

Transparenciesffer a meansto hide complexity Complexityin distributedsystemsarisesfrom their

inherentpropertiesas describedn section2.1.1. Severalworks [4, 107 haveidentified a core set of

transparenciethat enablevariousaspect®of distributionto be hidden. For example ODP[107] supports
thefollowing transparencies:

AccessTransparency: which masksdifferencesn datarepresentationandinvocationmechansimsbe-
tweenobjects.Thusthe problemsof heterogeneityn hardwareandsoftwareshouldbe hiddenfrom
usersof the system.

Failur e Transparency: which hidescertainsystenfailuresandsubsequeniecoveryfrom users.

Location Transparency: which hidesthe location of componentso that usersneednot know wherea
particularcomponents.

Migration Transparency: which allowscomponentso be movedaroundthe systemwithout disrupting
existingservices.

RelocationTransparency: whichallowsinterfaceghatareboundto otherinterfaceso be movedaround
the systemwithout thoseinterfacedeingawareof therelocation.

Replication Transparency: which hidesthe effects of havingmultiple copiesof a componentg.g. for
reliability or performanceonsiderations.

Persistencelransparency: which hidesfrom usergshe possiblestoringandsubsequentetrievalof com-
ponentfrom permanentedia.

Transaction Transparency: whichmaskscoordinationof the behaviourof a collectionof componentso
achievetransactiorprocessingapabilities.

Thesetransparenciearetypical of thosethatmight befoundin a distributedsystemsolution. Theydo
notrepresenanexhaustivdist however Othertransparenciesiightrelateto performancéssuesor focus
on concurrencyssuedor example.Similarly, differentdistributedsystemswill mostlikely havedifferent
complexityaspectghat haveto be overcomeand hencerequiredifferenttransparencynechanismgor a
subsebf thesetransparenciedd bein place.

Technologiegandparadigmdor enablingtransparencieandfor overcomingheincreasedomplexity
of distributedsystemgyenerallyarethushighly desirable.We discusswo in particular: the client/server
paradigmand objecttechnology From thesewe discussthe role of architecturein the developmenbf
distributedsystemsandcompareandcontrastcurrentarchitecturabpproaches.
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2.1.4 Client/Server Paradigm

Historically, the developmenbf distributedsystemsrelied on the useof conventionaprogrammingan-
guagewwith extensiongo handleinter-processommunication:To exploitsystenresourcesthe program-
mer hadto uselow-level operatingsystemroutines. Typically, thesesystemresourcesvere organised
asclientsandservers. Serverswere usedto provide (unsurprisingly)serviceswhich clients could make
requestgor.

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
communications$o beaddressedt did not overcomethe problemsof complexityinherentto distribution.
Thatis, the problemsof distributionandtheir proposedsolutionwerevery muchapparent.

This situation was alleviated considerablywith the introduction of the remote procedurecalling
paradigm.This wasinitially consideredy White [208] asearlyas1976,but gainedwider acceptancen
the early 1980's with Nelsons thesis[150]. RPCis atechniqueto representhe interfaceshetweencom-
municatingcomponent#n a distributedsystemwith facilities supportedatthelanguagéevel. Specifically
it offersa programmindanguageandependeninterfacedefinitionlanguage(lDL) thatcanbe mappedo
specificprogrammindanguagesunningon differentoperatingsystemsandhardware Thus,communica-
tion betweercomponentsandtheir underlyingtechnologiesio longerhadto beexplicitly addressetly the
programmer

Nowadays,RPC is most often usedin conjunctionwith the client/serverparadigm. There have
beenseveralRPCimplementationshboth commercially[6, 48] andin researctsystemdq11]. Despiteits
popularity it hasseveralshortcomingsasdiscussedn [190]. For example thereareperformancassues,
the inability to model streamsof informationandthe lack of multicastcapabilities. Thesefeaturesare
all beinginvestigatede.g. [204, 17Q now havefeaturego enablemulticastcommunicationsand[4] are
looking at how performancespectandstreamf informationcanbeincludedin the RPCprotocol.

Typically anIDL consist®f agrammagivenin adecidabldorm suchasExtendedBackus-NauForm.
With this grammay structuresanbe built to representhe syntacticaspect®f systeminterfacesandhence
thesyntacticaspect®f thecommunicatiorprotocoltheysupportj.e. theoperationpresentn theinterface
to the systemthat may be invokedby othersystems.Theseoperationausually consistof a name,some
input parameterandpossibleoutputparametergexceptions).In someof themorerecentiDLs [87, 170]
anotionof thesemanticse.g. besteffort, at mostonce,... of theoperatiormayalsobe provided.

IDLs provideabasicsetof typesthatmaybeusedasa startingpointfor constructinghedataassociated
with communicationsFor example Booleansjntegers andstringsare often providedandthe syntaxfor
constructingmore complextypessuchasrecords structuresunionsandinterfacesare given. Fromthis
largely syntacticlanguage mappingsto differentimplementationanguagess thenmade. Typically, an
IDL fragmentis specifiedto representhe syntacticaspect®f the interfacebetweerthe clientandserver
e.g. the operationghe serveroffers andthe client caninvoke. With this, implementatiorfragmentsare
producedj.e. basicfunctionsstructureghathaveto be developedimplementedfurther Thisis often
doneusinga compilerthattranslateghe DL to a specificimplementatiodanguage Thesebasicfunction
structuresare commonlyreferredto as stubson the client side and skeletonson the serverside. Thus,
providedthe local and remotesystemsupportthe samecommunicationgrotocol,i.e. they usethe same
IDL (or cantranslatebetweerdifferentlDLs) on their respectivesystemsissuegelatedto heterogeneous
hardwareandsoftwarecanbe overcome.

The useof an IDL may thus be regardedas a commontype languagevocabularywith which type
checkingcanbe done. Thustype checkingthe syntacticaspect®of two interfaceswrittenin IDL ensures
compatibility of the operationghey support,i.e. the operationghat allow accesdo their systemsand
the operationghatthe systemswish to invoke from their environment. Typically compatibleoperations
havethe samenameandsamenumberof parametersandtheseparameterarecompatiblealso. We shall
investigateoperatiomnamesandcompatibilitybetweerparameterén moredetailin chapteis, 6 and7.

Procedurecalling is essentiallya serial languageparadigm[15]. Distributedsystemsare inherently
parallel. Thuswhilst the client/serverRPC approachdoeshaveadvantagesn overcomingproblemsof
distribution a moreflexible approaclhis needed A differentbutcomplementarapproachs thatof object
technology{27, 46, 165.
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2.2 Object Technology

Objecttechnologyhasemeged in recentyearsas a major techniquein softwareengineering. This is
reflectedby the currentinterestin object-orientedanguagesuchasSmalltalk[83], C++ [189] andEiffel
[137]. Similarly object-orientediesignandanalysigechniquessuchasBooch[27], Coad& Yourdon[46]
and Rumbaugh165], are generatingnuchinterestin the computingcommunity Object-orientationit
couldbeamgued,haspervadedll aspect®f computingscience:analysig45], design[46], programming
[189], operatingsystemg10], databasefl 33] and,of relevanceo thisthesis formalmethods We discuss
how object-orientatiomasinfluencedormal techniquesn thefollowing chapter

Despitethe obvioussucces®f objecttechnologytoday thereexistsa wealthof differing definitionsof
the conceptghat underlieobjecttechnology Wegner[205] providesa perspectiveon objecttechnology
thathaswidespreadcceptanceHe describe®bject-orientedystemsasthosethatsupportheconceptof
objects classandinheritance An objectis definedasanencapsulationf a setof methodswith statethat
remembertheeffectof thosemethods A class hearguesjs atemplatédromwhichanobjectis instantiated.
Thatis, it defineghebehaviouiof theobjectin termsof alist of methodsandtheirimplementationsFinally,
re-useof codeis achievedhroughinheritance Thisis arelationshiphatexistsbetweerclassesThusone
classmay inherit from anotherand subsequentlglter or extendthe behaviouto meetnewrequirements.
The inheriting classis commonlyreferredto asthe subclass Oneconsequencef inheritanceis thatan
object’s methodsmay belongto its classor to oneof its superclasse it inherits. Henceit is necessary
to searchthe classhierarchywhena methodis invoked. This searchis normally carriedout at run-time
andis referredto asdynamicbinding. It is worth noting herethe distinctionbetweerbinding andtyping,
andfurther, the distinction betweendynamicand static binding, and dynamicand statictyping. Object
orientationfor variousreasonsg.g. its widespreadnterpretationhasblurredtheseareassomewhato
clarificationis necessary Also aswe shall seein chapters4, 5 and 6 the notionsof type and classare
fundamentato architecturatievelopment.

2.2.1 Type Checkingand Binding

Type checkingdealswith whetheror not certainoperationsarevalid. Fromthe perspectiveof distributed
systemswe areinterestedn two main areasof type checking. Firstly, to supportinterworkingwe need
to performcheckingon whethertwo (or more)interfaceshat provideaccesgo given enterprisegan,in
anabstracsensepe broughttogetherandhavesomesortof guarante¢hatthey will interwork correctly
Secondlyto supporsystenevolutionwe needio checkwhethemoneinterfacds anacceptablsubstitutdor
anotherinterface. Type checkinghastraditionallybeenusedto determinevhethertheseare syntactically
possible.Thatis, werequirethatthe operationsequestedby oneinterfacemustexistin theotherinterface.
Similarly, the parameterassociateavith theseoperationsnustbe compatible.

Therearetwo mainchoicesasto whenthesechecksshouldtakeplace: staticallyor dynamically With
statictype checking type checksare performedat compiletime (or link time). The advantagef this are
thatall type errorscanbe caughtbeforethe programruns. The disadvantagés thatall typeshaveto be
fixed at compiletime which, with regardto opendistributedsystemavherenew resourcesnay be found
and expectedo interwork with existingapplications,may not alwaysbe possible. An alternativeis to
adoptdynamictype checking. Heretype checksare performedat run time. This hasthe advantageof
enablinga moredynamicprogrammingstyle sincetypesno longerhaveto be resolvedat compiletime.
Thusnewresourcesnay befoundandchecksdoneon whethertheycaninterworkwith existingresources
withouthavingto recompilerunningapplications.Thedisadvantagef dynamictypecheckings thatextra
complexityis introducedsincepossiblerun time type errorsmay arise. For examplethe classic'message
notunderstoodtesponséiasto be dealtwith. In certainsystemse.g. safetycritical onesthis maybean
unacceptableption.

It is worth noting herethatthe“messagenotunderstood’paradigmarisesdrom alack of typechecking.
Thatis, typesystemsarenotstrictly necessarfor object-orientedanguagesAs statedoy Blacketal. [13],
in value-orientecprogrammingdanguageshe type systemprotectsthe userfrom misinterpretingvalues,
e.g. it preventcharacteoperationsdeingperformedon integers.In object-orientedanguageshowever
more protectionis offered. Thatis, valuescanonly be changednside an objectthroughinvoking the
operationghat the objectexposedo the environment. If an attemptedoperationinvocationoccursthat
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doesnot haveanunderstoodormat, e.g. anintegerwasgivenwherea charactemwasexpectedsay then
theinvocationwill berejected.

Binding on the otherhandis concernedvith resolvingwhich codewill be usedwhenan operation
occurs.Inheritanceoffersitself to dynamicbindingwherethe occurrenceof a methodassociatedvith an
objectinstantiatedrom oneclass,mightrequirethe classhierarchyto be searchedt run time to find the
codethatimplementghatoperation.The advantagesf dynamicbindingarethatit supportsevolutionary
programming.For example classesn the classhierarchymay be changedvithout necessariljhavingto
recompileprogramshat usethem. The maindrawbackwith dynamicbindingis thatit incursa certain
amounbfoverheadn thattheclasshierarchyhasto besearchedtruntime. Staticbindingontheotherhand
resolvesall suchcodelook-upcallsatcompiletime (or link time). Thismeanghatanoperatiorinvocation
correspondso a simpleprocedurecall, andassuchthereareno run time overheads.The disadvantage
of this arethat bindingscannotchangewithout recompilation. As a result,it goesagainstthe grain of
object-orientationn supportingdynamic,evolutionarysystemsHencewith regardto distributedsystems,
staticbindingsdo not offer a dynamic(flexible) enoughmechanismo achievesystemslevelopment.

Theability of anobjectto besubstitutedor anotheobjectis termedpolymorphism.Thissubstitutabilty
is oneof the majoradvantageput forwardin object-orientediterature[27, 165. Polymorphisnplaysa
pivotal role in developingtype systemghat supportevolutionary(distributed)systems.We thusprovide
somebackgroundo polymorphismandits importancen object-orientedystems.

2.2.2 Polymorphism and Object-Orientation

Polymorphisnris definedto betheability for avalueto havemorethanonetype. Thuspolymorphicvalues
canbeusedin differentcontexts.A generaklassificatiorof polymorphismwaspresentedby Cardelliand
Wegnein{40]. Theyidentifiedtwo mainformsof polymorphism:ad-hocanduniversal

Ad-hoc polymorphismwaorks only on a limited numberof typesin an unprincipledway. Cardelli
andWegnerdecomposead-hocpolymorphisminto two areas:overloadingandcoercion. Oneexample
of overloadingmight be when a single operationis usedto executedifferentcodedependinguponthe
parameterst is suppliedwith. Coercionis usedwhen a parametempassedo an operationhasto be
convertedo onethatis acceptableo thatoperationg.g. anintegerwassentbut a realwasrequiredmight
entailconvertingtheintegerto areal.

Universalpolymorphismwvasalsodecomposethto two areas:parametriggolymorphismandinclusion
polymorphism. With parametricpolymorphismthe sameoperationwill work uniformly on a rangeof
inputs. This is similar to overloadingconceptuallyin that a single operationcan be usedwith several
differentinputtypes.Parametrigolymorphisnperformsthe samefunction (executeshe samecode)each
time it is requestedAs suchit is moreprincipledin its approacho achievingpolymorphism.Operations
supportingnclusionpolymorphismalsowork onarangeof inputs. With inclusionpolymorphismhowevey
therangeis determinedy a subtyperelationship. Thusan operationsupportinginclusionpolymorphism
thatrequiresatypeasinput shouldaccepita subtypeof thattype.

Polymorphismbringswith it a greatdeal of flexibility. It encouragegbstractionthroughallowing
abstractoperationgo be definedover manytypes. This alsolendsitself to aspectf behavioursharing
and,in thecaseof parametrigoolymorphismto potentialcodesharing.

2.2.3 Object Technologyand Distributed Systems

With regardto distributedsystemspbjecttechnologyoffersat first glancean appealingparadignmwithin
whichdistributedsystemsnaybereasone@boutanddevelopedTheideaof system&ndtheircomponents
beingrepresentely objectsthatsendmessaget oneanothetto achieveacommontaskis appealingdue
to its simplicity. It is alsovery muchcomplementaryo the classicdistributedclient/servelRPCapproach
asdiscussedh section2.1.4. The ability to encapsulatenformationandinformationprocessingactivities
alsohelpsto overcomamanyof the complexitiesof the systemasawhole.

If asinglesystemmight be modelledasanobjectthatsendsandreceivesmessageshenof particular
interestis how this system(object) might interwork successfullywith other systemg(objects). This is
achievedhroughintroducingtypesinto the system.We haveseenin section2.1.4alreadythatIDL offers
oneway to constructthe syntacticaspectof an interfacetype system. It offers a meanswherebythe
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potentiaffor successfuhterconnectiorfor syntactidnterworking)canbeestablishedlt is this potentiality
thatwe are primarily concernedvith. It shouldbe pointedout howeverthatas presentedo far, an IDL
is usedto developstatictype systems.The benefitsof statictyping are not alwaysa desireabldeature.
LanguagesuchasSmalltalk[83] havea large popularitysincetheyreleasehe programmefrom manyof
the constraintghat statictype systemsmpose,e.g. knowingall type informationat compiletime. These
constraintsalthoughoffering type safetyin thaterrorswill not occurin messagesot beingunderstood,
arerestrictivein that they preventdynamicevolution. This is especiallylimiting in distributedsystems.
We shallseein section2.3 how certainarchitecturefiaveattemptedo incorporatedynamictyping whilst
usingIDL asa basisfor type checking.

Thusasfar astypesystem@&ndopenobject-orientedlistributedsystemsareconcernedthereareseveral
issueghathaveto be addresseteforedecidingupona particulartyping model. For maximumflexibility,
i.e. theability to find resourcesndinterworkwith them*“on thefly”, dynamicbindinganddynamictype
checkingarerequired.As arguedpreviously suchflexibility is oftenat the expensef type safety Hence
othertyping modelsmay be morebeneficialin certaincircumstances.g. usestatictypingin conjunction
with dynamicbinding. This enablesan approachwherebyall messagewill be understoodut the exact
interpretatiorof theseinvocationswill notberesolveduntil runtime. Whilst staticbindinghasassociated
with it lower overheadsn not requiringdynamicsearche$or methodimplementationst run time, with
regardto distributedsystemsuchadvantagemaybeoverweighedy therestrictionamposedoy knowing
suchinformationatcompiletime. Thusstaticbindingprohibitsthe exactflexibility thatdistributedsystems
attemptto encourage.

2.2.4 TensionbetweenObject Technologyand Distribution

It shouldbepointedoutthatwhilst offeringmanyimmediatelyidentifiableadvantagegssumindhatobject
technologyis the panacedor distributedsystemalevelopmentvould be myopic. Objecttechnologyand
its applicationto opendistributedsystemsgaiseissueghathaveto be addressedr-or examplejnheritance
asanapproachor codere-usemaynotbeasimportantwhendealingwith distribution[15]. Issuegelated
to migration of objectsacrossnetworks,andthe subsequenpossibility of separatingpbjectsfrom their
implementationgclasses)haveto be consideredlt mightbethatsuchissuesanbeavoidede.g.through
copyingthe classhierarchyalsowhenthe objectis migrated,or replicatingthe classhierarchyon several
networknodes.Theseandotherpossibilitiesarediscussed moredetailin [9].

Further inheritancecan also lead to the implementationhierarchynot being clearly defined, e.g.
subclassesire not always subtypes. Thus when an implementationchangests behaviour all related
implementationgin the inheritancehierarchy)may subsequentlyraveundefinedoehaviours.Ordinarily
thisis not sucha problemwhentheimplementatiorhierarchyis underthe control of a definedgroupwho
canupdaterelatedimplementationsimultaneously But it is preciselythis ability to controlandchange
a setof relatedcomponentsimultaneouslyhat differentiatesan application,evena complexone,from a
truedistributed-obgctsystem.

Suchissueshaveleadto some,e.g. Wegner[205], statingthat “inheritanceis incompatiblewith
distributior’. This haslead others[152] to comeup with differentinterpretationf objectorientation
thataremoreapplicableto distributedsystems.For example insteadof emphasisingbjects,classesand
inheritanceaswith Wegnerit is arguedin [152] thatmoreusefulconceptdor distributionareencapsulation,
abstractionand polymorphism. Encapsulatiorherecorrespondso the groupingof operationsand data
hiding. Abstractionis the ability to groupentitiesaccordingto commonpropertiesandpolymorphismis
asdefinedearlier This, it is agued,is ageneralisationf Wegnets definitionwhich correspondgrecisely
to Wegnetsdefinitionwhenthemechanism$or encapsulatiombstractiorandpolymorphismareobjects,
classesandinheritanceespectively

2.3 Architectural Approachedo Distributed SystemsDevelopment

Whilstobjecttechnologycanhelpto reducehecomplexityof distributedsystemsit isitself notthesolution
to developingand reasoningaboutdistributedsystems. Ratherit providesa meansfor describing(and
building) distributedsystemsbutdoesnot statehow suchdescriptionganbe constructedThis is in many
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ways only naturalsincedifferentsystemswill almostcertainly havedifferentrequirementsesultingin
differentfunctionalities. The problemof developinggenericsolutionsto distributedsystemsn the large
can,to a certainextent,be alleviatedthroughanarchitecturabpproach Typically anarchitectureconsists
of acoresetof:

- components: thesemay for examplebe usedto provide, either completelyor in part, services
for overcomingspecificaspectof distribution, i.e. they offer away to achievethe transparencies
describedn section2.1.3.

- architectural concepts: thesearemorelikely to belower level, moreelementaryentities,thatare
usedto build abstractepresentationsf (elementf) distributedsystems.

- structuring rules: describehow thesearchitecturalconceptamay be composedstructured)with
oneanotherto build larger structureqsystems).This includesa descriptionof how the structured
systemganbe configuredwih theaforementionedomponents.

Usingthetermarchitecturen the houseconstructiorsenseof the word, the analogyof the definitions
givenhereis thatthe componentgorrespondo prefabricatedtructuregshat servea specificfunctionality
(or functionalities) e.g. doors. The conceptxorrespondo the moreelementanbuilding bricks,or rather
thetemplategor makingthebuilding bricks. Thestructuringrulescorrespondo boththecementhatholds
thebrickstogethemandto a certainextentthebuildersimagination.Thatis, therearemanywaysto build a
housefrom similar building materials.Thislastissuehasled some[3] to suggesthatstructuringor rather
moregenerallydesign,s closeto anartform. Theidentificationof patternghatrepeais now viewedasa
possiblesolutionto designandhencepossiblecodereuse.[77] hasprovideda basicsetof designpatterns
thatrepeatedlyappeain object-orientegoftwaredevelopment.

With regardothisthesistherole of architectures crucial. Writing specificationsf distributedsystems
canbe alleviatedgreatly througharchitecturalconsiderations.This issueis discussedn moredetail in
section4.1. Recentworks[195, 196] havealsoinvestigatedherole of architecturén a communications
context.

Differentapproache$iave beenput forward for how the componentsconceptsandtheir associated
structuringrulesassociateavith distributedsystemslevelopmenareto berepresentedThechoicesmade
with thestructuringrulesin particularhavedirectconsequencesn thenotionof opennesgivenin section
1.1.1.Oneproposals to providebundlesof software(componentsthatcanbeusedasanenablingsolution
for distributedsystemadevelopmenti.e. this softwarecanbe usedwith differentsoftwareandoperating
systemdrom differentvendorgso overcomevariousaspect®f distribution.

One suchexampleof this approachis the Distributed Computing Environment(DCE) [170, 204]
developedvy the Open SoftwareFoundation— now called the OpenGroup. The DCE consistsof an
integrateccollectionof componentbasedon the client/serveparadigm.Theseincludethe DCE Remote
ProcedureCall, the Cell and Global Directory Servicesthe securityservice,DCE Threads Distributed
Time Serviceandthe DistributedFile Service.Thesecomponentsnay beused(selectively)oy developers
to build andmanageheir own particularapplicationghat requireaspectof distributionto be dealtwith
andovercome.

TheDCEwasdevelopedargely beforeobjecttechnologyreceivedsuchattention.As aresult,the DCE
takesa predominantlyprocedurabpproacho distributedsystemsievelopmenthatworksatalower level
of abstractiorthanothers.

A differentproposalfor developingarchitectureshathasreceivedparticularattentionis the notion of
a framework. Simplistically, a frameworkprovidesan organisedenvironmenfor runninga collectionof
objects. This environmentontainscertaincomponentghat facilitate the softwaredevelopmenprocess.
It alsoprovidestools that allow new componentgo be constructecandto interwork in that framework.
Typically, this frameworkcorrespondgo a proprietaryoperatingsystemrunning proprietarysoftware.
Examplesf frameworkbasedapproachemcludeMicrosoft's ObjectLinking andEmbedding OLE) [36]
and ComponentsgntegrationLab’s (ClLab') OpenDoc[198]. Whilst enablingsoftwareto be built in an
environmenthatallows a degreeof flexibility, e.g. communicatiorbetweerapplicationsanbe provided

1Thisis aconsortiunformedin 1993consistingof Apple, IBM, Novell, Oracle, Taligent, SunSoftWordPerfectand Xerox.
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for directly, suchapproache$iavenot asyet addressedssuesof distribution in their entirety Recent
collaborations,e.g. OpenDocandthe Object ManagemenGroup'’s (OMG) CommonObject Request
BrokerArchitecture(CORBA)[87] areactivelyaddressinghisissuethough.We shalldiscusSCORBAIN
moredetailin thefollowing section.Microsoft'sOLE is alsoaddressinglistributionissues.Specificallyit
is adoptingan RPChasedapproactio enableremotecommunicationso be dealtwith, baseduponthatof
the DCE.

A third approacho developngarchitecturefor distributedsystemss to provideanabstactarchitecture.
That is, ratherthan attemptto provide a single solution for problemsof distribution, an architectural
approachor developinga multitudeof solutionsis provided.We aguethatsuchanapproachs beneficial
sincedifferent systemswill undoubtedlyhave differentrequirementsand expectationshencethey will
subsequentlyequiredifferentfeaturesor overcomingproblemsof distribution This approachalsolends
itself morecloselyto ourinterpretatiorof opennesasdescribedn sectionl.1.1. We considerandcontrast
two suchapproacheé particular: the Object ManagemenGroup's (OMG) CommonObject Request
BrokerArchitecturel CORBA) [87] andthe currentstandardisatioactivity of OpenDistributedProcessing
[107, 108 109 110, 111].

It shouldbe notedherethatthe approachementionedpreviouslyarealsobasedon anabstracmodel.
Microsoft's OLE is basedon their ComponenObjectModel (COM) [36] andClLab’s OpenDods based
on the SystemObjectModel (SOM) [124] from IBM. Thesemodelsuseideasfrom objecttechnologyto
enabldntegrationbetweerproprietaryapplicationsandassuchdo notfulfil ourinterpretatiorof openness
asgivenin section1.1.1.

As an aside, it is worth noting thatthe COM and SOM show perfectly the problemsfacing object
technologyin termsof terminologyandapproach COM for exampledoesnot supportinheritanceasgiven
classicallyby Wegner[205], but ratherusesa form of containmentandaggregatiorio achievethe same
effect. Thatis, objectsencapsulat®therobjectsand messageslirectedto the encapsulatedbjectare
accessedly the containingobjectandsubsequentljorwarded. This andotherissuegelatingto the purist
approacho objecttechnologyarecurrentlysubjectto muchpublic debate.

2.3.1 Intr oduction to Object ManagementGroup’'s CORBA

The ObjectManagemenGroup (OMG) is a consortiumoperatedasa non-profitcompany Its objective
is to createa standardor interoperabilitybetweernndependentlydevelopedapplicationsacrosmetworks
of computerd87]. The OMG’s memberorganisationsncludemostof the majorinformationtechnology
vendorcompanieandmanyend-usecompanies OMG works by adoptinginterfaceandprotocolspeci-
ficationswithin the contextof a jointly agreedObjectManagemenArchitecture(OMA) [90]. Typically,
thesespecificationgaredrawnup by collaboratingnembercompanies.

OMG hasrecognisedhe importanceof objecttechnologyand from its inceptionhasbeena keen
advocateof it. The centralcomponenbf the OMA is the CommonObjectRequesBroker Architecture
(CORBA).Thisconsistof threemainparts:its objectmodel,its IDL andits ObjectRequesBroker(ORB).
The objectmodelintroducesbjectsandtheir associatedoncepts.n particular an objectis describeds
anentity thatencapsulatestateandprovidesoneor moreoperationsctingonthatstate. Theseoperations
aredescribedisingIDL. ThisIDL is basednideasfrom objecttechnologyandhasasyntaxbasedn C++
[189]. Itisworthnotingherethattheobjectmodelputforwarddoesnotattempto dealwith compositiorof
objectsnhordoesit suggesanyparticularbehaviouraéxpectationsf theobjects.Further thespecification
doesnot explicitly statehow manyinterfacesan objectshouldpossessi.e. is it restrictedto havingonly
oneinterfaceor canit havemore?We shallseein section2.3.2thatotherobjectmodelsdo stateexplicitly
that objectscanhavemorethanoneinterface.In CORBA, if a client hasa referenceo an objectthenit
caninvoke any operationassociatedavith thatobject. This hascertaindisadvantagethatarediscussedn
section2.3.2.

The ORB is primarily responsiblefor handlingaspectf distribution. That is, the transparencies
describedn section2.1.3, or someof them,will be realisedto someextentby an ORB. For example,
the possibleremotelocation of an objectwill be hiddenfrom the accesso(client) of that objectwhen
communicationis madevia the ORB. Similarly, issuedn therelocationmigrationandtrackinggenerally
of objectsaredealtwith by the ORB.
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The main component®f the OMA are: the ORB, CORBA servicesand CORBA facilities. Their

relationis shownin diagram?2.1.

Application Object
F&p ication Lbjects CORBAfacilities
N N Healthcare Finance etc.
/
a User Info System Task
) Int Mgmt Mgmt Mgmt
ObjectRequesBroker
Lifecycle Naming etc.
CORBAservices

Figure2.1: Main Component®f the OMA

CORBA Services

Objectservicesarebasicserviceghatotherobjectamightfind useful[89]. Theyareexpectedo beavailable
onall ORBs[90]. The OMA hasidentifiedthefollowing services:

- naming service is the principalmechanisnfor objectson an ORB to locateotherobjects.Names

arehumarrecognisablealuesthatidentify anobject. Thenamingservicemapsthesehumannames
to objectreferencesNaminghierarchiesnaythenbe createdandusedto managehe objectnames
in thesystem.We shallseein section7.2.6thathamingis anessentiaareathatcanaidin overcoming
manyof the problemsof distributedinterworking.

- relationshipservice allowsentities(CORBA objects)andtherelationshipghatexistbetweerthem

to beexplicitly represented.

- lifecycle service providesoperationsfor creating,copying, moving and deletingobjects. This

includesoperationsfor handlinggroupsof objectsthat have beenrelatedusing the relationship
service.

- persistenceor storageservice providesa setof commoninterfacesto the mechanismsisedfor

retainingand managingthe persistenstateof objects. Ultimately the objecthasthe responsibility
for managingts own state howevetthis servicemaybeusedby the objectshouldit wishto delegate
thework.

- eventservice allows objectsto dynamicallyregisteror unregistettheir interestin specificevents.

Herean eventis an occurrencewithin an objectspecifiedto be of interestto one or more objects.
Objectsareinformedof theseeventsthroughnotifications.
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- transaction service providesinterfacedo coordinateandmanageransactiorprocessingctivities.

- concurrencycontrol service providesnterfacego acquireandreleasdocksthatletmultipleclients
coordinateheir accesso sharedesources.

- trader service providesameandor clientsto find serviceghathavebeenexported.In particular
thetradingserviceallows for searchedasedon someclient criteriawheredetailedinformationis
unknown. We shall discusstradingin somedetail in chapter8 of this thesiswhenwe apply the
architecturasemanticso developa traderspecification.

- property service providesoperationgo enablenamedvaluesto be associatedvith any object.
Usingthisservicejt is possibleo dynamicallyassociat@ropertiesvith anobjects state e.g. atitle
or adate.

CORBA Facilities

CORBA facilities [88] also provide serviceshat otherobjectsmight find useful. As statedby Edwards
in [51], “commonfacilities canbe thoughtof asan applicationtoolkit, whereacommonservicesarean
infrastructure toolkit”. Commonfacilities are optionalon ORBs[90]. Examplesof commonfacilities
include:

- userinterface facilities: includesupportfor the generaldisplayandprinting of objects,aswell as
userdesktopfacilities suchashelpinformation.

- information managementfacilities: includesupportfor informationstorageandretrieval,aswell
as mechansimsnablingobjectsto interoperateby exchangingdata, e.g. file formatsfor data
interchange.

- systemamanagementfacilities: supporthe managemerdandcontrolof networksandobjects.

- task managementfacilities: provideaninfrastructurdor applicationsanddesktopghatmodeland
supportthe processingpf usertasks. This infrastructurecontainsfacilities for managinguserand
projectworkflows,rulesandcommunicationsHigh-levelmessagesommunicateequestsriginated
by usertransactionsn ataskorientedhumaninterfaceto taskmanagemerfecilities.

- vertical market facilities: areusedo supporspecificmarkets.Thesdacilitiesmaythusberegarded
asbeingdriven by the need=f specificenterprisesExamplesof suchfacilities includeaccounting
andfinance healthcarandimageprocessing.

Theseuserinterface,information, systemsand task managementacilities are typically referredto
[155, 171] ashorizontalfacilities. It is predicted[155 thatthe CORBA facilities will eventuallydwarf
CORBAandthe CORBA servicesn size. OMG doesnot intendto produceall CORBA facility standards

itself. Rather it hasputin placeproceduresothatotherconsortiastandardganbe incorporatednto the
OMA.

ORB Components

In figure2.1the ORB s representetly a contiguouslock. In reality an ORB is morelikely to consistof
severalogically distinctcomponentsWe mentionbriefly someof thesethatrelatedirectly to this thesis.

Dynamic Invocation Interface

The dynamicinvocationinterface(DIl) providesclientswith analternativeto usingstubsgeneratedrom
IDL wheninvoking aserver It is usedwhenthe detailedknowledgeof the operationto beinvokedis not
knownat run time. Thatis, whenstubsfor a clientareimplementedthe serverghey haveaccesgo are
determinedstatically i.e. whentheclientis implemented.Thusanynew serversaaddedto the systemat a
later datecannotbe accessedirectly by theexistingclient. To overcomehis CORBA hasintroducedthe
DIl. This enableglientsatruntimeto:
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- discovemewobjectsandtheir associatethterfaces;
- retrievetheirinterfacedefinitions;

- constructanddispatchnvocationsandreceivetheresultingresponser exceptioninformation.

To achievethis the client mustsupplyinformationaboutthe operationto be invokedandthe typesof
the operationarguments.Theimmediatequestionis, how doesthe client find out aboutsuchinformation
atruntime? Thisis madepossiblehroughtheinterfacerepository(IR).

Interface Repository

Theinterfacerepository(IR) is a servicethatprovidesaccesgo interfacedefinitionsa given ORB knows
about. It canbe usedbothinternallyby the ORB andalsoby applications.In effecttheR creategraphs
(AbstractSyntaxTrees)from IDL specificationandpermitsoperationgo be performedon thosegraphs,
e.g. checkswhethera particularoperationis availablein a giveninterface(usingthe within() operation),
or alternativelyfind out which operationa particularparameteis associatedvith (usingthe contents()
operation).ClientsmaythenbrowsethelR tofind outwhichinterfacesareavailable.To makethisbrowsing
moreeffective,namingissuesarecritical, someaningfulhierarchiecanbe structuredandtraversed.

Oneof the problemsof the IR asa typeinformationrepository howevey is thatthe type information
is entirelysyntactic.We amguethatthe IDL definitionsalonedo not captureenoughinformationto enable
successfuinterworking betweenclients and serversto take place. It is of coursepossibleto augment
the IDL to include commentswhich statethe expectedor desiredbehaviourof given operations. This
approachhas,for example beentakenby the TelecommunicationtnformationNetworkingArchitecture
Consortium(TINA-C) groupin theirObjectDefinitionLanguag€ODL) [156]. Whilstashorttermsolution
to overcominghe problemof relyingtoo muchon syntacticaspectslone thisis unsatisfactoryor several
reasonsForexamplejt doesnotlenditself to testing,verificationor reasoningn general.Further natural
languageas a behaviourdescriptionmechanisnis inherentlyflawed. Indeed,this wasone of the main
reasondor the developmenbf formal languagesWe investigatehow behaviouris typically represented
in formal languagesn the following chapter In particular we focuson thoselanguageshat havebeen
influencedby objecttechnology

CORBA asan Abstract Ar chitecture

The OMG’s CORBA specificationhas many of the featuresone would expectto find in an abstract
architecturdor distributedsystemsasdescribedabovein section2.3. The ORB, servicesaandfacilities are
componentghat overcomeaspectf distribution; the objectmodelandIDL are usedto describebasic
architecturatonceptsandthelDL is usedto describehowtheconceptandcomponentsaybestructured
with respecto eachother With regardto thisthesis this lastpointis crucial. Thatis, whilst it is important
to havea syntacticmeansto representhe interfaceshetweenarchitecturaconceptsand componentso
messagesentwill be understoodthis doesnot in itself imply thatthe systemasa whole will function
correctly Thususingthe definitionsin sectionl.1.1,this approachiendsitself to interconnectivitybut
not interworking. Using the houseconstructionexampleagain,this meanshat we may havedoorsthat
neveropen,say— assuminghe messag@assinganalogyin our architecturabbstractioris equivalento
somebodypushingthe door, i.e. the pushmessagés acceptedut doesnot havethe desiredeffect. In
effect, we havea syntacticstructuringmechanisnthatdoesnot addresdehaviouratoncerns.

The consequencesf this for CORBA generallyarethatissuessuchasconformanceao the CORBA
specificatiorarenotdealtwith. Thatis, whilstit is possibleto showthata systemis notconformantge.g.a
legal CORBAIDL specifications rejectedthereareno currentconformanceeststo checkwhetheragiven
ORB truly compliesto the CORBA specification.Rathey complianceof all ORB productsto the CORBA
is currentlybasednly ontheir supportinghe OMA objectmodel,IDL andcertaincomponentsg.g.thelR
andDlIl [155]. In additionthe productmustsupportatleastonelDL to implementatiotanguagemapping.
In fact,conformancandtestingin generato the CORBAIis currently unsatisfactorilyby vendorassertion.

It shouldbepointedoutthatthislargelysyntacticapproacthasbeendeliberately}choserby the CORBA
communityandis not anoversight. Thereasonis thatextendingthe structuringto dealwith behavioural
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andotherformsof checkings non-trivial. Furtherin developinganabstracarchitecturdor a multitudeof
distributedsystemst is not possibleto prescribeghebehaviourof specificarchitecturatonceptexplicitly.
Thusonewould expectthe doorto a bankvault to havedifferentbehaviouror characteristicsrom the
doorof a greenhoussay yet theyareboth manifestation®f the door construct.Sinceour interestiiesin
specifyingdistributedsystemswe requirean abstractrchitectureéhatdoesdealwith behaviourahspects.
We shallalsoseethatbehaviourabspectalonearenotenoughf interworkingsystemsareto be specified.
Oneabstractrchitecturghathastriedto addresshesebehaviouralssuedo a certainextentis thatof ODP
[107, 108 109 110, 111].

2.3.2 Intr oduction to the ODP-RM

ODPrepresenta majoreffort betweertheInternationalOrganizatiorfor StandardizatioflSO) andInter-
nationalTelecommunicationsnion (ITU-T). Thiswork identifiesandattemptdo provideaframeworkfor
thedevelopmenof standard$or distributedsystems Thisframeworkhasbeersetoutin aReferencé/lodel
of ODP(ODP-RM).It definesanarchitectureéhroughwhich distribution, interworkingandportability can
beachieved.

TheODP-RMrecogniseshatit cannotprovideaninfrastructuréo meetall of theneed=f distribution
for all applications.Differentsystemswill almostcertainlyhavedifferentdemand®n the infrastructure.
TheODP-RMdoeshoweveyprovideaframeworkfor describinghesenfrastructurecomponentandtheir
configuration.Givenapplicationanaythenselectthe componentshey needfor their particularconcerns.
Thusthe ODP-RMis in effect aframeworkfor developingstandard$or distribution, wherethe standards
to bedevelopedeflectinfrastructurecomponent®ieededo overcomeproblemsnherentin distribution

TheODP-RMis basediponconceptslerivedfrom currentdistributedorocessinglevelopmentand,as
far aspossible pntheuseof formallanguageso specifythe architecture The ODP-RMusesanapproach
basedon objectsandobject-orientedechnologiedor thereasongivenin section2.2.3. It is dividedinto
four mainparts.

ODP-RM Part 1 — Overview and Guide to Use

As its title suggeststhis documenfprovidesintroductorymaterialon the ODP-RM frameworkfamily of
standards.

ODP-RM Part 2 — Foundations

This documentontainghe definition of conceptandgivesthe frameworkfor description®f distributed
systems. It alsointroducesthe principlesof conformanceandthe way they may be appliedto ODR In

effect this documenprovidesthe basicvocabularywith which distributedsystemsnaybereasoned@bout
anddevelopedj.e. it is usedasthe basisfor understandinghe conceptsontainedwithin Part3 of the
ODP-RM.Thefollowing categorie®f concepthavebeenidentifiedin Part2:

BasiclInterpr etation Concepts: thesentroduceconceptgor definingotherconstructsn ODR In reality,
theseconceptsaare meta-concepta/hich applyto any form of modellingactivity andnot just ODP.
Examplef theseconceptsnclude:

- entity: anyconcreteor abstracthing of interestin the universeof discoursebeingmodelled.

- proposition: anyfactor stateof affairsinvolving oneor moreentitiesof whichit is possibleo
asserpor denythatit holdsfor thoseentities.

- abstraction: theproces®of suppressingrelevantdetailto establisha simplifiedmodel,or the
resultof thatprocess.

- atomicity: anentityis atomicata givenlevel of abstractiorif it cannotbe subdividedat that
level of abstraction.
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Sinceourinterestiesin writingspecificationandspecificatiowriting correspondto building abstact
modelstheseconceptarefundamentabothto thewriting processandalso,aswe shallseen thefollowing
chapterto the formal languageshemselves We shall seethatformal language®ffer radically different
waysto modelsystemsindhavedifferentinherentapabilitesfor representigthesenterpretatiorconcepts.

BasicLinguistic Concepts: recogniseghat all modellingconceptsandruleswill be expressedn some
syntax. Thismightbegraphicalor follow sometextualformat. ThusODP providesabasiclinguistic
frameworkfor relatingthe syntaxof a givenmodellinglanguageo the ODP architecture.

It shouldbe notedthat problemsmay existin expressing given architecturan naturallanguage.In
expressinghe conceptandstructuringrulesfor thatarchitecturea certainvocabularymustbe developed
(the conceptsianda grammarfor constructingegal phrasesisingthatvocabulary(the structuringrules).
Thusin this sensean architecturecorresponddo a language. We shall see shortly that indeedODP
has developedspecific viewpoint languages The problemis, howevey that naturallanguageand an
architecturadescriptionlanguageoften overlapin their vocabularyasthe previousfootnoteshows. To
overcomehis, typographicatonventionsnaybe adoptede.g. usingitalics for architecturatoncepts.

BasicModelling Concepts: containthe conceptdor building the ODP architecturdtself. Thatis, these
representhe most fundamentalmodelling conceptsthat are usedas a basisfor modelling and
constructingthe more detailed(prescriptive)conceptsand to a lesserextentthe structuringrules
containedn the ODP architecture.The conceptgshemselvesrebasedn partonideasfrom object
technology

With regardto this thesis theseconceptdorm thebasisfor writing specificationsTheyareconsidered
in moredetailin chapterd alongwith how they might (bes) be formalisedin LOTOS andZ. It is worth
notingherethatthe ODP objectmodeladvocateshatobjectscanhavemorethanoneinterface[130]. The
primaryreasondor this arethat differentinterfacesmay supportdifferentfunctionalities,e.g. separating
managemerihterfacegrom generalisagenterfaces Thisin turnallowsdifferentaccesgontrolsto beput
in place,e.g. restrictingaccesso the managemerinterface.Whilst addingin complexity theadvantages
to begainedoutweighthecostg51]. We alsonotethatODPadvocateanobjectmodelin whichreferences
tointerfacesretreatedasfirst classitems. Thatis, interfacereferencesanbepassedroundasparameters
andusedto accessheinterfacetheyidentify. Thisoffersaveryflexible approactor dealingwith resource
discoveryandaccessWe discusghis issuein moredetailin chapterst and5.

SpecificationConcepts: theseconceptsrelateto the requirementon languagesisedto describeODP
systemsThatis, theseconceptsepresendirectlythemodellingfeatureghatspecificatiofanguages
shouldpossessf they areto be usedto write specificationof distributedsystems. The concepts
themselvesrebasedsery muchonideasfrom objecttechnology

Sinceour interestlies in writing specification®f distributedsystemstheseconceptsarefundamental
to selectingwhich formal languagewe use. Theseconceptsandhow they might (bes) be formalisedin
LOTOSandZ areconsideredn moredetailin chapter4.

Structuring Concepts: theseare conceptghat emege from consideringdifferentissuesin distribution
anddistributedsystems.Thusfor exampleissuessuchas namingand organisationatonceptsare
introduced.

It is statedn Part2 thattheseconceptsnayor maynotbedirectly supportedy specificationanguages.
In generathisis the casesincetheconceptsiescribecomplexstructuresandit would be overly restrictive
torequirethattheseweresupportedlirectly by agivenspecificatiodanguagei.e. few, if any, specification
language<could supportsuch conceptsdirectly. However we amue that certain conceptsrelating to
behaviourissuesshouldideally be supportedy specificatiolanguagesFor example particularordering
constraintson the actionsassociatedvith objectsare usedto explain how objectscan havetheir own
behaviouyindependenbf their environment. Suchaspectsare essentialvhenmodellingandspecifying
distributedsystemsi.e. system®f interactingobjects andassuchshouldbesupportedy thespecification
language We discusgheseconceptandhow they maybe formalisedin chaptergl and5.

2Usingthe Englishsenseof theword andnot the definitiongivenpreviously
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ConformanceConcepts: areconceptfiecessarto explainthenotionsof conformanceo ODP standards
andof conformanceestinggenerally

In particularconformancalealswith showinghow a givenimplementationrelatesto a standard.This
is achievedn ODPthroughtheidentificationof specificpoints— refeencepoints— atwhichagiventest
is to be carriedout. The observationshatoccurat thesepointsarethenusedto seeif the systemmeetsa
setof conformanceriteria.

ODP-RM Part 3— Architecture

This documentcontainsthe specificationof the requiredcharacteristicghat qualify distributedsystem
asopen,i.e. constraintsto which ODP systemsmust conform. The main featuresof Part 3 include
transparenciegunctions,conformancaessuesaandviewpointlanguages.

Thetransparencieslentifiedby ODP arevery muchsimilar to thosediscussedn section2.1.3. Func-
tions may be regardechscomponentghataid in overcomingaspect®f distribution. ODP hasidentified
specificfunctionsthatcanbeplacedinto four groups.Theseare:

ManagementFunctions: providedacilitiesfor dealingwith managemerdf systenresourcesThesemay
control of the processingctivitieswithin a specificcollectionof interactingobjects,e.g. deciding
whethemewactivitiescanbe started(spawned).

Coordination Functions: providesupportfor coordinatingsystemresources Examplesof coordination
functionsinclude:

- eventnotification function: for notifying specificobjectshatgiveneventgheywereinterested
in havetakenplace.

- group function: to coordinategheinteractionsof a particularsetof objects.
- migration function: to coordinateandcontrolthe migrationof objectswithin the system.
- transaction function: to coordinateandcontroltransactiorprocessingctivities.

Repository Functions: provide supportfor the storage,organisationand retrieval of informationin a
distributedsystem.We notetwo repositoryfunctionsin particularsincetheyrelatevery closelyto
muchof thework in thisthesis:

- type repository function: which dealswith type specificationsandtheir relationships;

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

Security Functions: deal with aspectsf security For example,issuesrelatedto accesscontrol and
authenticatiorare considered. Providing functionsthat deal with suchissuesis madeespecially
difficult in distributedsystemslueto their potentialremoteness.

As well asidentifying thesefunctions, ODP has developedan architecturewherebythe functions
themselvescan be described. This function descriptionmechanismis achievedin ODP throughthe
deploymentof viewpoint languages. Throughtheseviewpoints, functions and distributed systemsin
generalcanbe reasonedaboutin a uniform and completemanner In particularODP hasattemptedo
provideanarchitecturavherebyissuesdealingwith aspect®f enterprisenterworkingcanbe addressed.

ODP usesthe notion of a viewpoint asit recogniseghatit is not possibleto captureeffectively all
aspectof designin a single description. Eachviewpoint capturescertaindesignfacetsof concernto a
particulargroupinvolvedin the designprocess.In doingsoit is aguedthat the complexityinvolvedin
consideringhesystemasawholeis reduced ODPrecognisefive viewpointseachwith its ownassociated
language:

Enterprise Viewpoint: this focuseson the expressiorof purposepolicy andboundaryfor a given ODP
system.
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Information Viewpoint: thisfocusesontheinformationandinformationprocessindunctionsin agiven
ODPsystem.

Computational Viewpoint: this focuseson the expressiorof functionaldecompositiorof a given ODP
systemandof theinterworkingandportability of ODPfunctions.

Engineering Viewpoint: thisfocuse®ntheexpressiomwftheinfrastructureequiredo suppordistributed
processing.

TechnologyViewpoint: this focuseson the expressiorof suitabletechnologieso supportdistributed
processing.

Eachviewpointrepresents differentabstractiorof sameoriginal system;however thereis likely to
be commongroundbetweertheviewpoints.We shalllook at theseviewpointsin moredetailin chapters.

ODP-RM Part 4 — Ar chitectural Semantics

Thisdocumen{110, 111] containsa formalisationof a subsebf the ODP concepts.This formalisationis
achievedhrough“interpreting” eachconceptin termsof the constructof a givenformal language.The
formal languageshathavebeenappliedsofar havebeenEstelle[100], LOTOS[101], SDL'92 [118] and
Z [106]. Thisformalisationandtheramificationdt hasonthedevelopmenof specificationgorm thebasis
for thework presentedh thisthesis.

CORBA vs ODP?

It couldbearguedthat ODP andCORBA areattemptingo solvethe sameproblems.Thatis, bothgroups
aretrying to provide solutionsto enterprisesvheredistributedprocessings likely. Certainly many of
thefunctionsidentifiedby ODP asbeingnecessaryo aid in providingcertaintransparenciearereflected
directly by an equivalentCORBA service,e.g. transactiorprocessingpr they are providedfor through
the ORB itself. For example typerepositoriesn ODP parlancecorrespondo the interfacerepositories
associateavith ORBsin CORBA parlance.

It mightbeconstredfromthisthatODPandCORBA areworkingin competiton producirg independent
andpotentiallyincompatiblearchitecturesFor developerandusersof distributedsystemgenerally this
wouldbetheworstpossilte scenariginceit would leaddirectlyto incompatilte systembeingdeveloped—
oneof themainreasorfor developingistributedsystemstandarda thefirst place.However SC21/WG7
andthe OMG haverecognisedheir commongoalsandarekeento ensurehattheir architecturegrenot
incompatible. This hasresultedin severalcollaborationsandliasonsbetweerthe two groups. Examples
of thesecollaborationshaveincludedthe adoptionof the CORBA IDL by ODP to specifythe syntactic
aspect®f computationabbjects.Similarly, the ODPtraderstandardisatiois currentlyundegoingreview
by the OMG consortium.

2.4 Summary

This chaptethasgivenabroadoverviewof thecontextof this thesis:distributedsystemsTheirassociated
advantageandaddedcomplexitieshavebeendiscussed Approachedor overcomingthesecomplexities
havebeenadvocated. This chapterhasconsideredwo in particular: objecttechnologyand reference
architectures.We have contrasteccurrentapproacheso describingreferencearchitecturefocusingin
detail on two: the CORBA and ODR The limitations of CORBA for our purposese.g. its lack of
consideratiorior behaviouralssueshavebeendiscussedWe shallshowin therestof this thesishowthe
ODPreferencearchitecturan conjunctionwith formal technique®offersa meango developspecification
architecturesuitablefor writing specification®f distributedsystems.

The immediatequestionthat arisesfrom this is which formal techniqueshouldbe appliedto develop
specificatiorarchitecturegor distributedsystems?Thisissueis discussedn moredetailin the following
chapter



Chapter 3

Formal Techniquesand Distributed
Systems

This chapteffocuseon formal specificatiodanguage¢FSLs). We provideargumentsasto why formality
in softwareengineerings necessarandwhy this is especiallysowhendealingwith distributedsystems.
Given the characteristic®f distributedsystemspresentedn the previouschapter we outline desirable
propertiesof FSLs for dealingwith thesecharacteristicand hencefor specifyingdistributedsystems.
Particularbranchesof the FSL family are introducedand conclusionsdrawn on their advantagesand
disadvantagefor describingdistributedsystems,i.e. what featuresthey possesdor dealingwith the
characteristicenherento distributedsystems.

Given the discussionin the previouschapter our work hereis biasedtowardsthoseFSLsthat have
beentouchedby objecttechnology Thisis thoselanguageshathavebeenusedto specifyobject-oriented
systemsandthosedevelopedvith theintentionof beingsuitablefor specifyingdistributedsystems.

3.1 The Needfor Formality

Formality cantakemanyforms. Naturallanguagemay be written in a semi-formalstyle throughstylised
English(or Germanyor...). Takeanylegaldocumentasanexample.Englishis not a formal languageas
suchthoughfor severakeasons:

- it canbeambiguous;
- it allowscontradictiongo exist;

- it canbevagueandincompleteg.g. whenimprecisetermsareused.

>From an architecturalviewpoint theseissuesarise from too many conceptsand not strict enough
structuringrulesassociatedavith them. Most writersandpoetswould amguethatthis is a goodthing since
it allowsfor arichnessn word usagethat canbe used,for example to bring differentemotionsinto the
writing process. This richnessis also the fundamentalweaknesf naturallanguagefor capturingthe
requirement$rom which software(andhardware)reto be created.Thereit is precisionandconciseness
thataremoreimportantasopposedo eloquenceandemotiveness.

To overcomehis problemFSLshaveevolved. Thesemayberegardedassymboliclanguageshatuse
unambiguousulesfor developingexpressionin thatlanguageandfor interpretingthe semantic®f these
expressionsTypically, thesemanticss givenin termsof mathematicatonstructs For examplealgebras,
settheoryandlogicsareall usedasbasedor FSLs.

FSLsareoftenusedaspartof a methodologyfor softwaredevelopmentThatis, theyserveto capture
theinitial userrequirementpreciselyandactasanaid in the developmenprocesgyenerally This rather
vagueinterpretatiorof FSL usagen softwaredevelopments intentional. Specificationsnay servemany
purposes.Thesepurposeshouldinfluencethe choiceof FSL since,aswe shall seein section3.3,FSLs

25
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have disparatepropertiesthat maketheir deploymentin given situationsmore apposite. For example,
somelanguagesremoreabstracthanothersandbetterfor capturingquickly andpreciselya givenusers
requirementsFromthesespecificationsformal reasoninghroughproving propertiesof the specification
canbe usedto ensurghatthe userrequirementsre,amongsbtherthings,consistent.Oftenthis abstract
requirementgapturehas,throughthe detailedanalysisof userrequirementsthe potentialfor uncovering
requiremenanomaliesOtherspecificatiotanguagesyntheotherhandwork atalowerlevelof abstraction
andareusuallymoreverbose.Whilst not asdirectly suitedto requirementgapture suchlanguagesre
usuallymoresuitedfor implementingandrapid prototyping.

Severaladvocate®f formal methodshavetried to explainformal methodsy debunkingthe “myths”
thatsurroundthem(29, 92]. Typical mythsinclude:

- theycanguarante@erfectsoftware;
- theirusagencreaseslevelopmentostsprohibitively;

- theyareincomprehensibleo clients.

Theseandotherwork [30] do not attemptto showthatformal methodsare the panacedor software
developmentor the elusivesilver bullet asclaimedby some[45]. Rathertheyarguethatformal methods
areatool thatcanbevery usefulfor softwaredevelopers.in this thesis,we concurwith this philosophy
We do not stateor try to showthat formal techniqguesandlanguagesanbe usedto developall aspects
of distributedsystems. Similarly we do not try to prove all propertiesthat might be associatedvith
them. Insteadwe useformallanguageprimarily asa reasoningool for distributedsystemsandtheissues
surroundingheir developmenin thelarge.

3.2 Requirementson Formal Languagesfor Distributed Systems

Distributedsystemghemselvesaisemanyissuesegardingheapplicationof formal techniquesThefirst
guestionthatfacesany personinvolvedin writing specificationss whatis the specificatiorto be usedfor?
Isit to beabasisfor requirementgapturesothatpreciseuserrequirementganbe obtainedpr is it driven
moreby thelower level systenrequirementsg.g. dealingwith how the systemis supposedo dothingsas
opposedo whatit is supposedio do? Theconstructivenessf specificationdhiasmanyramificationsonthe
role of formaltechniquegenerally Thatis, theselectiorof agivenlanguages moreoftenthannotdriven
by availableexpertiseandtoolsin thattechniqueasopposedo specific(documentedadvantagesf that
languagdor thatpurposen thatdomain. The primaryreasorfor this is thatwhilst formallanguagefave
beenappliedto amyriadof problemsanddomainstherehasbeenittle in theway of directly comparinghe
advantageanddisadvantagesf givenlanguage$or particulardomainsandpurposesThereareof course
exceptiongo this, e.g. Fischeretal [73] producedspecification®f the ODPtrader[115] in LOTOS, SDL
andZ with the specificintentionof contrastinghe approachesSimilarly bookswhich introducefamilies
of specificatiorlanguagese.g. Turner[194] havecompared OTOS, SDL'88 andEstelleto someextent.

Despitetheseworks, selectingspecificationlanguagedor new and untried areas,e.g. distributed
systemsis, by andlarge,alargely unknownandhenceundocumentedrea. As we statedin sectionl.1.3
oneyardstickfor comparisoris to seehow far formal language£anbe usedto interpretdomain-specific
referencearchitecturesWe investigatehisissuein thefollowing chapterwhenLOTOSandZ areusedto
interpretthe moreelementaryaspect®f the ODP referencerchitecture Anothermoredirectapproachs
to comparehosecharacteristicsf distributedsystemglirectly, andfrom thisto identify desirableeatures
of specificationlanguages.It might be consideredhat this approachwould be more directly beneficial
to selectinglanguagedor describingdistributedsystemsas opposedo havingto developspecification
architecturesWeamuethatthetwo approachearecomplementarySpecificatiorarchitecturelevelopment
allowslanguageso beconsideredn amoremethodicalvay. ForexampleJack of certaincrucialconcepts
and how they might be includedin languageextensionganbe analysedn a structuredfashion. Direct
featurecomparisonon the other handallows for immediatesuitability considerationgo be madeon a
broadlevel. Hencewe provideanoutlineof the particularconstraintshatthe characteristicsf distributed
systemgliscussedh section2.1.1imposedirectlyon FSLs.
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Remoteness:from a formal perspectiveremotenessf componentss usually abstractedrom. This is
unsurprisingsincewriting specificationss generallyfoundedupon making abstractmodels. The
real-world location at which component®xist is not normally part of the model. The notion of
locationis critical to distributedsystemshowever[85], sinceit reflectsdirectly on a multitude of
issues.For example componentganonly interactandsystemssubsequentlynterworkif theyare
awareof oneanotheri.e. know the locationand existenceof one another Typically the location
of componentss reflectedin termsof interactionpoints,i.e. locationsat which componentand
theirassociatedehavioursnaybefound. Formallanguageshouldpossesé£acilities for modelling
interactionpointsshouldremotenesgssuesbe of interest. This modellingmay be doneimplicitly,
i.e. it is afeatureinherentto thelanguagepr explicitly, i.e. it is a featurethatthelanguagecanbe
usedtio model. We shallseehow LOTOSandZ offer contrastingvaysof dealingwith themodelling
of interactionpointsin sectionst.2.10and4.2.10respectively

Heterogeneity: the areaof heterogeneityn languagespperatingsystemsand hardwarehasto a large
extentbeenovercomeby the adoptionof interfacedefinitionlanguage$172]. It would be naiveto
developan approachhat attemptedo ignore or underminethe currenttechnologiesand solutions
for addressindpeterogeneityFromaformal viewpointwe arguethata specificationanguageshould
supportreasoningand specificationof the syntacticaspectf systems. For example,supporting
reasoningaboutinterfacesignatureqseesection4.3.12) should be possible. Formaltechniques
shouldextendthe syntacticconsiderationso dealwith behaviouraland non-functionalaspectsf
systemsalso. We shallseein chapters, 6 and7 to whatextentLOTOS andZ canbeusedto realise
this.

Concurrency: asdistributedsystemsareinherentlyconcurrentj.e. individual componentganhavetheir
own independenbehaviouy formal languageshouldpossess$eaturesdor modellingandreasoning
aboutheséehaviours Further giventhatdistributedsystemsretypically representedscollections
of interactingandinterworkingsub-systemdprmal languageshouldpossesgaturedor reasoning
abouttheseinteractions. Thesefeaturesmay be inherentto the languagesj.e. built into their
semanticspr canbe modelledwithin thelanguageétself. As we shallsee certainlanguageshatare
not intrinsically concurrentcanbe appliedin sucha way thatissuesrelatedto concurrencycanbe
addressed.

It is worth pointing out herethatcertainwork, e.g. [98] hasamguedagainstintroducingconcurrency
into specificationsn thefirst place. Theagumentusedis thatconcurrencydoesnot dealwith what
the systemis supposedo do, but with how it is supposedo do it. Similarly, other potentially
implementatiorinfluencingspecificationapproaches.g. sequencingf operationsshouldnot be
specified Whilst the basisfor theagumentdrom a puristview is true, i.e. aspecificationmepresents
whatnothow, we regardthis philosophyasmyopicin termsof specifyingdistributedsystemsThat
is, issuegelatedto the specificatiorof collectionsof interworkingsystemsshoulddealwith issues
suchasconcurrencylt is throughconsideratiorof suchissueghatreasoningaboutthe systemasa
whole,i.e. thewhatbecomemoreapparentlt shouldbe pointedoutthatthe algumentsaabovewere
basedon softwaredevelopmentn generalandnot directedat distributedsystems. The structured
developmenmethodologyof softwaredesignandrequirementsf distributedsystemsrenotalways
well matched.Thatis, distributedsystemgarely; if ever startcompletelyfrom nothing,i.e. legacy
systemdypically exist. Further dueto the complexityof distributedsystemsspecifyingthe whole
systemis likely to be overly complexandoffer few advantagesThereforeelementof distributed
systemareusuallyspecifiede.g. sub-systemsf somelarger system. Throughconsideringhese
sub-systemis isolationandproviding featuresor reasonin@boutheircombinatons thecomplexity
issueof distributedsystemsanbeapproachedethodicallyandsystematicallySinceconcurrency
represent®ne of the mainissuesin combiningsub-systemswe amguethatit shouldbe a feature
offeredby FSLsfor describingdistributedsystems.

A furtheragumentagainsthework of [98] is thatlower level specificationse.g. thosedealingwith
concurrencyssueslendthemselvemorereadilyto thesoftwaredevelopmenprocessn general We
dealwith thisissueagainshortlyin consideringvhetherspecificatiodanguageshouldbeexecutable
or not.
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Partial Failures: thenotionof (truly) unexpectedailure is impossibleto specify By its very naturejf it
wasa possibleexpectedehaviourtthenit would havebeenspecified.It is quite possibleto specify
expectedr predictedfailureshowever Also, it is thesethat distributedsystemsattemptto provide
facilitiesfor dealingwith. Thusaformal languageshould,for examplepe ableto modelsuccessful
andunsuccessfuhttemptsatinteractiondbetweercomponents.

Asynchrony: giventhatwe haveadvocatedoncurrencyformallanguageshouldallow for themodelling
of interactiondbetweensystems.Further it shouldbe possibleto specifydifferentforms of inter-
actionsbetweencomponents.That is, the time differencebetweenthe sendingto the subsequent
arrival of messagemay or may not be regardedhsinstantaneousSynchronousndasynchronous
communicationshouldthusideally befeaturesof theformal language.

Autonomy: whilstit isnotnecessarilyhecasahatformallanguageshout suppot thenationof autonany
directly, it shouldbe possibleto specify the behaviourof independensystems. That is, formal
specificatioflanguageshouldsupporsomeform of modularstructuringmechanismThesemodules
shouldallow a form of autonomy e.g. the modulesdecidefor themselvedow they respondto
messagethat are sentto them. Similarly, thesemodulesdecidefor themselvesvhatinformation
theywish to sharewith the othermodules. Object-orientatiorandthe conceptsassociatedvith it,
e.g. encapsulatioandinterface providea suitableplatformfrom which issuegelatedto autonomy
canbeaddressed.

Evolution: formaltechniqueshouldbeableto modelevolutionarysystemsThismightincludeextending
thefunctionality of a givensystemor replacingonepartof the systemwith someothersub-system.
Usingtypetheoretcterminobgy, issueselatedo inclusionpolymorphsmandsuliyping/lsubclassing
generallyareof interest.Thesen turnrequirecheckntypingin generalj.e. if asystenisreplaced
with anothetthenwhatchecksarenecessaryo ensurghatthisis avalid replacemenin termsof the
previousinteractionof the old system. Thussubtypingasa mechanisnfor systemreplacemenis
only valid if previousinteractionpatternsj.e. othersystemghatinteractedvith the oldersystemin
a certainway, canequallywell interactwith the replacemensystem.Here“equally well” typically
meanghattheycannotdistinguishbetweerthetwo andhencetheir behaviourandthe behaviourof
thesystemasawholeis not adverselyaffectedby thereplacement.

Mobility: formal techniqueshouldsupportmobility. This meanghatit shouldbe possibleto formally
modelsourcesf information, objectssay and providefeaturesfor reasoningabouttheir possible
relocationandthesubsequerdystenreconfigurationThatis, formallanguageshouldideally allow
for dynamiccommunicatiorpathsto be setup betweerthe existingcomponents.

As well asthesemmediaterequirement®n formal languages$or addressingarticularcharacteristics
of distributedsystemsseverabtheraspectshouldalsobe consideredvhenselectinga formallanguage.

Abstraction: distributedsystemsareinherentlycomplex. To aid in overcomingthis complexity formal
techniqueshouldallow differentlevelsof abstractiorto be achieved.Thatis, they shouldpossess
propertieghatenable at a given level of detail or interest,variousirrelevantaspectof the system
asa wholeto be hidden. For example,if anautomatedeller machinewereto be specifiedthenit
shouldnot be necessaryo specifyin greatdetailall aspect®f the bankwith whichit is associated,
e.g. its overseasnvestments.Rather the userinterface,the moneyin the teller machineandthe
interfaceof the teller machineto the bankareof primary concern.Formallanguageshouldallow
for the selectedbmissionof certaininformationsto beachieved.

Determinism: a systemis deterministidf it is possibleto accuratelypredictits future behaviouthrough
knowingthebehaviouof its environmentNon-determinisnarisesvhenasystencanhavediffering
behaviourgegardles®f the behaviourof its environment. Typically non-determinisms usedto
representnternalchoicewithin a system. In distributedsystemsnon-determinisntanbe usedto
addressssuessuchasautonomye.g. a givensub-systengor object)decideshow it shouldreactto
interactionsvith theothersub-systemgbjects).As such formallanguage$or modellingdistributed
systemshouldprovidefeaturedor specifyingandreasoningaboutnon-deterministibehaviours.
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ExecutableversusNon-Executable: therehasbeenmuchdiscussiorin the formal methodscommunity
on whetherformal specificationanguageshouldthemselvede executable It hasbeenarguedby
HayesandJoned94] thatformal specificatiolanguageshouldbe non-executableTheirargument
is basedbn four mainpoints:

- requiring specificationlanguageso be executableestrictstheir expressivgpower Thusthe
specificatiorshouldbe phrasedn termsof requiredpropertief the systemasopposedo the
algorithmicdetailsby whichthesepropertiescanbe achieved.

- proving propertiesabouta specificationis a much more powerful methodof validationthan
generatingestcasedrom a specification.

- executablespecificationanguagesan unnecessarilgonstrainthe choiceof possibleimple-
mentations.

- it is easierto verify that an implementationmeetsan abstractspecificationthan to match
an executablespecificationagainstan implementatiorfor which possiblydifferentdataand
programstructureshavebeenchosen.

An oppositeviewpointhasbeentakenby Fuchs[76]. He amuesthat non-executablspecification
languagesanbe madeexecutableon almostthe samelevel of abstractiorandwithout essentially
changingheir structure.Further heshowshow the samedevel of expressivenessanbeachievedn
executablasin non-executabldeclarativespecificatioanguages.

Therehasbeenno real agreemenin the formal methodscommunityon this topic. Specifications
asabstracteasoningoolsversusspecificationg@sabstracimplementationdoth havetheir relative
merits. Certainlanguagese.g. Z, werenot designedo be executable Otherlanguagese.g. SDL,
weredesignedrery muchwith tool supporin mind. It wouldbenaiveto expecto implementdirectly
all requiremenstatementthatmightbe madeandhencepossiblyformalised.Sometimestatements
aretoo generalor areimpossibleto implementdirectly. Neverthelesshe ability to implementor
prototypeinitial abstracspecificationss appealing.We shallseehow LOTOS andZ offer sample
language$rom both sidesof thisargument.We notethatobjectorientationhasattemptedo provide
aunifying frameworkin which analysighroughto designandimplementatiorcanbe achieved.

Non-functional Aspects: muchrecentinterestin the formal methodscommunityhasarisenasto how
formallanguagesnightbe usedto specifynon-functionabspect®f behaviouf136, 167]. Thus,the
specificatiorof quality of serviceandotherconstraintghatcaninfluencebehaviourgenerallyareof
interest. It hasbeenrecognised109, 104, 105 thatbehaviourakpecificatioraloneis not enough
to build reliableandinterworkingsystems.Therearemore constraintshat haveto be considered.
The overall correctnes®f a systemmustsatisfy all constraintghat applyto it. For example,if
functionality andresponsdime arethe constraintf interest,thena systemthat producedcorrect
answersftercertaindeadlinehavebeenpassedvould beasunacceptablasasystenthatproduced
incorrectanswerswithin a givendeadline.Hence formal languageshouldideally be ableto model
non-functionabspectselatedto behaviour

Modelling non-functionalaspectsplacesfurther constraintson the formal languages. Thereare
numerousortsof non-functionabspectshatmightbeof interest:temporalconstraintsgostingcon-
straintsandconstraintgelatedto locationarejustthreeexamplesTheability to modelsuchfeatures
andbe ableto reasoraboutthemin a formal languagés highly desirable.Further modellingand
reasonin@boutsuchissueshouldbedonein amannethatdoesnotimply auniqueimplementation.

Tool Support: selectiorof aformallanguaganaywell beinfluencedy thetool supportavailablefor that
language Examplef suchtool supportmight be syntaxeditors,checkerssimulatorsandtheorem
provers.Availability of suchtoolscanto someextentberegardedasanindicationof the stability of
agivenlanguage.
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3.3 The Formal LanguageSpectrum

Broadly, speakingormallanguagegsanbe putinto oneor, aswe shallseelaterin chapter$ and6, oneor
moreof thegroupsasshownin figure3.3.

SpecificationLanguages

// \\

Equational Model Based

State Orlented Logic Orlented

Action Oriented

Figure3.1: TheFormalLanguagd-amily

We note herethat this classificationis not exhaustive. Other classificationsare possible,e.g. syn-
chronoudanguagesWe alsonotethatour intentionhereis notto providea detailedaccounof all aspects
of the specificationgroupsgiven. Instead we focuson the propertiesof languagedoundin thesegroups
and how usefulthesepropertiesare for modelling and reasoningaboutdistributedsystemsgiven their
characteristicglescribedn section2.1.1.

3.3.1 Equational SpecificationLanguages

Equationakpecificatiolanguagesoncentrat@n definingtypes whereatype herecorrespond$o setsof
valuescalledsorts Operationsare providedon thesesorts. Theseoperationgive the syntacticfeatures
of the sorts,i.e. how they can be created,accesse@nd usedin general. The semantic(behavioural)
aspect®f the operationsaredefinedthroughwriting equations Theseequationstateequivalencelasses
betweerthe expressiongsormedfrom operationgterms). If the equationsare confluentandterminating,
i.e. Church-Rossethenthetermscanbereducedo a normalform throughrewriting. For examplejf a
pushoperationon aqueueis followed by a pop operatioron the samequeue thenthe equationshouldbe
ableto deduceahatthefinal queueis the sameastheinitial queue.
Oneequationakpecificationanguageparticularlyrelevantto this thesisis Act One[65]. Thisis the
datatypinglanguageisedn LOTOS.Act Onewasdevelopedn 1983bythe ACT-groupt atthe Technische
UniversitatBerlin. Thelanguagetself containdour conceptgor definingandstructuringa system:

- enrichment: allowstypesto import othertypesin their own definitions.
- renaming: allowstypesto be copiedandhavedifferentsortandoperatiornames.

- parameterisation: allows typesto be definedgenerically Thusfor example,a queuedatatype
might be genericin thatit canbe instantiatedactualised}o hold differenttypes,e.g. queuesof
integersor characters.

- actualisation: instantiategeneric(parameterisedypeswith actualvalues.

1Algebraicspecificatiortechniquegor thecorrectdesignof trustworthysoftware.
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With regardto supportingobject-orientation Act One has certainfeaturesthat makeit useful for
specifyingobject-orienteatonstructs For example sortshavemanyof the featureghatonewould expect
to find in objects. Thatis, they havean interfacegiven by the operationson that sort whosebehaviour
is determinedby the equationsassociatedvith thoseequations. Further they supportcertainforms of
polymorphism40] throughparameterisatioandactualisation.

Act Onedoeshavelimitationson specifyingobject-orientedystemsin Act One,instance®f sortsare
simply valuesthathaveno real stateassuch. OtheralgebraidanguagesuchasOBJ[82] haveaddressed
this throughintroducingthe conceptof subsorts.In addition, sortsdo not lend themselvego inclusion
polymorphism[40]. Thatis, type checkingon sortsis doneby nameequivalenceand not any form of
structuralsimilarity. As aresult,sortsdo notsupportsubtypingassuch.We shallseein chapter7 how Act
Onecanbespecifiedn suchaway thatthesesubtypingissuescanbeovercome.

With regardto distributedsystemgyenerallyandtherequirementsheyimposeon FSLs,Act Onedoes
not by itself satisfymanyof therequirementsThis is primarily dueto Act Onenormallybeingusedasa
datatyping languagédor usewith otherlanguagese.g. LOTOS andSDL'92.

3.3.2 StateOriented SpecificationLanguages

Stateorientedspecificatiodanguagesescribesystemsn termsof graphswheregraphnodesorrespondo
systemstatesandgrapharcscorrespondo systemransitions.With stateorientedspecificatiodanguages,
particularemphasiss placedon graphnodes.Examplesof stateorientedspecificatiolanguagesnclude:
finite statemachinesEstelle SDL'92 andPetriNets. EstelleandSDL'92 havealsobeenappliedto develop
anarchitecturasemanticgor ODP, hencewe introducethembriefly.

Estelle

Estelle(ExtendedFinite StateMachinelLanguage)100] is aformaldescriptiortechniquéFDT)? developed
by ISOandacceptedy ITU-T, primarily to aidin theformal specificatiorof communicatiomprotocolsand
services Estelleis basedn extendedinite stateautomataA systemis modelledthrougha hierarchically
structuredsetof moduleinstancescommunicatingn anasynchronougshiornviatheexchangef messages
on channels.The syntaxof the languageandthe definition of datatypesandvariablesarebasedon ISO
Pascal.

In anEstellespecificationthe externallyvisible interfaceof a moduleis definedin themoduleheader
whilst the modulebody describeghe internal structureand behaviourof the module. Moduleinstances
defineinteractionpointsthroughwhich they cansendandreceivemessagesTwo interactionpointscan
be connectedf they havebeendefinedwith opposingroleson the samechanneldefinition. A channel
definition containstwo rolesfor the respectiveendsof the channel.For eachrole it definesthe messages
thatcanbe sent. An interactiondefinition consistsof a nametogetherwith a setof parametersTo each
interactionpoint, a queuds assignedn whichincomingmessagearestored.A moduleinstancecanalso
haveacommonqueuedhatis sharedby severabr all interactionpoints. Concurrencys achievedn Estelle
throughtheinterleavingof transitions.

The structureof an Estelle specificationis dynamic,i.e. moduleinstancescan be instantiatedand
releasedndinteractionpointscanbe connecteénddisconnectedynamically Eachmoduleinstancecan
instantiateor releasechild moduleinstancespr connector disconnectheir interactionpoints. The only
way for a moduleinstanceto accesssibling instanceqor other moduleinstancesvhich are not its own
children)is via exchangef interactionson channels.

SDL

SDL (Specificatiorand DesignLanguage]118] is anFDT standardisedy ITU-T andacceptedy ISO.
Themainuseof SDL hasbeenin thetelecommunicationsdustry Therearetwo mainrepresentationsf
SDL: agraphicalrepresentatioSDL/GR)andatextualrepresentatio(SDL/PR).

2|t shouldbe notedthat the acronymFDT is frequentlyappliedto formal methodsgenerally This is incorrect. The FDTs are
designatedtandardsievelopedy ISO andITU-T, namelyLOTOS, EstelleandSDL92.
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Like Estelle,SDL is basedon non-deterministiextendedinite statemachines.The datatyping part
of SDL is basedon ACT ONE [65] andASN.1[99]. An SDL specificationconsistsof a collection of
blocks Blockscanbedecomposeihto sub-blocksandeventually processesProcessearerepresented
by non-deterministicEFSMs. Each processhas exactly one input queue,the input port. Processes
themselve®xhibit sequentiabehaviour The systembehaviourasawholeis representetty anensemble
of independenparallelprocessethat communicatesynchronouslysingsignals Theseprocessesnay
dynamicallyinstantiateother processes Signalsare sentvia channelsconnectingblocks andvia signal
routesconnectingorocessesThereis no priority amongthe signalssent. Thatis, they arereadfrom the
input portsin the orderin which they were sent. Signalsfrom independenprocessesnay arrive in any
order Signalsarriving atthe sametime areenqueuedon-deterministicallySDL alsodoesnot allow for
datato be shared However sometimesharediatamaybesimulated.

In 1992 CCITT issueda new releaseof SDL that containednumeroumew features. Theseincluded
conceptgo enableobject-orientegorogrammingandnewstructurego providenon-determinism.

3.3.3 Action Oriented SpecificationLanguages

As with stateorientedspecificationlanguagesaction orientedspecificationlanguageslescribesystems
in termsof graphs,wheregraphnodescorrespondo systemstatesand grapharcscorrespondo system
actions(transitions).With actionorientedspecificatiodanguageshowever particularemphasiss placed
ongrapharcs.

One particularexampleof actionorientedspecificationanguagess the processalgebra Theseare
particularlywell suitedto modellingandreasoningiboutconcurrentcommunicatingystemsWefocuson
thethreemostcommon:CommunicatingsequentiaProcesse@CSP)[96]; theCalculusof Communicating
SystemgCCS)[141] andLOTOS[101].

CSPand CCS

Hoare5 CSPfirstcameo prominencén the1970%s. Originally it wasdevelopedsaprogrammindanguage
inspired by Dijkstra’'s guardedcommandlanguageand Pascal. Following its first introductionit was
developedurther, becomingmoreorientedtowardsspecificatiorratherthanimplementationculminating
in its definitive processalgebraidorm publishedn 1985[96].

Milner’s CCS was originally publishedin 1980 but underwenta seriesof modificationsuntil the
definitive form appearedn 1989[141]. Both CCSandCSPweredevelopedrimarily with the intention
of beingsuitablefor specifyingand reasoningaboutconcurrency Both havethe notion of actions and
processé’s Actionsarecomposedisingvariousoperatorse.g. prefixingandchoiceto form morecomplex
behaviours.Actionsareatomic,i.e. theyoccurat a singleindivisible pointin time. In the basicprocess
algebradike CCSandCSPthis pointin time is undefined Thatis, thetemporalbrderingof actionds given
but notthereal time at which actionsoccur Actionsmaybe observabler internal. An observablection
requiressynchronisatiomvith its environmento occur An internalactionrequiresno synchronisatiomand
is frequentlyusedto represenhon-determinisnandspontaneity

Processesepresenstructuralunitsfor groupingactions.Thegroupingitself is usedto defineparticular
orderingconstraint®ntheactians. Processearetypically composedvith oneanotheto formthebehaviour
of thesystemasawhole.

Equivalenceelationsbetweernprocessebasedon the actionsassociateavith themandtheir observ-
ability havebeendevelopedor CSPandCCS .Wediscusghesebrieflyin thefollowing sectionronLOTOS.
Both CSPandCCSwerelargely academidevelopmentsLOTOS[101], ontheotherhand wasdeveloped
in responseo a practicalneed. It is basedargely on CCSand CSPin conjunctionwith the datatyping
languageAct One.

3Referredo aseventsn CSP
4Referredo asagentsn CCS.
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LOTOS

LOTOS[10]] wasdevelopedby thelnternationabtandardisatio®rganisatior(1SO)in the1980’s,becom-
ing afull internationaktandardn 1989. It is partly basedon CCSandCSR althoughtherearesignificant
differencedothin terminologyandtechnicabetails. Forexample CCSonly supportdi-partyinteractions
whilst LOTOS and CSPsupportmulti-party synchronisations An overviewof thesedifferencesandan

introductionto thelanguagegenerallyis givenin [71]. We provideanoverviewof the LOTOS language
in appendixC. Furtherintroductorymaterialto LOTOS maybefoundin [23, 131, 194.

As with CCSandCSR LOTOS hasthe notionof atomicactions(events).Thesearecomposedo form
behaviourexpessions LOTOS hasa seP of compositioroperatorgor composingactions. Thesenclude:
actionprefixing; choice;parallelcompositionjnterleaving;disablingandenabling.

LOTOS hasa basicform in which actionsare solely representedby gates,anda full form in which
actionsandprocessemayhavedataassociatewvith them. Thisdatais definedusingthe Act Onelanguage.
Whenfull LOTOSis consideredeventoffersmaycontaina setof aguments.Theseagumentsarevalues
of Act Onesortsprecededy eithera! ora?. In theformercaseasinglevalueis given. In thelattercase
arangeof valuesis given. This allowsfor differentsynchronisatiorpossibilities. Synchronisationsay
only occurwhenthe associate@ventoffersarecompatible.This compatibilitymeanghateithertheevent
offersthemselvesareidentical,e.g. theyhaveidenticalvaluesfor the! agumentspr thatanon-emptyset
of valuesfor the ? agumentsexist. Thuseventofferswith | agumentsandthosewith ? agumentamay
synchroniserovidedthe! valueis in thesetof ? values.This form of synchronisations knownasvalue
passing If two (or more)eventoffershavean? agumentof the samesortthensynchronisatiois known
asvalueestablishmentyaluenegotiationor valuegeneration Forexampleg ?x: Nat; g !3; synchronise
andthevalueof x is setto 3. Similarly, if g ?x: Nat, g ?y: Nat; synchronise¢henthevalueof x andy is a
naturalnumberthatis non-deterministicallyestablished Eventoffersusing? argumentsmayrestrictthe
rangeof valuesthe amumentmay takethroughselectionpredicates For example the synchronisatiorof
g ?x: Nat[x>3]; 1 g ?y:Nat[y<5]; setsthevalueof x andy to 4.

As well asimmediatesynchronisatiopossibilities the fusion of the processalgebraandAct Onealso
allowseventdo beguardedsothattheiroccurrencés notsolelybasednthewillingnessof theenvironment
to synchroniseon events. Information (state)internalto a processanbe usedto determinewhetheran
actioncanoccuror not. Typically this is achievedvith a BooleanexpressiomusingAct Onevalues.

LOTOShasarich setof equivalenceelationg 35, 125. Theseelationsdentify setsof behaviourshat
arein somesensesquivalento oneanother Thesddentificationgypically relatebehaviourapropertieof
the processesExamplesof suchequivalenceelationsinclude: traceequivalencebisimulationrelations
andtestingequivalenceelations.

As well astheseequivalenceelations,otherusefulrelationshavebeendevelopedor LOTOS. These
relateanabstracspecificatiorio amoreimplementatiororientedspecification Examplef theserelations
include: conformanceteductionandextension.We shallinvestigateheserelationsin moredetailin the
following chapter

As shownLOTOS:is particularlysuitedto specifyingcomplexbehaviouravherethetemporalordering
of actionsin thebehaviouris of primaryimportance.As we shallseein chaptes, it is oftenthe casethat
atemporalorderingof actionsaloneprovidesinsufiicientmodellingfacilities, e.g. whenreal-timeor other
constrainton the behaviouraregiven. As aresult,therehasbeenalarge numberof proposaldo extend
actionorientedspecificationanguagesWe providea brief overviewof thesenow.

Action Oriented SpecificationLanguageExtensions

Therehasbeena wealth of researchinto extendingprocessalgebras. A large body of work hasbeen
generatedh timedextensiongo processalgebrasWith regardto timed-extension® LOTOS someof the
worksinclude:[126, 112,202, 162, 13§. An overviewof timedprocessalgebrass givenin [153].

We discusdriefly someof theissuednvolvedin introducingtime into processalgebrasandhowthey
havebeenaddressebly extensiongo LOTOS.

5Unlike LOTOS, both CSPandCCSallow newoperatorgo be defined.
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- modelling time progress it is possibleto modelthe progressof time local to a processg.g. so
thatprocessesanhavedifferentspeeds It is morecommonlythe casethat globaltime is adopted
though.Thisis morenaturalgiventhattime in reality hasa globalmeaning.

- modelling time: time may be modelledeitherdiscretelyor densely In a densetime domainit is
alwayspossibleto find a valuein betweera non-equapair of time values. Typically, realnumbers
are usedto representlensetime. In a discretetime domain,time is divided up into units. Time
passages in multiplesof theseunits. Naturalnumbersareoftenusedto representliscreteime units.
Most LOTOS extensionhave adopteda discretetime model,e.g. CELOTOS [202], TIC [162],
LOTOS-T[138]. ET-LOTOS[127] placesnorestrictionon thetime domainthough,i.e. densdime
anddiscretetime modelsaresupported.

- timing of actions the elapseof time betweenactionsis usuallymodelledin two ways. Thetime
consumedetweeractionoccurrencesr thetime consumedy the actionsthemselvesin thefirst
caseactionsaregivenatimestampwvhentheyareto occur In the secondtaseactionsareassigned
atime valuefor their duration.Of courseactionswith durationsarenon-instantaneous.

- maximal progress the maximalprogressassumptiorstatesthat internalactionsoccurassoonas
possiblebeforeany passagef time. With this assumptionthe occurrenceof observableactions
cannotbe enforced,e.g. if the time for their occurrencehasbeenpassedandthe occurrenceof
internal actionscannotbe delayedunnecessarily LOTOS-T [138] andET-LOTOS [127] aretwo
LOTOS extensionsghatincorporateanaximalprogress.

- actionurgency. analternativeo maximalprogresss actionurgency Action urgencycanbeapplied
to any event— not just internalevents. With actionurgencyprocessesnay block the passag®f
time, e.g. theactionoccursbeforedelaysarepermitted.lt shouldbe notedthatif urgencyis applied
to aneventandtheenvironmentloesnotwishto synchronis@nthateventhendeadlocksvill occur
U-LOTOS[25] andTLOTOS[126] aretwo languageshatincorporateactionurgency

Therehavebeemumeroustherapproache® extendporocessigebras.Probabilityhasbeerintroduced,
e.g.Pb-LOTOS[136] andLOTOS-TP[139]. McClenagharswork [136] alsoincludedextensiongo deal
with prioritisedactionsasdoesSchieferdecke167] in herwork on structuredactions.

Thecurrentstandardisatioactivity of Extended-LODS (ELOTOS)[112] hasconsiderednanyof the
abovetopics. In addition,thiswork is addressingssuessuchas:

- themodularisatiorof LOTOS;

- theprovisionof anewdatatypinglanguage;

- thetyping of gates;

- theprovisionfor dynamicconfiguration®f processes.

As we shallseein chapterst and5 theselasttwo pointsareparticularlyrelevantto this thesis. The
typing of gatesallowsfor gatesto specifywhat parameterganbe associatedvith them. In LOTOS, all
gatesarepolymorphic. Thatis, they canhaveany parametergttachedo them. Throughtyping of gates,
the parameterattachedo gatescanbe restricted.As aresult,it is possibleto reasoraboutthe syntactié
aspectof processei separatiorfrom the behaviourabspects Further gatetyping canalsobe usedfor
the detectionof certainclasse®f deadlocksalso. For example the deadlockthatresultfrom g !'true;
g !0; couldbe detectedstaticallyif gatetypingwereused. Discussion®n the introductionof gatetyping
into LOTOS arepresentedn [78].

The E-LOTOS work is also addressinglynamicconfigurationsof systems.As discussedn section
3.3.3,gatedn LOTOS areusedfor communicatiorbetweerprocessesl hesegatesareassignedtatically
to processedt is notthecaseahatthesegatescanbe passe@roundbetweerprocessesis aresult, LOTOS
specificationsare not well suitedto modellingsystemsg.g. distributedsystemswherenew patternsof
communicatiorare madepossible. Neverthelesswe shall seein chapter8 how LOTOS canbe usedin
suchaway thatthis dynamicityis madepossiblethroughthe useof Act Onesortsin eventoffers.

Sor aswe shallseein sectiord.3.12thesignatures.
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3.3.4 Logic BasedSpecificationLanguages

In generalogic is concernedwith the study of valid reasoningor aguments. It definesstructureghat
enableusto represenknowledgethatwould normally be expressedrerbally. Logic basedspecification
languagesarearguablythemostabstracof thespecificationanguagesTheyexistin manydifferentforms,
the simplestbeing propositionallogic. Propositionallogic is closelyrelatedto Booleanalgebrain that
propositionshavethevalueof true or false.

Propositionallogic only allows variablesto havevaluestrue or false and doesnot allow quantifica-
tion. Predicatdogic extendspropositionallogic with variables. First order predicatelogic allows for
guantificationovervariables.

As aspecificatiorapproachlogic basedanguagesffer ameango write conciseandprecisestatements
aboutthe systemunderconsideration.Typically, logic specificationsreterse. Of particularinterestare
modallogics. Thesemay be regardedas logics extendedwith featuresfor expressingoropertiesthat a
systemshouldexhibit. We considelbriefly two suchlogic families: temporalogicsandprocessogics.

Temporal Logics

Temporallogics arespecialisedogics for expressingime-relatecoropertiesof systems.Temporallogics

canbedatedbackasfar astheancientGreeksbut considerablynorerecently interesthasgrownthrough

thework of Manna[135] andPnueli[160]. Basicallyatemporallogic is alogic extendedvith operators
for reasoningaboutthetimesat which eventsoccur Typically, suchlogics areusedto reasoraboutthree
classe®f properties:

- safetyproperties: propertiesvhich aretrue atall timesin a systems behaviour

- livenessproperties: propertieswhich must eventuallybecometrue at leastonce as the systems
behavioudevelops Safetypropertiesaresatisfiedoy systemghatdonothing. Livenessnsureshat
systemgio somethinguseful.

- fairnessconditions:if a certainactionis possiblethenit musteventuallyoccur

Differenttemporallogic operatorshavebeendefinedsuchasalwaysor henceforth next eventually
Oftenthesearedenotedsymbolically e.g. - and-.

Procesd ogics

Procesdogics allow statementaboutthe propertiesthat processalgebraicspecificationshouldsatisfy
Milner in his book on Communicatiorand Concurrency[142] presentsa simple procesdogic basedon
thenotionof possibleactions.In thislogic he present®peratordo expresghe possibilityandnecessityf
certainevents.For examplethe possibility of thesystemperformingsomeeventandreachinga particular
statein which a certainpropertyis true.

3.3.5 Model BasedSpecificationLanguages

In modelbasedspecificationganabstractheoreticaimodelof the systemto bebuilt is specified.Typically
thesemodelsfocusonly on what the systemis supposedo do as opposedo how it is supposedo do
it. Throughtheseabstracimodels reasonings possibleaboutthe systemto be developed.Typically this
allowsfor proofsaboutthe systemin termsof theabstracmodelbuilt.

With regardto distributedsystemsmodelbasedanguagesaveboth advantageanddisadvantages.
Amongsttheiradvantagearethattheyencouragabstractionso bebuilt. Theseabstractionsnaysuppress
many of the complexitiesinvolvedin achievinglevelsof distribution. This abstractioris alsoespecially
conduciveto capturinghigh-level requirement®f given systemsas opposedo othermore constructive
specificatiolanguages.e. languageshatthroughtheir usagamply, or possiblyconstrain futureimple-
mentations For examplethey mayadoptparticularstructuresor algorithms.

This issuehasleadto someto regardmodelbasedspecificatiolanguagesvith somescepticism.That
is, sincethey generallywork at sucha high level of abstractiontheir role in softwaredevelopmentsa
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wholeis frequentlyquestionedThustheir abstractiordoesnot lenditself to rapid prototypingof software
in general.

Despitethis, model basedspecificationlanguagesare one of the most popular[158] specification
techniquesisedtoday We focusnow on the mostpopularof theselanguagesZ. Givenour interestin Z
andobject-orientationywe focusin somedetail on approacheto specifyingobject-orientedconceptsn Z
andgive a brief overviewof the morepopularobject-orienteegxtensiongo Z.

z

Z is oneof the mostpopularspecificatiortechniquesisedtoday[158]. It is basedon first orderpredicate
logic andsettheory It is arguedin [158] thatthis simplistic mathematicabasisfor Z is oneof themain
reasongor its popularity

A Z specificatiorusuallyconsistsof a collectionof Z fragmentswith accompanyingxplanatorytext.
The Z fragmentsare usuallygiven in a definition beforeusageordering. This is especiallytrue if tool
supporf157] is used.

The primary structuringmechanisnusedin Z is that of the schema This providesa meango group
variableswhosetypeshavebeendefinedelsewheren the specification(or aregivenin the mathematical
toolkit associatedvith the Z languageg.g. naturalnumbersyandto associat@redicatesvith them. The
predicatesreoftenwritten belowadividing line, howeverhorizontalschemalefinitionsarepossiblealso;
theyarenormallyusedwhentheschemaextis small.

The declarationof a schemaintroducesa type: an unordered,namedcollection of various other
previouslydeclaredypes. In somesensea schemaype is similar to a Cartesiarproduct,exceptthatthe
Cartesiamproducthasa specificordering. Schemanamegschemaypes)are globalin scopethroughout
the specification.Thecomponentinsidea schemaarelocalin scopeto thatschemaowever We discuss
theconsequences theadoptionof a schemaypeasa signature-onlytyping mechanisnin sectionst.2.2
and7.5.

As well asa specificatiorstructuringmechanismschemasreusedto modelthingsthatoccurin the
realworld, e.g. actions.This is achievedy includingin theschemaa copyof thevariablesvhosevalues
areexpectedo change Thiscopyis primedby convention.Predicatesrethenusedto relatetheunprimed
variables(the variablevaluesbeforethe occurrenceof the schemalo the primedvariables(the variable
valuesafterthe occurrenceof the schema).Suchschemasretypically referredto asoperationschemas
Schemashatdo notrelateprimedandunprimedvariablesaretypically referredto asstateschemas

As well asthe schema/Z also providesaxiomaticdescriptiongo introducevariables,possiblywith
associategredicatesThesevariablesareglobalthroughouthespecificationthusthenamegheyintroduce
mustbenewto thespecificationIf nopredicategregivenin theaxiomaticdescriptiorthenthespecification
is termedloose i.e. thereareno constraintghatthe variablemight have.lIt is alsopossibleto separatehe
declaratiorof a variablefrom the predicateshatapplyto it, i.e. a predicatecanappeatron its own. This
practiceis deprecatedhowevey sinceit moreoftenthannot simply confuseghe specificatiorreader

We providea brief overviewof the Z syntaxandmathematicaloolkit in appendixB.

Extensionsto Z

Numerouswvorks haveextended” in variousways. Of particularrelevanceo this thesisarethoseworks
on object-orientedcextensiongo Z. We provide an overview of theseextensiondhere. A more detailed
comparisorof thedifferentextensionganbe foundin [186] and[123].

As identifiedin [172], objectsprovidea usefulmodellingparadigmo managecomplexbehavioursas
mightbefoundin adistributedsystem.Thisreliesontheability of objectsto encapsulataformation.Z is
notobject-orientedhoweverusingthedefinitionpresentedty Wegne{205]. Ratherit mightbeconsidered
asobject-basedisingWegnets classification.Thatis, Z canbe usedto specifya state(via a schemé&or
examplelandabehaviour(asoperatiorschemas)However Z doesnotsupporthegroupingof operations
on a particularstate otherthanpossiblythrougha textualstatementThusit is possibleto specifyobjects,
but classesrenot supportedandinheritanceof operationss not supported.

Most extensiondo Z haveattemptedo remedythis situationby extendingthe Z notationto includea
newstructuringmechanismtheclassschemaPerhapshe mostwell knownof theses Object-Z[41, 63).
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Theclassschemanableghe groupingof operationgo acton a particularstateschemaexistinginsidethe
class.A classschemaypically contains:

- A visibility list to restrictaccesgo thelistedfeaturesn objectsof theclass.A featuremaybeoneor
moreconstantsstatevariablesor operationschemas.

- Typeandconstandefinitionsasfoundin Z.
- Inheritedclassego enablere-useof classschemashroughinheritance.
- A stateschemagivenasa hamelesschemahatcontainsstatevariableswith associategredicates.

- An initial stateschemadistinguishedby the keyword Init. This definespossibleinitial statesfor
instance®f theclass.

- Operationschemaso modelthe behaviouiof theclass.Theoperatiorschemasiredifferentto those
foundin Z in thattheyhavea A-list of statevariableswhosevaluesmay changewvhenthe operation
occurs.In Z, A normallyappliesto entireschemaypes.

- A history invariant which actsas a predicateover historiesof objectsof the classwhich further
constrainthe behaviour

Object-Zalsointroduceghe paralleloperator; to enableinter-objectcommunication.This operator
conjoinsoperationschemasnd matchesutputvariableswith input variables. Thesevariablesarethen
hidden.DetailedcasestudiesusingObject-Zhavebeendeveloped Examplesf theseinclude[61, 62].

Object-Zis asatisfactoryspecificatioriechniqudor modellingisolatedobjectsor simplisticinteractions
betweenobjects. For modellingmore complex(distributed)systemshe techniqueis limited. Thereare
severalreasondor this. Firstly, Object-Zdoesnot separatesyntacticissuesrom behaviouraissues.As
aresult,issuedn the syntacticalaspect®of compositionare not addressedSimilarly, satisfactiorof any
operationnamingrulesassociatedvith a classschemasuchasthoseprescribedoy ODP [109], arenot
readilyenforceabldy thelanguagei.e. theyrequirethe specifierto follow a namingpolicy asopposedo
prescribinghepolicy. Thelanguages alsolimited in theformsof compositiont offers. Ideallyalanguage
would providea multitudeof behaviouratompositionpossibilities,e.g. asin LOTOS (seesection3.3.3).

Otherextensiondo Z includeMooZ [166], OOZE[2], Schumar& Pitt [169], Z++ [122] andZEST
[55]. Thelastof theseis worth mentioningin moredetailsinceit wasdesignedpecificallyto be suitable
for the specificatiorof distributedsystems Also, it doesnot attemptto modify the semantic®f Z. Rather
the classschemadt providesis merelya syntacticconstructthat canbe flattenedto producea standard?
specification.

A classtypein ZEST capturegshe commonbehavioumpatternof a setof objects— its instances We
presenheretheoriginaldescriptiorof aclassasgivenin [55]. Thework ondevelopingZ ESTis on-going,
howeverandmorerecentextension$56] includefeaturesuchasvisibility listsasfoundin Object-Z.This
work is notyetstable sowe restrictourselvedereto theoriginal versionof ZEST. Classesrerepresented
in ZESTby schemaswf thefollowing form.

o TYPE
g Attributes
0 States

o Operations

HereAttributesarean axiomaticdescription. They introduceattributevariablesandthe relationships
betweerthem. Thesevariableshavevaluesthatarefixed for an objectof that class. Stateds a schema.
It declaresa numberof statevariablesandtherelationshipdetweerthemandtheattributevariables.The
valuesof thesevariablesrepresenthe currentstateof the objectandthey maybe changedy operations.
Operationgdenotessetof namedschemasEachschemaleclaresvaysin whichstateor attributevariables
canbe accessedndthe effect the scheméahason the valuesof thesevariables. The Operationssetmay
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containan Init schemawhich declareghe valid initial statesor aninstanceof theclass. If omitted,then
anystatemaybeaninitial state.

The abovedescriptionis similar to Object-Zin many respects.ZEST, however providesa formal
theory[52, 53,54] for reasoningaboutinheritanceandalsoperhapsnoreimportantly giventhediscussion
in 2.1.1,subtyping.This work providesa formal representationf whatit meangor oneobjectto beable
to replaceanotherobject. This wasachievedhroughtheideaof extension Briefly one classs extends
anotherclasst in ZESTwhen:

- theattributeandstatespaceof s canbe projectedn a naturalway ontothe attributeandstatespace
of t. Thatis, everyattributeandstatevariableof t is alsorepresentedy a correspondingttribute
or statevariablerespectivelyin s. Thevaluev of everycommonattributeor statevariablevalidin s
shouldalsobevalidin t.

- to eachoperationP in t thereis a correspondingperationPs in s suchthat P; hasa weaker
preconditiorandstrongerpostcondition.

Whilst anelegantheorywasdevelopedor subtyping this wasfoundto be limited in its applicability
comparedto other currentapproacheso specifyingbehaviouraltype relations. This work provideda
theoreticabasisfor reasoningaboutsuchissuesput aswith the actionorientedspecificatiorapproaches,
thiswasnot directly availablein the specification.

Other Approachesto SpecifyingObjectsin Z

The previoussectiongavea brief overviewof the numerousextensiondo Z thathavebeenproposedo
specifysystem®f objects.As statedn section3.3.5,Z allowsfor the specificatiorof objectsbutdoesnot
strictly supportclassesndinheritance.

Thereexistswaysin which Z canbeused,howeverin a moreobject-basedtyle without the needfor
extensionsWe considethetwo mainproposaldor specifyingobjectsystemsn Z: Hall’sapproach91, 93]
andZERO(Z Expressiorof RefinableObjects)[209, 210, asdevelopedy WhysallandMcDermid.

In Hall’'s work conventionsin specificationstyle are usedfor modelling object-orientedsystems.
Brownbridge[37] describes substantiaimplementatiorwherethis stylewassuccessfullysed. Thereare
five mainideasonwhichHall’'s styleis based:

- conventiongor modellingobjectstates;

- useof objectidentitiesto referto objectsandexpresgheir individuality;

- aconventiorfor expressinghe stateof the systemin termsof the objectsit contains;
- useof objectidentitiesto modelrelationshipdetweerobjects;

- amethodof definingoperationsn termsof singleobjectsandcalculatingtheir effect on the whole
systempr on definedsetsof objects.

Hall in alaterpape91] goesonto showhow classesndinheritancebetweerclassesanbemodelled
in Z. Thiscanbeachievedrovidedanextensionahotionof classis usedasopposedo anintensionabne.

In ZERO, objectsaredescribedy so-calledexportandbody specifications Export specificationgare
algebraicin style and describethe overall behaviourof the objectindependenbf the internal detailsof
the objects. Body specificationsare model orienteddescriptionf the constituentpartsof eachobjects,
in particulartheir stateand methods. Body specificationsare typically given in standardZ. The body
specificationsare subsequentlyusedas the basisfor refinementof the objects. Proof obligationsare
requiredto ensurethatthe bodyandexportspecificationsctuallyrepresenthe samebehaviours.
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3.4 Tool Support for LOTOSand Z

Tool supportfor FSLsis critical both to their successfulsageandto their uptakegenerally[50]. Tool
supportcantakemanyforms. We providean overviewof thedifferentsortsof toolsavailablefor LOTOS
andZ. As well asbeingof relevancen its ownright, thisoverviewalsohighlightsthe semanti@approaches
thatunderliethetwo languagesindshowstheir orthogonality

3.4.1 Tool Support for Z

Tools to supportZ are becomingmore availableand steadilybeingtakenup by the Z community A
summaryof Z tools canbefoundin [157] and[185]. It is aguedin [7], howevey thattool supportis not
necessarilgheansweito producinggoodformal specificationsToolsarenota substitutefor thinking,and
producingspecificationss essentiallya cerebralactivity. More oftenthannot, the bestspecificationsare
draftedwith pencilandpaperandwithoutrecourseo atool in theinitial stagesToolsareimportantin the
later stagesof specificationdevelopmenthowever especiallywhenthe specificatiorbecomedarge and
navigationthroughthe specifications non-trivial. Tool supportis alsousefulfor identificationof minor
errorsin thespecificationg.g.typeerrors.

Z toolsoffer variousoptionssuchas: typesetting,syntacticchecking crossreferencingandnavigation,
schemaxpansiontype checkingtheoremcheckingandproof assistancegnimationandcodegeneration.

Theredoesnot exist presentlyany single tool that possesseall of theseoptions. FuZZ [182] for
example providesonly syntacticcheckingandtype checking.Thegeneratiorof the Z formattingrequires
a detailedknowledgeof the LaTeX processingenvironment. Othertools suchas Formaliser[74] offer
a more completeenvironmentfor productionof Z specifications. Crossreferencingand navigationare
providedaswell asa userinterfaceto accesshe Z symbols. CaDiZ [193] is oneotherwell developed
toolsetthatcontainsseverabf theabovefeatures.

Tool supportfor theoremprovingis still, by andlarge, a researchopic. Recentwork suggestshat
a certaindegreeof proofis possible. Machineswill neverbe ableto prove everytheorem,but thereis
no point in reproducinga proof that hasbeendonemanytimespreviouslyand canbe regugitatedby a
machine.Onesuchtheorenprovingassistanis Jigsav [154]. Thishasincorporatedhedeductivesystem
of standardZ. Jigsav is supportedy the tacticlanguageAngel This allows proofsto be definedin a
generalandreusablevay. Throughproviding a basicminimum of deductiverules,tacticsfor complete
proofscanbedeveloped An introductionto the Gentzen-stylsequentalculusthatformsthebasisfor the
deductivesystenof Z asgivenin the Z standard106] canbefoundin [180].

Animation andcodegeneratiorarealsovery muchin theirinfancy Tool supportfor codegeneration
asfoundin [199] and[140] haveshownthatarestrictedsubsebf Z canbeimplemented Theextensiorto
Z in its entiretyis highly unlikely howeverdueto its expressivenesZ. canbe usedto specifysystemghat
canneverbeimplemented A moregenerabpproacho developinganexecutablesemanticgor Z is given
in [34].

3.4.2 Tool Support for LOT OS

Tool supportfor LOTOSis muchmoredevelopedhanthatcurrentlyexistingfor Z. Toolsareavailablefor
dealingwith the syntacticaspect®f specificationsExampleof thesetoolsinclude:

- syntaxdirectededitorssuchastheCornellSynthesizeGGeneratoeditor[200] andthegraphicalkeditor
for G-LOTOS[42];

- syntaxeditorssuchasSCLOTOS (SyntaxCheckerfor LOTOS);
- cross-referencemiuchasLXREF (LOTOS CrossReferencer);
- reportgeneratorsuchasREFADT andREPDEP;

- reportbrowserssuchasLOBROW (LOTOS Browser);

- graphicalbrowsersuchasG-LOTOS (GraphicalLOTOS);
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- staticsemanticanalysersuchasLISA (LOTOS IntegratedStatic Analyser)and TOPO (LOTOS
Compiler)[134].

LOTOS alsohasmanytoolsthathavebeendevelopedor analysingandverifying propertiesof speci-
fications.Examplesf thesetoolsinclude:

- AUTO [132] for analysingandmanipulatingabelledtransitionsystems;

- COOPER1] for deriving canonicakesterdasecn the COOPmethod[207).

- PERLON]J21] for checkingthe persistencyropertiesof ACT ONE datatypes.

- SQUIGGLES' [24] for automaticallycheckingbehaviourakquivalencesf LOTOS specifications.
- SMILE [64] for amongsbtherthingsenablingthe symbolicsimulationof LOTOS specifications.

LOTOSalsohasnumerougoolsthatallow specificationso betranslatedo implementatiodanguages.
Exampleof theseincludeTOPO[134] andCOLOS(LOTOSto C Compiler).

Therenow exist severaltoolsetsthat encompassnany of theseindividual tools so asto provide a
completeLOTOS environmenfor developingyerifying andfinally implementingOTOS specifications.
Examplef thesetoolsetancludethe LOTOSPHERHBnNtegratedlool Environmeni(LITE) [201] andthe
CAESAR/Aldebaranioolset(CADP) [69]. LITE wasdevelopedhrougha Europearcollaborativeproject.
CADP wasdevelopedointly by two Frenchcompanies.

3.5 Conclusionson Formal Languagesfor Distributed Systems

The previoussectionshavegiven a broadsummaryof the formal languagegamily. Five sub-familiesof
the specificationanguagespectrumwere considered. Eachof thesehasits own immediateadvantages
anddisadvantagefr describingaspectf distributedsystems.Thesesummariseéheseadvantagesnd
disadvantageis thefollowing sections.

3.5.1 Conclusionson Equational SpecificationLanguages

Equationalspecificationanguage®ffer a meango represendirectly the syntacticaspectof potentially
complexbehavioursn a checkablemanneri.e. they supportdirectly the constructionof abstractdata
types.Oneproblemwith algebraicspecificatiodanguageshoughis thattheythemselveslo notallow this
checkingto becarriedoutin aflexible enoughmanner Thatis, they usenamecomparisoronly asa basis
for typechecking.Structurakelationshipse.g.isomorphismbetweersortsis notusedvhentypechecking
is done. As a result,theydo notin themselvesupportinclusionpolymorphism.A further problemwith

algebraicspecificationlanguagess that the equationsassociatedvith them,i.e. the axioms(behaviour)
thatthe operationsareexpectedo satisfy aretypically verboseanddifficult to write correctly

3.5.2 Conclusionson State Oriented SpecificationLanguages

Statebasedapproachesffer certainadvantage# describingobject-orientedlistributedsystems. State
orientedlanguagesllow reasoningaboutthe possiblestatesthat processeg¢systemsangetinto andin
turn the statesthat cannotbe reached. It might be aguedthat this featuregoesagainstthe fundamental
objectorientedprinciple of encapsulation.t is aguedin [33] that certainstatesthat dictatethe visible
behaviouri.e. thebehaviourof aninterfacefor example do not necessarilyhaveto violate encapsulation.
For example anautomatedeller machinemight havecontrol states:wait for card, wait for number give
money Thesecontrol statesdo not as suchviolate any principlesof encapsulation.Rather they are
anothemeansof abstractlyrepresentingpotentiallycomplexbehaviourghat might arisein aninterface.
Encapsulatiotiit is aguedwould beviolatedwhenstatesveremadevisible thatwereonly usedfor specific
internalactionsequences.

7Socalledbecaus®f the symbolsusedto describestrongandweakobservationagquivalencei.e. - and
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3.5.3 Conclusionson Action Oriented SpecificationLanguages

Action basedapproachesffer severaldirect advantages$or specifyingandreasoningaboutdistributed
systems.Theysupportmodularitydirectly throughprocessesTheseprocesseallow complexbehaviours
to be specifiedthroughaction orderings. Further thereexist numerouswaysin which theseprocesses
canbe combinedto form interactingsystems.This ideaof sub-systemshatinteractwith oneanotheris
well matchedwith modelsof distributedsystems.As well asthesefeaturesprocessalgebrasavea well
definedsemantidasisthathasbeenusedo developdetailedtheoriesonbehaviouratelationshipbetween
systems.

Procesalgebrasarenotwithouttheir limitationsthough.n distributedsystemstype checkingis used
asa basisfor decidingwhetheroperationson remoteinterfacesare possible. This is normally doneon a
syntactidevel. As amguedin section3.2,formallanguageshouldsupporthis syntacticcheckingaswell as
augmentingt with otheraspectsThisis notpossibleto dodirectlyin processalgebraslt is possibleo use
Act Onein suchaway thata contrivedform of syntactictype checkingcanbeachieved.Thisis presented
in chapter7. Aspectsthat relateto non-functionalrequirementsare not well suitedby processalgebras
though. Thereexistsmuchcurrentresearctandstandardisatioactivities[153, 112] thatareinvestigating
how processlgebraganbe extendedo dealwith non-functionalssueof systems.

Anotherlimitation of processalgebrador specifyingdistributedsystemss thatwhilst elegantheories
havebeerdevelopedhatrelateprocesdehaviourstheseheoriesarenotusablan thespecificatiordirectly.
For example,it is not possibleto reasonwithin LOTOS, aboutwhethertwo processeshat synchronise
with eachotherwill havesomedesirableor undesirablebehaviour Suchconsiderationsare normally
consideredutsidethe specificationwhen testing or reasoningaboutthe specificationis done. Whilst
LOTOSrelationssuchasextensiorappeato dealdirectlywith behaviouratypeissuese.g.thereis aclose
relationshipbetweerextensiorandinclusionpolymorphism suchrelationsare not directly accessiblén
the specification.

3.5.4 Conclusionson Logic BasedSpecificationLanguages

Logic basedapproacheallow for a higherlevel of abstractionvhenspecifying. They enablereasoning
aboutthe systemin termsof assertionsthatis, predicateghat may evaluateto eithertrue or false. This
propertyis aparticularlyusefulfeaturein formal specificationanguage$or describinglistributedsystems.
For example considemon-functionabssertionse.g. statementtike the costof usinga serviceshouldbe
lessthana certainnumbey canbe specifieddirectly. Modal logicsin particularoffer a powerfulmeango
reasomaboutaboutaspectf the behaviourof systemsg.g. onceinvokedsomeoperationwill returna
resultwithin a certaintime frame.

Whilstbeingverypowerful,logic orientedanguagesntheirownarelimited asaspecificatiorapproach
dueto thelackof modellingandstructuringconceptsheyoffer. Often,otherapproacheareusedo specify
systemsandlogic basedapproachesreusedto reasorabstractlyaboutthesespecifications Exampleof
this approachinclude[16], whereLOTOS is usedto describethe behaviourof systemsanda temporal
logic (QTL) is usedto imposereal-timeconstrainton the system.This duallanguageapproachs amgued
to allow for a separatiorof concernsthefunctionalbehaviouandreal-timeissues.

3.5.5 Conclusionson Model BasedSpecificationLanguages

Modelbasedpproachem theirclassicalisagefferameando describeabstractlyvery complexsystems.
For example the ability to write down global predicateghat the systemasa whole must satisfy allows
a powerful specificatiomapproach.This abstractiormechanismmayin somerespectdberegardedasthe
mainadvantagaswell asdisadvantagef modelbasedpproacheswhilstit is quitepossibleo makesuch
globalassertionsindstatementshis high-levelof abstractioomeanghatthe stepfrom specificatiorto the
finalimplementatioms mademuchlargerthanin othermoreconstructivéd-SLs. Refinemenapproachethat
relateabstracspecificationgo lessabstracbneshavebeendevelopedo addresgheseissues. Typically,
theserequirea proofto be madethatrelatesa concreteo anabstractspecificationg.g. the preconditions
and postconditiondor an abstractoperationshouldbe satisfiedby the refined operation. Despitesuch
approacheghe complexityinvolvedin realising,i.e. implementing completelyabstractspecification®f
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complexsystemsemainsvastdueto the amountof proofsthathaveto be carriedout in the refinement
process.

With regardto distributedsystemsin particular model basedapproachesre also limited in their
classicalsagesincetheydo notaddressssuessuchasconcurrencyr non-functionabehaviour Further
their supportfor modularity e.g. objects,s limited.

3.6 Summary

This chaptethasattemptedo providesomeinsightinto formal languagegenerallyandgive insightinto
the particularrequirement®n languagesisedto describedistributedsystems.ldeally, we would like a
languagehatsupported

- thesyntacticaspect®f typesasfoundin algebraicspecificationanguages;
- thebehaviourapropertiesandreasonindacilities asfoundin actionorientedlanguages;
- theability to reasoraboutstategyenerallyasfoundin stateorientedlanguages;

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

In thefollowing chaptersve shallseehow LOTOSandZ canbeappliedin suchawaythattheyaddress
manyof theseissues.



Chapter 4

Developmentof an Ar chitectural
Semantics

This chapterarguesin detailthatanarchitecturakemanticcanalleviatemanyof the problemsinvolved
in developingspecificationgor a particularproblemdomain. We showhow LOTOS andZ maybeusedto
developanarchitecturasemanticdor distributedsystemsaseduponthe referencearchitectureof Open
DistributedProcessing The advantageanddisadvantagesf thesetechniquesirediscussedvith respect
to theconceptandstructuringrulesthey supportandthosethatthey cannotdirectly support.

4.1 Architectural Semantics

It is oftenthecasehatwriting specificationprovesto bedifficult dueto poorinitial choiceof specification
structures.Thushavinga goodarchitecturauponwhich specificationcanbe basedemovesnanyof the
difficultiesinvolvedin the actualwriting of specifications.By a similar agument,specificationavritten
withoutawell structuredarchitecturg¢endto be not only difficult to write but alsohardto understanénd
difficult to modify andextend.

Having a goodspecificatiorarchitecturds alsovery usefulfor problemsthatarenot well definedby
requiringdetailedconsideratiorof theinformal problemstatementsThusattemptingo formalise“messy”
problemdirectly canleadto “messy”specifications.

An architecturabemanticsinvolvestakinganinformally definedreferencarchitecturandinterpreting
it in aformallanguage We shallinvestigatadifferentapproacheto thisinterpretatiorshortly. Thetheory
behindthe developmentf an architecturalsemanticds that by interpretingthe mostbasicof concepts
underlyinga given architecturespecificationsan be engineered.Thatis, providedthatthe architecture
itself introducesconceptsin a hierarchicalfashion? specificationscan be structuredarounda baseset
of formalisedconcepts. >From a specifiets viewpoint this has severaladvantages.It correspondso
specificatiorre-use— the holy grail of softwareengineeringrom the specifiets viewpoint. An analogy
herewould be an electronicengineemwho works at an architecturalevel. The engineerdoesnot haveto
re-specifythe mostbasicof componentsuchasflip-flops andNAND gates but rathermay usetheseas
building blocksto createmorecomplexcomponentsAn approachusingLOTOSto do exactlythis maybe
foundin [174] and[173].

As well asthe possibleadvantage$or specifiersthe developmenbf an architecturalsemanticdas
numeroutheradvantagesAn architecturakemanticprovidesclearandconcisestatementé a given
formallanguage— aformalisatiorof conceptsvhichthenactsasamoreprecisalefinitionof theinformally
definedarchitecturatoncept.Doing sorequiresa morein-depthconsideratiorof the textualdefinition of
eachconcepthanmight otherwisehavebeenachieved.Thus“intuitively clea conceptsvhich mightbe
opento differentinterpretationg@remademorepreciseandanyambiguitiesareremoved.We shallshortly

1Thistermwasfirst usedby Prof. Chris VissersUniversity of Twente.
2\We shallseethatthis is the casewith thearchitectureadoptedn this thesis:the ODP-RM.
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seeexampleof the problemsof informality in developingspecificationgor OSI.

In definingan architecturalsemanticsthe developersof the architecturdtself may haveconfidence
in their architecturef it canbe interpretedin a formal language. The architecturalsemanticactsasa
bridgebetweertheconcept®of a givenarchitectureandthesemantianodelof a givenformal specification
language Conceptshatcannotbeinterpretedn agivenformalspecificatiodanguageneednotnecessarily
bewrong. It might simply meanthatthis conceptis not well matchedoy the semantianodelof the given
formal specificatiolanguage.

An architecturakemanticsalso offers the basisfor comparisorof differentformal specificationlan-
guageswvhenusedto provideformal descriptionf the samestandard.Henceit alsohelpsin identifying
which formal specificatiodanguagéds mostsuitablefor a givenproblemdomain.

Notionssuchasconformancegonsistencyandcompliancenayalsobeaddressethroughthedevelop-
mentof anarchitecturasemantics Advantagecanbe takenof existingtool supportfor formal languages
thathavebeenusedto developanarchitecturasemanticgor the architecturainderconsideration.

Thereareseveralindirectadvantagethatariseout of the developmenbf anarchitecturasemantics.
Perhapghe mostimportantof theseis in clearingup the textual descriptionof the architectureunder
considerationThisof courseshouldideallybedonein conjunctiorwith thedevelopmenof thearchitecture
itself. This wasthe casewith ODP but not the casewith OSI. In the caseof ODP numerousambiguities
andstatementshat were unclearor misleadingwereidentified and subsequentlyectified. We shall see
thatdespitethearchitecturabemanticsvork, severaproblemswith thereferencenodelof ODPstill exist.
We discusghesein therestof this chapterandthefollowing chapter

By developinganarchitecturasemanticshelimitations of theformal specificatiolanguagesisedare
alsoidentifiedand documented.Thesecanthenbe usedby formal specificationanguagedevelopergo
extendandimproveexistingformal specificatiodanguages.

It shouldbe pointedout that the developmenf an architecturalsemanticsshould not be focused
on showingthattwo arbitrary specificationswritten in differentformal languagesre the same(though,
of course,the equivalenceslefinedfor the specificationlanguageshouldhelp here). An architectural
semanticss alsonotaboutredefiningarchitecturatonceptsn aform moresuitablefor formallanguages,
or adding/removing@rchitecturaconceptghat can/cannobe interpretedn givenformal languagesThe
developmentbf an architecturalsemanticsmight, however resultin the last of theseby making the
architecturedeveloperseconsidetheexistingconcepts.

An architecturabemanticeanbeusedby anybodyinterestedn thatparticulararchitecture Thesemay
include:

- developer®f thearchitecturehemselves;

- developersf standard$o begeneratedrom thatarchitecture;

- implementorsvhoseproductscomplywith standardgieneratedrom thatarchitecture;
- testerof conformanceo standardgeneratedrom thatarchitecture;

- end-usersf productsdesignedccordingto standardgieneratedrom thatarchitecture.

Theideabehinddevelopmenof anarchitecturatemantics not new. Indeedhearchitecturasemantics
work of ODP originatedfrom problemswith OSI. We discusstheseproblemsbriefly in the following
subsection.

4.1.1 Historical Background

Formalspecification®f OSI standardgavescopefor differentinterpretation®f architecturalkconcepts.
Thiswasnot in itself wrong, but simply reflectedthe generalityof the architecture.Interpretinginformal
conceptsn formal specificatiolanguagesequiresattentionto how a givenconcepshouldbe understood.
Someof theproblemsdentifiedincluded:

- Serviceprimitivesin OSI modelinteractionsat services.Serviceprimitiveswerenot definedin the
OSI ReferenceModel (OSI-RM) [103] butin the OSI serviceconventiong102]. It wasnot stated
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whetherserviceprimitiveswereatomic,instantaneousr synchronousThusspecifiersouldregard
serviceprimitivesasprocedurecallsor asynchronousequestgin SDL [118 andESTELLE[100])
or synchronougalls (LOTOS[101]). Thiswasnot just hair-splitting but led to radically different
behaviourdeingspecifiedj.e. differentimplementationsf the samestandard.

- Servicedataunits had differentinterpretations.lt wasnot clearwhetherthey wereatomicor not.
Hencedifferentbehavioursvere possible e.g. protocoldataunits could be sentoff beforea given
servicedataunit wascompletelyreceivedby a protocolentity.

- Serviceaccespointshaddifferentinterpretations:

* Did theyreflecta structuralconceptg.g.aninterfacebetweertwo protocolentities?

* Weretheyactiveagentsge.g.did theyhavea dynamicaspecthroughwhich connectiongould
beestablished?

* Couldtheyberepresentetly processewhich could befurtherdecomposed?

* Could connection-lesandconnection-modserviceshe supportecat the sameserviceaccess
point?

* Wereendpointmecessarilyassociateavith connection®r weretheya moregenerakconcept?

A fuller accounof thehistoricalreasondor thedevelopmenbf anarchitecturasemanticfor OSImay
befoundin [195].

4.1.2 Realisation

Thefirst questionghatarisewhenconsideringhe developmenbf anarchitecturasemanticare: where
doesthe architecturecomefrom? As discussedn section2.3, we focusin this thesison the architecture
providedby the ODP-RM.In particular we choosethe basicmodellingandspecificationrconceptf the
ODP-RM,andcertainof the ODPviewpointlanguages.

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 semanticandbe well known. Thereshouldalsoexist
a sourceof expertisdn thatparticularformal languagesincedevelopingan architecturasemanticoften
requiresspecificationchoicesto be made. Insightinto the consequencesf selectinga particularway of
representin@ givenconceptandtheramificationsof thatchoice,shouldbe seenasfar aheadaspossible.
Further usingthe languageo specify conceptsand structureghat it wasnot specificallydevelopedor
requiresdetailedknowledgeof the limitations and applicationof the language. We shall seehow; in
developingan architecturasemanticgor ODR the supportfor certainconceptsandstructuringrulesdid
not existdirectly. However the languagecould be usedin a certainstylisedway to achievethe desired
effect.

The formal languagesisedto developan architecturalsemanticdor ODP included: LOTOS [101],
SDL'92 [11§], Z [106], andESTELLE [100]. All of theseformal languagesavetheir own particular
advantageanddisadvantagem formalisingthe architectureof ODP. We focusin this thesison LOTOS
andZ, which asdiscussedh section3.3representatherdifferentspecificatioanguages.

For any given formal language thereare threemain waysthat it canbe usedto formalisea given
architecturatoncept:

- anapproactbasedninterpretation;
- anapproactbasedn providingspecificatiorntemplates;

- anapproactbasedn mappingfrom a direct(mathematical)nterpretatiorof thatconcept.

Eachof theseapproachebhasbothadvantageanddisadvantageshichwill now bediscussed.
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Interpr etation basedApproach

Thisapproachnterpretshowagivenarchitecturatoncepmightberepresenteth agivenformallanguage.
Theresultof thisis aprecisenaturalanguagestatemenofferinghowthatconcepmightbestberepresented
in thatformal language.lt is quite possible andaswe shallseeit is the casethatchoicesexistasto how
conceptzanberepresenteth agivenlanguage Theinterpretatiorbasedapproactshoulddocumenthese
choicesand, wherepossible,give adviceon the advantagesind disadvantagesf modellingconceptsa
givenway.

Theadvantag®f anapproactbasediponinterpretationis thatit enablesanin depthcomparisorof all
conceptsn all formallanguagesThroughthisapproachhesemanticef all of theconceptsnaybechecked
againstthe semanticmodelsof the formal languages.In doing so, more understandingf the concepts
is developed. The approachalso gives specifiersguidancewithout being prescriptiveasto how they
shouldspecifycertainconcepts.This lastpointis alsoperhapghe greatesiveaknes®f theinterpretation
basedapproach. For instance,asit not prescriptiveit is not possibleto identify immediatelywhether
any given specificationis compliantwith thatarchitecture.Similarly, the lack of prescriptivity prohibits
specificationgrom beingbuilt directly. Instead explanationgsto how the conceptandstructuringrules
areto be representegrovidethe only informationfor specifiers.Whilst usefulin itself, a more directly
accessibl@approachs to providespecificatiortemplates.

TemplatebasedApproach

This approachis basedon providing specificationtemplatesor conceptsandstructuringrules. Through
this approacha structuringof specificationsanbe achieved. This approaclcloselycorrespondso our
analogygiven earlierof the electronicengineer Unfortunately aswe shallsee,it is notthe casethatsuch
anapproachs alwayspossible.Certainconcept@aresogenerice.g.typeaspresentedh sectiord.3.7 that
developingspecificatiorfragmentsfor themis impossible. Further certainconceptsannotbe modelled
directly in specificationlanguagese.g. subtypeas presentedn section4.3.9. Anotherlimitation with a
templatebasedapproachs thatit doesnot allow arbitraryspecificationgo be checkedor someform of
complianceto the architecturainderconsideration.

Mapping from a Dir ect Mathematical Interpr etation

Thetheorybehindthis approachs basedn giving adirectmathematicainterpretatiorof theconceptsand
structuringrulesformingthearchitecturainderinvestigation.Thismathematicahterpretatiormight, asin
thecaseof thework doneonODP[148], taketheform of transitionruleswhichcharacterisgalid behaviours
of systemsof interactingobjects. >Fromthis mathematicalnterpretationmappingsto differentformal
languagesanbedefined.lt is aguedin [148] thatsuchanapproachallowsthe semantic®f architectural
conceptso bedefineddirectlyin mathematicsasopposedo mappingconcept®ntothe(syntacticfeatures
of specificationanguages.As aresult, a basisfor languagecomparisorcanbe madeformally through
providingmappinggo specificationanguagesUnfortunately thereality of developingsuchanapproach
for ODPis somewhatlifferent. Mappingsto differentspecificatiodanguagefiavenot provenpossibleor
two mainreasonsFirstly, the fundamentallydifferentsemantidoasesinderlyingspecificationanguages.
Trying to find acommonbasedor comparisorof differentformal languagesilthoughperhapgossiblein
certaincasesg.g.[211], is unlikely to existin the main. One of the mainreasondor this specification
equivalentof the grandunified theoryof physics[206], is that specificationanguagesre often usedfor
entirely differentreasons Fromthe specificatiorof low levelintricatebehaviouraasmight befoundin a
communicationgrotocolto broadstatementshatrelateto entiresystemsandenterprises Secondly and
perhapsnoreproblematicallymappingshavenot provenpossibledueto the lack of prescriptiongivenin
the ODP-RM. As statedthis is a naturalconsequencef therole of ODR It is a standardor developing
numerouglistributedsystemsvhichmayhavecompletelydifferentproperties Hencethereis alimit to how
prescriptivethe architecturecanbe. This issueandthe problemsit causesn developingan architectural
semanticareconsideredn detailin therestof thisandsubsequerthapters.
Thereareotherproblemswith this approach Perhapshe greatestirawbackis thatit is very (overly?)
mathematical.Formal methodsoften offer a symbolic meta-languagehich to a greatextenthidestheir
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mathematicaloundations With this directmathematicalormalisation the (mathematicaljoundationsare
blatantlyvisible andhencenot asaccessibléo peoplewith a non-formalbackground.

This approachby itself alsodoesnot offer any meango developspecifications.It simply represents
the genericmathematicainterpretationof a subsetwf the architecturaunderconsideration.In effect the
directformalisationdonefor ODP[148] represented partof the computationalanguagespecifically the
operationalnteractionsf the computationalanguage Extendingthe work to covermoreof ODP would
be problematicdueto thelack of prescriptionin the conceptghatexistthere.

Another issuewith this approachis the questionas to whetherthe direct formalisationcorrectly
representshearchitecturen thefirst place.Sincethearchitecturas itself informal, formalisationof it can
only everbedoneinformally. Formalityexistsoncea modelis completeandreasoningaboutthe modelis
doneformally, e.g.proving propertiesaboutthe modelledsystem.Indeedseverakechnicalproblemshave
beenfoundin thedirectformalisationof [148§] asit currentlyexists.

4.1.3 Conclusionon Approaches

Eachof theseapproachebasits advantageanddisadvantagesThe bestpossibleapproactthatcouldbe
takenin developinganarchitecturasemanticgor a givenarchitecturavould consistof:

- providingtemplatesn all formallanguagegor all of theconceptsontainedwithin the architecture
andtheir combinators;

- beingableto checkarbitraryspecificationgor complianceto thatarchitecture.

- beingableto checkwhen specificationswritten in differentlanguagedor that architecturearein
somesensecompatible.

We shall seein therestof this chapterandthe following chapterjust how far the developmenbf an
architecturasemanticéor ODPhasrealisedhisideal. Beforedoingthis, it is usefulto notethedistinction
betweertheterms“architecturalsemantics’and“specificationarchitecture”.A specificatiorarchitecture
showshowaspecifications structured An exampleof anapproachio developspecificatiorarchitecturess
givenby Vogel'swork [203]. Hisapproactwasto structurd OTOS specificationsor morespecificallythe
procesdglefinitionsin theprocesslgebrgpartof aLOTOS specificationin a hierarchythatrepresentethe
hierarchicaktructuringof the conceptsn ODP. Unfortunatelydueto the necessariack of prescriptionin
ODPhiswork fell shortin thattheprocessehladlittle or no behavioumor informationassociateavith them.
Insteachis work provideda syntacticstructuringbasedn processiameghatcorrespondetb conceptsn
ODR Whilst not altogethera badstartingpoint to writing specificationghe work hadproblemsin thatit
providediittle in theway of documentedimitationsin theapproachlt couldalsobe aguedthatthework
wasoverly prescriptivein theway the conceptaverepresented.

An architecturalsemanticon the otherhandis wider in scope. Of course,ideally the architectural
semanticshouldresultin the productionof specificatiorarchitectureswe shallseehow truethisis in the
restof this chapterandsubsequenthapters.The developmenbf an architecturasemanticshouldalso
providedetailedanalysisof boththearchitecturainderinvestigation(hereODP),thelimitationsof formal
languagesindoutlinesuitableimprovementsindextensiongo thoselanguages.

4.2 Formalising the BasicModelling Concepts

In developinga variety of architecture®f similar broadtype, certainconceptgepeatedlyarise. These
conceptgeflectthe domainunderconsideratiordirectly. Thatis, theymodelaspectof therealworld in
whichourdomainexists.We, like ODR termthesebasicmodellingconcepts Giventheadvantagesffered
by objecttechnologywith regardto distributedsystemsanddiscussedn section2.2,the basicmodelling
conceptgivenin ODP andformalisedhereare concernedvith objectsandthe conceptsassociatedvith
them.

We attemptto introducetheseconceptsn a bottomup fashion. As will be seenthis is not always
possibledueto their closeinter-relationshipsWe shallseethatin certaincasesve offer two formalisations
in Z which we term ClassicZ and Abstract Z. Thefirst of thesecorrespond$o how conceptanay be
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representedh Z in its classicabisageof stateandoperations.The secondf thesecorrespond$o usingthe
languagen a moreabstractmanneito formalisethe conceptsAs will beseenin thefollowing chapterthe
latterapproactoffersa greatdealmoreflexibility with regardo reasoningaboutconceptsand,importantly
thestructuringrulesthatapplyto them.

It shouldbe pointedout thatwe restrictourselvesn our abstrac? approacho thoseconceptsieeded
for the following chapter Specificallywe give thoseconceptgelatedto the computational/iewpoint of
ODR asit is herethat our work focusesin detail. The primary reasonfor our focus on this viewpoint
languageandnot the othersis that ODP is more prescriptivehere. Henceit offers us more potentialto
developspecificationarchitectures.We note alsoherethat formalisationswithout a label, i.e. classicor
abstractareto betakenasZ in its classicusage.

It shouldalsobe notedthatLOTOS in effect offerstwo languagesthe processalgebraand Act One.
Our formalisationsherefocus on the processalgebrapart. It is quite possibleto formalisemanyof the
conceptdn Act Onealso[110]. Whilst offering certainadvantageth somecasesthis approacthasnot
beenpresentedn detailhere. We shall seein the following chaptethow someof theseconceptanay be
formalisedwhenwe consideraspect®f theinformationviewpointformalisation.

Theformalisedconceptsareintroducedasfollows. Firstly aninformaldiscussiomelatingto theconcept
beingmodelledis given. Thisis looselybasedn thetext of the ODP-RM[108]. Following thiswe show
howtheconcepmayberepresenteth LOTOSandthenZ, bothin its classicabisageandin amoreabstract
manner

4.2.1 Action

Architecturally the mostfundamentabf all conceptds amguablythe notion of an action. An actionis
somethingthat happens.In the real world, actionsaretypically at arbitrarylevels of abstraction. The
actionof closinga doorfor examplecould beregardedasa singleaction. At anotherevel of abstraction
though,it may well be representedby a collection of actionssuchas approachdoor, touchdoor, push
doorfor example.Fromamodellingperspectivethis distinctionis critical sinceit reflectsdirectly on our
specificationse.g.actionsmay overlapin time andtheyneednot beinstantaneous.

Every actionof interestfor modelling purposess associatedavith at leastoneobject. Actionsthem-
selvescan be partitionedinto two groups: internal actions and interactions. Internal actionsoccur
without environmentaparticipation.We defineenvironmenin sectiond.2.6. Interactiongakeplacewith
environmentaparticipation. This latter caserepresent®bservabilityof the action. Internalactionsare
invisible to the environmenbf the object. It is oftenusefulto considerinteractionsn termsof causeand
effect relationshipdetweerthe interactingobjects. This is especiallysoif the client/servemparadigmis
used.

Formalisationin LOT OS

Actionsin the processlgebrapartof LOTOS aremodelledaseitherinternaleventsor observableevents.
All processalgebraeventsareatomic. An internalactionmay be given explicitly by the internalevent
symbol,i, or by aneventoccurrencaevhoseassociatedateis hiddenfrom the environment.

An interactionis representedly a synchronisatioetweertwo or morebehaviourexpressionassoci-
atedwith objectsata commoninteractionpoint (gate).Interactionanay beof thekind:

- puresynchronisatiomn acommongatewith no offer: no passingf valuesbetweerobjectsoccurs;
- and! for puresynchronisationno valuesareexchangedbetweerthe objects;

- I 'and? for valuepassingorovidedthe? eventcontainghe! event:anothemvay of consideringhis
is thatthe! eventselectsa valuefrom achoiceof valuesfor the? event;

. ? and? for valueestablishmentherethe effectis anagreemenbn a valuefrom theintersectiorof
thesetof values.If theintersectiorof thevaluesis theemptysetthenno synchronisatiomndhence
no interactionoccurs.
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If anon-atomiogranularityof actionsis required eventrefinementmaybeused.Thiswill thenenable
non-instantaneouand overlappingactionsto be modelled. It shouldbe notedthateventrefinemenis a
non-trivial problem especiallywhenbehaviouratompatibilityis to bemaintained Theissuessurrounding
eventrefinemenin processalgebrasreconsideredn detailin [49].

Thereexistsnoconstrucin theprocesalgebrgartof LOTOSto expresgauseandeffectrelationships,
althoughthis might sometimesde possibleto represeninformally. Value passingmayvery informally be
regardedisthe sendingpf avaluefrom oneprocesdo anothemwhichhascertainflavouringsof client/server
causalitiesj.e. one processsendsa messageo anotherprocesgo performsomeservice. Semantically
this causalityis not explicit. Processynchronisenstantaneouslgr notatall. Thereis no realnotion of
sendinga messagd®etweerobjects. Thisis furtherexemplifiedby synchronisationgwvolving multi-way
valuepassinge.g.eventofferswith actiondenotationsuchasg ?x: Nat!true;.

It mightalsobethe casethatanAct Onesortcanbe usedto labelaneventoffer with a givencausality
This choiceof courserequireghatthe equalityor inequalityof the valuesof thesesortscanbe checked.

Formalisation in Z

ClassicZ: An actionis modelledin Z by theperformancef anoperatiorspecifiedn anoperatiorschema.
Theeffectis theinstantaneoushangen state(or the null change)of the objectswith which thatactionis
associatedAn actionmay producea non-deterministicesult.

Sincethereis no explicit notationof encapsulatioim Z, it is not usualto determinewvhetheranaction
is observabler internalin Z, hencethe distinctionbetweerinteractionsandinternalactionsis not clearly
defined. One conventionthat can be usedto make sucha distinction is throughthe identification of
inputs,outputsor globalvariablesin operationschemas.Operationschemasequiringinputs, producing
outputsor accessingylobal variablesmay be regardedas observableand hencemustinteractwith their
environment.Theenvironmentitself mayor maynotbespecifiedsee4.2.6). Actionsrequiringinputsfrom
anunspecifiecenvironmenthatproduceno outputsmayberegardedasexternallyinvokednon-observable
actions. Actions producingoutputsgoing to an unspecifiedenvironmentmay be regardedas internally
invoked (spontaneous)bservablections. Actions that requireinputsfrom an unspecifiedenvironment
andproduceoutputsgoingto thatenvironmeninaybe regardedisexternallyinvokedobservableactions.

If the environmenbf an objectis specified howevey thenthisimpliesthatfor eachoperationschema
requiringinputsor outputsthatis associateavith aninterfaceto anobject,i.e. anobservablection,there
existsanothemperatiorschemgpossiblyassociateavith anothembject)thatrequiresnputsor outputsof
thesametype asthe objectunderconsiderationThesetwo operationschemasrethenconjoinedwith the
inputs/outpus of the operationunderconsideratiorbeingrenamedasthe outputs/inpus of the operation
representinghe environmentespectively

Alternativelythe occurrencef operationghatreferencevariablesthatareglobalthroughouthe spec-
ification canberegardedasinteractions.

All operationsn Z areatomic. Thatis, operationschema# Z eitherhapperin their entiretyor do not
happerat all. Thusit is not possiblein Z to haveactionsthatarenot atomic. This includesactionsthat
consistof severalotheractions. For example,if two actionsare combinedthroughthe schemeacalculus
compositioroperator( J) to form anotheraction,thenthe occurrencef this actioncompositeactionis not
oneactionfollowed by another Ratherthe two actionsoccurtogetheror not at all, i.e. it is not the case
thatathird actionmightoccurelsewheren thespecificatiorbetweertheoccurrencef thefirstandsecond
actionsof thecompositeactionunderconsideration.

The notion of causeand effect relationshipsare not strictly within the scopeof Z. However if an
operatiorrequiresaaninputto occur thenthismightbeconsideredstheenvironmentausinghisoperation
to occur i.e. the environmenfactsasthe producerandthe operationschemaasthe consumer Similarly,
if anoperationschemgproducesan outputthenthis might be consideredsthe environmentctingasthe
consumeiandthe operationasthe producer If a given operationschemaequiresinputsandalsogives
outputs,or hasno inputsor outputs,thenit is not possibleto give a causeandeffect relationshipto that
particularaction.

It shouldbe notedthat the syntacticconventionfor distinguishing internaland observableactionsis
limited sincethereis no semantidistinctionbetweeroperationsvhichareto beinterpretedasspontaneous
or internal, and thosewhich require environmentalparticipation; this is left for the naturallanguage
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commentarywhich shouldaccompanyall Z specifications As a consequencef this, the abovedefinition
treatsa lossy queueasa subtypeof a queue. Clearly thoughthe intentionof a lose operationin a lossy
gueusis thatthe operatiorshouldoccurnon-deterministically

Abstract Z: Z canbe usedto consideractionsat differentlevels of abstraction. The highestlevel of
abstractioratwhich anactioncould be consideredn Z would beto introduceactionsasa basicdatatype.
Thisapproactcouldthenbe usedto denoteactionswithout beingparticularlyinterestedn whattheydo.

Typically, we are interestedn the consequencesf performingactions. In classicalZ, actionsare
representethy operationschemaselatingstates.At a moreabstracievel an actionis simply a relation.
Actions havea syntacticelementio them, e.g.their nameandthe possiblyempty setof parametershey
acceptasinput or returnasoutput. The domainof the relationrepresentshe statebeforethe occurrence
of theaction. Therangeof therelationrepresentshe statefollowing the occurrenceof theaction. Given
thatactionscanbe eitherobservabler internal,anabstractepresentationf anactionasrepresentetly a
relationmight be:

Action::= OActObsActSig State- State:; IActdntActSig~ State- States

HereActionrepresenttheactionsunderconsiderationDbsActSigindintActSigrepresenthesigratures
of the actions(seesection4.3.11). Staterepresentshe stateghatactionsrelate. OActandlAct represent
therelationsbetweersignaturesindstateghatproduceamodelof actions.This modelallowsthesyntactic
aspect®f actionsto be reasone@bout. Actionsmodelledthis way cannotbe usedto representauseand
effect relationships.This canonly be doneinformally throughthe inclusionof anidentifier eitherin the
domainof theactionrelationor in somecontextwheretheactionexists,e.g.in theinterfaceif theactionis
associateavith theinterfacebehaviour

It shouldbe notedherethatthis modellingof internalandobservablactionsdoesnottakeinto account
the spontaneityof internalactions.

4.2.2 Behaviour (of an object)

Behaviourgenerallyis somethingthat happens. Typically it consistsof a collection of actions. At a
higherlevel of abstraction,a behaviourcan correspondo a single action. The actionsin a behaviour
have constraintson their occurrence. Theseconstraintsmay be expressedlirectly, e.g.throughsome
form of actionordering,or indirectly, e.g.throughstateinformationor environmentaparticipation. The
specificatiolanguagen usedetermineshe constraintghatmaybe expressed.

Formalisation in LOT OS

The behaviourof an objectis definedby the LOTOS behaviourexpressiorassociatedvith the process
definition that constituteghe objecttemplate. A behaviourexpressiommay consistof externallyvisible

eventoffers andinternal events. The actualbehaviourof an objectas might be recordedin a trace,is

dependentiponthe behaviourexpressiorassociatedvith the objectand how this is composedwith the

environment.Theactualbehavioutheobjectexhibitsdependsiponthebehaviouexpressiomf theobject
andhow this synchronisesvith its environment An objectmay exhibit non-deterministibehaviour

Formalisation in Z

ClassicZ: The behaviourof anobjectin a given stateis the setof all possibleactivitiesthat may occur
from thatstate. The actualsequencef actionsthat may occurmay be affectedby the environmenbf the
objectandtheconstraintexpressedh the preconditions.

Abstract Z: an abstractmodel of behaviouy wherethe actionsare relationsbetweenstates,is simply a
relation. Two actionsarein therelationif the statefollowing the occurrencef thefirst actionis suchthat
it makesthe occurrencef the secondactionpossible.This mayberepresenteds:
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behspec= @r : action .. action | (@asl; a2 : ActSig sl; s2; s3; s4 : State
(Act(asl; sl; s2); Actas?; s3; s4)) car - S3 =52)

HereActSigcorrespondso the signatureof the actionthatthe Act relationusesin relatingbeforeand
after states.We modelthe statesatisfactiorrelationthroughsubsettingof states.It shouldbe notedhere
thatthereis a distinctionbetweerbehaviouroccurrenceandbehaviourspecification.Similarly, thereis a
differencebetweeractionandactionoccurrence The actionoccurrenced a givenbehaviourarealways
distinct. The actiontemplatesn a behaviourspecificatiomneednot necessarilype distinctthough. As a
result,thismodelof abehaviouspecificatiorasarelationis bestsuitedto dealingwith orderingof distinct
actiontemplatesWe discusghis issueof actiontemplateandactionoccurrencegainin sectiond.2.5.

To overcomeheproblemof repeatedctiontemplatesn abehaviourspecificationit is possibleto use
bagsin Z. A bagmay beregardedasa setthatallows for repeatednembership.Thusanothemmodel of
behaviouthatallowsfor repeatedctiontemplatess:

bs: g (actionx action)

ooooo

@asl; a2 : ActSig sl; s2; s3; 54 : State; (Act(asl; sl; s2); Acta?; s3; s4))--bs. s3 —s2

Heretheoperationcheckswvhetheranelemenis amemberof a bagor not.

Othermodelsof behaviourarealsopossiblein Z. For example a behavioumight simply beregarded
asanactionorderingwithoutconsideratiomf thestateghatactionsrelate. Considethe LOTOSbehaviour
a;b;c;. This might berepresenteth Z by a relationcontainingthe two pairs(a,b),(b,c) Typically such
relationsform atransitive,irreflexive andanti-symmetricorderingon the setof actionsin therelation. A
modelof behaviourlike this is presentedn [178]. Intuitively, this relationrepresentshe factsthat no
actioncancausatself (irreflexive);if anactioncausesanotheractionthenthe secondactioncannotcause
thefirst (anti-symmetry)jf oneactioncausesanothemwhich causes third actionthenthefirst indirectly
causeghethird (transitivity).

We noteherethatit is not the casethatschemaslefiningactionsaretreatedasfirst classcitizensin Z.
For example usingthe modelof behaviourasan orderingrelationon actiontemplatesye would like to
statethatfor all actionpairsin the behaviourrelationthe postconditiorof thefirstimpliesthe precondition
of thesecond.This mightberepresenteds:

behspec=@r : action .. action | (@ 1;ap:action; (aj;ap) car - posta 1 —prea 2)

Postconditionsindpreconditionspplyto operationrschemadn Z. Unfortunatelyit is notthe casethat
declaringa referenceao a schemage.g.x: SchemaXleclares to haveall the declarationandpredicates
associateavith the schemachemaXRathey declaringx: Schemastateghatx hasthetypegivenby the
declarationsn SchemaXnly, i.e. the predicategarenotincluded. Thusif SchemaXvasdefinedas:

o_ SchemaX
By
od: R
O

Ycod

Thendeclaringx: SchemaXvould modelx asan unorderedpair of naturalandreal numberswith
references andd respectively Furtherif operation®nxwereperformedn someotherschemahenthere
would be no preventinghe valueof ¢ becominggreaterthand, sincethe predicatesarenot given. >From
this discussionit is apparenthatit is not possibleto establistpostconditiongindpreconditiongo schema
references.

4.2.3 State(of an object)

Thestateof anobjectata giveninstantin timeis theinformationthatinfluenceghe setof all sequencesf
actionsin which the objectcantakepart. Knowledgeof statedoesnot necessarilyallow predictionof the
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sequencef actionsthatwill actuallyoccur sincebehaviourmay includemanypossibleseriesof actions.
Actions cancausemodificationgo the stateof anobject.

Formalisationin LOT OS

The stateof an objectis governedy the behaviourexpressiordefinedin the objecttemplatefrom which
the objectwascreatedandby the currentbindingsof anyexistinglocal variables.

It shouldbe notedthatthis definitionincorporatedoththe ideaof stateasrepresentely thelabelled
transitionsystenof LOTOS, i.e. asplaceholdersverwhich actionsaredefined aswell asstateasit might
be representedhroughthe valuesof variablesassociatedvith processesg.g. variablescontainedn the
valueparametelist of a procesglefinition. Examplef this lattermodelof statearegivenin [144].

Formalisation in Z

Classic Z: A binding of the statevariablesdeclaredin the stateschema(spssociatedvith the object
templateusedfor calculatingpreconditions.

Abstract Z: the stateof an objectcanbe representeet many differentlevels of abstractionrdepending
uponhow low a level of informationmodelis considered.The mostbasicmodelwould considerstate
informationsimply asa basicdatatype. Thevaluethatthis basictypeis boundto would thenrepresenthe
stateof the object. A more structuredapproactto representingtateinformationwould be to representt
asaschemaypeaswith classicalZ. Thevaluesthatthevariablesin the schemareboundto would then
correspondo the stateof the object.

4.2.4 Interface

The notion of interfaceis centralto distributedsystems particularlythosebasedon objecttechnology
Interfacesarebehaviourspr moreprecisely interfacesarethe behavioursf objectswhenfocusis placed
onasubsebf theinteraction®f thoseobjects.Giventhatobjectsareencapsulatedhedesignof interfaces
isfundamentato distributedsystemsuccessThatis, objectscanonly interworkwith oneanotheprovided
their interfacegpermitthemto do so. We shallinvestigateinterfaceinterworkingandthe checksthatare
neededn chapter7.

Formalisationin LOT OS

An interfaceis representedh LOTOS asthe abstractiorof the behaviourof an object. This abstraction
focuseson a subsetf the observableactionsof that objectthatareto form the observabléehaviourof
theinterface.All actionsoutsideof this setaretreatedasinternalactionsin thatinterface.The behaviour
exhibited by an interfaceis the behaviourexhibited by an object when all actionsoutsidethe set of
observablactionsthatcomposeheinterfacearemadeinternal. As all observablectionsof anobjectin
LOTOSrequiregateswith whichto synchronisavith theenvironmentthe subsebf observablactionsis
usuallyachievedy partitioningthegategyivenin theprocesslefinitionassociatedith theobject. In order
to obtainaninterface hiding the gatesnot requiredfor the interfaceunderconsideratiorcanbe achieved.
Alternatively, synchronisingon only a subsebf the gatesassociatedvith an objectcanbe used. In this
case,actionsoccurringat thosegatesin the procesdefinition not in the setsynchronisedvith, may be
regardedasactionsinternalto theobjectasfar astheenvironmensynchronisingpnthosegatesmakingup
theinterfaceis concerned.

It shouldbe notedthatthis definitionrequiresthatthe interfacesof anobjectusedifferentgatenames,
i.e.it is notpossibleto distinguishbetweerinterfaceghatusethe samegate.

It shouldalsobepointedout thatthis modellingof interfaceis to a certainextentcontrivedin LOTOS.
Interfacescan be modelledbut they are not an inherentfeatureof the language,.e. LOTOS models
behaviouandnot especiallyinterfacesor the behaviourof interfaces.
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Formalisation in Z

ClassicZ: An abstractiorof the behaviourof anobjectobtainedby identifying the operationsassociated
with that objectthat areto form the substancef the interface. In all remainingoperationschemasll
inputsandoutputsarehidden,andtheoccurrencesf the operationsiefinedn theseoperatiorschemasire
regardedhsinternalactions,.e. theydo not requireor involve the participationof the environmenbf the
object. TheresultingZ text representinghat objectis aninterfacetemplate.Any instanceof aninterface
templatds aninterface.

We note herethatit is not possibleto simply group operationschemagogetherto form aninterface
throughschemanclusion. Forexampleconsidetthe following Z fragment:

o Interface
© AddRecod

o DeleteRecat
|

o ..

The problemwith this approachs thatit is likely thatthe two operationsvould havedifferentand
potentially oppositepredicatesg.g. one addsa recordto a databasethe other deletesa recordfrom a
databaseAs aresult,the predicatesvould notbewell defined.It is of coursepossibleto usepredicateso
guardagainstuchcontradictiongrom arising,e.g.if therecordis or isn't in thedatabas¢henonly delete
or addcanbe performedrespectively Suchan approachmay not alwaysbe possiblethough,e.g.when
operationsarenot necessarilgontradictorybut resultin differentchangego the state.

Another problemwith this approachis that the schemalnterfacedoesnot consistof a collection of
individual operations.lt is a singleschemawith declarationsandpredicategjivenby all of theincluded
schemaleclarationsndpredicatesAn alternativeapproachs to includereferenceso operatiorschemas.
This mightberepresenteds:

o Interface

D add: AddRecod
o del: DeleteRecat
m!

o ..

The problemwith this approachthough (seesection4.2.2) is that the semanticinformation of the
schemag\ddRecatt andDeleteRecdt, i.e. their associategredicatesis lost.

Abstract Z: the modellingof interfacesdependgredominantlyuponhow the behaviourof an objectis

representedf nodistinctionis madebetweerobservablandinternalactionsin abehaviourspecification,
thenit is meaningles$o talk aboutinterfacesn the specification.Supposéhatwe canmakethedistinction
betweerobservablandinternalactions andthatabehaviouris representetly arelationbetweeractions.
An interfacethen correspondgo that relation with its domainand rangemodified. This modification
requiresa subsebf theobservablactionsto beidentified. All otherobservablectionsin therelationare
thenmadeinternal.

4.2.5 Activity

Activities are definedin ODP [10§] as single headedacyclic graphsof actions,where eachactionin
an activity is madepossibleby the occurrenceof all immediatelyprecedingactions. From a modelling
perspectiveactivities provide featuresfor reasoningaboutand specifyingbehaviours. For example,as
we shallseein section4.4, concurrencymodelscanbeinterpretedn termsof startingnew or joining old
sequencesf actionsin activities.

Formalisation in LOT OS

LOTOS:is particularlysuitedto modellingactivitiesdueto the natureof the temporalorderingof events.
The actualmodelling of an activity dependdo a greatextenton the interpretationof actionin graph of
actions In section4.2.1it was statedthat actionswere “things that happen”. This thenmeansthat an
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activity is acollectionof thingsthathapperin aspecifiedorder Furtherthethingsthathappenn anactivity
cannothapperagainin thatactivity. In section4.2.1we showedthatactionsin LOTOS aremodelledas
theoccurrencef eventoffers.

Theconsequencef thisinterpretatiorof activity is thatall LOTOS processesepresenactivities. This
includesrecursiveprocessesndprocesseshat, wheninstantiatedpffer severaleventsat the sametime.
We illustratethesepointswith anexample.Consideithefollowing LOTOSfragment:

process P[a,b]:noexit:=
a;P[a,b] [ b; Plab]
endproc (* P %)

Onceinstantiatedthis proces®ffersa choiceof actions,a or b. >Fromthis, it mightbeconstruedhat
theprocessasawholewouldviolatethesingleheadednessf activities. Giventhatactionsare“thingsthat
happen’though,this is not the casesinceneithera nor b aseventoffers actually happen. Thatis, they
only happenwhenthe environmentsynchronisesvith themat gatesa or b. As all eventsin LOTOS are
interleavedthe environmentannotsynchronisat bothgatesatthe sametime. Henceonly a singleevent
offer becomesnevent,i.e. only onething happens.

The recursivecall doesnot violate the acyclic propertiesof activitiessincerecursionin the senseof
a behaviouraloop doesnot existin LOTOS. For example,shouldeventa occurthenit is not the case
thataloop is madebackto the samenodein the graph. Rathey the graphis representetdy collectionsof
sequencesf aor b actions.Thisis understandablé oneconsidersctiona asinsert_coin sayandprocess
P asamoneyswallowingdevice. In therealworld the insertionof a coinis differenteachtime a coin is
insertedinto the device. Henceinsert_coin is the actiontemplatefor insertinga coin into a machine but
theactioninstance®f insertingcoinsinto machinesarealwaysdifferent.

Givena slightly differentmodelof an activity whereit is actiontemplategseesection4.3.11) in the
graphs,asopposedo actions,(i.e. actionoccurrences)}thenmodellingan activity requiresspecification
stylesto be adopted.For example the single-headednesd the activity hasto be modelleddirectly. This
might be achievedhroughsingleeventoffersthatprefix behaviourexpressionthatdo not makepossible
thesingleeventoffer again,e.g.throughprocessnstantiation.In this casethesingleeventoffer represents
theheadof theactivity andthe otherbehaviourexpressionsepresentherestof the graphof actionsin the
activity.

It shouldalsobe notedthat despitethe obviousfeaturesof LOTOS for modelling activities, i.e. the
temporabrderingof eventsactivitiesthemselvearenotfirst classcitizensin LOTOS. Thatis, thelanguage
allowsfor themodellingof activitiesbutdoesnotprovidefeaturedor treatingthemascommunicablealues
or for reasonin@bouthemin anyway. Thisis normallydoneoutsideof thespecificatione.g.whentesting.

Formalisation in Z

ClassicZ: The notion of an activity asa single headeddirectedacyclic graphof actionsdoesnot exist
directly in the Z language. However the conceptof an activity may be modelledto someextentby
notingthatif actionx precedesctiony in someactivity thenthe postconditiorof actionx mustimply the
preconditiorfor actiony.

Abstract Z: Activities canbe modelledabstractlyin Z throughrelationsbetweeractions.To illustratethis
weintroduce(model)particularorderingrelationsusedn thedefinitionof anactivity. Themostelementary
of theseis adigraph. A digraphis a setof actions(as) with anorderingrelation(or) betweerthem. This
orderingrelationmight for examplerelatepostconditionsnd preconditionf actionpairs. This canbe
representeds:

digraph== (as: PPaction;or : action.. action | (swm O 1 OF) caS

A directedacyclicgraph(dag) is a directedgraphthatcontainsno cycles. This canberepresenteds:

+.

dag== @as: PPaction;or : action.. action, (as or) cdigraphcuin ©F ; i« actiony
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Hereor* representthetransitiveclosureof theorderingrelationandid is theidentity relationon a set.
Theabovestateghatno nodecanbereachedn oneor morestepsfrom itself. Thusthereareno cyclesin
thegraph.

A connectedlirectedacyclic graph(condag is a directedacyclic graphthat doesnot haveseparate
subgraphsThis canberepresenteds:

condag== @as: PPaction;or : action.. action | (as or) —dag{or -or ~)* = actionx action

Hereor" 'representtherelationalinverseof thedirectededgerelation. Thusor —or ~'describegdges
wherethenodesarejoinedin bothdirectionsand(or cor =)~ is thereflexivetransitiveclosureof theedge
relation,i.e. it relatesall nodesreachabléy zeroor morestepsalongthe edges.actionx actionis the set
of all pairsof setsof actions.Theconditionthereforestateghatall nodescanbereachedrom all othersin
zeroor morestepshencethe graphis connected.

Finally anactivity correspond$o a connectedlirectedacyclicgraphof actionsthatis singleheaded.

activity == (@s: PPaction; or : action.. action | (as or) ccondag{=a: action. @ = as\ r Or);

We shallseein sectiond.4thatactivitiesareusedto reasoraboutcertaintypesof behaviours.

4.2.6 Environment(of an object)

When modelling, abstractionf somereal world systemor domainare built. Needlesgo say it is
impossibleto specify the whole world or domain. Yet, frequentlywe are interestedn how our model
will interactwith the “rest of theworld”. Thisis especiallythe caseif we wish to developopensystems,
whichasamguedin sectionl.1.1,areoneof themainadvantagesf distributedsystemsincetheyfacilitate
issuessuchassystemevolutionanddynamicresourcaliscovery To enabletheseissuego be addressed
the environmenf an objectis often considered.This may be regardedasthe partof a modelwhich is
not partof thatobjector everythingoutsideof themodel. This caneitherbe left completelyunspecifiedr
specifiedo someextent.

Of course,it is possiblealsoto haveclosedsystems.Thesemay be regardedas systemswithout an
environmentpr moreexactly systemsvheretheenvironmentloesnot effect the systembehaviour Given
our interestin distributedsystemsandthe advantagesfferedby opennesgresentedn sectionl.1.1we
focushereon opensystems.

Formalisationin LOT OS

In LOTOS, the environmentof an objectis given by the environmentof the specificationand by the
otherbehaviourexpressionshatare composedvith thatobjectin the specification. The environmenbf
a specificationis empty i.e. it is a closedsystem|if the specifications not parameterisewith gates. It
shouldbe notedthatit is alsopossibleto parameterise OTOS specificationsvith datatypes,specifically
thoseexistingin theLOTOS standardibrary [101]. This canbe construedasinformationprovidedby the
environmenthatmay be usedto influencethe behaviourexhibitedby the specification.This influenceis
lessdirectthanthe influenceof the environmenthroughgatesthough.

Formalisation in Z

ClassicZ: Theenvironmenbf anobjectin aZ specificatioris describedn termsof the objectsinputand
output. Inputto anobjectcomesfrom the environment Outputof an objectgoesto theenvironment.The
environmenbf an objectcaneitherbe specifieddirectly or left unspecified.If it is unspecifiedhenthe
occurrenceof operationschemagproducingoutputsor requiringinputs may occurwith the environment
of the specificationas a whole either providing the inputs or receivingthe outputsrespectively If the
environmenbf anobjectis specifiedhoweverthenthisimpliesthatfor eachoperationschemaassociated
with theobjectthereexistsanotheioperatiorschemgpossiblyassociatedith anotheobject)thatrequires
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inputsor outputsof thesametypeastheobjectunderconsiderationThesetwo operatiorschemasirethen
conjoinedwith theinputs/outpisof theoperatiorunderconsideratioeingrenamedstheoutputs/inpus
of theoperatiorrepresentinghe environment.

Theenvironmenbf anobjectmayalsobegivenby variableseferencedby anobjectthathavea global
scopeg.g.thosefoundin axiomaticdescriptions.

Abstract Z: If specifiedtheenvironmenbf anobjectin anabstracZ modelcorrespondso all of theother
objectsthatarecomposedvith thatobject. If left unspecifiedthenthe environmenbf anobjectis similar
to Z in its classicusagej.e. the environmenprovidesinputsto actionsandaccept®utputsfrom actions.

4.2.7 Communication

Communicationis fundamentako modelling multi-objectsystemsj.e. wherethe modelswe makeare
of objectsthat sendmessage$o one another To function correctly the messageshat are sentshould
obviouslyhavean understoodorm. Moreovertheir content,i.e. the informationthey convey shouldbe
understoodlso. Thisissueis consideredn moredetailin chapter7.

Formalisationin LOT OS

Any synchronisatiorbetweenprocessesn LOTOS is a communication. The different synchronisation
possibilitiesin LOTOS, e.g. puresynchronisationyalue passingandvalue establishmentffer different
featuredor modellingcommunicationValuepassingallowsspecificvaluesto be sentbetweerprocesses.
Thesevaluescanbe consideredasinformationitems. Value establishmenallows rangesof valuesto be
sentbetweerprocessesPuresynchronisatiomoesnot passvaluesassuch,but the synchronisatiorevent
itself canbe interpretedasa form of communication.

It is alsopossibleto modelasynchronousommunicatiorin LOTOS. Oneway this canbe achieved
is throughhaving processesommunicatehroughanotherprocessepresentinghe connectingmedium.
Examplef thismodelaregivenin section6.2.5whereissuegelatedto unreliablemediaandlatencyare
specified.

Formalisation in Z

ClassicZ: Communicatiormaybe modelledin Z throughinputsandoutputsto operationsInputsto and
outputsfrom operationschemasre normally considerechs communicationsvith the environmenbf an
object. Sincecommunicatioroccursbetweenobjects,the environmentof an object(see4.2.6) mustbe
specifiedto modelcommunication.Communicationris thenachievedy firstly normalisingthe operation
schemasssociatewvith theinteractingobjectsandthenconjoiningthem,with the outputsof oneoperation
beingrenamedstheinputsto theotheroperationschemaThis modellingof communicatiomequireghat
theinputsandoutputsof theassociate@perationschemasireof the sametype.

Alternatively, the occurrenceof operationschemaghat referencevariablesglobal to the specifica-
tion representeommunication. The value of the global variablefollowing the operationoccurrences
communicatedo all otheroperatiorschemaseferencinghatvariable.

Abstract Z: Communicatioimayalsobemodelledabstractlyin Z. Theform of thismodellingdependso a
greatextentonhowactionsaremodelled.Givenamodelof actionsasin sectiord.2.1 thencommunication
may be modelledthroughconjoiningthe schemasepresentingctionsignaturesand addinga predicate
thattheinputsof oneschemaareequalto the outputsof the otherschemgandvice versa).

4.2.8 Locationin Space

Given the potentialspatialseparatiorof distributedsystemsand the possiblemobility of objectsin the
systemthelocationin spaceatwhich actionsoccuris interestingfor modellingpurposes.
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Formalisationin LOT OS

Theconcepbf spacds notconsideregbrimitive in LOTOS. Thelocationin spaceatwhichanactionoccurs
canonly be givenin LOTOS in termsof the specificatiormodelratherthanthe realworld systembeing
modelled.Oneway thatthis might be achieveds throughtheuseof anAct Onesortrepresentindocation
in space.Includinginstancef this sortin the actiondenotationsassociatedavith interactingobjectscan
thenbeusedto limit theinteractionghatoccurbetweerprocesses.

Formalisation in Z

ClassicZ and Abstract Z: As with LOTOS, the conceptof spaceis not considerecrimitive in Z. The
locationin spaceat which an action occurscan only be givenin Z in termsof the specificationmodel
ratherthanthe real world systembeingmodelled. Thusa locationin spacemight be introducedasa Z
type. Throughthis, relationscanbe specifiedassociatingctions(operationschemasr abstracimnodelsof
actions)with specificlocationsin space.This thenmakest possibleto reasoraboutlocationsin spaceat
which actionscanoccut

4.2.9 Locationin Time

Thelocationin time atwhich anactioncanoccurrepresentshe fact thatcertainactionsmay havetiming
constrainton their occurrence . Suchinformationis neededvhencomposingsystemsogetherto ensure
thatthedesiredbehaviourccuratthe desiredimes.

Formalisation in LOT OS

LOTOS abstractawayfrom the conceptof time, only consideringemporalordersothereis no absolute
location in relative metrictime. Locationin time would be possiblehowevey if an extendedform of
LOTOSsuchasE-LOTOS[112] wereusedwith time aspectsncorporated.

Formalisationin Z

ClassicZ and Abstract Z: As with locationin spacetheconcepibf timeis notconsideregrimitive in Z.

Thelocationin time at which anactionoccurscanonly be givenin Z in termsof the specificatiormodel
ratherthantherealworld systembeingmodelled.Thusa locationin time might beintroducedasa Z type
thatcanbeassociateavith givenactions,e.g.throughsomerelation. Throughthis, quantificationoverthe
time atwhich actionscanoccurcanbe achieved.This exactform of this quantificationdependgo a great
extenton thetiming policy in effect. For example fwo possibilitiesmight be thattherelationsignifiesthe
actualtime atwhich theactionshouldoccuror the latesttime atwhich theactioncanoccur

4.2.10 Interaction Point

An interactionpoint representa locationin time andspaceat which a setof interfacesexist. Thatis, ata
givenlocationin time, aninteractionpointis associatedvith alocationin space Severainteractionpoints
may existatthe sameocationin time andspace.

Formalisationin LOT OS

A gatewith a possiblyemptylist of associatedialues. Mobile interactionpoints may be modelledto a
limited extentin LOTOSthroughmodellinglocationsin time andspaceasAct Onesorts. Synchronisations
betweermprocessesanbe restrictedby thevalueof thesesorts. Further thesesortscanbe passedround
betweermrocesseto allow othersynchronisatiopossibilities. It shouldbe notedthatthis is a contrived
form of interactionpoint modellingin LOTOS.LOTOS wasnot designedwvith suchdynamicityin mind.
Thisfeatureis availablen otherlanguagesuchasthePi-calculug143] andthecurrente-LOTOS standard
[112].
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Formalisation in Z

ClassicZ and Abstract Z: The conceptof interactionpoint dependsrery much uponthe definitionsof
interactionandlocationsin spaceandtime. SinceZ doesnot makeatruedistinctionbetweerinternaland
observablactionsnorprovidespecificfeaturedor modellinglocationsn spaceandtime,theformalisation
of interactiorpointin Z canonly everbedonein acontrivedmanner Onewaythatthismightbeachieveds
throughincludingspecifictypesrepresentindgpcationsin spaceandtime in theactions(operatiorschemas
or abstractrepresentationf actions)that representhe observablectionsof the interface. Throughthis,
reasoningaboutinteractionpoints can be achieved,e.g. through quantificationover the spaceor time
variables.

4.2.1 Object

Therearealmostasmanydefinitionsof whatanobjectis astherearebookson objecttechnology An object
is typically a modelof something or entity. ANSA [197] classifiesa thing asanythingthatcanbenamed
Objectsaredistinct from oneanother Objectsarecharacterisetyy their behaviourandstate. Emphasis
may be placedon eitherbehaviouror state. Whenemphasiss on behaviouyan objectis saidto perform
functionsandoffer services Objectscanperformmorethanonefunction. A functioncanbe performecdby
acollectionof objects.Functionsareperformedhroughinteractingwith anobjectatits interactionpoints.

Formalisation in LOT OS

An instantiationof a LOTOS processdefinition which can be uniquely referenced. Typically this is
achievedthroughhaving a parameteiin eventoffers that referencethe objectwith which the eventis
attached Exampleof this style of specificatioraregivenin [145, 146].

Formalisation in Z

ClassicZ: An objectmay be describedn Z by a collectionof specificationfragments. Thesefragments
should containa collection of operationschemagrepresentinghe interfaceto the object) referringto
somestateschema(sjrepresentinghe stateof the object). The specificationfragmentsshouldalsohave
somemeanswherebythey canbe uniquelyreferencedrepresentinghe identity of the object). This can
be achievedthroughhavinganidentifierin the stateschema(spf the objectthatremainsconstanin all
operationdefinedfor that object. Finally, theremustexista valid initial statefor that object. This can
be achievedhroughaninitialisation schemahatgiveslegalbindingsto the variablesdeclaredn the state
schemawith a predicatahatensureshe objectidentifieris uniquewithin the specification.

Abstract Z: it is possibleto represenbbjectsat manylevelsof abstraction.It is quite possibleto treat
basicdatatypesasobjects.Thisapproaclenablegirectreasoningaboutobjectmanipulationg.g.passing,
creationanddeletionof objects.Whilst valid at a high level of abstractionthis approachs limiting since
the datatypesthemselvesio not have propertiesthat one would normally associatewith objects,e.g.
encapsulatedtate,identity andinterfaces. At a lower level of abstractioran objectcanbe represented
by a collectionof interfaceswith behaviourthat relatesthem. Further objectsshouldhavesomemeans
wherebytheyremembetheeffect of their behaviouri.e. state.

4.3 Requirementson SpecificationLanguages

Theaboveconceptseflectdirectlyfeatureshatonewouldexpecto findwhenmodellingsystemsontaining
objects. To model systemsof objectsit is necessaryo introducefurther conceptghat describeobjects
and their associatedcharacteristics. For example,object template,instantiation,class and behaviour
compatibility areall conceptausedwhendescribingobjects. Thesefurther conceptanay be regardedas
desirabldeatureghatmayor maynotexistin ourspecificatiotanguageshouldwe wishto modelsystems
of objects.
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4.3.1 Compositionof Objects

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

As well asthis, compositionis alsoa powerful designtool. The ability to taketwo or more objects
and combinethemto form a new objectat a differentlevel of abstractions at the heartof bottom-up
developmenstrategies.

Formalisation in LOT OS

A compositeobjectis an objectdescribedhroughthe applicationof one or more LOTOS combination
operatorsThesenclude:

- interleavingoperaton()

- parallelcompositioroperatorg; and [gate-list])
- enablingoperator( o

- disablingoperator([>)

. choiceoperator([])

Formalisationin Z

ClassicZ: Compositiorof objectsis notafeatureexplicitly offeredby theZ languagedueamongsbther
thingsto thelack of encapsulationHowever it is possibleto modelsomecharacteristice®f composition
throughschemanclusionandredefinitionof operationghroughpromotion.

Abstract Z: Having an abstractmodel of objectsas given in section4.2.11 allows for a multitude of
compositionpossibilities.For example compositiormay beregardedasa relationbetweerobjectswhere
the exactform of the compositionis determinedby the predicatesassociatedavith the relation. We shall
seein thefollowing chapterexamplef how an abstracrepresentationf objectsandthe interfaceshat
areassociateavith themallowscompositionbasecn syntactic behaviourabndnon-functionabspects.

4.3.2 Compositionof Behaviours

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

Formalisationin LOT OS

The compositionof the behaviourexpressiongassociatedvith the componenbbjectsin the creationof a
compositeobjectthroughcomposition. The operatordor the compositionof behavioursarethe sameas
thosefor the compositionof objectswith theinclusionof theactionprefix (sequencingpperator;).

Formalisation in Z

ClassicZ: As abehaviouiin its mostdegenerateasemaybeconsidere@sasingletoraction,andanaction
in Z is the performanceof an operationdefinedby an operationschemagcompositionof actionsequates
to the combinationof operationschemasn Z. Operationschemasnay be combinedn severalwaysin Z,
suchas:

. schemacalculus
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. schemacomposition(;)
. overriding(ch
- piping (o

It shouldbe pointedout that the last of theseoperatorsddoesnot havea well definedsemanticsn Z
andis unlikely to bein the Z standard106] which is currentlybeingdeveloped.The sameeffect canbe
obtainedhroughconjunctionandrenamingof schemavariableshough.

Abstract Z: atamoreabstractevel, compositiorof behaviourcanbeachievedn manywaysin Z. Given
thata behavioumightberepresentedbstractlyby arelation,compositionof behavioursanbe modelled
in asmanywaysin Z astherearewaysfor composingelations.

4.3.3 Decompositionof an object

If compositionof objectsrepresentsa bottom-updevelopmenstrategythen decompositiorof objects
represents top-downdevelopmenstrategy It shouldbe pointedout thatthe effectsof compositionand
decompositiorareoneandthe samewvhenfrom thepointof view of thespecification.Thatis, composition
takestwo or moreobjectsandcombineghemto form anewobject. Decompositiortanlooselyberegarded
asthereversabf this processi.e. a compositeobjectis decomposedéhto its constituenparts. Whichever
of theseapproachearetaken theresultis thespecificationtself. Thusit is notpossibleo takeanarbitrary
specificatioranddeterminevhetherit wasdevelopedhroughcompositionor decompositiorapproaches.

Formalisationin LOT OS

The expressiomf a given object as a compositeobject There doesnot exist featuresin LOTOS to
decomposanobjectinto aform thatis notthesameastheexistingform, i.e. howtheobjectwascomposed
in thefirst place.Suchissuesarenormallydealtwith whenrefinementseesectiord.3.6)of a specification
is done.

Formalisation in Z

As with LOTOS, decompositionn Z is givenby the expressiorof a given objectasa compositeobject
Theredoesnot existfeaturesn Z to decomposen objectinto a form thatis not the sameasthe existing
form, i.e. how the objectwas composedn the first place. Suchissuesare normally dealtwith when
refinementseesectiord.3.6)of a specificatioris done.

4.3.4 Decompositionof a behaviour

Decompositiorof behavioursallows a structuredapproacho design. Having identifieda specificfunc-
tionality that shouldbe fulfilled by a componentdecompositiorof behaviourallowsthis functionality to
be brokendowninto parts.

Formalisationin LOT OS

Decompositionof behaviourin LOTOS is given by the decompositionof the behaviourexpressions
associated/ith thecomponenbbjectsin thecreationof acompositebjectthroughcompositionsee4.3.1).
The operatoraincoveredluringdecompositiorof behaviourarethe sameasthosefor the compositionof
behaviour This dueto thediscussiorin section4.3.3.

Formalisation in Z

As with LOTOS, decompositiorof behavioursn Z resultsin the uncoveringof the samecomposition
operatoraswasusedin theproces®f compositiorof thebehaviourdueto thediscussiorin sectiord.3.3.
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4.3.5 Behaviour Compatibility

Behaviourcompatibility is a relationbetweerbehaviours.An objectis behaviourallycompatiblewith a
secondobjectwhenthe first objectcanreplacethe secondobjectwithout the environmenteingableto
noticethedifferencean the objectsbehaviouron the basisof definedcriteria.
Behaviourabtompatibilitymaybenaturalor coerced.In coercedehavioucompatibilitythebehaviour
of thereplacingobjectis modifiedin someway sothatthe environmenbf the replacedbjectcannottell
thedifferencebetweerthem. In naturalbehaviourcompatibility, no suchmodificationis necessary

Formalisationin LOT OS

In LOTOS, specifictheorieshave beendevelopedo checkfor behaviourcompatibility Thereare no
specificLOTOSlanguagesyntactideaturego constructandensurebehaviourcompatibilitygenerally The
LOTOS standardhowever developghe notion of conformancevhich providesa basisfor consideration
of behaviourcompatibility.

In orderto determinenvhetheror nottwo objectbehavioursarecompatible the notionof conformance
needgo beintroduced.Conformancés concernedvith assessinghefunctionalityof an“implementation”
againsits “specification” whereherethetermimplementatiomaybetakento bealessabstractiescription
of aspecification.

If PandQ aretwo LOTOSprocesseghenthestatemen® conformgo P (writtenasQ confP) signifies
thatQ is avalid implementatiorof P. This meanghatif P canperformsometraceceandthenbehavdike
someproces$”, andif Q canalsoperformtraceceandthenbehavdike Q° thenthefollowing conditions
onP~andQ" mustbemet: wheneveQ- canrefuseto performeveryeventfrom agivensetA of observable
actionsthenP” mustalsobeableto refuseto performeveryeventof A.

ThusQ conf P if andonly if Q, whenplacedin anyenvironmenthosetracesarelimited to thoseof
P, Q cannotdeadlockwhenP cannotdeadlock.Anotherway of definingthis is thatQ hasthe deadlocks
of P in anenvironmenwhosetracesarelimited to thoseof P.

An objectcanbe madebehaviourallycompatiblewith a secondobjectafter somemodificationto its
behaviouywhichmightincludeextendingheobjectsbehaviour(addingadditionalbehaviour)r reducing
the object’s behaviour(restrictingthe object's behaviour). This procesof modifying an objectis known
asrefinemen{seesectior4.3.6).

Formalisation in Z

Classic Z: Behaviourcompatibility is baseduponthe notion of substitutabiliyy in a given environment.
Extensioris onepossiblavayof achievinghis. An extensiorof abasdemplatanayhaveextracomponents
in the associatedtateschemaa strongerstateinvariant, strongerinitial conditionsand more operation
schemas.The operationschemasassociatedvith the extensionof the templatetype may haveweaker
preconditionsandstrongerpostconditionghanthe correspondingperationschemasn the basetemplate

type.

Abstract Z: Modellingabehavioumsarelationbetweeractionsallowsbehaviouratompatibilityissuego
be dealtwith directly. Onebehaviour(B;) is compatiblewith a secondehaviour(B,) whenthefollowing
conditionholds:

dom B 2 cuom B 11:6ucmB z)quch

Herewe statethatthe domainof thefirst behaviour(B;) is a supersebf the secondbehaviour(By), i.e.
B, acceptall B, actionspluspossiblymore. Further we statethatthe actionsthatB; hasin commonwith
B, producdessresultghatthoseof B,. More preciselywe statethatrestrictingthebehaviouiof B, torelate
only thoseactionsfoundin thedomainof B, doesnot produceresultg(relateactions)thatB; itself couldnot
produce.Intuitively theseconditionsimply thatbehaviourcompatibilityallows moreinputsandproduces
lessoutputs.Hencein anenvironmenexpectinghefirst behaviourthesecondouldbesubstitutedvithout
anydistinctionsbeingmade.We shall seein chapter7 thelimitations of this interpretationvhenanotion
of causalityis introducednto the system.
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4.3.6 Refinement

Refinementis the processby which a specificationis transformedinto a more detailed specification.
Preciselywhatis meantby a moredetailedspecificatiordependsiponthe specificationanguagen use.
Typically, someform of behaviourcompatibilitybetweera specificatiorandits refinemenshouldexist.

Formalisationin LOT OS

Refinemenis theprocesdy whichanobjectmaybemodified,eitherby extendingor reducingts behaviour
or by acombinationof both,sothatit conformsto anotherobject. Letting P andQ be LOTOS processes,
an extensionof P by Q (written as Q extendsP) meansthat Q hasno fewer tracesthan P, but in an
environmentvhosetracesarelimited to thoseof P, thenQ hasthesamedeadlocks A reductionof P by Q
(writtenasQ reducesP) meanghatQ hasno moretraceghanP, butin anenvironmentvhosetracesare
limited to thoseof Q, thenP hasthe samedeadlocks.

Formalisation in Z

ClassicZ: SinceZ dealswith abstraction®f systemswheredataand operationson that dataare used
to representhe given systemunderconsiderationfwo main forms of refinementhave beenidentified:

operationrefinemenanddata refinement In orderto refinea specificationthe refinementmustensure
behavioucompatibilitybetweenhespecificatiormndtherefinement.To accounfor this, certainconditions
existto ensurethata Z specificatiorrefinementproducesa valid more detailedspecification. Theseare
the safetyand livenessconditions. The safetyconditionon the refinementof a specificationis that any
circumstancacceptabléo thespecificatiormustbeacceptabléo therefinementThelivenessconditionon

therefinemenof a specifications thatfor any circumstancacceptabléo the specificationthe behaviour
of therefinemenimustbeidenticalto the specification.

Thesafetyandlivenessconditionsneedto applyto boththe operatioranddatarefinements.

Abstract Z: Refinemenbf behavioumodelledasarelationcanbedonein manyways. Examplesf these
include modifying the domainor rangeby addingor removingactionsand modifying the relationitself
by including new relationshipshetweenactions. Thesemodificationsto the behaviourmustensurethat
behaviouratompatibility (seesectior4.3.5)existsbetweertherefinedandoriginal behaviours.

4.3.7 Typeofan<X>

A typeis a predicatethat characterisea collectionof <X>s wherean X may be an object, interfaceor
action. Typesaretypically usedto restrictinteractiondbetweerobjects.

Formalisationin LOT OS

Typesthat canbe written down explicitly in LOTOS for objectsandinterfacesaretemplatetypes. There
is no explicit constructin LOTOS that will permitthe modelling of actiontypesassuch. A LOTOS
specificationconsistsof a behaviourexpressiorwhich is itself composedf action denotationgaction
templates) Theseactiontemplatesitheroccuraspartof the behaviourof the systemjn which casetheir
occurrencenaylooselyberegardedistheactiontemplatanstantiationpr theydonotoccur in whichcase
the actiontemplateremainsuninstantiatedThe actiontemplategshemselvesnay be givenby theinternal
eventsymbol,i, or eventoffersatgatesvhich mayor maynothavefinite sequencef valueand/orvariable
declarations.

LOTOS doesnot offer facilities to characterisectionsdirectly, howevera limited form of action
characterisatioiis built into the synchronisatiorfeatureof LOTOS. Thatis, it might be consideredhat
synchronise@ctiondenotationgactiontemplatesmustsatisfythe sameactiontypein orderfor theaction
tooccur However LOTOSdoesotclassifythecharacterisinfeatureof thesearbitraryactiondenotations
andthusit is not possibleto havea formal typefor anygivenaction. It might bethe casethatinformally
the eventoffersinvolvedin aninteractionare given a causeandeffect role, but this is generallynot the
case.Seesectior4.2.7.
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Theinternaleventsymbolmaybe usedto represenainactiontype, wherethe commoncharacteristics
of this collectionof actionsarethattheyhaveno characteristics.

It shouldbenotedthatby statingthatthe only predicatgpossiblan LOTOSfor objects(andinterfaces)
is thattheysatisfytheir templatetype,the conceptof typeandtemplateypereduceto the samemodelling
techniquan LOTOS. Thusthereis no distinctionin LOTOS betweera typein its broadcharacterisation
senseandatemplatetypein its morerestrictivesenseof templateinstantiation.

Formalisationin Z

An object,interfaceor actioncanhavemanydifferenttypes. Thesetlypesdepencentirelyon the predicate
thatis applied.As aresultit is notpossibleio formaliseagenericnotionof type. It canbestatedhatZ types
correspondo setsthoughandthatthe characterisingredicateof suchZ typesis givenby setmembership.

4.3.8 Classof <X>s

The conceptof classin computingsciencehastraditionally beensynonymouswith implementationof

objects. Anotherview of classis assimply a setwherethe elementof the setsatisfysometype. These
choicesreflectthe differentinterpretationdof class:thefirst beinganintensionaimodel,the secondeing
anextensionamodel. ODP definesclassextensionallyandwe usethis interpretatiorfor our formalisation.

Formalisationin LOT OS

The notion of classis dependentiponthe characterisindype predicatewhich the member=of the class
satisfy Objects,interfacesandactionscansatisfymanyarbitrary characterisingype predicates.A type
thatcanbe written downis a templatetype (seesection4.3.18. Whenthis is the case the set(class)of
objects,nterfacesandactionsthatareassociateavith thattemplatetypeis thetemplateclass(seesection
4.3.19.

It shouldbe notedthatby statingthatthe only classificatiorpossiblein LOTOS for objects,interfaces
andactionsis thatthey satisfytheir templatetype, the conceptof classandtemplateclassreduceto the
samemodellingtechniquean LOTOS. Thusthereis nodistinctionin LOTOS betweeraclassin its general
classificationsense anda templateclassin its more restrictive senseasthe setof instanceof a given
templatetype.

Formalisationin Z

Sinceatypeaspresentedn section4.3.7maynotbe modelledin Z dueto its genericity the modellingof
classis alsolimited. It canbe statedhoughthatthe memberf a classshouldbe membersf the setthat
defineghetype.

4.3.9 Subtype/Supertype

Onetypeis a subtypeof anotherwhenit satisfiesthe samepredicateas the first. Given our interest
in specifyingsystemghat may evolve, subtypingprovidesa mechanisnfor reasoningaboutacceptable
substitutes. Further sincetypesare frequentlyusedto restrictthe interactionsthat can occur between
systems(objects),subtypesshould possesall of the interactionsand more. In this case,the satisfies
relationcorrespond$o “respondgo thesemessages”.

Formalisationin 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 relationthat may existbetween
templatetypes. In LOTOS, however thereexistsno featureto write down subtypingrelationsdirectly.
If subtypingis requiredthenextensioncan be usedto give a subtyperelation basedon substitutabiliy.
However thisis nota featureexplicitly providedfor in LOTOS.

3A prime exampleof theconfusionin terminologythatexistsin objecttechnologytoday
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Formalisation in Z

Subtypesandsupertypesorrespondo subsetandsupersetsespectivelyin Z. The exactform of this set
membershiglepend®ntirely on how the setdefiningthe typeis modelled. As stated,it is oftenthe case
thatsubtypings basedn syntacticaspect®f thetype. In suchcasessubtypingbetweertwo setsrequires
thatthe syntacticaspect®of the elementfoundin onesetarecompatiblewith the syntacticaspect®f the
elementdoundin the otherset. Herecompatibility for interfacesignaturesaymight be basecdn similar
namedor actionsandcompatibleinputandoutputparametersWe investigatehisissuein moredetailin

thefollowing chapters.

4.3.10 Subclass/Supetlass

Oneclassis a subclas®of a secondclassandthe seconda superclassf thefirst whenthetype associated
with the first is a subtypeof the type associatedvith the second.Subclasseare by definition subsetof
their superclassegiventhis extensionainterpretatiorof class.

Formalisationin LOT OS

As thetypesthatcanbe written downin LOTOS for objects,interfacesandto a lesserextentactionsare
templataypes(seesectiord.3.18) asubclasselationexistsbetweertwo classesvhenasubtypingelation
existsbetweertheir correspondingemplatetypes.

Formalisation in Z

Subclasseandsuperclassesorrespondo thesubseaindsupersetelationshipsespectivelyn Z. Theexact
form of this setmembershipelationdepend®ntirelyon how the setdefiningthetypeis modelled.

4.3.11 <X> Template

To modelsystemsf objects,interfacesandactions,a descriptionof theseconceptanustbe made.These
descriptiongnaybe capturedn atemplate.Templatesapturecommonfeaturesof collectionsof objects,
interfacesandactionsin sufficient detailthatwheninstantiatedthe object,interfaceor actionrespectively
will begenerated.

Formalisationin LOT OS

- Object Template A procesdefinition with somemeansby which it canbe uniquelyreferenced
onceinstantiated This canbeachievedor examplepy interactingwith someotherprocesgo obtain
auniqueidentifier(sort),or by beingassigned uniqueidentifieruponinstantiation.

With regardo combinatiorof objecttemplatesn LOTOStherearenoexistingcombinatioroperators
excepffor alimited form of scopingusingthe LOTOS “where” clause.

- Interface Template Any behaviourobtainedfrom a processdefinition by consideringonly the
interactionsat a subsetof the gatesassociatedvith the procesdefinition. This subsettingof the
gateds achievedyy hiding thegatesnotrequiredfor theinteractionsunderconsideration.

With regardto combinationof interfacetemplatesin LOTOS thereare no existing combination
operatorexceptfor alimited form of scopingusingthe LOTOS “where” clause.

- Action Template An actiondenotatiorwhereanactiondenotationrmay be eitheraninternal-event
symbol,a gate-identifieror a gate-identifiefollowed by a finite sequenc®f valueand/orvariable
declarations.

The definition hereof actiondenotations contrivedasLOTOS doesnot really supportthe concepiof
an actiontemplate.In LOTOS, possiblebehavioursare specifiedby giving actiondenotationcombined
in someform. To relatea templateto anactiondenotatioris the closesthatcanbe achievedn LOTOS.
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However thetext of Part2 requiresanactiontemplateto groupthe characteristicef actions. This is not
partof LOTOS aseventoffers (actiondenotationsgxistin isolationandit is not possibleto collectthem
andapplyatemplateto characteriséhem.

Compositionof action templatesmay loosely be likened to synchronisatiorwith value passingor
value generation. In this case,two (or more) actiontemplatesagreeon a commonactiontemplatefor
the synchronisatiorio occur i.e. an actiontemplatewith the commoncharacteristicef all of the action
templatesnvolvedin the synchronisatioficomposition).

Formalisation in Z
ClassicZ:

- Object Template: Fragmentf a specificatiornthatrepresent state,havea unique (immutable)
identitythatcanbereferencedandhaveanassociatedetof operatiorschemashatactonthatstate.
If theobjecttemplatds agenericone,theprecise€orm of templatewill only begivenwhenthetypes
of theparameteraregiven.

- Interface Template: A setof operationschemagierivedfrom the Z text representingan object
templaten theway describedindertheinterpretatiorof interface(4.2.4). If theobjecttemplates a
generimne,theprecisdorm of interfacaemplatewill only begivenwhenthetypesof theparameters
aregiven. Interfacetemplatesnay be combinedusingthe Z operationgor schemaombination.

- Action Template: An operationschemaAction templatesnaybecombinedusingthe Z operations
for schemaombination.If theactiontemplateis a genericone,the preciseform of actiontemplate
will only begivenwhenthetypeof the parameterisingarameteraregiven.

Abstract Z:

- Object Template: An objecttemplatemay be representedby a collectionof interfacetemplates
with a behaviourspecificatiorthat relatesthe behavioursassociatedavith theseinterfacetemplates.
Since objectshave statealso (seesection4.2.11) there shouldexist a model of statewithin the
objecttemplate e.g.asa variable. This canbe usedto remembethe effect of the actionsthathave
occurred. Thereshouldalsoexist somemeanswherebythe objectsinstantiatedrom the template
canbeuniquelyreferenced.

- Interface Template: An interfacetemplatemay be representedby a collection of schemaghat
capturethe syntacticaspectsof the functionality offered by the interface, i.e. the signature. A
behaviouispecificatiormustalsobe providedthatshowsthe effect of invoking the syntacticaspects
of theseinterfaces. In addition, there should be somemeanswherebythe effect of the actions
occurringcanberecordedj.e. state.We illustratethiswith aZ fragmenthatusesherepresentation
of behaviourgiven in section4.2.2. Here Signatues are schemasisedto capturethe syntactic
structureof actionsin the interfaceand history is a modelof the statesof the interface. It should
be notedthatit might be the casethatwe haveonly onesequencef statesassociatedavith a given
objector interface.If thisis thecasethenthe historycanberepresentedirectly as:

history == «, State

It is alsopossibleto modelmorecomplexstateshat might be associatedvith an objector interface,
e.g.if we havemorethanonestateat anytime. This might bethe caseif the objector interfaceis itself
distributed. In sucha casethe stateof the whole objector interfacemay be composef severalpartial
states Furtherit maynotalwaysbepossibleto establistthe stateof theobjector interfaceatonetime, e.g.
the partial statesnay be perpetuallychangingandcheckingtheir valuessimultaneouslys impossibledue
to their distribution Suchcomplexitycanbereflectedn theZ textmodellinghistory, e.g. assequencesf
setsof states.

>Fromthis, amodelof aninterfacetemplatemayberepresenteds:
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o Interface Bmplate
ops: Signatues
bs: behspec

his : history

ooooooo

predicates

Herepredicategepresentshe predicatesiecessaryjo relatethe signaturesandstateso the actionsin
thebehaviourspecification.

- Action Template: Instantiationof anabstracimodelof an actiontemplatecantakeseveraforms.
Onepossiblegformis simplyamodificationof thestatesassociatedvith theobjecttheactiontemplate
is partof. For example,usingthe abovemodel of statesasa sequencef setsof possiblestate
sequenceghentheinstantiationof an actiontemplatewould requirethat the staterequiredfor the
actionto occuris in the currentsetof sequencef possiblestateqhistory). Further the rangeof the
actionrelation,i.e. the statefollowing the actionoccurrenceis in the nextsetof statesequencesf
thehistory.

4.3.12 Interface Signature

An interfacesignaturerepresentshe syntacticaspect®f aninterface. This includesthe operatiomnames
alongwith the input parameterandexpectedeturnparametersf the operations.Often anindicationof
directionof the parameterss givenexplicitly, e.g.throughlabellingthemasin, out or inout.

Formalisationin LOT OS

An interfacesignatureas a set of action templatesassociatedvith the interactionsof an interfaceis
representeth LOTOS by asetof actiondenotationsThememberf this setarethoseactiondenotations
thatrequiresynchronisationvith the environmenin orderto occur

It shouldbe notedthatLOTOS doesnot provideexplicit featuredor describingnterfacesignaturess
such.Thatis, eventoffersgenerallydo not simply capturethe syntacticaspect®f theaction. Theydefine
the actionsthemselveslt is possibleto adopta conventionwherebyeventoffers aretreatedassyntactic
devicedor otherbehaviourghough.Weillustratethis with the following LOTOS fragment:

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

endproc (* P ¥

Herethe operationnameis given by modifyandthe input parameterareof type naturalnumber The
semanticgbehaviour)attachedo this eventoffer is thengiven by the modificationsto the stategivenin
theprocessnstantiation.

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: Thenormaliseddeclarationgoundin thoseschemashatmakeup partof aninterface.
Abstract Z: A collectionof schemashatcapturethe syntacticaspect®f theobservablactionsassociated

with theinterface. We shallseein thefollowing chapterthat ODP prescribespecificformsfor interface
signaturesn the computationaliewpoint.
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4.3.13 Instantiation of an <X> Template

Having modelledobjectsandinterfacesn a template instantiatingthattemplateis necessaryo produce
therespectivebjector interface.Instantiatiormayinvolve actualisatiorof parameters.

Formalisation in LOT OS

- of an Object Template Theresultof aprocessvhichusesanobjecttemplateto createanewobject
initsinitial state.Thisprocessnvolvestheactualisatiorof theformalgatelist andformalparameters
of aprocesdglefinitionby aone-oneaelabellingfrom aspecifiedyatelist andlist of actualparameters.
Thefeaturesof the objectcreatedwill be governedoy the objecttemplateandany parametersised
to instantiatat.

- of anInterface Template Theresultof aprocesdy whichaninterfaces createdrom aninterface
template. Theinterfacecreatedcanthereaftetbe usedby the objectit is associatedvith to interact
with the environment. The featuresof the interfacecreatedwill be determinedby the interface
templateandany parametersisedto instantiatet.

- ofanAction Template Thisis givenasactionoccurrencén LOTOS.Thismayinvolvetherewriting
of Act Oneexpressions.

Formalisation in Z
ClassicZ:

- of an Object Template: Initialisation of the Z text representinghe objecttemplate. This is often
providedfor explicitly in Z by aninitialisationschemaTheperformancef thisinitialisationschema
mustsatisfythe conditionthatthereexistsa valid statefor the objectafterthis initialisationschema
occurrencei.e. astatewhich satisfiesanyinvariantsthatmaybepresent.Thesenvariantsmayrefer
to otherobjects.

- of an Interface Template: Initialisation of the Z text correspondindo aninterfacetemplate. An
interfacetemplatemaybe obtainedasshownin 4.2.4. 1t thusfollows from this thattheinstantiation
of aninterfacetemplateandanobjecttemplatearebothachievedhesamewayin Z, viainitialisation
of theassociated text.

- of an Action Template: The performancef anoperationspecifiedn anoperationrschema.

Abstract Z:

- of an Object/Interface Template: Instantiationof an abstractmodel of an object or interface
templatemaybe modelledthroughan operationschemaThis schemashouldprovidea statethatis
valid for thatobjector interfacetemplate A valid stateheredepend®n howthestatesaremodelled.
Giventhemodelof statesn sectiord.3.11, i.e. asa sequencef setsof possiblestatesequencedhen
avalid statewould be oneof thosein the headof the sequenceln the caseof objecttemplatesthe
operatiorschemahouldalsoprovideanidentifierthroughwhichtheresultingobjectcanbeuniquely
referenced.

- of an Action Template: Instantiationof an abstractmodelof an actiontemplatecantake several
forms. Givena modelof actionsaspresentedn section4.2.1andobjectsaspresentedn section
4.3.11, theinstantiation(occurrencedf anactiontemplaterequireghatthecurrentstateof theobject,
i.e. thecurrentpositionin the history sequencegontainsthe statenecessaryor the actionto occut
Further following the actionoccurrencehefinal statemustbe oneof thosein the nextsetof states
in the historysequence.
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4.3.14 Creationof an<X>

Objectsmaybeinstantiatedn two waysdependingpn how theyandthesystemtheyexistin aremodelled.
Objectsmayinstantiatentherobjectsby performingactions.Thisis termedcreation.Alternativelyobjects
canbeinstantiatedby someothermechanismThis is termedintroduction.

Interfacesmay eitherbe createdor introduced. Interfaceintroductionis only possiblethroughobject
introduction.

Formalisation in LOT OS
- of an object Theinstantiatiorof an objecttemplateaspartof the behaviourf anexistingobject.

- of an interface As objectsand interfacesare modelledthe sameway in LOTOS (via process
definitions) creationof objectscorrespondso creationof interfaces.Thusthedefinitionfor interface
creationis givenby the creationof objectsasabove.

Formalisation in Z

ClassicZ:

- of an Object: Thecreationof anobjectin Z is givenby providinga valid initial statefor the Z text
associatedvith the objecttemplate.Thatis, by providingabindingof thevariableggivenin thestate
schemaof the objectto theinitial valuesthatthey hold. Oftenthis is providedfor explicitly in Z
throughaninitialisationschemaln this casetheactionof creationis representetly performingthe
operationgivenin theinitialisationschema.

- of an Interface: Thecreationof aninterfacein Z is inherentlylinked with the creationof objects.
Thatis, whenthe text associatedvith anobjecttemplateis initialised, any interfacetemplateghat
might be presentareinitialisedalso.

In creation,it is necessaryo ensurethatthe identity of the objectbeingcreateds uniquewithin the
specification. This can be achievedthrougha framing schemawith an appropriatepredicateensuring
the identitiesof all of createdobjectsare unique. This framing schemacanthenbe usedto promotethe
initialisationof anobjectto effectthe specificatiorasa whole.

Thetextgivenhereimpliesthat,becausaninitialisationschemas givenaspartof a specificationan
objectis created.However in Z thereis no notion of the specificatioractuallyapplyingthis initialisation
schema. This is in fact the introductionof an object,i.e. an objectis instantiatecby a mechanisrmot
coveredby themodel. It would appeathatthe notionof initialisation of a Z specificatioris partly creation
(in thataninitialisationschemas given)andpartlyintroduction(in thattheapplicationof theinitialisation
schemas not coveredby themodel).

It is normally the casethat a proof obligationfollows the applicationof an initialisation schemato
ensurghatthe objectis in avalid initial state.

Abstract Z:

- of an Object/Interface: Creationof anobject/interfacdrom anobjector interfacetemplaterespec-
tively requiresthat an actionexistsin the behaviourspecificationof an existing— in the senseof
alreadyinstantiated— object. This actionshouldresultin theinstantiationof anobjector interface
template Asdiscusseth sectiond.3.13,instantiatiorin anabstracZ modelis donewith anoperation
schema.lt is not possibleto represensuchoperationschemasglirectly in the behaviourof a given
object,i.e.aschemalefinesatypeandrelationsghemselvesretyped. Hencebehavioumsarelation
betweeractions(modelledthemselvessrelationsbetweerstatesrannotaccepschemasnodelling
instantiationof templates.To overcomethis, functionscanbe usedthatrelatearbitrarystructures
(schemasepresentingemplates}o actions,e.g.aswith observableandinternalactionsignatures
in section4.2.1. Creationthen requiresthat an action modelledthis way existsin the behaviour
specificationof an existingobject. The occurrenceof this actionthenresultsin the instantiation
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(creation)of theassociate@bjector interface.In the caseof objectcreation thisactionshouldalso
establista newidentifierthatcanbeusedto uniquelyreferenceheobject.

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

4.3.15 Intr oduction of an <X>

Introductionis the procesf instantiationvhenit is not coveredby theactionof objectsin themodel.

Formalisationin LOT OS

Theinstantiationof the behaviourassociateavith a LOTOS specification.

Formalisation in Z

ClassicZ: SeeCreation(of anobject)(4.3.14).

Abstract Z: An abstractrepresentatiomf the introductionof an object may be achievedby an action
modellinginstantiationof an objecttemplatethatis not associatedvith an existingobject. It shouldbe
notedthat introductiondoesnot requirecontrivedfeaturesfor overcomingthe Z type systemaswasthe
casewith creation(seesection4.3.14),i.e. functionsthatrelateschemago the modelsof actionsin the
behaviourspecification.

4.3.16 Deletionof an <X>

Giventhatobjectsandinterfacesanbebroughtinto existencén amodel,i.e.instantiatedit isalsonecessary
to providefeaturesfor their removalfrom the model. Deletionof an objector interfacecorrespondso
destroyinganinstantiatednterfaceor object. Interfaceanay only be destroyedy the objectwith which
theyareassociated.

Formalisationin LOT OS

- of an object Theterminationof a processnstantiation.This maybeachievedhroughtheuseof the
LOTOS disablingoperatoythe LOTOS inaction(stop) behaviourexpressiorwhich doesnot allow
for the passingof control, or the successfutermination(exit) behaviourexpressiorfiwherepassing
of controlis possiblevia the enablingoperator).

- of an interface The procesdy which thefuture behaviourf an objectis limited to thatbehaviour
whichwasnotdeletedfor theinterface.

Formalisationin Z

ClassicZ: It maybepossiblgo haveanabstractepresentationf deletionwhereaframingschemas used.
Deletioncanthenbemodelledasthe promotionof anoperatiorto removeanobjectstateandidentity from
thesystemasawhole.

It mightalsobethe casethata form of deletionbaseduponinactivity may be modelled.Forexample,
an objectwhoseassociateduture behaviouramay no longeroccurdueto invariantsbeing violated may
in somesensebe consideredasdeleted. This form of deletionmay not accuratelycapturethe definition
deletionaccurateljthough,i.e. thereis no destructiorassuch.

Abstract Z: Modelling the deletionof an objector interfacedependson how the objectsandinterfaces
themselvesrerepresentedif objectsandinterfacesaremodelledasshownin sectionst.2.11 and4.2.44
thendeletionmay be modelledby anactionwhoseresultantstateis not foundin the domainof any other

4And henceactions behavioursaandsignaturesireasshown.
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actionassociatedavith thatbehaviourspecification.The occurrencef this actionis thenequivalento the
LOTOS stop expression.

4.3.17 Instanceof a Type
An <X> thatsatisfieghetype.

Formalisationin LOT OS

- of an Object Template An instanceof a given objecttemplateis representedn LOTOS by an
instantiationof that objecttemplateor an acceptablesubstitutionfor aninstantiationof that object
template. Here the acceptablesubstituteshould capturethe characteristicshat identify this type.
Thusanacceptablsubstitutenightbeanothetemplatahatis behaviouraly compatilbe with thefirst.
This mightbe achievedhroughextensiorasdefinedin section4.3.5. Usingthisrelationguarantees
thatall characteristic®f the type underconsideratiorareincluded. It might be the case however
thataweakerform of typesatisfactiorrelationcanbefoundwhich doesnotrequireall characteristics
associateavith a giventemplateto beincluded,but somesubsebf thetotal characteristics.

- of anInterface TemplateAs aninterfacetemplatds representethesamewayasanobjecttemplate,
(i.e.aprocesglefinitionin LOTOS),the abovetextappliesequallywell to aninterfacetemplatej.e.
replaceall occurrencesf objectwith interface.

- of an Action Template An instanceof an action template(action denotation)is representedn
LOTOSby anactiondenotatiorofferinganequivalenevent.

Formalisation in Z

ClassicZ: An instanceof atypein Z is representethy an elementof the setwhosememberssatisfythe
predicatej.e. thetype. Givena morespecificnotion of type, suchastemplatetype (seesection4.3.18),
aninstanceof an objector interfacetype correspondso the initialisation of the Z text (or an extension
of it) representinghe object/interfaceunderconsiderationsuchthat thereexistsa valid initial statefor
thatobjector interface. Herethe characterisingredicatds given by the specificatiortext andassociated
predicateon possiblelegal bindings(invariants),which mustbe satisfiedby theinitialisation scheman
orderto beclassifiedasaninstanceof the objector interfacetype.

As anoperatiorschemagivesthecharacteristicef anactiontype,aninstanceof anactiontypeis given
by the occurrenceof this operationschemaor by the occurrencef anotheroperationschemavwhichis an
extensiorof thisoperatiorschemai.e. theextensiorincludeshe characterisingeaturef theactiontype.

Abstract Z: Theabstracrepresentatioof aninstanceof atype depend®n the way the setis definedon
which the typeis based. It canbe statedthoughthatinstanceof typesshouldsatisfythe characterising
predicatehatdefineghetype.

4.3.18 Template Type of an <X>

A templatetypeis a predicatadefinedin atemplatethatholdsfor all instantiation®f thetemplateandthat
expressetherequirementsheinstantiation®f thetemplateareexpectedo fulfill.

Formalisation in LOT OS

The notion of atemplatetype asa predicateexpressinghatan< X > is aninstanceof a giventemplate,
wherean< X > maybeanobject,aninterfaceor anactionis notafeatureofferedby theLOTOSlanguage.
Thisfeatureis only availableto a certainextentoutsideof LOTOS, e.g.whencheckingthe staticsemantics
of a specification.Thereissuessuchasvalid procesdnstantiationsaredealtwith, e.g.correctnumberof
gatesaregivenandactualparametersnatchformal ones.
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Formalisation in Z

ClassicZ: In Z, an object/interfacaemplatetype is a predicatethat an initialisation schemdeavesthe
objectandassociatednterfacesin a valid initial state. Thusall statevariablesshouldbe boundandall
necessarpredicateginvariants)satisfied. Often checkingan objector interfacetemplatetype requiresa
proofto bemade.

An actiontemplatetype correspondso a predicatethat an actiontemplate asgiven by an operation
schemacanoccur i.e.is aninstantiatiorof a givenoperationrschemaThusall instantiationsareexpected
to satisfythe predicate®n legalbindingsof variablesasgivenin the operationschemas predicates.

Abstract Z: An abstractmodel of a templatetype dependson how the templateon which the type is
baseds represented!f objectandinterfacetemplatesare modelledas presentedn section4.3.11, then
instantiationof thesetemplateshouldprovidea valid initial state. Theresultantobjector interfacewill
havethebehavioursstatesandsignaturegsdeterminedy thetemplateandhow it wasinstantiated.

It is possiblein anabstracZ modelto reasordirectly aboutwhat constitutesa valid instantiation|.e.
throughpredicatesn a schemanodellinginstantiation.

4.3.19 TemplateClassof an <X>

A templateclassis the setof all <X>s satisfyinga particular<X> templatetype, i.e. the setof <X>s
which areinstance®f the <X> template.This conceptis a specialisatiorof theideaof class. A classis
usedasa generalklassificatiormechanism A templateclasson the otherhandis morerestrictivein that
themembersf the templateclassarelimited to thoseinstantiatedrom a particulartemplate or anyof its
subtypesi.e.themembersatisfya particulartemplatetype.

Formalisationin LOT OS

Thetemplateclassof an< X > is thesetof all < X >sthatareinstance®f that< X > templatewherean
< X> maybeanobject,aninterfaceor anaction.

The notion of the templateclassof an actionis limited in its applicationto LOTOS, asLOTOS does
not provideexplicitly for actiontemplatesactiontemplateinstantiationor actiontemplatetypes.

Formalisationin Z

A templateclassof an< X > is the setof all < X >sthatareinstance®f that< X > templatewherean
< X> maybeanobject,interfaceor action.

4.3.20 Derived Class/Base&Class

If atemplates anincrementamodificationof asecondemplatehenthetemplateclassof instance®f the
first templateis a derivedclassof the templateclassof instance®f the secondemplate.Thisincremental
modificationmaytakemanyforms. It mightfor exampleinvolve addingto or alteringthe propertieof the
baseclass.

Formalisationin LOT OS

LOTOStemplatesanbeincrementallymodifiedby extending genrichingandmodifying the datatypesor
by modifyingthe behaviour Problemsarisewith the behavioumodificationshowevey specifically:

- subtyping:non-determinisnmaybeintroducednto the systemwhentheinitials of thebaseemplate
andits modificationarethe samethussubtypingcannotbe guaranteed;

- theneedor aredirectiorof self-referenceanyreferenceo aderivedtemplatérom aparentemplate
shouldberedirectedo the derivedtemplatewhichis notalwayspossible.

We illustratetheseproblemsthrougha simpleexample.Considetthefollowing LOTOS fragments:
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process S1[ g ]:noexit:= process S2[ g, h ]:noexit:=
g S1 g; S2[ gh ] [I histop
endproc (* S1 %) endproc (* S2 *)

HereprocessS2is very similarto processS1 It differsonly in theoffering of eventh. It is notthecase
thatwe may substituteS1for theidenticalbehaviouin S2though.Forexamplef we specify:

process S3[ g ]:noexit:=
Sif g1 0 h; stop
endproc (* S3 ¥

Thisis nolongerthesameastheprocesss2sinceonceaneventg occurs eventh canneveroccur The
problemstemsrom theneedo redirectself-referencéorm S1to S3 Thisissueis discusseih moredetail
in [164]. Thereis no satisfactorysolutionto theseproblemsn standard OTOS.

Despitethis, Clark andMoreira [43, 147] haveshownhow it is possibleto specifyandreasonabout
inheritanceandsubtypingn LOTOS.Theirapproachiequireghatprocessesepresentinpaseclassehave
exit functionality. With this modelthey haveshownhow classesanbe derivedfrom baseclasseaising
variousapproaches.g. extensiongo or redefinitionsof existingbehaviours.

Formalisationin Z

Giventwo templatesA andB in Z whereA is anincrementaimodificationof B andthe instancef A
andB arein a derivedclass/baselassrelationshiprespectively the incrementalmodificationsto B to
produceA mayinclude: addingor deletingstateparametersadding,deletingor modifying operationspr
strengtheningr weakeningnvariants.

4.3.21 Invariant

An invariantis a predicatethat may appeaiin a specification.In particular invariantsshouldalwaysbe
satisfiedboth beforeactionsoccurandafterthey haveoccurred.

Formalisationin LOT OS

In LOTOS,theonly invariantswhich canbewritten downareprocesslefinitions. Thereis nowayto attach
aninvariantto a procesglefinitionwhichis not the procesglefinitionitself.

Formalisation in Z

A predicatehata specificatioralwaysrequireso betrue. Z allowsinvariantsto bewritten downdirectly
in schemasindaxiomaticdescriptions.Ofteninvariantsimposerestrictionson the possiblebindingsthat
thevariablesn schema®r axiomaticdescriptiongcantake. As such,aninvariantis oftenusedto restrict
thepossiblebehaviourgjivenin a specification.

4.3.22 Precondition

A preconditionis a predicatehata specificatiorrequireso betruefor anactionto occur

Formalisationin LOT OS

A preconditiormaybeexpressedirectlyin LOTOS usingoneor moreof: sequencin@f actions;guards
andselectionpredicates.
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Formalisation in Z

ClassicZ: The conditionon the stateof the systembeforethe occurrenceof an operationdefinedby an
operationschemaand on its inputs suchthat there existsa possiblestateafter the performanceof the
operatiorandoutputswhich satisfythe postconditionsZ allowspreconditiongo bewritten downdirectly.

Abstract Z: Modellingactionsasrelationshetweerstatesallowspreconditiondo be checkedlirectly. For
example,giventhe model of behaviourin section4.2.2,thenthe preconditionfor any actionoccurrence
is thatthe currentstateof the object, with which the actionis associatedsatisfieghe stategiven by the
domainof thataction.

4.3.23 Postcondition

Postconditionsare predicateghat specificationgequireto be true immediatelyafter the occurrenceof
actions.

Formalisationin LOT OS

In LOTOS, the occurrencef anactionis independentf the stateof the systemafterthe occurrencef the
action. As such,LOTOS doesnot providethe meando directly expresgpostconditions.

Formalisation in Z

ClassicZ: A predicatevhich describeshesetof stateghata givensystencanbein afterthe performance
of anoperationdefinedby anoperationrschemaZ allows postconditiongo be written downdirectly.

Abstract Z: Modelling actionsas relationsbetweenstatesallows postconditiongo be checkeddirectly.
Forexamplegiventhemodelof behaviourin sectiord.2.2 thenthe postconditiorof anyactionis implied
by the stateit relategto.

4.4 SpecificBehavioural Concepts

Aswell asthemoreelementaryotionsof behaviourtheODP-RMintroducegnoreprescriptivdbehaviours
thatobjectsshouldpossessSpecifically behavioursareprescribedhatenableaspect®f concurrencyand
independentehaviour®f objectso bespecifiedandreasonedbout. Thesébehavioursncludethecreation
of newbehaviouraswell asthejoining of existingbehaviours.

4.4.1 Chain of Actions

Computationabbjectsmay be associateavith specificforms of activities. Of particularimportanceare
thoseactivitiesconnectedvith chains,wherea chainmay be regardedasa sequencef actionswithin an
activity wherefor eachadjacentpair of actions,occurrenceof thefirst is necessaryor the occurrenceof
thesecondaction.

Formalisationin LOT OS

Givena modelof activity asdiscussedn section4.2.5,thena chainmay be representeth manywaysin
LOTOS dependingiponhow the behaviouris representedn which the activity is based.For example a
chainmight simply be representethy a sequentiabrderingof actionswithin an activity. Alternativelya
chainmay be modelledthroughthe useof compositionoperatorsuchasenabling,disabling,or parallel
compositiorif thesewereusedn describinghebehaviouexpressionsf theactivity. Regardlessf which
approachs taken,achaincorrespond#o a tracethroughthe behaviourof the activity underconsideration.
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Formalisation in Z

Giventhemodelof anactivity asrepresenteth sectiond.2.5,a chain(Chain) mayberepresentetly:

Chain==sa: «qaction | (act: activity- (:a 1; & @ action |
@1, amsa- @ 1;ay dlirstact{a 1= a ) csecondct))

Throughconsideringchains objectshavingtheir own separatdehaviourcanbereasonedbout. That
is, dividing andjoining actionscanbe modelled.

4.4.2 Joining Action

A joining actionis anactionthatis sharecdbetweertwo or morechainsresultingin a singlechain.

Formalisationin LOT OS

A joining actionmayberepresenteth threemainwaysin LOTOS. It is possibleto modeljoining through
thesuccessfusynchronisatiomf eventoffersata commongate. This requireghatoneof the eventoffers
shouldprecedestop andthe eventoffers precedingheseofferswerecomposedhroughinterleaving. We
illustratethiswith anexample.Considetthefollowing LOTOS fragment:
process P[a,b,c,d,e]:noexit:=
a; (b;c;stop el d;c;e;stop)
endproc

Herethe actiona representa forking action(seesectiord.4.3)sinceit enableswo chains.Thesewo
chainsconsistof the actionsequenceb,d,c,eandd,b,c,e Following the synchronisatiorat gatec, one
chainstopsandthe othercontinues.Thisresultsin the behaviourfollowing actionc beingidenticalfor the
two chainswhich canbeinterpretedasasinglechain.

An alternativemodelof joining canbe achievedhroughthe successfuterminationexit of processes.
Considetthefollowing LOTOS fragment:

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

Herethetwo behaviourexpressionghatareinterleavedwith oneanotheroin onthe successfutermi-
nation(j). Thesetwo approacheallow for the naturaljoining of chains,wherenaturalhereimpliesthat
the chainscompleteasspecified.In LOTOSit is alsopossibleto limit interleavedehaviourghroughthe
disablingoperator This canbe usedto join (terminate)numerouschainssimultaneously Considerthe
following LOTOS fragment:

process P[a,b,c,d,e,fl:noexit:=

a;(b;c; exit ||| die; exit) [> f; stop
endproc

Heref canbe usedto stopnumerouschainssimultaneously Variouscombinationf joining chains
canbeachieveddependingon how the disablingoperatorandthe othermodellingstylesgiven previously
areusedin particularbehaviourexpressions.

Formalisation in Z

A joining action(Join) may berepresenteth Z by anactionthattakestwo chainsandproducesa single
chain.

= JoinAction
Y Join: Chainx Chain .:Chain

@ 1; C2; €3 : Chain jc1 = ¢ =¢3 - Join(C 1;C2) =C3
(a:action-@mwCc 1c@wC »dastc=lastc; o
(a=lastcy —a 3 = tail (SeqRestri¢h; c2)))
(a=lastc, —& 3 =tail (SeqRestri¢g; c1))))

ooooooo
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Here SeqgRestricis a functionthattakesanactionandsequencef actionsasagumentsandproduces
asubsequencef the sequencamgument. This subsequends givenby the sequencef actionsfollowing
theactionargument.

SegRestrict actionx «q action s « action

@: action sai: s action
SeqRestri¢h; sa;) = IF a = headsagg THEN s&
ELSE SeqRestri¢g; tail (sar))

opooogooo

It shouldbe notedherethatthis recursivedefinition hasno basecasesinceits usagerequiresthatthe
actionis in thesequencasa preconditionin JoinAction

Dividing actionsare actionsthatenabletwo or morechains. Therearetwo casef dividing action:
forking actionsandspawningactions.

4.4.3 Forking Action

In forking actionsthe enabledchainseventuallyjoin eachothet

Formalisationin LOT OS

Dividing actionsgenerallymay be representeéth LOTOS by actionsthat precedebehaviourexpressions
composedhrougheitherthe interleavingor partial parallel compositionoperators. Despitethis, there
doesnot existan inherentfeatureof LOTOS for dealingwith forking actionsdueto the problemsof the
chainshavingto join again. It is possibleto modelforking actionsin LOTOS providedcertainmodelling
approacheareadopted Exampleof theseapproachemclude:

- actionsthatprecedebehaviourexpressionsomposedhroughthe partial parallelcompositionoper
ator. Thesebehaviourexpressionsustsynchronisenaneventfollowing which only onepossible
behaviouris possible.This singlebehaviourmaybe obtainedn severaways. Eitherall but oneof
thebehaviouexpressionkavestop afterthesynchronisatiomction,or somebehaviouexpressions
offer stop afterthe synchronisatiormctionandthe otherssynchronisen all subsequergvents.An
exampleshowingaforking actionwhereall butonebehaviouexpressionsffer stop afterthejoining
actionis givenin sectiord.4.2.

- actionsthat precedebehaviourexpressionsomposedhroughinterleavingor parallelcomposition
operators Thesebehaviourexpressionshemselveshouldprecedehedisablingoperator

- actionsthat precedebehaviourexpressionszomposedhroughthe interleavingoperator These
behaviourexpressiongnustend with exit and be followed by an enablingexpression)a The
actionthatfollows this enablingexpressiorcorrespond$o thejoining action. We illustratethis with
aLOTOSfragment.

process P[a,b,c,]:noexit:=
a; (b; exit ||| ¢ exity >>d; stop
endproc (* P ¥

Herea representtheforking actionandd representshejoining action.

It shouldbe notedthat combinationsof thesetwo approachesre not possibledueto the semantics
attachedo exit. Thus(a;c;stop [c] d;c;e; exit) —f;j stop for exampleis equivalentto (a;c;stop |[c]
d;c;e; exit) sinceterminationonly occurswhenall processearereadyto terminate.

As canbe seenthe modellingof forking actionsin LOTOS dependdo a greatextenton how the the
specificatioris written soasto ensurghatthe enablecchainsjoin oneanother
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Formalisation in Z
Giventhe modelof chainsin section4.4.1,a forking actionmay be representetty a schemahattakesa
chainandproducedwo chains.This mayberepresentetly:

0 ForkAction
E fork : Chain -Chainx Chain

@ 1; C2; €3 : Chain | ¢c1 = ¢ = ¢3 - fork(c 1) = (C2; €3)
(a: action; j : JoinAction-
@ C 1 c€ 2 = SeqRestri€h; €1) {C 2; C3) —om j:jOIN)

oooog

4.4.4 SpawnAction

In spawningactionsthe enablecdchainsarenotrequiredto join oneanother

Formalisationin LOT OS

In LOTOS, spawningactionscanbe modelledin severalways. As with forking actions spawningactions
arerepresentetly actionsthatpreceddehaviourexpressionsombinedhroughtheinterleavingor partial
parallelcompositioroperatorsUnlike forking actions spawningactionsdonotrequirethatthesebehaviour
expressionmin again.As aresultspawningactionsmaybemodelledby anyactionthatprecedebehaviour
expressiongombinedthroughthe interleavingor partial parallelcompositionoperatorsj.e. thereis no
prescriptiorthatthe chainsjoin again.

Formalisationin Z

Giventhemodelof chainsin section4.4.1,a spawningactionmayberepresentefly a schemahattakesa
chainandproducedwo chains.This mayberepresentetly:

o_ SpawnAction
spawn: Chain -Chain~ Chain

@ 1; Cp; €3 : Chain | ¢1 = ¢y =¢3 - spawr{c 1) = (Cp; C3) =
(s : action; j : JoinAction-
@ C 1 c€ 2 = SeqRestri€h; €1) {C 2; C3) wom j:jOIN)

ooooQoo

4.5 Summary

This chapterhas amguedin detail how an architecturalsemanticscan alleviate many of the problems
involvedin developingspecificationgor a particularproblemdomain. The differentapproachepossible
werepresentedndtheir advantageanddisadvantagediscussed We thenfocusedon applyingLOTOS
andZ to developanarchitecturasemanticgor distributedsystemsaseduponthereferencearchitecture
of OpenDistributedProcessingTheapproachiakenwasbasediponinterpretation.

As wasseen,neitherLOTOS or Z could formaliseall of the concepts.As arguedin section4.1 this
is only to be expected.Someconceptsareso genericthattheir formalisationis impossible e.g.type. It
wasstatedn sectiord.1thatthelack of aformalinterpretatiomeednotimply thatthe definitionis wrong,
but simply thatthe conceptdoesnot equatewell with the semantic®f theformal language.The question
shouldbe askedchere,whetherthis is really the case?If a conceptis sogenericthatit resultsin aninfinite
numberof possiblesolutionsthenis the conceptworth keepingin thatform?

With regardto the languageshemselvestheyboth havetheir own advantageanddisadvantagefor
developinganarchitecturasemanticsLOTOS, whilst suitedto describingow level behaviourss limited
by thefact thatit doesnot offer featuresnsideof thelanguagdor reasoningaboutthesebehavioursWith
regardto developingan architecturaemanticghis point is crucial. Theideaof specifyinga library of
componentshat canbe usedto constructspecification®f distributedsystemss a highly appealingone,
but without somemeanswherebythey can be successfulljcomposedthenthe advantageso be gained
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from the work are severelylimited. Theterm successfuis key here. LOTOS providesnumerousbject
andbehaviouralcompositionoperatorsas presentedn section4.3.1. Unfortunately theseoperatorsdo

not allow anykinds of checkson the behaviourdeingcombinedto be made. As a result,the composed
behaviouramay deadlock livelock, etc. The significanceof this with regardto the developmenbf an

architecturalsemanticsare great. Without combinatorghat dealwith behaviourchecks,the “plugging

togethet of thecomponentgannotbe guaranteedb havethe desiredeffects.

A lessgrandioseproposals thusto dealwith the syntacticaspect®f the behaviours. Certainly these
areareaghatcanbe checkeda priori. Unfortunately LOTOS doesnot allow the separatiorof signature
from behaviourdirectly. We showhow syntacticreasoningandcheckingcanbe achievedn Act Onein
chapter7.

Z onthe otherhandin its classicalusageis severelylimited by its lack of featuresfor dealingwith
object-orientation Whilst not sucha greatproblemfor describingsingleobjects,Z is severelyiimited in
describingmulti-objectsystems.As a consequencea moreabstracimodelof actionswaspresentedn Z.
This wasthenusedto describebehaviourin a way thatallowedfor muchmorescopein treatingobjects.
This includescompositionof objects. We shall seein the following chaptershow powerful the abstract
approactpresentedhereis. Thatis, we canreasoraboutcompositiorfrom manylevels,e.g.from syntactic
aspectso behaviouralssues.Theabstractnodelgivenalsoallowsfor thecompositiorof system$asedn
non-functionabspect®f thosesystemsi.e. aspectshatthe behaviourandsignaturealonedo not capture.

The mostimportantquestionthat 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
thensubsequentlype usedby a specifier It couldbe aguedthatthe benefitsto the specifierareto some
extentlimited though. The primary reasorfor this beingthe lack of prescription. The main causeof this
is thelack of prescriptivityin the ODP-RMitself. Thisis hardlysurprisingsinceODPis a frameworkfor
developingmultiple distributedsystemsandnot a singleone. Hence the conceptarenecessarilyeneric.
We shallseein thefollowing chaptethatODPbecomesnoreprescriptiven its definitionof conceptsand
importantly howtheycanbe composedvith oneanother Thisin turn, providesuswith morepossibilities
for developinga moreconstructivé architecturasemantics.

5In the senseof re-usablespecificatiorfragments.
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Chapter 5

A Mor e Prescriptive Ar chitectural
Semantics

This chapterfocuseson developinga moreprescriptivearchitecturasemanticgor ODP basedon formal-
ising thecomputationaliewpointlanguagen LOTOS andZ. Comparisongremadeon the suitability of
thesdanguagesor this purpose.

We alsooutline someof theissuesnvolved in the developmenbf an architecturakemanticdor the
otherviewpointlanguagesWe focusin particularonthe enterpriseandinformationviewpointlanguages.

5.1 The Computational Viewpoint Languageof ODP

Thecomputationaviewpointof ODPdealswith thefunctionaldecompositiomf adistributedsystem.That
is, it is from this viewpointthatthe systemis seerasa collectionof objectsthatinterworkto achievesome
overall purpose. As such,this viewpoint containsthe conceptsand rulesassociateavith computational
objectsandtheir associateihterfaces.

Interfacesin the computationalviewpoint consistof a signature,a behaviourspecificationand an
environmentontract.An interfacesignatureasdiscusseth sectiord.3.12representthesyntacticaspects
of thefunctionality(behaviourfoundin thatinterface.Thebehaviouispecificatiorasdiscussedh section
4.2 .2representsvhatthe effectsare of invoking the actionsdescribedn the signature.The environment
contractrepresentaspectassociatewvith theinterfacethatits signatureandbehaviourspecificatioralone
do not capture. Thesemight, for example relateto usageor managementonstraints.We shall discuss
environmentontractandissuesn theirformal representatiom moredetailin thefollowing chapter

The computationaliewpointidentifiesthreeparticularinterfacekinds:

- operational interfaces: areusedto representlassical(RPC-like)interactions.Operationainter-
facescontainoperationsvhich may be eitherannouncementsr interrogations. Announcements
areusedfor sendingmessage#hereno responses required. Interrogationsare usedfor sending
messagewhereresponsefresults)arerequired.

- streaminterfaces: areusedfor dealingwith continuoudflow of data,e.g. multimedia. A stream
interfaceconsistsof a collectionof flows of information. The exactnatureof theseflows is not
discussedh ODP Despitethiswe showhowaspect®f multimediaflowscanberepresentetbrmally
in section5.1.2.

- signalinterfaces: signalinterfacesontainsignalswhereasignalrepresentasingle,sharecatomic
interactionbetweencomputationalobjects. Signalsare the mostbasicunit of interactionin the
computationaViewpoint.

Thesethreekinds of interface have specificrules definedin ODP that relate to how they can be
constructecaindsubsequentlgomposedvith oneanother— or in ODP terminologybound We discuss

79
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theserulesin moredetailin thefollowing sectionsvhenweformalisethecomputationaviewpointlanguage
in LOTOSandZ. Beforeformalisingthespecificconceptandstructuringrulesfoundin the computational
viewpoint, it is first of all necessaryor usto provideformal description®f the moreelementaryconcepts
usedthere. Specifically we addresshosedealingwith parameterassociatedvith operationabndsignal
interfacesignaturesand thosedealingwith the causalityof interfacesor, asthe casemight be, actions
containedn thoseinterfaces.

5.1.1 Background Conceptsfor Computational Viewpoint

Operationabndsignalinterfacesignaturesnay haveparametergssociateavith them. Theseparameters
mightfor exampleberequiredasinputsto operationsandsignals.Theseparametermaybe basic,e.g. of
type Booleanor integer or morecomplex,e.g.referencego interfacesvherecomplexbehaviouramight
exist. To formaliseparameterd is necessaryo introducetwo concepts:namesfor thingsandtypesfor
things.

Formalisationin LOT OS

Namesare simply labels. As we shall see,the computationaliewpoint requiresthat checks,e.g. for
equality aredoneon thesdabelswheninterfacesareconstructed\We mayrepresenhamesgyenerallyby:

type Nameis Boolean
sorts Name
opns newName: -> Name
anotherName: Name -> Name
_eq_,_ne_: Name, Name -> Bool
endtype (* Name *)

For brevity sakewe omit the equationswhich are expectedo be obvious. It is possibleto be more
prescriptivenere,e.g. usingcharactestringsfrom the LOTOS library. The only thingwe areinterestedn
regardingnamesds thatwe candetermingheir equalityor inequality

Asdiscusseih chapte#, atypein the ODPsensanaynotbeinterpretediirectlyin theprocessalgebra
partof LOTOS. It is howevermossibleo modeltypesthroughthe Act Onepartof LOTOS. Unfortunately
whilst Act Onewasdesignedpecificallyfor representingypes,it is limited in thewaysin whichtypesand
typesrelationshipsarechecked.For example,it is not possibleto checksubtypingor equivalenceip to
isomorphisnmbetweertypesdueto typeequalityin Act Onebeingbasedn nameequivalencef sorts.We
discusghis andotherrelatedissuesn moredetailin chapter7. As abasisfor reasoningherewe introduce
anelementarnynotion of typesthatallowsusto testfor equality inequalityandsubtyping.

type AnyType is Boolean
sorts  AnyType
opns newType: -> AnyType
anotherType: AnyType -> AnyType
_eq_,_nhe_,_isSubtype_: AnyType, AnyType -> Bool
endtype (* AnyType *)

The equationghatenablesubtypingandhencetype equalityandinequalityaregivenin chapter7.
A parameters arelationbetweeranameandits underlyingtyperepresentationThusaparametemay
berepresentedy:

type Param is Name, AnyType
sorts  Param
opns newParam: Name, AnyType -> Param
_eq_,_nhe_,_isSubtype_: Param, Param -> Bool
endtype (* Param *)

As previously we require checkson the equality or inequality of parameteraswell aswhenone
parameters a subtypeof another Two parametersirein a subtyperelationshipwhentheir typesarein a
subtyperelationship.
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It is alsousefulfor usto introducesequencesf theseparametersThe introductionof sequencesf
parametersasopposedo setsof parametersay is not arbitrary Havingsequencesf parametersllows
usto overcomepeculiaritiesfound in the computationalviewpointrelatedto type checking. Theseare
discussedn moredetailin section5.1.2.

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

endtype (* PList *)

Herewe usethetype StringfromtheLOTOS ibrary actualisedvith thetypeParamdefinedpreviously
WealsoincludeanoperatiorhereisSubtyp¢hatcancheckwhethemnesequencef parameteris asubtype
of another Oneparametelist is a subtypeof a secondvhenall of the parameterg containsaresubtypes
of thosefoundin thefirst. In additionthe parametershouldbein the samepositionin theirrespectivdists.

Computationainterfacegnayalsohavecausalitiegssociateavith them. A causalitymayberegarded
as an implicit assumptioron the expectedbehaviourof the interface— clients requestservicesto be
performedby serverswho offer thoseservices. As discussedn section4.2.1theredoesnot exist the
possibility to representausalityin a formal way in LOTOS. Causalitymay only informally be attached
to eventoffers (behaviours).This canbe achievedhroughexplicitly labelling the eventoffer or through
interpretingthe synchronisatiorform, e.g.value passingas a causalrelationship. Explicit labelling of
eventswith causalitylabelswasalsodonein [203].

Consideratiorof including a label of causalityin eventoffers is requiredthough. If we includea
labelof causalityin aneventoffer thenthiswill influencethe synchronisatiopossibilitiesin LOTOS. For
examplethe eventoffers g !client;;g !server; will deadlock.An alternativeapproachs to modelthese
eventoffersasg !client;;g ?c: Causality Unfortunatelythis modelof causalityis notcompatiblewith the
otherinformal approachto modellingcausalityin LOTOS,i.e. causalitybasedon valuepassing.lt is not
normallythe casethatwe passa label of causalityasa valueaswe mighta parametesay As aresultwe
considercausalityhereonly asvaluepassingandwe do notattempto dealwith specificlabelsfor causality

Formalisation in Z

Giventhatwe arenotinterestedn hownamedor thingssuchasoperationsindparameterarestructured,
we mayrepresenhamegName in Z simplyasabasicdatatype. Therearealsolikely to bealargenumber
of differenttypesin the system.e.g. actiontypes,objecttypes,interfacetypes,which arelikely to have
differenttyperepresentations/Ve introducethe basictype (AnyTlypé to representhe setof all typesthat
existin the system.

As above theparameterghatareassociatedvith interfacedo computationabbjectsconsistof aname
andatype. It shouldalwaysbe possibleto determinghetypeof a parametem a givensystem.Hencewe
introduceParameterasaninjectivefunctionfrom namedo types.

[m]
Y Parameter. Name>z AnyType

It is alsousefulto introducesequencesf theseparameters.

PList== «, Parameter

Asdiscusseth sectiord.2.1it isnotthecasehatcausalitynaybemodelledormally in theZ language.
Causeandeffect relationshipamay only be considerednformally. Oneway of achievingthis is to model
causalityasafreetype.

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

We shallseethatZ in its classicalusagesuffers from the sameproblemsasL OTOS whencausalityis
introduced,.e. the label cancauseproblemsin meaningfulinteractions.Applying Z in a moreabstract
mannerallows suchissuego be overcomehough.
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5.1.2 Formalising Computational Interface Signatures

As discussedhe computationaliewpoint identifies operational signal and streaminterfaces. Each of

thesehasa syntacticelemento them,i.e. its sighature ODP providesspecificruleson howthesdnterface
signaturesnay be constructedwvith regardto namingconsiderations.Once constructedthesenaming
considerationareusedo checkonwhethertwo interfacescaninteractsuccessfullyor bereplacedor one
another We considemow how thesesignaturesnayberepresenteth LOTOS andZ.

Formalising Operational Interface Signaturesin LOT OS

As discussedbove operationainterfacesonsistof operationavhich canbeinterrogation®r announce-
ments. Interrogationsconsistof an invocationactionfollowed by a non-emptyfinite setof termination
actions.Announcementsonsistof only aninvocationaction.

Aninvocationactionconsist®f anaméor theinvocationandthenumbernameandtypeof theargument
parameter@associatedvith the invocation. Simplistically, we might representa client announcement
invocationby thefollowing LOTOS fragment:

<g> I<invName> I<inArgl> I<inArg2> ...I<inArgn>;

Herewe adoptthe notationthat< X > represents placeholdefor anX, i.e. g, invNameandinArg;
represenplaceholder$or the gate,thenameof theinvocationandthe parametershatareassociatedvith
theinvocationrespectively The problemwith this approactfor developingan architecturasemanticss
thatit leadsto immediatedeadlockswith processethatdo nothavesimilar numbersf parametersSince
we do not know how manyparametergventoffers haveassociateavith them,a moreflexible approach
for representinglientinvocationds:

<g> I<invName> I<inArgs>;

HereinArgsisthelist of agumentgasasingle structuedvalue)associatedith theinvocation Through
this structure processeseednot necessarilydeadlockimmediatelyif the parameterarenot compatible.
Serverannouncemenhvocationsmayberepresenteds:

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

Announcemeninvocationsandinvocationgor interrogationgliffer in thatthelatterexpectgesultsto
be returned. The typesof the possibleresultsare passedn the invocationandthe valuesof the results
aresentin atermination.lt is of coursequite possibleto modelthe expectedesulttypesin the parameter
inArgs Insteadwve modelclientinvocationgor interrogationss:

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

Theinvocationsassociateavith serverinterrogationsnayberepresenteds:

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

Theseeventoffer structuresadequatelyapturethetext givenin ODPwith regardto clientinvocation
structureslt is normallythe casethatobjectbasedsystemsequireobjectsto bereferencedn communica-
tionshowever This approactdoesnotallow objectsto bereferencedTo overcomethis mostobjectbased
LOTOS specificatiorstyles,e.g.[44, 147, includeafield in the eventstructurethatdenoteghe objectthe
messagés intendedor.

Thenotionof objectidentity doesnot play anespeciallyimportantrole in the computationaviewpoint
though. It is predominantlythe interfaceso objectsthat are of more concern. The informationrequired
to find andsubsequentlyaccesan interfaceis containedwithin aninterfacereference.This information
might for exampleinclude: thelocationof the interface;the serviceshe interfaceoffers; constrainton
how theinterfaceis accesseds.g. securityconsiderationsCurrentlyinterfacereferencesndbindingin
ODParethe subjectof standardisatiofiL13].

Whilst it is quite possibleto model an interfacein the processalgebra(seesection4.2.4),it is not
possibleto modela referenceto thatinterfacein the processalgebrathat, loosely speaking captureghe
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functionality of that interface. Objectidentifiersasfound in Moreira’s work [147] for example,allow

structurednteractiondetweerobjects(processedp beachieved.lt is notthe casethoughthata process
canobtainareferencdor anobjectandbe ableto determinea priori thatthereferencedenotesan object
with certainbehaviour Thatis, objectidentitiessupportreferenceso objectsbut thesereferenceslo not

containsufficientinformationto restrictpotentiallyunwantedbehaviourdetweerpbjects.

To overcomehis,we modelinterfacereference Act One. Giventhataninterfacereferencecaptures,
amongstother things, the signatureof the interface,we provide an Act One model of signaturesfor
operations Operationsonsistof a name,a sequencef inputsandpossiblya sequencef outputs. This
may berepresentedly thefollowing LOTOS fragment:

Op is Name, PList
sorts  Op
opns makeOp: Name, PList
makeOp: Name, PList,
getName: Op -> Name
getlnps: Op -> PlList
getOuts:  Op -> PList
forall n: Name; pl1,
ofsort  Name
getName(makeOp(n,pl1,pl2)) =n
ofsort  PList
getlnps(makeOp(n,pll))
getlnps(makeOp(n,pl1,pl2))
getOuts(makeOp(n,pll))
getOuts(makeOp(n,pl1,pl2))
Op %)

type

> Op

PList -> Op

eqgns pl2:  PList

plL;

= pl1;
<>

= plz;

endtype (*

We noteherethatwe modeltwo formsof operationsthosethatdo not expectresultsandthosethatdo
expectresults. We shall discussthe form of this modellingof operationdn moredetailin chapter7 and
how it canbe usedfor determiningstructuralrelationshipse.g. subtyping,betweernsignatures.We also
introducesetsof theseoperations:

type OpSet is Set actualizedby Op
using sorthames OpSet for Set
Op for Element
Bool for FBool
endtype (* OpSet *)

Now a directinterfacereferencenayberepresentetly thefollowing LOTOS fragment:

type IRef

is Location,

OpSet, Constraints

sorts  IRef
opns makelRef Location,
NULL o > IRef
getLoc IRef -> Location
getOps IRef -> OpSet
getCon IRef -> Constraints
_eq_,_ne_: IRef, IRef -> Bool
forall I:  Location; 0: OpSet; c:
ofsort  Location
getLoc(makelRef(l,0,c))
ofsort  OpSet
getOps(makelRef(l,0,c))
ofsort  Constraints
getCon(makelRef(l,0,c))
ofsort  Bool
irl eq ir2

OpSet, Constraints -> |Ref

egns Constraints; irl, ir2: IRef

0;

C;

and
and

= (getLoc(irl)
(getOps(irl)
(getCon(irl)

eq getLoc(ir2))
eq getOps(ir2))
eq getCon(ir2));

endtype (* IRef *)

IFor simplicity sakewe do not considetherewhetheithe operatioris of infix, prefixor sufiix notation. Thisis consideredn more
detailin chapter7
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HereLocationis a type usedto determinethe location,e.g. networkaddressat which the interface
exists. For simplicity sakewe treatthis asa basictype (not given here)that can checkthe inequality or
inequality of valuesmodellinglocations. In reality, locationsmay be morecomplex,e.g. they might be
modelledassetsof context-specifilnformationaboutwheretheinterfacecanbefound. Forsimilarreasons
we alsodo not dealwith the possiblerelocationof objectsand how this manifeststself in the interface
reference This mightfor examplebe achievedhroughanextrafield in theinterfacereferencehatdenotes
a locationwherean objectexiststhat keepstrack of locationsandrelocationsof interfaces.Constraints
representgtherinformationassociatedavith theinterface,e.g. informationrelatedto expectedjuality of
serviceor interfaceusageconstraints We investigateConstraintan moredetailin thefollowing chapter

Herewe notethatequalityof interfacereferencess basedn thecompleteinformationin theinterface
referenceasopposedo any particularfield in the interfacereference.The reasonis thatestablishinghe
identity of elementsn adistributedsystermis anon-trivialtask,e.g. wheredifferenthnamingdomainsexist.
We alsonotethatit is possibleto haveindirectinterfacereferenceslso[113]. For example,interface
referencesnaybe passedetweersystemsanddomainghatdo not understandhe formatof theinterface
references.g. differentiDLs areusedo specifythesignaturesf theserviceonoffer. In thiscaseppaque
informationis givenalongwith areferenceo aninterpretethatcantranslatehe opaqueanformationinto
aformatunderstoodn thatdomain.

We alsointroducesetsof theseinterfacereferences.

type IRefSet is Set actualizedby IRef
using sortnames |IRefSet for Set
IRef for Element
Bool for FBool

endtype (* IRefSet *)

>Fromtheseconsiderationsve may modelan operationainterfacesignaturefor a client throughthe
following procesglefinition.

process  OplIntSigClient| g... |(iref: IRef, known: [Refs, ..):noexit:=
g !<invName> I!<SomelRef> I<inArgs>; L other behaviour *)
{... (* other announcements *)
I
g <invName> !<SomelRef> I<inArgs>  !<outArgs>; (* other behaviour *)
(g ?<termName: Name> liref ?<outArgs: PList>;
[ not(makeOp(termName,outArgs) Isin  getOps(iref))] > L(* return  error message *)
[ makeOp(termName,outArgs) Isin  getOps(iref)] -> (* other behaviour *)
0 .. (* other terminations *))
0 .. (* other interrogations *)

endproc (* OplintSigClient *)

Herethe commentsanduseof dots(...) areusedto indicatethatthis specificatiorfragmenthasto be
extended Thedotsusedn theformal parametelist mightbereplacedvith parametersisedto modelstate
informationfor example.

This specificationfragmentrequiresthatthe processs instantiatedvith atleastonegatewhich corre-
spondgo the interactionpoint at which the interfaceexists. The processhouldalsobe instantiatedwvith
a setof interfacereferencesandits own interfacereference.We note herethatit is not possibleto write
predicateon the invocationssent. To do sowould requirea level of prescriptivitythatwe do not have,
e.g.ensuringthat SomelRefs an interfacereferencehat existsin the setof known interfacereferences
associateavith the process.It is possibleto performcheckson terminationghough,i.e. theterminations
receivedshouldbe oneof the operationsassociatedvith thatinterfacereference.

We also note that we have usedthe choice operatorhereto model the compositionof individual
announcementandinterrogations. It is quite possibleto useseveralothercompositionoperatorshere,
e.g. interleaving. If interleavingcompositionis usedthen multiple invocationscan be receivedbefore
any terminationssay are sent. Sinceinterfacesusually have someform of existence,.e. they offer
operationghatcanbeinvokedmorethanonetime, the commentsepresentingtherbehavioursarelikely
to containrecursivé processnstantiations Throughusingthe choiceoperatomwe havea form of blocking

2But seealsothediscussiorof recursionn LOTOS in section4.2.5.
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of operationsj.e. shouldaninvocationassociatedavith aninterrogationoccut thena terminationhasto
beissuedbeforeany otherinvocationsareacceptedThisis not necessarilfthe casewith announcements,
e.g. theymay befollowed directly by a processnstantiationwvhich allowsthe otherinvocationsto occur
Similar alumentshold for all otherprocessesepresentingomputationainterfacesignatures.

ODPalsorequireghatthenamef invocationgandterminations)n anoperationalnterfacesignature
aredistinctin the contextof thatsignature.lt is possibleto specifythe setsof operationsassociatedvith
aninterfacereferencesothattheyall haveuniquenameshoweverenforcingthisin the eventoffersis not
possible.

Operationainterfacessignaturegor serveramayberepresentedy:

process OplntSigServer| g... (iref: IRef, known: IRefs, ..):noexit:=
g ?<invName: Name> liref ?<inArgs: PList>;
(I not(makeOp(invName,inArgs) Isin  getOps(iref))] -> (* ignore/other behaviour
0
[ makeOp(invName,inArgs) Isin  getOps(iref) ] > (* other behaviour *)
0. (* other announcements *))
1
(g 7?<invName: Name> liref ?<inArgs:PList> ?<outArgs:PList>; (* other behaviour *)
([ not(makeOp(invName,inArgs,outArgs) Isin  getOps(iref))] > L(x return  error mes-
sage *)
0
[ makeOp(invName,inArgs,outArgs) Isin getOps(iref) ] > (* other behaviour *)
g !<termName> !<Somelref>  IresList ; (* other behaviour *)
(* other terminations *))
0 .. (* other interrogations *))

endproc (* OplntSigServer *)

As with clientinterfacesignaturesa serverinterfacesignaturenasa setof knowninterfacereferences
and a referencefor itself. This latter interfacereferenceis usedto ensurethat the announcemenor
interrogationinvocationsthe serverreceivesare thosethat were expected,.e. they werein the set of
operationsassociatedvith that interfacereference. If theseinvocationswere not acceptableg.g.the
parametersverenot corrector the operationrequestedvasnot available thenerror handlingbehaviours
aretaken.In the caseof announcementis mightresultin arecursivecall with the formal parametelist
beingunchanged.It is alsopossibleto usea guardhereto preventthe eventfrom occurringin the first
place. We do not do so sincethis might produceunwanteddeadlocksn the specification.In the caseof
interrogationghis would resultin someform of errormessagéeingreturned.

As with client operationalinterfacest is possibleto requirethatthe messagegseceivedarethosethat
wereexpectedlt is not possibleto haveprescription®nthemessagesentthough. It couldbeamguedthat
this limitation is not necessarilya badthing. Providedeveryprocesdreatsreceivedmessagethe same
way, thenno ‘bad things’ shouldeverhappen.Theworstthing that could happerfor a sentmessagés a
reply of ‘messagaotsupportedy thisinterface’. It is notthecasehata sentmessageancauseleadlocks
throughits formatnot beingunderstoodor example.

Formalising Operational Interface Signaturesin Z

As discussedbove,invocationactionsconsistof namesandthe number nameandtype of parameters
associateavith theinvocation. This canberepresenteth Z by thefollowing schema:

o InvTemplate

o .

o invName: Name
O inArgs: PList

A terminationaction as representedby a terminationname,and numbey namesandtypesof result
parametermayberepresenteth Z by:

o Termemplate
S termName Name
O outAms: PList

")
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Therearenumerougamificationsof this modelfor invocationandterminationtemplateghatwe need
to discuss. Indeedtheseramificationsreflectdirectly onto the entire formalisationof the computational
viewpointlanguagen Z andmore,importantlyhere,on the usageof Z to developa library of re-usable
specificatiorfragmentsasmightbefoundin anarchitecturasemantics.

Considerfor examplethe representationf aninvocation. We might definethe client sideandserver
sideof aninvocationas:

SomelnvocatiegainvTemplat¢aNamé=invName;aPL!=inArgs
InvTemplat¢aNamé=invNameaPL?=inArgg

HereaNameé andaPL! representhe actualparameterghat are insertedon the client side of the
invocationandaNamé andaPL? the actualparameterisertedon the serverside. This simplemodelof
are-usableactiontemplateis adequatelyepresenteth Z sincethe actionbeingmodelledis itself atomic.
Thismodelof anactiontemplatedoesnotlenditselfto modellingobject-orientedystemdiowever Thatis,
theclientsideandserversideof theactiontemplatearerepresenteth thesameschemaAs statedn section
3.3.5,mostobject-orienteeéxtensionso Z haveovercomehis problemthroughtheintroductionof aclass
schemdor grouping(andhenceseparatingpperationsWith this approachit is alsonot possibleio model
non-atomicactionsasmight befoundin ODPR For example considetthe modellingof aninterrogationin
Z. As stated aninterrogationis modelledin ODP asaninvocationfollowed by oneor moreterminations.
Theclientsideof aninterrogatiormight be representedy:

ClientInterrogatiomtnvTemplatéaNameé=invName;aPL!=inArgs —
( TermemplatgtName. ?>=termNamePL1?=outArgs —
Termemplat¢tName@?>=termNamePL2?=outArgg ca.. )

Herethe dotsrepresenpossiblefurtherterminations.With this modelof the client sideof aninterro-
gation,theproblemis thatthe schematself representa singleatomicaction. Thatis, it is notthecasethat
the invocationoccursfirst andis followed by one or moreterminations. The whole Clientinterrogation
represents single atomic action template. The problemsof atomicity are further compoundedvhen
interrogationghemselvesremodelled. Assumingwe modelserversidesof interrogationsasinvocations
acceptingzaluesandterminationgproducingvalues thenaninterrogatiormight be modelledas:

Interrogatiom-Clientinterrogation —Serverinterngation —Clientinterrogation

Herethereis in reality no orderingof operationschemasssuch. Interrogationsimply represents
schemdhathasexistentiallyquantifiednputsandoutputshroughthepipingoperator Further thesdénputs
andoutputsarenot quantifiedin anorderedfashion,i.e. it is notthe casethatthefirst clientinterrogation
passeparameterandaninvocationnameto the serverinterrogatiorwhich thenpasse#nformationto the
clientinterrogatioragain. The quantificatioris madecompletelyon all of the schemasitthe sametime.

Otherapproache® modellinginterrogationsuffer from similar problems.Forexamplemodellingan
interrogationasaninvocationanda finite setof terminationamightberepresentedy:

Interrogatiom-Somelnvocation{ Some&rmination ; —Some&rminations. .. )

Here as beforeInterrogation represents single schema. Thusthereis no notion of the invocation
occurringfirst andterminationgollowing afterwards.This directapproacto modellingODP constructs
in Z is alsolimited by thelack of checkghatcanbemade.Forexamplethereis no notionof typechecking
here.lt is of coursepossibleo modelall actionsj.e. invocationsandterminationsasseparatentitiesthat
existin the specificatiorwith informal commentarnyinking them. This is a serioudimitation with regard
totheusefulnessf Z for developinganarchitecturakemanticsi.e. beingableto specifysimplisticactions
only resultsin analmosttrivial architecturasemantics.

>Fromthisit is obviousthatZ whenusedn its classicabtyleof schemasndschemaalculusis limited
in modellinganyform of complexinteractionpatternghatmight existbetweercomputationabbjects.As



5.1. THE COMPUTATIONAL VIEWPOINT LANGUAGE OF ODP 87

aresultit is necessaryo developamoreabstracview of actionsandbehaviourgienerallyin Z. Hencewe
usetheabstracZ approactdevelopedn chapterd.

An abstractmodel of the computationaviewpoint requiresthat we representhe syntacticelements
of the actionsfoundin the interfacesignaturef computationabbjects. We haveseenhow invocations
andterminationsnayberepresentedirectly. Announcementasrepresentedssingleinvocationsmaybe
representech Z by:

o AnnSig
Y inv : InvTemplate

Interrogationsasinvocationgollowed by a non-emptyfinite setof terminationamayberepresenteéh
Z by:
IntSig

inv: InvTemplate
terms: FFiTermemplate

DDDDDDD|D

ti1; tp : Termemplate
t; ctermsct o ctermsct 1 =t ot 1:termNames ty:termName

Herewe alsostatethattheterminationsassociateavith a giveninvocationshouldhavedistinctnames.

Operationainterfacesignaturesonsistof setsof announcemensndinterrogationsandtheinterface

asawholeis givena causality:clientor server Namingconsiderationsf thecomponent®sf theinterface

arerequired.Thatis, all invocationnamesn theinterfacearerequirecto beunique.All terminatiornames
associateavith a giveninvocationarealsorequiredto beunique. This canberepresenteds:

= OplIntSig

anns: FAnnSig

ints : FIntSig
role : Causality

#anns+ #ints= 1

role Client; Server

(as 1; as : AnnSig isg; isp @ IntSig t3; to : Termemplate
as, cannscas o cannscas 1 = a cas i:inviinvNames ag:inviinvName—
iSy cints s o cints ds 1 =isy —is p:inviinvNames isy:inviinvName—
is; cintscas 1 cannscis p:inviiniNames as;:inviinuName

DoooooOooopoooon

Herewealsostatethattheinvocatiornamef all announcemenendinterrogationsn agivensignature
aredistinct. We alsorequirethat thereexistsat leastoneannouncemertr interrogationsignaturein the
interfacesignature.

It shouldbenotedthatODP alsostateghatall of the parametenamesassociateavith invocationsand
terminationsarealsorequiredto beunique. This couldberepresentedly further predicatespnamely:

(asy cannscP 1o @S 1ANVINAIGS o 2om @S 1:NVINArgSs) —

(isy cntScP  10niS 1:ANVINAIGS P 20w IS 1:NVINAIQGS) o

(isy cintsct 1 cis p:termscP 1omt 1:0UtARGS P 20mt 1:0ULArgS)
P 15 p2) cfirstp 1 = firstpy)

Little justificationis givenin ODPasto why parametenamesshouldbe distinct. Onepossiblereason
[95] is thattheyallow directcorrespondencdsetweersignatures$o be establishedModelling the param-
etersassociatedavith invocationsandterminationsassequencesvercomeshis problem. Corresponding
signatureshenrequirethatparametersavethe samepositioningin their respectivesequences.

Formalising SignalInterface Signaturesin LOT OS

As statedpreviously signalsareatomicactions.Theyresultin aone-waycommunicatiorirom aninitiating
to arespondingbject. Structurally asignalsignaturas similarto aninvocationfor anannouncemer{or a
terminationassociateavith aninterrogation)asgivenpreviouslyi.e. it consistof aname(for thesignal),
asequencef parameterassociateavith the signalandanindicationof causality As donepreviously we
representhis indicationof causalityimplicitly throughthe eventoffer. Further sinceall eventan LOTOS
areatomic,thereis noinherentdistinctionbetweereventamodelledasannouncementsr signals.
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Signalinterfacesignaturesliffer from operationainterfacesignatureshoughin thattheydonotrequire
thatthe interfaceasawholeis givena causality Instead signalinterfacesignaturesnay containsignals
with eitherinitiating or respondingcausalities. From this we may modela signalinterfacesignaturein
LOTOShy:

process  SignallntSig[ g... |(iref: IRef, known: [Refs...):noexit:=
g !<sigName> !<SomelRef> I<pl>; o other behaviour *)
{... (* other initiating actions  *)
0
g ?<sigName: Name> liref ?<inArgs: PList>;
([ not(makeOp(sigName,inArgs) Isin  getOps(iref))] > L(x unsuccessful behaviour %)
0
[ makeOp(sigName,inArgs) Isin  getOps(iref) ] > (* successful behaviour  *))
0. (* other responding actions *)

endproc (* SignallntSig *)

Herewe statethata signalinterfaceconsistsof a collectionof eventoffers. Theseeventoffers may
modeleitheroutgoingsignalsj.e.thoseeventofferswith | prefixingthesignalnameandlist of parameters,
or incomingsignals,i.e. thoseeventofferswith ? prefixingthe signalnameandlist of parametersin the
caseof incomingsignalsi,it is possibleto checkthattheincomingsignalis oneexpectedi.e. the signalis
in the setof allowedsignalsassociateavith thatinterfacereference.

As with operationainterfacesignaturesQDP requiresthatthe namesof signalsin a signalinterface
signaturaredistinctin thecontextof thatsignature It is possibleo specifythesetsof operationsssociated
with aninterfacereferencesothattheyall haveuniguenameshowever enforcingthis in the eventoffers
is notpossible.

Formalising Signal Interface Signaturesin Z

As stated signalsrepresenthe mostbasicunit of interactionin the computationaliewpoint. They have
associatedavith thema name,the numbey namesandtypesof parametersanda causalitywhich canbe
initiating or responding A signalsignaturemaythusberepresentedy:

o SignalSig
signalName Name
args: PList

role : Causality

ooooooag

role —lnitiator; Responder

Unlike operationainterfacesignaturesvherecausalitie@reattachedo interfacesasawhole,causalities
areattachedo individual signals. A signalinterfacesignatureconsistf a setof signalsignatures.This
canberepresenteth Z by:

o_SigIntSig
S sigs: 1 SignalSig
O

O sS1; 89 : SignalSig- sS1 cSigScSS 2 cSigScSS 1 =S$ oSS 1:signalNames s$:sighalName

Eachsignalnameassociatedvith a givensignalinterfacesignaturds requiredto be unique. We note
herethatODPalsorequiregparametenamesassociatevith signalsto beuniquealso. As with operational
interfaceswe avoidthis throughmodellingthe parametersissociatedvith a signalasa sequence There
shouldexistatleastonesignalsignaturen the signalinterfacesignature.

Formalising Stream Interface Signaturesin LOT OS

As discussedthe computationaviewpointalsoconsidersnterfacesoncernedvith thecontinuoudlow of

data,e.g. multimedia. Theseinterfacesaretermedstreaminterfaces.Streaminterfacescontainfinite sets
of flows. Theseflows may be from the interface(produced)or to the interface(consumed) Eachflow is

modelledthroughan actiontemplate.Eachactiontemplatecontainsthe nameof theflow, the type of the
flow, andanindicationof causalityfor the flow.
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The ODP-RM abstractawayfrom the contentsf the flow of informationitself. We considetherea
genericideaof informationflow wherethe flow of informationis representethy a sequencef frames
A framemay be regardedas a particularitem in the flow of information. We note herethatit could be
amguedthatwe aretakinganengineeringasopposedo a computationaliewpointwhenconsideringlows
of information. ODP abstractdrom the natureof the informationflow. Flows areregardedn ODP as
continousactions.With ourapproactwe modelstreamsassequencesf discretdimedevents.Ontheone
handthis allows usto dealwith the timing issuesof informationflows but we achievethis at the costof
losingthe continousnatureof the flows. Our approachmodelsstreamsasthey might be representeavith
signalsasgivenin ODP.

Eachframein aninformationflow canbeconsderedasaunit conssting of data(thismaybecompressed)
which we represenby Data® anda time stampusedfor modellingthetime at which this particularframe
wassentor received.lt is alsooftenthe casein multimediaflows that particularframesarerequiredfor
synchronisatiorng.g. synchronisatiolof audiowith videofor example.Thereforeve associate particular
Namewith eachframe. This canthenbe usedfor selectinga particularframefrom the flow asrequired.
Fromthis, we may modela 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
eqgns forall d: Data, st: Nat, n: Name
ofsort  Data
getData(makeFrame(d,t,n))
ofsort  Nat
getTime(makeFrame(d,t,n))
ofsort Name
getName(makeFrame(d,t,n))
ofsort  Frame
setTime(s,makeFrame(d,t,n)) = makeFrame(d,s,n);
endtype (* Frame *)

1] 1]
ot o

I
=

It shouldbe notedherethatwe modeltime asa naturalnumberasdoneby [60]. It might well be the
casethatreal (dense)ime could be usedasin [121], or time intervals[47]. For simplicity herethough,
we restrictourselvego discretetime representedsa naturalnumber We alsointroducean operatiorthat
convertsaframeinto a parameterFor simplicity we omit theassociategquations.

We alsointroducesequencesf 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

egns forall f1, f2: Frame, fs: FrameSeq, nil,n2: Name
ofsort  FrameSeq

getTime(f1) le getTime(f2) =>

addFrame(fl,addFrame(f2,makeFrameSeq)) = addFrame(f2,makeFrameSeq);
ofsort  Frame

getFrame(nl,makeFrameSeq) = nullFrame;

nl ne n2 =>

getFrame(nl,addFrame(makeFrame(d,t,n2),fs)) = getFrame(ni,fs);

nl eq n2 =>
getFrame(nl,addFrame(makeFrame(d,t,n2),fs))
endtype (* FrameSeq *)

makeFrame(d,t,n2);

3It is very likely that Data would be modelledthroughthe informationviewpointlanguage.This modelmight include how the
informationwascompressedyhatinformationwascompressedgtc. As suchit is not consideredurtherhere.
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Forbrevity herewe do notsupplyall of theequationsFramesareaddedo the sequencerovidedthey
haveincreasingimestampsAn operationis providedfor traversinga sequencef framesto find anamed
frame. We alsointroducean operationto getthetime differencebetweertime stampsof two frames.lt is
possibleusingthis operationto specify for example thatall framesin a sequencareseparatedby equal
time stamps.In thiscasewe haveanisochronou$low. Wealsointroducesetsof thesesequencesf frames:

type FrameSeqSet is Set actualizedby FrameSeq
using sortnames FrameSeqSet for Set FrameSeq for Element Bool for FBool
endtype (* FrameSeqSet *)

>From this model of sequencesf frames,a streaminterfacesignaturemay be representedby the
following LOTOS fragment:

process  StreamIntSig[ g... (iref: IRef, known: IRefSet, fss:  FrameSeqgSet...):noexit:=
ConsumeAction[  g...J(iref, known, recFrames...) 0. (* other consume actions *)
]
ProduceAction[ g...](iref, known, FramestoSend, ...) 0. (* other produce actions *)

endproc (* StreamIntSig *)

As with signalinterfaceshe notion of causalityis appliedto individual actiontemplatesn the stream
interfacesignature.A streaminterfacesignaturecontainssetsof flows consumingor producingactions.
Eachflow signatureis representedby a process. Theseprocessegontainthe referenceto the stream
interfacewith which theyareassociateda setof interfacereferencesepresentinghe interfacereferences
knownto thatinterfaceanda sequencef framesto send(in the caseof producingflows) or receive(in the
caseof consuminglows). For brevitywe donot specifyhowthesetof sequencesf framesthatarepassed
to a streaminterfacesignatureare assignedo the producingflows in that interface. Wheninstantiated
all consumeflows are of courseempty A producingflow may be representetby the following LOTOS
fragment:

process ProduceAction[ g...](iref: IRef, known: IRefSet, toSend: FrameSeq...)
:noexit:=
[ toSend ne makeFrameSeq ] -> g !<flowName> I<SomelRef> I<head(toSend)>;

(* other behaviour and recurse with frame removed from toSend *)
endproc (* ProduceAction *)

The procesgepresenting producingflow shouldhavea formal parameterepresentinghe sequence
of framesthatareto besent.It mightbeconsideredhattwo sequencesf frameswould beabettermodel,
e.g. onesequenceepresentingheframesto be sentandthe otherrepresentingheframessent. This might
beusedo retransmitostor delayedramesfor example.lt is moreoftenthecasehoughthatin multimedia
flows of information,delayedor lost framesare simply droppedor ignoredby the flow consumer That
is, a certainamountof droppedframesis lessdetrimentalto the flow presentatiothanstoppingthe flow
whilst framesareresent.

Therearevariouspossibilitiesfor how the framesgettime stamped.We illustratethree. It might be
the casethatall processefiaveaccesdo a global clock from which they canestablishthe currenttime.
Theframessentfrom aproducercouldthenbetimestampeadvith this time value. Themodellingof global
clocksin LOTOS s notwithoutits problemshowever For example pnemodelof aclock mightbe:

process Clock[ t ](tnow: Nat) :noexit:=
t Iltnow;  Clock[t](tnow) [l i; Clock[ t ](succ(thow))
endproc (* Clock *)

Herethe clock eitheroutputsthe currenttime or aninternaleventoccursandthetime is incremented.
Thismodelof aglobalclockmayalsobefoundin [44]. Thismodelof timeis limited whenmodellingflows
of information. Here,thetime itself is basedon non-deterministiénternalevents. Flows of information
haveexplicit temporalrequirementshatneedto be satisfied.As suchthis modelof time is not sufiiciently
expressive. Modifying this clock processso that the non-determinisms removed,e.g. eachtime the
clock is referencedhe time is given andthenincrementedjs alsoan unsatisfactorynodelsinceit can
adverselyinfluenceconcurrentbehaviours. Thatis, LOTOS modelsconcurrentoehaviourghroughthe
interleavingoperator Concurrencylooselyimpliesthatthey canhappenat the sametime. If processes
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aretime dependenthoughthenthisis notthe casej.e. onemusthapperafterthe otherif theyaccesshe
globalclock.

A secondapproachs to modeltime in theformal parametelist associateavith a processnodellinga
flow. This mightfor exampleberepresentedy:

process ProduceAction[ 9,S...](... toSend: FrameSeq, tnow: Nat ..)

:noexit:=

g I<flowName> !<SomelRef> I<setTime(tnow,head(toSend))>;

(* other behaviour and recurse with frame removed from toSend and time incremented *)

1

s ?tupdate: Nat;

ProduceAction[ g,S...](... toSend,tupdate)
endproc (* ProduceAction *)

Herewe havealocal modelof time. Thatis, theprocesstself keepsrackof its currenttime. With this
modelof time it is possibleto modelprocessesunningat differentspeedsay e.g. wheredifferenttnow
variablesandtheir modificationsexistin differentprocesseslf this approachs takenthenthereshould
existsomemeansvherebythe currentlocal time canbe set,e.g. sothatprocessesanre-aligntheir clock
values(tnow variables).We introducethe gates for this purpose.The currenttime (local to the process)
is time stampeddntothe framebeingsentthroughthe operationsetime The valuethatthetime variable
tnowis increasedy is proportionatdo therateof the flow. If the modificationto thetime variableis the
sameeachtime aframeis sentthenwe haveanisochronouglow.

It is often the casethatlevelsof control are requiredfor modifying flows of information, e.g. send
fasteror slowerasthe casemight be. In this model,the controlis given by the recursivecall and how
the tnow variableis incremented. As suchthe flexibility of manipulatingtnow is limited. Thatis, the
operationgyivenin therecursivecall arestatic. Further if tnowrepresentshelocal time, thenoperations
to manipulatehow time progressesight alsoseemunnatural. To overcomethis, it is possibleto model
therateof flow of framesto besentasaformal parameterThis mightberepresentedy:

process ProduceAction[ g, m..](... toSend: FrameSeq, tnow: Nat, rate: Nat ...)
:noexit:=
g I<flowName> !<SomelRef> I<SetTime(tnow+rate,head(toSend))>;

(* other behaviour and recurse with frame removed from toSend *)
[ m ?newRate: Nat [newRate gt O];

(* other behaviour and recurse with new rate set ¥*)
[ s 7?tupdate: Nat;

(* other behaviour and recurse with new current time set ¥*)
endproc (* ProduceAction *)

Herewe notethatwe modeltherateasa naturalnumber This allowstherateof flow to be spedup
or sloweddowndependingon whetherthe rateis decreasedr increasedespectively Wheninstantiated,
predicateshouldbe givento ensurehattherateis greaterthanzero. Proposedew ratesarecheckedo
ensurghattheyaregreateithanzero.Havingazeroor negativevaluefor theratewould allow consecutive
framesin the sequenceo havedecreasingr equaltime stampvalues. This could destroythe temporal
integrity of theflow of information,for examplewherea negativeratewasgiventhatwasgreaterthanthe
time differencebetweertwo consecutivédramesin theflow.

It is likely thatthegatemwill beinternalto theobjectwith whichtheinterfaceis associatedThisgate
might be usedexplicitly for managemenrand control purposes.For example anotherinterfaceusedfor
controllingtheflow of informationmightreceiveamessag#o slowthespeedf flow up (or slowit down).
Thisinformationwould thenbeusedto establisithenewrate.

Thismodelof localtimeis limited to a certainextentin that(non-relativistickimeis usuallyconsidered
to beglobal.

A third alternativeis to modeltime entirelythroughAct One. Thatis, whenthe sequencef frames
is createdthe time stampsare giventhere. For examplea constructoroperation(fs; say)that returnsa
sequencef framesmight haveequationghatgive thetime stampsexplicitly, e.qg.

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

Here the time stampst; might be representedby explicit naturalnumberssay With this model of
sequencesf framesthe productionof aframemightsimply berepresentedy:
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process ProduceAction[ g...J(... toSend: FrameSeq ...)
:noexit:=
g !<flowName> !<SomelRef> I<head(toSend)>;
(* other behaviour and recurse with frame removed from toSend *)
endproc (* ProduceAction *)

Thismodelof timedframesis thesimplesto represenin theprocesalgebra.Unfortunatelytheactual
sendingof the frameitself is given by the occurrenceof the processalgebraevent. As aresult,the time
stampingachievedn Act Oneis independentf the eventoffer occurrencén theprocesslgebra.Another
problemwith this modelof time stampingframesis thatanythinglike arealisticsizedsequencef frames
wouldnotbewell suitedto Act Onespecification.Thatis, theequationsequiredfor aninformationflow of
severathousandrregularlytime stampefl framessaywould befar too verboseo bepracticable It might
be the casethat only isochronouglows areconsidered.In this case the constantvalueof the difference
betweertime stampsf consecutivédramescouldbe specifieddirectly in the equationsassociateavith the
framesequence.

One major problemwith this model of information flows, though,is that it doesnot lend itself to
changingthe rateat which framesaresent. It is oftenthe casethat producednformationflows shouldbe
modified,e.g. sloweddownor speededp. Themodellingof informationflows exclusivelyin Act Oneand
theoccurrencef theseflows in the processlgebraprohibitsmodificationgo theinformationflow rate.

Consumptiorof framestypically hasdifferentrequirementglaceduponit. The needto continually
monitorthetime stamp®f theincomingflow of informationis of particulaimportance Dueto thepotential
spatialseparatiomf producerandconsumersf flows of information,thereis oftenanon-negligibletime
differencebetweenthe sendingof a frame from a producerto its arrival at the consumer This time
differencds heavilydependentiponthe connectiorbetweerthe producerandconsumenof theflow. This
connectionis likely to havealimit ontheinformationthatcanbepassedhroughit atanygiventime. The
currentusageof this connectiorwill thusinfluencethespeedatwhichinformationis passedrom producer
to consumerA consumenof aninformationflow mayberepresentetly:

process ConsumeAction[ g,s...]J(iref: IRef, known: IRefSet, recFrames: FrameSeq, tnow: Nat...
‘noexit:=
g ?<flowName: Name> liref ?<inFrame: Frame>;
([ not(makeOp(flowName,isParam(inFrame)) Isin  getOps(iref))] > L(x unsuccessful be-
haviour  *)
0
[ (makeOp(flowName,isParam(inFrame)) Isin  getOps(iref)) and
((getTime(inFrame) - tnow) gt limit) ] > (* frame too late be-
haviour  *)
0
[ (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 *)

1

s Itnow;
ConsumeAction[  g...](iref,known,recFrames,tnow)
endproc (* ConsumeAction *)

Herewe rejectthe framesentif theflow nameandframearenot associatedvith this consumeaction.
If the flow nameandframeare acceptabléhenwe checkthatthe time of the incomingframeis within
somelimit. We focusin more detail on this limit and othertimelinessconsiderationsn the following
chapter If theframearrivestoo latethensomeappropriatébehaviouris taken,e.g. theframeis dropped,
anda recursivecall is madewith the clock incrementedby someamount. If the frameis acceptabldo
thisinterfaceandit doesnot violateanytiming constraintstheneitherit is displayedor appendedo those
alreadyreceivedpr possiblyacombinationof these.

We alsoinclude an eventoffer herethat allows the currenttime of this processto be passedas a
parameteto synchroniselocksfor example.

4i.e. consecutivéramesin the sequencenay havetime stampsvhosedifferencesarenotconstant.
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Formalising Stream Interface Signaturesin Z

As with LOTOS,we modeltheflow of informationin Z in agenericmanner We considerdatathatcanbe
labelledandthathasa temporalorderinggiven by timestamps We introducethe basicdatatype Data to
modeltheinformationitself. A genericframemayberepresentetly:

o Frame.
D data: Data

o timestamp y
Y label: Name

It is possiblenereto modelsequencesf framesaswith LOTOS andto provideoperationdor adding
or obtaininga frame from a sequence.Insteadwe showhow Z canbe usedto capturedifferenttypes
of flow characteristic.Flows canbe isochonouswhich implies that eachframeis sent/received equal
time segmentsAlternatively, flows canbe burstyin naturewhich impliesthatthe time intervalsbetween
successivéramesarenot necessarilyequal. We maythusrepresena flow characteristias:

FlowChar::= Isochay o Bursty

>Fromthis, we mayrepresent genericmultimediaflow as:

= mmFlowVpe
frames: « Frame
flowChar: FlowChar
rate: y

dig; fo : Frame | & 1; foon frames-f  :timestamp> f;:timestamp-
flowChar= Isoch(rate) —
(diq; f2 : Frame | & 1; foon frames- £ o:timestamp- f 1:timestamp= rate)
flowChar= Bursty r—
(dhq; f2; f3 : Frame | & 1; foon framescd  o; f3on frames
fo:timestamp- f ;:timestamps f3:timestamp- f ;:timestamp

ODooDoDOOoO0oogoOoo0oOog

This stateghata multimediaflow typeis givenby a sequencef frameswith someflow characteristic
andtemporalordering.All framesin thesequencéavetime stampsn ascendingrder Isochronouglows
haveframesseparatethy equaltime intervals whereadurstyflows mayhaveframesseparatethy unequal
timeintervals.

A flow signatureepresentedsa name flow typeandcausalitymaythusberepresentedy:

o FlowSig
fName: Name
fType: mmFlowVpe
role : Causality

ooooooo

role wProducer;Consumer

Streaminterfacesonsisof setwof flow signaturesEachflow signaturenamein agivenstreaninterface
signaturds requiredto be uniquelyidentified. This canberepresenteds:

o StrintSig
b flows: F1FlowSig

E ds 1; fs, : FlowSig-
9 fs cflowscfs » cflowscfs 1 =fs; —fs 1:fName= fsy:;fName

This schemadescribeghe syntacticstructureof streaminterfacesignaturesatisfyingthe rulesgiven
in the ODP-RM. However it doesnot prescribeany particularbehaviour Indeedwhilst the LOTOS
specificatiorfragmentsgiven herehaveexplicit commentghat denoteareaghat requirebehaviourto be
inserted,the Z texts captureonly the syntacticelementof computationainterfaces. With regardto the
formalisationof the ODP architecturethis is all thathasbeenprescribedegardingthe actionstructures.
Interfaceshavebehavioursowe considemow how thesesyntacticelementsanberelatedto behaviours.
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Intr oducing Behavioural Considerationsin Z

As presenteth sectiord.2.2,behaviouin Z mayberepresentetly arelationbetweeractions.Forapairof

actionsto bein therelationthe postconditiorof thefirst actionmustsatisfythe preconditiorof the second
action. As definedin sectior4.2.1,actionsmayberepresentetly functionsthatrequirea signaturefor the

actionandthe stateghatit relates.As discussedn sectiond.2.3,it is possibleto represenstatesat many
levels of abstractiordependingon the way the informationin the systemis representedFor simplicity

here,we considerthe mostelementarymodelof a state,i.e. asa basictype (Statg. In section4.2.1we

labelledthesyntacticaspecbf actionsasObsActSigandIntActSigdependingntheir observability In this

chaptewe havedevelopedspecificactionsignatureghat may be foundin interfacesignaturespnamely:
InvTemplate Termemplate;SignalSigand FlowSig We alsointroducethe action signaturelnternal to

representhestructureof internalactions.We maythusrepresenactionsgenerallyby:

action ::= isinvActinvTemplate. State- States,
isTermActTermemplate. State« States,
isSigActSignalSig- State« States
isFlowActlFlowSig~ State« States,
isIntActinternal « Statex States

Herewe statethattheactionsn thecomputationatiewpointmaybeinvocationsterminationssignals,
flows or internal. Eachof theseactionstakesa syntacticelementandtwo statesthe staterequiredfor the
actionto occurandthe stateafterthe occurrencef the action.

Objectsandthe interfacesthat are associatedvith themare typically not just collectionsof actions
though. As discussedn 4.3.11, typically theseactionshavesomeform of orderingrelationimposedon
them. This orderingis basedon the preconditionsand postcondition®f the actionsasshownin section
4.2.2. Objectsalsoremembethe effect of actions. As shownin section4.3.11, we haddifferentwaysin
which the historyof anobjectcouldbe modelled.For simplicity herewe dealwith a historyasa sequence
of states.

We may now represenbasicinterfacetemplatesas schemagonsistingof signatureshbehavioursand
historieswherethe actionsin the behaviourspecificatiorrelatestatesn the history We shall seein the
following chaptemhy we regardtheseinterfacesasbasic.

Modelling Operation Interface Templatesin Z

An operationalnterfacetemplatemaythusberepresentedy:

o OplintTemplate
ops: OplIntSig
opbs: behspec
ophis: history

ds : IntSig as: AnnSig s 1; & : State Ss: s« State,
is cOps:iNtscas cOPsS:annNsss  —S1; Spopeix OPhIS

(letivs == it : InvTemplate, (it = is:inv cit = as:iny)—
isInvActit; s1; S2) com OPbSan Opbs. isINVAC(it; s 1; S

(let tms==(t : Termemplate, tt -is:terms—
isTermActtt; s1; ) cuom OPbS—an Opbs- isTermACttt; s 1; S

(letins== : Internal | isIntAc(i; S 1; S2) cuom OPPScan OPbS- iSINtACKi; S 1; SO
dVS; tMS;iNScpatition aom OPHS—an OPHY))

DOoo00OO0o00oo0ooOogQoooog

Here we statethat the only actionsthat canbe found in an operationinterfacetemplateare either
invocationactions,terminationactionsor internal actions. Further the actionsfound in the behaviour
specificatiorrelatestateoundin the history of statesassociateavith thatinterface.

Modelling Stream Interface Templatesin Z

Streaminterfacetemplatesrerepresentedimilarly, excepthattheactionsfoundin theinterfaceareeither
flows or internal. This mayberepresentedy:
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o_ StrintTemplate
streams: StrintSig
strbs: behspec
strhis : history

S 1, S State SS: « State| SS —S1; Sprpex Stris -
(let flowActs== (s : FlowSig | fs cstreams:flowss
isFlowActfs; s1; ) cuom StrbSan Strbs - isFlowActfs; s 1; ) -
(let otherActs==da : Internal | isIntActia; S 1; ) cwom StrbS v Strbs.
isIntAc(ia; s1; ) - flowActsotherActSpatiion dom StrbS—an Strbg)

Doooooogooood

This statesthat the only actionsthat can be found in the behaviourspecificationassociatedvith a
streaminterfacetemplateareeitherstreamactionsor internalactions. As above actionsin the behaviour
specificatiorrelatestateoundin the history of statesassociateavith thatinterface.

Modelling Signal Interface Templatesin Z

Signalinterfacetemplatesmayberepresentedy:

= Sigintemplate
signals: SigIntSig
sigbs: behspec
sighis: history

S 1; S - State SS: « State| SS —S1; Spopenx Sighis-
(let sigActs== (sig : SignalSig, sig csignals:sigs-
iSSIgAC(Sig; S1; ) —uom SIS Sigbs - iSSigAc(sig; s 1,92 -
(let otherActs==da : Internal | isIntActia; s 1; &) cwon SIghScan Sigbs-
isIntAc(ia; s1; 2)-
SigActs;otherActSpatiton dom SIghSca Sighg)

DoooooOoogoooooon

This stateghattheonly actionsthatcanbefoundin thebehaviouspecificatiorassociateavith asignal
interfacetemplateare either signal actionsor internalactions,andthat theseactionsrelate statesin the
history of statesassociateavith thatinterface.

The specificatiofragmentsdevelopedso far havedealtwith the syntacticandbehaviourahspectof
computationalnterfacesn isolation. The computationaliewpointalsoprescribesulesasto how these
interfacescanbe composedvith oneanotherandalsosubstitutedor oneanother Theserulesandhow
theymightbeformalisedareconsideredn moredetailin thefollowing chapters.

5.2 Formalising Other Viewpoint Languages

The abovesectionshaveshownin detailhow LOTOS andZ canbe usedto formalisethe computational
viewpointlanguage Thisis only oneof the ODPviewpoints.We considemow briefly how LOTOSandZ
mightbe used,or notasthe casemaybe,to formalisethe otherviewpointlanguages.

5.2.1 Issuesin Formalising the Enterprise Viewpoint Language

The enterpriseviewpoint languagecompriseghoseconceptsand structuringrulesthat are necessaryor
describingthe purpose,scopeand policies that a given enterpriseshould abide by. Surprisingly the
enterpriseviewpointlanguages very shortwith few conceptsandstructuringrulesthatapplyto them. At
thetime of writing thedevelopmenbf a morecompleteenterprisdanguages undegoingstandardisation
[114].

>From a formal viewpoint, it is obviousthat not all statementshat might be madein the enterprise
viewpointcanbe formaliseddirectly. Indeed,scopeandpurposeareinherentlyinformal. The statement;
thissystemimplementgshetraffic signallingfor railway X”, is atypicalexampleof a statementdealingwith
scopeandpurpose Whilst not directly usablefor specifierssuchstatementsreneverthelessnportantto
documentNormally, this is donein theinformal commentarythataccompaniesveryspecification.
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It is not possibleto formaliseanythingwithout first havingstatementsboutthe systemunderconsid-
eration. Statementsreoftenmadein naturallanguageandassuchareopento interpretatiorandpossibly
ambiguity Formalmethodoffer precisionandclarity in definingstatementsThesestatementsftentake
theform of businessules,capturedn ODP by the notion of policy. Policiescontainsetsof rulesrelated
to aspecificpurpose.Theserulesmaybe:

- obligations: prescriptionghatcertainbehavioursarerequired,;
- permissions: prescriptionghatcertainbehavioursareallowedto occur;

- prohibitions: prescriptionghatcertainbehavioursnustnot occut

Permissiongndprohibitionsmay be modelleddirectly in LOTOS andZ. In LOTOS, for example a
permissiormightberepresentedimply throughthetemporalorderingof actions,e.g. anactionthatmust
occurbeforesomeotherbehaviourcanoccur Alternatively, selectiorpredicatesandguardscanbeusedo
modelpermissionsModelling prohibitionsin LOTOS canbeachievedn severalvaysalso. Forexample,
if a given behaviouris not permittedto occurthenit is possiblein LOTOS to simply not specify that
behaviouri.e. ignoreprohibitedbehaviours Alternatively; if it is likely thata given prohibitedbehaviour
canhaveat somelatertime a permissiorassociatedvith it, thena prohibitionmay be modelledthrougha
behaviourexpressiorfollowing anidentified permissioneventoffer. Thatis, the behaviours prohibited
until theidentifiedpermissioreventoffer occurs.Alternatively aguardor selectiorpredicatenaybeused
to modela prohibition.

In Z, all behavioursare modelledas permissions. That is, possiblebehavioursare specifiedwith
operatiorschemasvhich mayor maynot occurdependingiponanypreconditionsandpostconditionshat
might be associatedvith given operationschemasndthe environmenibf the specification. Prohibited
behavioursn Z correspondo behaviourswvhich would leavethe specificationin anindeterminatestate,
e.g. throughviolating an invariant. As such,prohibitedbehavioursare generallyavoidedin Z through
providingtotal operations.

Neitherlanguages well suitedto modellingobligationsthough.Both LOTOS andZ allow behaviours
to be specifiedbut it is not generallythe casethat prescriptionn the occurrenceof thesebehaviourds
given. This may sometime®e doneinformally. For example considerthe LOTOS behaviourexpression
a; b; stop. It canbesaidthatevent(behaviour)a; must(is obliged)to occurbeforeeventb; canoccur
However generallyspeakingnothingobligatorycanbe saidabouteventa;. If the only possibleeventin
thewhole specificatioris a;, howeverthenit canbesaidthata; will eventuallyoccur Making statements
aboutobligationsin LOTOS (andZ) is thusnotgenerallypossibleasthereis usuallymorethanoneaction
which canoccuratanygiventime.

>From this discussion,it can be seenthat LOTOS and Z have advantagesnd disadvantagem
formalising enterpriserules. The problemremainsthoughwith regardto our interestin developingan
architecturasemanticshatthe exactnatureof therule is not given. As anexample considettherule: the
numberof userdoggedonis lessthanten. BothLOTOSandZ canformalisethisrule,with Z morelikely to
belessverboseg.g. Users< 10. Suchrequiremenstatementsanbe capturedbutto beformalisedthey
mustexistin thefirst place.As aresult,developinganarchitecturasemanticgor the enterpriseviewpoint
languages limited dueto thelack of prescriptivity

Similar problemsarefoundwith the otherconceptsn theenterpriseviewpointlanguage Forexample,
a domainis definedas a setof objectsrelatedby a characterisingelationshipto a controlling object.
In LOTOS, this may be achievedthrougha style of specificationwhich capturesa given characterising
relationshipbetweena setof controlledobjectsanda controlling object. In effect this will meanthatthe
objectsbeingcontrolledhavepartsof their behaviourexpressiongn commonwith oneanotheri.e. they
sharesomesimilaritiesin their behaviourexpressionandthesesimilaritiesdefinetherelationshighrough
which they are controlled. It is likely thata constraint-orientedtyle of specificationis bestsuitedfor
capturingthis configuration.Considerthefollowing LOTOS fragmentshowinghow a simplistic security
domainmightbe achievedwithin LOTOS.

Controller[g1](idset, Sec_Level) |[g1]] (Objlg1](id1,1) |l Objlgl](id2,2))
where
process Controller[gl](idset:IDSET, Sec_Level:Nat)



5.2. FORMALISING OTHERVIEWPOINT LANGUAGES 97

:noexit:=
gl ?sl: Nat ?id :ID[id in idset];
([sl ge Sec_Level] -> gl lok lid; Controller[gl](idset,Sec_Level)

I

[sl It Sec_Level] -> gl lerror lid;  Controller[gl](idset,Sec_Level))
endproc (* Controller *)
process  Obj[gl](id: ID, Lev:Nat)
:noexit:=

gl !Lev lid; gl ?res: Result lid;
(res eq ok ]-> ..(* behaviour %)

1

[res eq nok]-> ..(* other behaviour  *))
endproc (* Obj *)

In this example all of the objectshavea similar relationshipwith the controllingobjectwhich knows
theiridentities. This objectcheckawvhetheranyobjectit controlshasenoughauthorityto performacertain
operationwhich hasnot beenfurtherspecified.As may be seenthe modellingof domainsn LOTOS can
be achievedorovideda style of specificationis followed. However it is not the casethatdomainsarean
inherentfeatureof theLOTOS language.

Z may alsobe usedto specifydomainsto a certainexten® but, aswith LOTOS, specificexamplesf
domainsarerequiredj.e. explicit characterisingelationshipshouldbe provided.

>Fromthesediscussionsthe developmenbdf an architecturakemanticdor the enterpriseviewpoint
languagss limited. LOTOS andZ requirespecificrulesandinstance®f conceptdo be given. Unfortu-
nately suchprescriptionin ODPis not® given. As aresult,the developmenbf anarchitecturakemantics
for theenterpriseviewpointlanguages reducedo informal modellingsuggestions.

5.2.2 Issuesin Formalising the Information Viewpoint Language

ODPdefinesnformationas:

Anykind of knowledgeboutthings,facts,concept@andsoon,in auniverseof discoursehatis exchangeable
amongsusers.

Althoughinformationwill necessaril\havea representatiorformto makeit more communicableit is
theinterpretationof this representatior(the meaning}thatis relevantin thefirst place.

To givearepresentation-fremay of modellinginformation,[109] useghenotionof invariant,dynamic
and static schema Theserepresenthe invariant propertiesof information, the dynamic propertiesof
information, e.g. the legal manipulationsof data, and the state and structureof information at some
particulartime respectively

We considethow theseconceptsnayberepresenteth LOTOSandZ.

Formalising the Information Viewpoint Languagein LOT OS

Generallyin LOTOStheinformationto be modelledin a specifications representeth Act One. Thisis
manipulatedandusedin the processalgebrapart. Informationmight alsobe modelledusingthe process
algebrapartof LOTOS. However the abovedefinition of informationin ODP stateghatthe information
mustbe exchangeablamongsusers.In LOTOS, exchangef datacanonly occurbetweerinstantiations
of procesdlefinitionsusingdatamodelledin Act One. It is not possiblein LOTOS to exchangeprocess
definitionsbetweerprocesslefinitions. As aresulta giveninformationitem is representetly aninstance
of an Act One sort with associate@perationsand equations. Instancesf sortsin the processalgebra
aretypically simply values. To modelinformationitemsthat havea form of existencerequiresprocess
algebraspecificationstylesto be adopted. Examplesof theseinclude recursionin processdefinitiors,

5In fact Z is more suitedto modellingdomainssinceit allows global predicatego be written that shouldbe satisfiedby all
operationsn the specification.The domainheredoesnot explicitly modelacontrollingobjectassuch,ratherit modelsthe effectsof
therulesimposedby the controllingobject.

6andshouldnotbe, if amultitudeof systemsasedbn ODPareto be constructed.



98 CHAPTERS5. A MORE PRESCRIPTIVEARCHITECTURAL SEMANTICS

wheretheinformationitemis anelemenbf thevalueparametetist associatewvith thatprocessefinition
Alternatively, let...in clausesanbe usedto modelinformationitemswith aform of existence.

>Fromthis it canbe seenthatthe whole Act One partof a LOTOS specificatiorrepresentsan ODP
invariant schemathat instancef sortsand their manipulationsdeclaredin the processalgebrapart of
LOTOS mustsatisfy Thisis slightly stranggbutcorrect!) in thattheequationsindoperationsn Act One
arenot“watchdogs’looking overillegal informationmanipulationsthey definethe manipulationsandso
cannotbewrongin themselves!

An ODPstaticschemas representetly thebinding (value)associateavith the nameof aninstanceof
an Act Onesortat somepointin time, e.g. an Act One sort Queuemight beinitially boundto the value
empty

An ODPdynamicschemas givenby the Act Oneexpressionssedio modify informationobjects(Act
Onesorts)in theprocesalgebrgpartof aLOTOS specificationt shouldbe pointedoutthatit is Act One
expressionshat areassociatedvith the actiondenotationf the behaviourexpressionshat manipulate
theinformation. For example considerthe eventoffer g !push(val,emptyueue)that might existaspart
of the behaviourof a given specification. It is not the eventoffer itself that manipulateghe information
item, in this caseanemptyqueueputthe Act Oneexpressiorpush(val,emptygueuelhatmanipulateshe
information. Thusit is only Act Onethat manipulateghe information; howevey the Act One canonly
be usedin LOTOS whenit is associatedvith behaviouyi.e. the processalgebra. Thusthe notion of
informationprocessingctivity in LOTOS s linked bothto the Act Oneinformationmodelling,andto the
Act Oneinformationprocessingontainedn theprocessalgebrapartof LOTOS.

Oneway of consideringhis is thatthe processalgebrarepresents behaviouraframeworkon which
informationcanbe hungandmanipulated.

Formalising the Information Viewpoint Languagein Z

Informationis givenin Z throughmathematicatlatatypes. The mostelementaryof informationitemsin
Z arethe basictypes. Fromthese more complex(compositetypesmay be developed.Therearethree
maincompositaypesin Z: settypes,Cartesiarproducttypesandschemaypes.Thesethreetypesandthe
basictypesmaybe combinedandmanipulatedisingtype constructorsvhich follow mathematicatulesto
modelthedifferentinformationpossiblein a Z specification. Examplesf thesetype constructorsnclude
functions,relations etc.

The applicationof the four typesmentionedand any new typesdevelopedusing mathematicatype
constructorgategoris¢heinformationitemsinto sets. Thetype (ODP notion) asdiscusseth sectiord.3.7
of anygiveninformationitemis thendeterminedy setmembership.

An ODP invariant schemacanbe written explicitly in Z. It correspondso anyinvariants(predicates)
thatmaybe presenin the stateschemaor axiomaticdescriptionsaassociateavith a Z given specification.
Thesepredicatesireindependendf behaviouy or ratherthey governthe possiblebehavioursf the given
Z specificationwherebehaviourin Z is modelledasthe performanceof operationgdefinedin operation
schemas.

An ODP staticschemads representedh Z by thebindingassociateavith thevariablesdeclaredvithin
thestateschemadf thespecificatioratany pointin time. Heretimeis anabstrachotionwhichis relatedto
the stateof the specification.Time is thusdependentiponthe statechangeshathaveoccurredandthose
thatcanoccurwithin the specification.

An ODP dynamicschemads representedh Z by the possiblebehaviourghat might be exhibitedby
the specification.A dynamicschemds given by the operationschemagpresenin a Z specification.All
operationschemasnustsatisfyany global predicateginvariants)that may limit the bindingsthatcanbe
takenby variablesleclaredn thestateschemar in axiomaticdescriptiongssociatewith thespecification.

>Fromthesediscussionst is obviousthatLOTOS andZ arelimited in whattheycanexpresgrom the
informationviewpoint. Both languagesanmodelinformation. Z in particularis well matchedo the ODP
conceptsAs with theenterpriseviewpointthough without specificstatements.g. regardinghestructure
andlegal manipulation®f information,thedevelopmenbf anarchitecturasemanticgor this viewpointis
reducedo informal modellingsuggestionsThesdssuesverediscusse@lsopresentedn [176].
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5.2.3 Issuesin Formalising the Engineering Viewpoint Language

Thecomputationatiewpointallowsmodelsof systemascollectionsof interactingobjectsto bebuilt. This
offersa usefulandpowerful conceptuamodelfor abstractingpverthe lower-level systemconsiderations.
Ultimately theselower-level considerationdiaveto be addressed.The engineeringviewpoint language
providesthe conceptsandstructuringrulesfor dealingwith suchissues.

Certainwork, [68] and[203], hasshownhow LOTOS canbe usedto a certainextentto modelaspects
of the engineeringriewpointlanguage.Certainly a structuringof conceptsanbe achievedhatreflects
the text containedin the ODP-RM. Given that the engineeringviewpointis usedto realise(to a certain
extent)the modelsof systemalevelopedn otherviewpoints,we would arguethatit is outsidethe scope
of this thesis. Herewe are moreinterestedn the specificationof distributedsystemsas opposedo the
mechanismsisedfor realisingthe specificationgleveloped.

5.2.4 Issuesin Formalising the TechnologyViewpoint Language

Thetechnologwiewpointfocusesn the requirementsf the systemwith regardto specifichardwareand
softwaretechnologieshatareto beused.lt is possiblgo provideaform of formalisatiorheree.g. agiven
applicationmight makerequirementsegardinghe hardwareor softwaretechnologieshatmight be used.
This informationcould be formalisedasa tuple for example g.g. dardwareX;OpSystenmCompilerZ.
Thebenefitdo be gainedfrom suchformalisationarequestionabléowever

5.3 Summary

This chapterhasfocusedin detail on how the computationaliewpoint of ODP can be formalisedin
LOTOS and Z. Specificationtemplateshave beengeneratedvhere possibleand a discussiorhasbeen
given of the advantagesnd disadvantagesf the two languagedor specifyingcomputationalobjects
generally We havealsohighlightedthe issuesnvolvedin developingan architecturaemanticgor the
otherviewpointlanguagesin the caseof the enterpriseandinformationviewpointsthe mainproblemis a
lack of prescriptivityin the concepts.Theseissuesverediscussedn moredetailin [176] and[175]. The
engineeringand technologyviewpointswe regardas being outsidethe scopeof specificationgenerally
Otherworkshaveattemptedo focusin moredetailon checkingconsistencypetweerviewpointlanguages,
e.0.[31, 32,183. In the mainthough,theseworks aremoreinvolvedwith compositionof specifications
moregenerallyandnotviewpointlanguagepecificationslt is oftenthecasehatenerpriseandinformation
languagespecificationguseinformal or semi-formalnotations,e.g.diagramsandtext. As suchchecking
andproving consistencyetweerviewpointspecificationss unlikely to be possiblein manysituations.

It couldbe amuedthatto a certainextentwe haveusedboth LOTOS andZ in a contrivedmannerto
specifycomputationainterfaces With LOTOSfor examplewe modelledinterfacereferencesn Act One
andinterfaceghemselvesn the processlgebra. To someextentthis placesa high level of requirements
ontheusersof thearchitecturasemanticsFor examplethey mustensurehattheinterfacereferencesre
fulfilled by the processetheyrepresentWith Z, we haveanapproactthatdoesnot correspondo Z in its
classicstyle of stateand operations.Thesemodelshavenot beenselectedwvithout reasorhowever We
shall seein chapters7 and 8 thatthesemodelsoffer us muchmoreflexibility to specify opendistributed
systems.

Theissueof specificatiorstylereflectingthearchitecturainderconsideratiowersusgoodspecification
styleis addresseth moredetailin chapter9. We noteherethatthereis a definitetensionbetweeri‘good
practice”and“working practice”. Thatis, conceptghatmay not be interpretedvhenusinga languagen
its normal(classicallusagecomparedo conceptghatcanonly be specifiedvhenusingthelanguagen a
particularlystylisedmanner Theareaof typing, subtypingandtypecheckingareODPconceptshat,when
formalised reflectthis conflictdirectly.

As discussedcomputationainterfacesconsistof interfacesignaturesbehaviourspecificationsand
environmentontracts Computationabbjectsconsistof oneor morecomputationainterfacesabehaviour
specificatiorthat relatesthe behavioursn the interfacesandan environmentcontractfor the objectasa
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whole. In this chapter environmentontractshavelargely beenignored. We discusshow they might be
representech the nextchapter



Chapter 6

Non-Functional Aspectsof Distributed
Systems

In this chapterwe investigatehow LOTOS and Z might be usedto specifya collectionof specification
fragmentdealingwith non-functionabspectof systems.Therearenumerouson-functionalaspectof
systemghatwe might be interestedn. It is not possibleto formaliseall of them. Instead we showhow
threedisparatenon-functionabspect®f systemsnight beformalised.Specifically we showhow LOTOS
andZ canbeusedto specifyaspectselatedto cost,resourcaisageandtiming 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
issuegelatedto non-functionabspect®f systems As notedin section5.2,the enterpriseandinformation
viewpoint languageglo not provide enoughprescriptionto developspecificationarchitectureglirectly.
As a result, we focus here primarily on how non-functionalaspectscan be representedlirectly in the
computationaliewpointlanguage.On the onehandthis allows a greatlysimplified approacho betaken
sincewe do not dealwith issuesof consistencypetweerviewpointlanguages|31, 22, 32], e.g.ensuring
thatthe separateiewpointdescriptionsare: non-contradictorybehaviourallycompatibleor in somesense
conformantdependingon the interpretationof consistencytaken[31]. On the otherhandit reduceshe
formal descriptionof non-functionabspect®f systemgo possiblyoversimplisticmodels.

We shallseein thefollowing chaptersow thesespecificatiorfragmentanthenbe usedto influence
typecheckingasmightoccurwhencomposingystemsr replacingonesystenfor another Moregenerally
thiswill applyto writing specification®f distributedsystemsn LOTOSandZ.

6.1 Classifying Non-Functional Aspectsof Systems

As discussedn sectionl.2, consideratiorof non-functionalaspectf systemds crucial if systemsasa
wholeareto interwork correctly We illustratethis throughthefollowing threeexampleswvhich form the
basisfor discussionsindformalisationsn therestof this chapter

- If asystemproducescorrectresultsoutsidea givendeadlinethenit might bethe casethatthisis as
badasproducingincorrectresultswithin a givendeadline.

- Knowledgethata serveris currentlyprocessin@smanyrequestssit canmaybeusedby aclientto
avoid sendingyet anothemessagérequest}o the server Similarly, suchinformationcanbe used
by aclientto selectaserverthatis lessbusythanotherservers.

- Knowledgethata costis attachedo a serverinterfacewill undoubtedlybe aninfluentialfactorin
determiningwhethera client interactswith thatinterface. Similarly, the costattachedo interfaces
canbeusedby clientsto selecta particularinterface e.g. thecheapestirom a setof availableones.
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>Fromtheseexamplesit is obviousthat non-functionalaspectsareespeciallypertinentto distributed
systemswherethe systemas a whole is dependentpon the successfulnterworking of the interacting
objectsfrom whichit is composed.

Despitethis, non-functionalaspectdavebeenuntil recentlya largely overlookedareaof computing
science Certainly theformalisationof amultitudeof non-functionabspect®f systemdasnotbeenawell
investigatedarea. Whilst temporalaspect®f systemdavebeenformally investigatedo a certainextent,
e.g. timed extensiongo LOTOS [153] andtemporallogics generally[135, 160], otherfactorsthat can
influencebehaviouye.g.cost,havenot beenconsideredn anygreatdepth. Forexample consideithe cost
of usinganinterfaceor anoperatiorthatexistsin aninterface or themaximumnumberof invocationghat
aninterfacecandealwith atanyonetime. This information,whilst notdirectly representinghebehaviour
of thatinterface js neverthelessitally importantif anothembjectwishesto accesshatinterfaceandhave
someform of desirablebehaviour

Thereareseveralmmediatequestionshatarisewhenspecificatiorof non-functionabspectsf systems
is consideredTheseare:

- whatarethey?
- howaretheyrepresented?

- howaretheychecked?

With regardto thefirst bullet point, asstatedpreviously we focushereon cost,timeandresourcébased
non-functionalaspects.Otheraspectse.g. reliability andfault tolerancegould equallywell be specified
though. The nextbullet point hasnumerousanswerswhich reflectdirectly on the third bullet point. We
identify threedifferentwaysof representingion-functionabbspect®f systemseachof which hasa valid
role in relatingnon-functionabspectso behavioursandinterfaceamoregenerally

- anon-functionabspecis extrainformationthatdoesnot relatedirectly to the behavioumwith which
it is associatedput may influencethatbehaviourindirectly. We shall seethatcostis anexampleof
suchextrainformation.

- anon-functionabspecis anassertiorderivedfrom the behavioumwith whichit is associated.

- anon-functionabspecis anassertiorthatlimits the behaviouwith whichit is associatedirectly.

Theselasttwo bullet pointsarecloselyrelated. In the secondooint, the assertiorrequiresa detailed
knowledgeof the behavioumwnhich thenallows predicate®n this behaviour Oneexampleof this type of
non-functionalrequirementis thatthe maximumdelay associatedvith the productionof aninformation
flow is lessthansomevalue. With the third bullet point, the non-functionalaspecis moreof a predicate
thatdictatesthe behaviouy ratherthanthe behaviourdictatingthe predicate.Oneexampleof this kind of
non-functionabspectepresentatiois the maximumnumberof invocationsaninterfacecanprocesatany
onetime. We shallseehow LOTOS andZ canbeusedto modelthesedifferentinterpretations.

The next questionis wheredo non-functionalaspectsexist. They might for example,be found in
all operationsthat comprisethe interfaceon which the assertionis made,or elsewheresuch as some
managemerihterface.

It shouldalsobe possibleto modify or withdraw assertiongnadeon behaviours. The modifications
themselvesnaytakeplacewhen(functional)behavioutoccurs g.g.wheninvocationsarereceivedpr only
throughspecificmanagemeraperationsay e.g.to increasehe costof accessingninterface.

Non-functionalaspect@associateavith aninterfacemayor may not be checkedalthoughcostis very
likely to beoneareawherechecksaremadeby boththeinterfaceproviderandtheaccessoof theinterface.
Checksmay be performeddirectly eachtime an operationis to beinvoked,e.g. throughinquiring about
the currentvaluesof the non-functionalaspectsunderconsideration. In this casethe satisfactionof a
checkmight meanan answerwhosevalue is within the expectedimits for that non-functionalaspect.
Alternatively, checkingcanbedoneonly oncewheninterfacesareboundandall subsequerihteractionsat
theinterfacearebasedn thatinitial check. We shallinvestigatethis issuein moredetailin the following
two chapters.
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6.2 SpecifyingSelectedNon-Functional Aspectsin LOT OS

In the previouschaptemwe showedhow aninterfacereferencemight berepresenteth LOTOS by 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 the previouschaptemwerebasedprimarily on the setof operationsassociated
with the interfacereference.In this chapter we showhow the Constraintsdatatype canbe represented
and,aswe shallseein the nextchapterhow it canbe usedto influence(restrict)the interactionghatcan
takeplacebetweercomputationabbjects.We considefirstly cost-basedon-functionabspects.

6.2.1 Cost-RelatedNon-Functional Aspectsin LOT OS

Costinggenerallyis concernedvith chaging for the useof, andaccesso, services.Costingfor the useof

servicedn adistributedsystemcanbe a complexactivity. For example jssuegelatedto security e.g. to

checkfor authenticityof usersanddifferentchaging policiesassociatewith differentdomaingnighthave
to bedealtwith. A costin generals a monetaryaluewhich we represenhereasa constructoioperation
thatreturnsacostconstraint alongwith anoperation(Ord) thattakesa costconstrainandreturnsanatural
number We alsointroducea comparisoroperatoi(cheapey betweercostconstraints Thischecksvhether
the value of one costconstraintis lessthananother We alsointroducetwo operationdo increaseand
descreaseosts.

type CostConstraint is NaturalNumber, Boolean
sorts  CostCons
opns cost . -> CostCons
_cheaper_ . CostCons, CostCons -> Bool
incC,decC : CostCons, Nat -> CostCons
Ord . CostCons -> Nat
eqgns forall cl, c2: CostCons

ofsort  Bool
cl cheaper c2 = Ord(cl) le Ord(c2);
endtype (* CostConstraint *)

For brevity we omit the equationgor increasingand decreasingosts. It is quite possibleto model
costsdirectly as naturalnumbersbut we leavethemrepresenteds constraintdor clarity. We shall see
thatit is possibleto usethesecostconstraintsvhendecidingwhethertwo interfacescanbe boundto one
anotheror replacingoneinterfacefor another Theissuegelatedto the chaging itself arenot considered.
For example,jt might be the casethataccesgo aninterfaceresultsin a setchage establishesncewhen
the interfaceis accessed It might alsobe the casethatthe costsincurredby accessingn interfaceare
cumulativeandare basedon how long the interfaceis accessed Combinationsf thesepossibilitiesare
alsoconceivablej.e. aninitial accesshage is madealongwith a cumulativechage basedon how long
theinterfaceis accessed.

A simplisticchaging policy basedn accesso aninterfaceonly mayberepresentetly thefollowing
LOTOSfragment:

process Object] g...J(myRef: IRef,...costInterface: CostCons,...):noexit:=

g ?opName: Name !ImyRef ?pl: HOPList;

([ getCC(getCons(getiRef(pl))) cheaper costinterface ] > (* error message *)
I

[ not(getCC(getCons(getIRef(pl))) cheaper costinterface) ] > . other behaviour *))
g ...costinterface...; Object]  g...](myRef,...costinterface,...)

endproc (* Object *)

1in effect the constraintariseswhen comparisorof costvaluesis given, e.g.checkingwhetherone costvalueis greaterthan
another
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We shall discussthe operationgetCClater in this chapter The operationggetConsand getlRefare
discussedh moredetailin thefollowing chapter We noteherethatwe no longerhavea simpleparameter
list beingsent. This parametetist is higherorderin thatit cancontainreferencego other interfaces.
We discussgthis higherordertype systemin moredetailin section7.4.1. It suficesto sayherethatit is
possibleto take a parametetist andreturnthe constraintsassociatedvith it; the constrainthereis cost.
Thisspecificatiorfragmentstateshatif thecostconstrainssociatewith theparametersf theinvocation
is lessthanthevaluechage for thatinterface thenaccesss prohibitedto theinterfacebehaviour

It is quitepossibleéo modelmorecomplexcostconstraintsForexampleprocessemayhaveavariable
usedio modelthemoneyavailableandrequestsentmaydecrementhisvariablesay Subsequentequests
may only be sentdependingpn the currentvalue of this variable. With this modelit is possibleto state
constraintsuchasthemoneyin the systemremainsconstant.The actualrepresentationf moneyandthe
chaging processtself is of courseonly anabstractiorof therealworld procesof chaging.

It might be the casethat setsof costconstraintaareappliedto a particularinterface. Thisiis likely to
be the caseif individual operationshavecostsassociatedvith them. Setsof costsconstraintamight be
representedy:

type CostConsSet is Set actualizedby CostConstraint
using sorthames CostConsSet for Set CostCons for Element Bool for Fbool
endtype (* CostConsSet *)

Other modelsof collectionsof costsconstraintsthat might be associatedvith the operationsn an
interfaceare possible. For example,sequencesf costconstraintamight be given and operationsn an
interfaceassignedostconstraintdasedn the positioningof costconstraintsn this sequence.

6.2.2 Resource-RelatedNon-Functional Aspectsin LOT OS

A resourcemay be regardedas somethingwhich can be accessednd usedby objectsin a distributed
system.Interfacesandthe serviceghattheyareusedto modelmayberegardedsresourcesvhich canbe
accessedly otherinterfacesn the system.Wherethisis thecasejt is oftenusefulto beableto determine
the usageof interfaces. Interfacesand the computingsystemson which they exist only havea limited
resourcecapacity e.g. processingpowerandavailablememory As such,the numberof requestghatan
interfacecan satisfy at any giventime shouldbe limited. Objectswishing to interactwith thatinterface
may well wish to know whatthe upperlimit is onthe numberof requestghatcanbe processeéndalso
howmanyrequestarecurrentlybeingprocessedThisinformationmaythenbeusedto determinavhether
one particularinterfaceover anotheris selected. Further for systemghat have someform of resource
allocationpolicy, the numberof requestdeingprocessedby aninterfaceat a giventime may determine
which interfacereceivesarequessentto thatsystem.

It is possibleto modelresourcest many levelsof abstraction. For simplicity, we model resources
simply as constraintswith an operation(morethar) to checkwhetherone resourceconstrainthasmore
resourceshananother

type ResourceConstraint is  NaturalNumber, Boolean
sorts ResCons
opns res . -> ResCons
_morethan_ . ResCons, ResCons -> Bool
incR,decR : ResCons, Nat -> ResCons
Ord : ResCons -> Nat
eqgns forall rl, r2: ResCons

ofsort  Bool
rl morethan r2 = Ord(rl) gt Ord(r2);
endtype (* ResourceConstraint *)

As with cost constraintswe introducetwo operationsfor increasingand decreasinghe resources
available.Forbrevity, theequationgreomitted. We shownow how a resourceconstrainimightbe usedo
limit thebehavioumssociatedith anobject. Forsimplicity, wefocusonanoperationainterfacecomposed
of interrogationonly.
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process Object[ g...](...currentRvalue, upperRlimit: ResCons, ...):noexit:=
hide ac in
AccessControl[ ac ](currentRvalue, upperRIimit)
Il ac ]
FunctionalBehaviour| g, ac, ..]
where
process AccessControl[ ac ](currentRvalue, upperRlimit:ResCons):noexit:=
ac ?opName: Name;
(I (opName eq invName) and (currentRvalue It upperRIlimit) ] >
ac lok; AccessControl] ac ](incR(currentRvalue,1),upperRlimit)
I
[ (opName eq invName) and (currentRvalue ge upperRlimit) ] >
ac 'nok; AccessControl[ ac ](currentRvalue,upperRlimit)
I

[ opName eq termName ]->
AccessControl[ ac ](decR(currentRvalue,1),upperRlimit))
endproc  (* AccessControl *)

process FunctionalBehaviour| g, ac ..J:noexit:=
g ?invName: Name !myRef ?pl: PList;
ac linvName;
ac 7?res: Message;
([ res eq nok ] -> g !termName !SomeRef Inok;
FunctionalBehaviour| g, ac ..]
I

[ res eq ok ] -> ( (* process request ¥*)
ac !termName;
g termName !SomeRef !results;

stop
Il
FunctionalBehaviour| g, ac ..])
endproc (* FunctionalBehaviour *)

endproc (* Object *)

Herean objecttemplatefragmentis given thathastwo resourceconstraintvaluesassociatedvith it.
Thefirst of theserepresentshe currentnumberof invocationsbeingprocesse@ndthe secondepresents
themaximumnumberof invocationghatcanbeprocessedtonetime. Invocationsareonly acceptedf the
currentresourcevalueis lessthantheupperimit. Thislimit andthemodificationdo it arekeptin aprocess
dealingwith accesscontrol. If this returnsan affirmative responseo an invocationthena behaviouris
spawnedo dealwith therequesandatthesameime arecursivecall madeto accepmoreinvocations.We
noteherethatwe statethatfollowing the terminationthe spawnedrocessstops. This may be changedf
for exampleghespawnedrocessnodifiessomestate(representedsAct Onesortsin theformal parameter
list). If anegativeresponses returnedrom the accessontrol processhenanappropriateerrormessage
is issuedn theassociatedermination.

It shouldbepointedoutthatthismodelof resoucecountirg treatsall actionsasbeingequivalentesource
consumersThis may notalwaysbeavalid assumptionlt mightbethe casethatcertaininvocationgesult
in a greaterincreasen the resourcecountthanothers. This dependdo a greatextenton the specification
itself andwhat the actionsin the specificationare modelling. For example,ssuesrelatedto concurrent
accesso sharednemorywherelocksmightbesetwill definitelyhaveaneffect onthe simplisticmodelof
resourcepasedsolelyonactioncounting.

The abovespecificationfragmentalso doesnot deal with objectsthat interactwith other objectsto
satisfytherequestshathavebeernreceived.Thismightcausdheresourceountto bereducedor example.

It is likely thatfeaturedor determininghe maximumlimit andcurrentvalueof resourcaisagewill be
available.lt mightalsobethecasethatrelationshipbetweerthesevaluesmightbegiven,e.g.to dealwith
fair allocationof resourcesayby aresourceallocationmanager

It mightbethe casethatwe havesetsof resourcaisageconstraint@associateavith aninterface.These
mightberepresentedy:

type ResConsSet is Set actualizedby ResourceConstraint
using sorthames ResConsSet for Set ResCons for Element Bool for Fbool
endtype (* ResConsSet *)
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It is alsopossibleto assignresourceconstraintdo eachoperationin aninterfacedirectly. This might
be achievedhroughmodellingthe resourcegssociatedavith aninterfaceasa sequencef resourceand
assigningresourcedo operationsbasedon somepositioningin this sequence.More complexresource
assignmenpoliciesarealsopossible g.g.whereoperationshareresources.

6.2.3 Time-RelatedNon-Functional Aspectsin LOT OS

LOTOS was developedspecificallyfor dealingwith the temporalorderingof events. As such,it does
not attemptto dealwith quantitativetiming considerationsvhereeventsareexpectedo occurat certain
specifictimesor within specificintervals.Neverthelessye haveseenin section5.1.2how LOTOS canbe

usedto modelinformationflows wheretiming considerationareespeciallyimportant. This wasachieved
throughmodellingthe sequencef time orderedinformationitemsin Act Oneandestablishingheir time

by theoccurrencef eventsn theprocessalgebra.Whilst allowing timing issuego bereasoneéboutwe

acknowledgehatwe only haveanabstraciodelof time,i.e. thetime stampsve associatevith eventsare
only anabstractiorof therealworld locationin time atwhich aneventcanoccur Thusif aneventis time

stampedo occurattimet say thenthereis noinherentfeatureof LOTOSto ensurehatthis eventis fired

to occuratthistime.

As discussedpneissuewith this modelis that time may not be globalto all processes.This need
not necessarilype a badthing. For example the time at which separatesystemsprocessequestanay
not alwaysbe global. Giventhe limitations of measuringhe absolutevalueof realtime? computerswill
undoubtedijhaveslightly differenttime clocks. Synchronisatiof theseclocksmaythusbenecessary

This modelrequiresthat processesvith time dependenciehavea variablerepresentinghe current
local time. Thistime variablemaybe usedto setthe occurrenceimesof actionsaswell asrestrictingthe
occurrencectionsto certaintimesor timewindows. We introducenowthesetof time constraintghatwill
be usedin establishindime relationshipdetweerctions.

type TimeConstraints is NaturalNumber, Boolean

sorts  TimeCons

opns makeT,maxT,minT : -> TimeCons
- : TimeCons, Nat -> TimeCons
Diff : TimeCons, TimeCons -> Nat
Ord . TimeCons -> Nat
_eq_,_gt_,_It,
_le_,_ge : TimeCons, TimeCons -> Bool

eqgns forall _tl,t2, t3:  TimeCons
ofsort  Nat

(t1 eq t2) => Diff(t1,t2) = 0;
(ta gt t2) => Diff(t1,t2) = succ(Diff(t1,succ(t2)));
(tL It t2) => Diff(t1,t2) = Diff(t2,t1);

endtype (* TimeConstraints *)

We omit manyof the equationdor brevity. It is likely alsothatsetsof timing constraintswill exist.
Thesemayberepresenteds:

type TimeConsSet is Set actualizedby TimeConstraints
using sorthames TimeConsSet for Set TimeCons for Element Bool for FBool
endtype (* TimeConsSet *)

Duration of Actionsin LOT OS

As discussedh sectiord.2.1,actionsin LOTOS areatomic. As suchit is typically notthe casethatissues
relatedto their durationare considered. Neverthelessit is possibleto specify the durationof a given
actionprovidedthe specificatiorstyleintroducedn chaptels for modellingmultimediaflows is used.For
exampleanactionthathasa durationof threetime unitsmight berepresentedy:

process TimedProcess[ g....J(myRef: IRef, ... tnow: TimeCons...):noexit:=
g ?op: Name !myRef ?pl: PList;

2e.g.to theaccuracygivenusinga caesiunclock say
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(* checks on validity of parameters *)
TimedProcess[  g....]J(myRef, o (tnow+3)...)
endproc (* TimedProcess *)

Herethe variablerepresentingime tnow s increasedy threetime units. For simplicity we assume
here and elsewherethat the naturalnumbersl,2,3... etc are given, i.e. asopposedto representindg3
by succ(succ(succ(0)Bay Not all action have a durationthough; actionsmay be atomic and hence
instantaneousAn instantaneouactionmay be modelledsimply by ensuringhatthe currenttime variable
is unchangedThustherecursivecall givenheremightberepresentedy:

TimedProcess[  g....]J(myRef, . thow ..)

It shouldbe notedthatthis modelof timedactionsassumeshatthe actionsthemselvesre simplistic
eventoffersfollowedby arecursivecall. Thissimplemodelmaynotalwaysbeapplicable.In object-based
LOTOSspecification$44], it is typically thecasethatinternaleventsareusedto procesgherequestsrom
theenvironment.lt is quite possibleto specifysystemssothattiming aspect€anbe associatedvith any
action,i.e. internalor observable Alternatively, it is frequentlythe casethattiming constraintn actions
arerestrictedto observableactionsonly and assumptionsuchas maximumprogressor actionurgency
(seesection3.3.3)areusedto avoiddealingwith timing issuef all actions.This is oftenjustified by the
assumptiorthatinternalactionshaveminimal timesin comparisorto the delaysin waiting for observable
actionsto occur

Thismodelof actiondurationds straightforwardvhentheactionshemselvearecomposedhroughthe
choiceoperator Someconsideratiomf actionscomposedhroughtheinterleavingor parallelcomposition
operatoiis requirednowever Consideitwo actionsinterleavedvith oneanothetthathaveactiondurations
of oneandthreetime unitsrespectively Thesemightberepresentedy:

process TimedProcess[ g....J(myRef: IRef, ... tnow: TimeCons...):noexit:=
g ?o0pl: Name !myRef ?pll: PList;
(* checks on validity of parameters *)
TimedProcess[  g....](myRef, . tnow+l )

1l

g ?0p2: Name !myRef ?pl2: PList;

(* checks on validity of parameters *)

TimedProcess[  g....](myRef, .. thow+3 ..)
endproc (* TimedProcess *)

Heretheeventoffersmayoccurin eitherorder Unfortunatelythetiming introducedfor theseactions
meanghattheyarenolongertruly temporallyindependentThatis, it shouldbe possiblefor bothactions
to occurwithin threetime unitsif theyweretruly concurrent.Herethetime for bothto occuris four time
units though. Another problemwith this processs thatthereis no notion of a commontime. Thatis,
sincethe behavioursareinterleavedwith oneanotheroncethey occurtheywill neverrejoin. This canbe
overcomehroughthe useof the choiceoperatorinsteadof interleaving but this changeshe behaviourof
theprocessothatit blocksotherbehaviour®nceaneventoffer hasoccurred.

An alternativeapproachs to modelthe eventswith exit functionality.

process TimedProcess[ g....J(myRef: IRef, ... tnow: TimeCons...):noexit:=
(g ?0pl: Name !myRef ?pll: PList;
(* checks on validity of parameters *)
exit(thnow+1, any TimeCons)

1l
g ?0p2: 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 Unfortunatelyit is notthecasehattwo oploccurrences
canoccurwithin two time units say Thatis, the behaviouramustsynchroniseon exit. As aresult,both
operationsnustoccurwithin threetime units.
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Theseproblemsarisefrom the limitations of modellingtrue concurrencyin LOTOS. In LOTOS all
eventareinterleavedvith oneanother As such,anymodelof durationin LOTOS:is limited to anabstract
representationDespitethis it is possibleto specifyandmodelcertaintiming aspectof systemsandthe
constraintghey imposeon synchronisations We considemow timing considerationselateddirectly to
informationflows. Thesemay beregardedsthe moststringentof timed behavioursi.e. theyplacemost
demand®nthetiming of events.

6.2.4 Multimedia BasedNon-Functional Aspectsin LOT OS

Timing of eventds especiallyrelevantto (distributed)multimediasystemsvhenmodelledin LOTOS.We

haveseenalreadyhow time stampamight be associatedavith informationitemsin aninformationflow. It

is oftenthe casethatrestrictionsareimposedon the timesat which theseinformationitemsarereceived.
We investigateseveratypesof restrictionsandhow theymightberepresenteth LOTOS.

Maximum Jitter in LOT OS

Jittermayberegardedasthe upperandlower limit onthetime window at which a consumeicanaccepia

frame. Forexample,f aframeis expecteceveryt secondwith anallowedvariationof At, thena frame
shouldarrivewithin theranget - At tot + At. Therearetwo casef jitter thatwe considemere:bounded
jitter andunboundeditter. Thedistinctionbetweerthetwo caseds dependentiponwhetherthe arrival

time of the lastframeinfluencesthe arrival time of the next frame. In unboundeditter, if framesare
expectectveryt secondsvith avariationof At thenshouldframesconsistenthyarrive early butwithin the

allowedtime range,thenthe flows will eventuallydrift out of synchronisation.For exampleif t was30

time units sayandAt wasb5 time unitsandframesarrivedevery 29 time units, thenafterfive frameshad

arrived,all subsequerframeswould be outsidethe allowedrange,i.e. the nextframewould be expected
at180butwould arriveat 174time unitswhich would exceedhe maximumunboundeditter rateof 5.

In boundeditter if aframearrivesearly butwithin theallowedtime variation,thenthe arrival time of
thenextframeis timet afterthatarrival time. Henceusingthe abovenumbersjf a framearrivesattime
29thenthenextonewould beexpectedattime 59 andnot 60. Fromthis, it canbe seerthatboundeditter
doesnot allow flows to drift out of synchronisation.

Unboundeditter wasrepresentedh section5.1.2. This correspondetb thevariablelimit givenin the
procesdefinition representinghe consumeaction. It shouldbe notedthatwith this modelof production
andconsumptiorof flows, consideratiorof thetime takenfor consumingandproducingsingleframesis
critical. If both producerand consumeiproduceandconsumdramesrespectivelyat the samerate,then
ignoringissuesof latencyandlost framesfor now?, thereshouldneverbe anyjitter. It mightwell bethe
casdhatproducer@ndconsumergperatatslightly differentspeedfioweveyi.e. themodificationgo the
time variablein theprocessnstantiatiorarenotnecessarilgqualfor theproduceiandconsumerBounded
jitter modelssituationswvherethetime differenceébetweerproductionandconsumptiorof framesis slightly
differentbutwithin a certainlimit. This mayberepresenteds:

process Consumer[ g....]( ...recFrames: FrameSeq, jitter, tnow: TimeCons, ...):noexit:=
g .. Z?inf: Frame ...;
([ Diff(getTime(inf),tnow) gt jitter ] >
(* error  behaviour, e.g. drop frame *)
Consumer[ g....](...recFrames,jitter, (tnow+t)...)
0
[ (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) - thow) le 0) ] ->
(* successful behaviour, e.g. display frame *)
Consumer [...g...](...addFrame(inf,recFrames),jitter,(tnow+ t-Diff(getTim e(inf)-tnow)), ..n)

endproc (* Consumer *)

3Theseareconsideredn moredetailin section6.2.5and6.2.5respectively
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Herewe statethatif the maximumboundeditter is exceededhenthe frameis droppedandthelocal
time incrementedy t time units. If the framearriveswithin thetiming restrictionamposedby the jitter
thentwo conditionsarisedependingnwhethertheframearrivesslightly earlyor late. If theframearrives
earlierthanexpectedhenthe time variabletnowis modifiedby addingon the time for consumptiorand
subtractingheamountthe framewasearlyby. Forexample assumingramesareexpectedevery30time
unitsandthecurrenttimeis 60if the nextframeis time stamped9 thenthetime variabletnowwould be
setto (60+30-1=89). As aresult,thenextframeis expectedattime 89.

Alternatively shouldthe framearrive laterthanexpectedut within the allowedvariation,e.g. attime
61thenthetime variableis modifiedto (60+30+1=91). Hencethe nextframeis expectedt time 91.

Minimum Delay betweenFramesin LOT OS

The minimum delay betweerthe framesa producemproducesnay be specifieddirectly in LOTOS. This
correspondso the minimum differencebetweentime stampsassociateavith two framesin the sequence
of framesto be sent. If productionof all framesis isochronoughenthe minimum delayis equalto the
maximumdelayandis a constant. Typically, informationflows canhavetheir rate of flows increasedr
decreasedThe minimumdelaybetweertwo framesis inverselyproportionalto the maximumthroughput
of theflow, i.e. thesmallerthe delaybetweerframesthe higherthethroughput.The minimumdelayfor a
producemayberepresentedy:

process Producer[ g....J( ...toSend: FrameSeq, tnow, maxRate: TimeCons ...):noexit:=
g ... !<SetTime(thow+maxRate,head(toSend))> T
Producer[ g....]( ...tail(toSend),(thow+maxRate),maxRate...)

endproc (* Producer *)

Herewe assumehe existenceof someupperlimit (maxRatg on the flow of frames. The minimum
delaybetweerframesfor a consumeflow, i.e. the maximumrateat which a consumercanconsumemay
berepresentedy:

process Consumer[ g....J( ...recFrames: FrameSeq, tnow, maxRate: TimeCons ...):noexit:=
g .. ?inf Frame ..;
((* reject frame if outside timing constraints *)
0
(* accept (display) frame and recurse *)
Consumer[ g....]( ...AddFrame(inf,recFrames),(thow+maxRate), maxRate ..)))

endproc (* Consumer *)

Maximum Throughput of Flowsin LOT OS

The maximumthroughputhata producercanproduceanda consumercanconsumas usefulinformation
that might be neededwhen decidingwhethertwo flows can be boundto one another As stated,the
throughputs inverselyproportionalto the delay Throughpuis typically measureavera periodof time
andrecordedafter the eventshaveoccurred. It is possibleto specify the throughputat any given time
throughintroducingvariablesto representhe numberof frames(fcouny thathavebeensentor received
andthe time period (tPeriod) over which they havebeensentor received. For a producerthis might be
representeds:

process Producer[g,m...](...toSend:FrameSeq,tnow,rate,fCount, tPeriod: TimeCons...):noexit:=
g ... [<SetTime(tnow+rate,head(toSend))>
Producer[ gm....)( ...tail(toSend),(thow+rate),(fcount+1),(tPeriod+rat e) ..)
m !(fcount div  tPeriod); Producer[ gm....)( ...toSend,tnow,rate,fCount,tPeriod...)

endproc (* Producer *)

Herewe sendframeseveryrate time units. The maximumthroughputis givenwhenrate is setto its
maximumvalue,e.g. maxRateasgiven previously over an unspecifiedime period. In this specification
fragmentwe alsocountthe numberof framessentandthe time period over which they havebeensent.
Thisinformationis thenmadeavailablethroughthe eventoffer m !(fcountdiv tPeriod); which might exist



110 CHAPTERG6. NON-FUNCTIONAL ASPECTSOFDISTRIBUTED SYSTEMS

aspartof somemanagemerninterface. It shouldbe notedthatfor simplicity we assumehe existenceof
thedivision operatorthatdoesnot existin the standarchaturalnumbertype.

The maximumthroughpubf informationflows for aconsumemaybe representedimilarly. We omit
the specificatiortext for brevity.

6.2.5 Relation of Transport Media to Timing Issuesin LOT OS

In thesespecificatiorfragmentsor multimediaflows, we havelargely avoidedtheissuesnvolvedin the
communicationgnediumthat connectghe producersand consumer®f informationflows. The commu-
nicationmediumis very likely to havea greatinfluenceon the issuesnvolvedin sendingandreceiving
frames(andmessagemoregenerally). We investigatebriefly how LOTOS might be usedto specifytwo
aspectof the communicationgsnediumand how they relateto the specificationfragmentsgiven above.
Specificallywe consideithe delayof messageandthelossof messages.

SpecifyingLatencyin LOT OS

The delay of messageslue to the communicationsnediumthat connectsproducersand consumerss
typically termedlatency Unsurprisinglygiventhe abovediscussionslatencyis likely to havea definite
influenceonthetiming of flows of information.

We discusdriefly two simplisticmodelsof delayin LOTOSfollowedby amorecomplex(andrealistic)
model. In classicalLOTOS, delaysarerepresentethy timeouts. The mostsimplistic modelof this for a
communicatiorbetweera producerandconsumeirs:

process Comm|[ p,g...]:noexit:=
p ..7inf: Frame ...; i; g ..linf.;
endproc (* Comm?¥)

Here gatesp and g representeceiving outputsfrom producersand sendingresultsto consumers
respectively This model of delay is inadequateor expressingthe real-time constraintsrequired by
informationflows sincethe specifictiming requirementémposedby the producersandconsumersirenot
dealtwith, i.e. the time the producerstampsthe frameis the sameasthe time the consumerreceives
it*. Also, if the informationflows producedare sentto consumerseceivingotherflows that areto be
synchroniseavith theseflows, thentiming considerationsannote guaranteedAn alternativeis to model
thedelayasa staticfeatureof thecommunicationsnediumitself. This mightberepresenteds:

process Comm|[ p,g...](delay: TimeCons):noexit:=
p ..7inf: Frame ...; g ...!SetTime(getTime(inf)+delay),inf)
endproc (* Comm?*)

This approachallows delaysto be includedon the framesarriving andsent,but it doesnot allow any
form of reasoningaboutthe delaysor variationin thesedelays. This might be satisfactoryin a simplistic
modelof a systemwhereissuegelatedto how delaysin the communicationgnediumareestablishedre
notconsideredA morerealistic(andhencecomplex)modelthatallowsdelaysto becalculatedo a certain
extentmaybespecified.

Latencyanddelaysgenerallyareinfluencedoy severafactors. Theseinclude:

- themaximumthroughputhatthe connectiorbetweerthe producerandconsumecanachieve;
- thecurrentusageof the connectiorbetweerthe producerandconsumer;

- theprotocolsusedin transferingheinformation;

- thesizeof theinformationitself.

It is quitepossibleio formaliseall of theseabstractlyin LOTOSto generat¢gheamounbf delayincurred
throughtheconnection.Forexampleasimplisticmodelof delaydeterminedy consideringpnly theratio
betweeravailableandusedresourcesnightberepresentedy:

4Assumingthatthe consumennly receivesramesfrom onesource.
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estimatedTime: ResCons, ResCons -> Nat

The estimatedtime of delay would be increasedf the differencebetweenthe resourcesusedand
resourceswvailabledecreasesA moreaccuratanodelof determiningdelaysmightbe basedn stochastic
modelsandqueueingtheories e.g. Markov models,queueingnetworks[187, 191]. Using this simplistic
model,the communicatiomediumbetweera producerandconsumemight berepresentedy:

process Comm[ p,g,m...]J(tnow: TimeCons,resUsed,resAvail: ResCons,fs:  seq Frame):noexit:=
[ resAvail morethan resUsed ] ->
p ..7inf: Frame ...;
( Comm[ p,g,m...J((thow+1),incR(resUsed,1),decR(resAvail, 1),addFrame(i  nf/fs)) (*1%)
( let next: Frame = highestPriority(fs,thow) in
g ...!SetTime(getTime(next)+tnow,next)
Comm[ p,g.m...J((thow+1),decR(resUsed,1), |ncR(resAva|I 1),remFrame(n ext,fs))))

m ...!lestimatedTime(resUsed,resAvail)
Comm[ p,g...J(thow,resUsed,resAvail,fs)
endproc (* Comm?*)

Herewe statethatframesareacceptedyy thecommunicationsnediumif thereareresourceswvailable.
Weincludethegatemwhich canbeusedoy somemanagemernhterfacesay to outputtheestimatedime of
framedeliverybasedon currentresourcaisage We alsostatethatthe estimatedime betweeracceptance
to deliveryof aframecanbeestablishedasedntheresourcesvailableandresourcesised. Thisinquiry
takesnotime to complete.Thisis alegitimateassumptiorif theframesbeingsentareparticularlylarge. It
mightalsobethecasethatdiffering sizedframestakedifferentamountf time to be sentandarrive. This
couldalsobespecifiechere e.g. throughguardsatthebeginningof line (* 1*). Forexampleanoperation
suchas getSizemight be availableon a frame which returnsa naturalnumber This number(or some
multiple of this number)might thenbe usedto determinenow muchthe time wasincrementedy in the
recursivecall. Further if framesarein formatsthatrequirespecificprotocolsor compressiortechniques
to beacceptedhenthis too mightinfluencethetime for their acceptancanddelivery, For simplicity here
we assumehatall framesareof comparableizesandrequirecomparabldimesto beacceptedndsent.

If resourceareavailablehentheframeis accepte@ndaddedo asequencef frameseingtransferred.
Thetimeisincrementedfor simplicity sakewe assuméhatthistakesonetime unit. Theresourcesvailable
andusedarethendecreasedndincreasedy onerespectively We thenspecifythatframesaredelivered
basedon somepriority. This priority canbe establishedn numerouswvays,e.g. basedon the difference
betweerthe estimatedime for deliveryof theframesbeingtransmittedandthe currenttime. For brevity,
we assumethe existenceof the operationhighestPriority Oncea frame hasbeenselectedand sentto
the consumerthe local time is incrementedagainand the framesusedand availableare decreaseénd
increasedespectively This frameis thenremovedrom the setof framesto be sent.

As canbeseenit is possiblein LOTOSto specifycommunicatiordelaysat manylevel of complexity
Thedescriptionsofar havenot dealtwith thethe possibility of errorsoccuringandthelossof frames.

Specifyingan Imperfect Communication Medium in LOT OS

Errors suchas the loss of messagebetweenprocessesre typically representedy the internal event
operatoli. As previouslyargued,theinternaleventis limited in its ability to modeltiming considerations
thatmight be associateavith the delayof a frame. Theinternaleventmay be usedto specifythelossof
framesthoughwithout adverselyaffectingthe modellingof informationflows. A communicationmedium
thatallowsfor the potentiallossof framesmayberepresenteds:

process Commi[p,g...](tnow: TimeCons, fs: seq Frame):noexit:=
p ...2inf: Frame ...;
( Comm[ p,g...]((thow+1), addFrame(inf,fs))
I
Comm[ p,g...]J((tnow+1), fs)

i
I

[ 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 be doneusingthe aboveframe
selectionpolicy, i.e. with operationhighestPrioritysay Here framescan be deliveredto consumers
providedframeshavebeensentto the communicationsnediumby producers. If a frameis sentby a
producertheneitherit is addedto the sequencef sentframesor aninternaleventoccursthatcauseghe
lossof thatframe,i.e. the frameis not addedto the sequenc®f framesto be delivered. As previously
whenframesaredeliveredthe numberto be deliveredis reducedy one.

6.2.6 Non-functional Aspectsin LOT OS

>Fromthe abovespecificatiorfragmentsa generaimodelof the constraintgshatmight be associateavith
interfacedocusingon timing, costandresourceconstraintanberepresentedy:

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
eqgns 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 *)

Herewe introduceoperationgo returnthecost,time andresourceconstraint@ssociateavith ageneral
constraintmodel. Furtherwe provide an operationto checkwhenone setof constraintdgs satisfiedby
anothersetof constraints. We shall investigatethe equationsassociatedvith this operationin the next
chaptewhenwe considetow constraintcanbe usedto establishcompatibilitybetweersystems.

6.3 SpecifyingSelectedNon-Functional Aspectsin Z

In the previouschapterit was shownhow computationainterfacescould be representedy schemas
consistingpf syntacticaspectgsignatures)hatrelateto behavioursandstates It wasnotedatthebeginning
of this chapterthat consideratiorof syntacticandfunctionalaspectof systemsnly may not be enough
to ensuresysteminterworking. As a resultwe extendthe schemagepresentingnterfacetemplatesn
chaptelb to includesetsof assertionenthenon-functionabspect®f systemsin ODPtermionologythese
collectionsof assertiong@retermedenvironmentontracts.In this sectionwe showhow Z may be used
to formalisethe contentsof theseenvironmentontracts.As with LOTOS we focuson cost,resourceand
timing considerations.

6.3.1 SpecifyingCost-RelatedNon-Functional Aspectsin Z

As discussedoreviously costis very likely to play animportantrole in checkingthat interfacesmay
interwork acceptably We may separatdwo forms of costing: costingto usea single operationin an
interfaceand costingto usethe interfaceasa whole. This distinctionimpliesthatit is possibleto have
partial bindings,e.g. wherea client only wishesaccesgo a subsetof the operationsat a server This
selectiomrmight, for examplebe basedn issuegelatingto the costof usingthe operationsn theinterface
aswell asthefunctionalbehaviourthoseoperationgsepresentWe considetthisissuein moredetailin the
following chapter



6.3. SPECIFYINGSELECTEDNON-FUNCTIONALASPECTSN Z 113

Costconstraintsnaybeassociatewith operation®rinterfaceslirectlyin Z. A costmightberepresented
simply by avariable e.g.anaturalnumberwith a predicatethatthis variableshouldbe greate? thansome
value. This variablemightberepresentedirectlyin anoperationrschemae.g.as:
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cos®?: y

ooopooag

cosP- 10

Herewe statethatthe operationrSomeOhasaninvariantthatrequireshevariablerepresentingostto
begreaterthan10. An improvedmodelof costingwould allow the coststo be varieddirectly, e.g.through
modellinga variablefor costsandhavingoperationcostinputsto exceedhis variable. If the costis to be
associateavith the operationonly andnot appliedto the whole interface thenthis requiresthatthe cost
variableis declaredocally to theschemaepresentinghe operation.This canberepresenteds:
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cost: §
cos®?: y
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cos®? - cost

If the costis to be associatedvith the interfaceasa whole thenoneway thatthis canbe achieveds
by includingthe costvariablein astateschemahatis accessedy all operationsomprisingtheinterface.
Onesuchstateschemanight berepresenteds:

O State
a e

o
B cost: §

Costsof usingthe operationsn theinterfacemaythenbe modelledas:

p
5
g

AState
cos®?: y

oogoooooo

cosP - cost

Throughthis approacthit is possibleto modelcostchangess:

= IncreaseCost

AState
newcos? : y

oopoooooo

newcos? > costc-cost’ = newcos?

Modelling upperandlower limits of costsis alsotrivial to achievein Z. This canbe doneby simply
modellingthe costasa rangeandrequiringthe costinputsto operationgo be within thatrange.

It is possiblgo havecombination®f costsassociatedvith operationsandinterfaceslso. Forexample,
a basiccostof accessingn interfaceand an additionalcostof accessingertainoperations. Using the
abovemodelof statethis might berepresenteds:

5We considerthe minimum costof accessingan interfacein the following discussionsbut consideration®f maximumcosts
requiresimilar reasoning.
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o_\ValidOp

AState
opcost: §
cos®?: y

Doooooooog

cosP - opcost+ cost

The costof accessingnoperationshouldof coursebelessthanthe costof accessingheinterfaceasa
whole,i.e. the costof accessingll of the operationsn theinterfaceshouldbe atleastasgreatasthe cost
of accessin@ singleoperation.This canbe ensuredhroughthe useof predicateslf the costof usingan
operationis increasedhenpredicateshouldbe givento ensurethatthe costof usingtheinterfaceis not
exceededAlternatively, a newcostassociatedavith theinterfacemight begiven.

It is alsopossibleto modelexplicitly the costconstraintghatmight be associateavith anoperationor
interface. This canbe achievedhroughthe useof functionsor relations. If functionsare usedthenthis
impliesthatinterfaceqor operationstanonly haveonecostassociateavith themthematanyonetime. If
relationsare usedthenit is possiblefor interfacegandoperations}o havedifferentcostsassociatedvith
themat anyonetime. This might be anoptionif differentclasse®f usersexistwith differentprivileges
setfor example. The choicedepend®n issuessuchasdomainmodelling. For an operationainterface
templatewith only onecostthis canberepresenteds:

o CostConslinterface
Y setCostint Opintlemplate s y

It might also be the casethat predicatesare given hereto ensurethat this costis greaterthansome
value(or within somerangeof values).Thecostof accessinginvoking) aninterrogatiorsignaturén some
operationalnterfacemightberepresenteds:

o_ CostConsOperation

=CostConslnterface
setCostOp OplIntTemplate: IntSig .o

ooooooo

it : OplIntTemplate is : IntSig | 0it —wm SetCostINt{oit; iS) o SEetCOStOp
setCostinfoit) - setCostOfwit; is)

Herewe statethat the costof usingan interfaceshouldbe greaterthan or equalto the costof using
an operationin that interface. Modelling changesn the costof usinginterfacesor operationsin those
interfacesrequiressimilar considerationsis before,e.g.that the new operationcostdoesnot exceedthe
interfacecostsay An increasdn costof usingan operationwithout increasinghe costof the interface
maybemodelledas:

= IncreaseCostConsOpation
ACostConsOperation
oit? : OpintTemplate

is?: IntSig

nc?: y

setCostlnt = setCostInt{(oit?; is?) cum SetCostOp-
setCostOfpit?; is?) < nc? -nc? < setCostinfoit) —
setCostOp= setCostOp(0it?; is?) = nc?

Dooopoooooog

Herewe statethatthe newcostshouldbe greatetthanthe old costandthe new costshouldnotexceed
the costof usingthe interface. Alternatively the costof usingthe interfacemight be increasedlso, in
which casehepredicateshouldbemodifiedaccordingly We omit theZ textsfor increasinghecostof an
interfacefor brevity.

6.3.2 SpecifyingResouice-RelatedNon-Functional Aspectsin Z

As with costconstraintsresourcaisageconstraintanay be modelledin Z throughvariablesrepresenting
resourcesTo modelresourcaisagen Z requireshatactionsthataccesanduseresourcefaveavariable
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associatedvith themthatis increasedor decreasedyvhenthe operationoccurs. This impliesthatit is
possibleto distinguishbetweenactionsthat useresourcesand actionsmore generally This distinction
may only be givenwith a higherlevel of prescriptione.g.with regardto how the specificatioris written
andthe modelsof resourcegienerally As with LOTOS, anabstracimodelof a resourcemight simply be
representedby a naturalnumber The specificationmight then be written so that this numberis limited
by someamount. For exampleif concurrentaccesso sharednformationis limited to somevalue,then
actionsthataccesshis sharednformationcanonly occurprovidedthis valueis notreached Consideithe
following modelof informationwith accesdimited to somecurrentnumber

= LimitedResoure

g resouce: Resouce

o currentCount;maximumCount y
|

m}

currentCount maximumCount

Actionsthataccesghis resourcearethenrequiredto ensurethat the maximumlevel is not exceeded.
The successfumodelof accessinguchinformationmight berepresentedy:

o_ValidOpAccessingResote:

ALimitedResouwre

ooooooag

currentCoun maximumCounteurrentCount’ = currentCount 1

Operationgdo increaseor decrease¢he availableresourcesnay be specifieddirectly throughschema
operationsWe omit the Z textfor brevity. It is possiblgo haveothermodelsof resourcaisageconstraints
in Z. Forexamplejt mightbethecasethatanupperlimit is givenonthe numberof invocationsassociated
with interrogation8 thatcanbe processedt any onetime say Herewe do not consideraccesso shared
resourceassuch ratherwefocusmoreonamodelof actioncounting. Thisapproachiequireghatschemas
representindinterrogation)nvocationshavea variableto keepcountof the numberof invocationsbeing
processedTheseschemaganonly occurwhenthis numberis lessthansomeupperlimit. Theoccurrence
of terminationswill decreasghis countby somevalue.

As with costconstraintst maywell be the casethata moredirectZ approactcanbe usedto assign
resourcdimits. This canbe achievedthroughfunctionsandrelationd. Specifyingthat an operational
interfacetemplatesayhasaresourcdimit canbe specifiedoy:

o SetinterfaceResoceLimit
Y setintLimit: OpIntTemplate = y

It mightalsobethecaseahatoperationgouldhaveresourcdimits setalso,e.g.themaximumresources
thatthis operationcanget accesgo. This may be representedimilarly. Thesemodelsallow for direct
assertionso bemadeon theinterfaceqor operations) Thisis only really meaningfulwhentheinterfaces
andoperationghemselvesidhereo thesdimits. We shalldiscusghis featureof the Z languagen section
6.4.

A third approachto modelling resourceusageconstraintscan be achievedthroughthe abstractZ
approachgivenin chapter4. For example resourceusagepolicies might statethat oncean invocation
hasbeenreceivedonly a certainamountof actionoccurrencegor statechangespre permittedbeforean
associatetierminationis to be sent. This informationmight be usedto ensurethat certainfairnesscriteria
areupheld,e.g.throughrefusingmoreinvocationdf aterminationhasbeenblockedfor a certaintime.

To establishthe maximumnumberof actionsbetweenan invocationandtermination,we requiretwo
functions. Thefirst of theseallowsusto determinevhetheranactionis betweertwo othersin abehaviour
specification.The secondeturnsthe setof actionsbetweertwo actionsin a behaviourspecification.

Establishingwhetheran actionis betweerntwo othersin a behaviourspecificationcanbe represented
as:

Swefocusoninterrogationdereasinvocationsarerequiredo produceerminationsi.e. moreactivityis required.Theinvocations
associatedvith announcemetsmay or may not requiremoreactivity andassuchtheir occurrenceloesnot necessarilyncreasehe
resourcaisage.

71t is lesslikely thatinterfaceswill haveseveralpossibleresourcdimits, but notimpossible.
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isBetween (actionx action~ behspeg .. action

oooooo

@; b; ¢ : action; bs: behspec, ((a; b; b9); ) cisBetween
(a;b) gbrby)  * cfc; b) (bseay) * a=c {a; c) (bsay) *

This statesthatif a cancauseb, i.e. (a,b) is in the transitiveclosureof the behaviourspecificatiof
andif ¢ cancauseb andit doesnot occurbeforea, i.e. (c,b) is in the transitiveclosureof the behaviour
restrictedo all thoseactionsthatfollow a, theneithera is equalto ¢ or a cancausec also.

Establishinghe setof actionsbetweertwo othersin a behaviourspecificatiorcanberepresenteds:

allBetween (action~ actionx behspey . Faction

@; b : action, as: Faction, bs: behspec, ((a; b; bs); as) —allBetween
(wa: action | ¢ cas- ((a; b; bg); ¢) cisBetweeh

oooooo

Here the set of actionsbetweentwo othersin a behaviourspecificationis given by checkingthat
individual actionsare betweerthesetwo actions. With this latter functionit is possibleto checkthatthe
numberof actionsbetweeraninvocationandterminationdoesnot exceedsomeupperlimit. This canbe
representeds:

= MmaxActionsBetween
=OplintTemplate

it?: InvTemplate

tt? : Termemplate
$1?, 7, 37, 4?7 State
maxActions y

ds : IntSig | is cops:intsHit? = is:inv it? dis:terms—
(isInvAc(it?, 512, ?); isTermAc(tt?; s3?; s4?)) —fopbsdsinvAclit?, s 1?2, $?)) * -
(let bA == max.as: Faction
as = allBetweefisInvAcl(it?; s1?; $?); isTermAc{tt?; s3?; 4?), opbg - #as - maxActions bA)

DOooDoOoO0oooooooog

This is givenaninvocationtemplate(it?), a terminationtemplate(tt?) andstateinformationsuchthat
theinvocationtemplateterminationtemplateandstatesarein the behaviourspecification.The maximum
numberof actionsbetweertheinvocationandterminationis requiredto belessthansomemaximumvalue.
We noteherethatwe removethe actionsthat precedehe invocation,e.g.theinvocationmight havebeen
invokedpreviouslyandaterminatiorgiventhatwasnotassociatewith theinvocationunderconsideration.
For simplicity we assumeéhat the invocationis not invoked againbeforethe terminationis issued. We
discusghis specificatiorfragmentandthe usageof Z to specifysuchissuesatthe endof this chapter

6.3.3 Specifying Time RelatedNon-Functional Aspectsin Z

Time-relatedaspectof behavioumrmay be representeéh manywaysin Z. We haveseenin section5.1.2
how certaintiming aspectassociateavith multimediaflows couldbe representedWe considemow how
Z mightbe usedto reasorabouttimedbehaviourmoregenerally

In section5.1.2we modelledtime througha naturalnumber As suchwe considered discretemodel
of time. It is quite possibleto modeldensdime though,i.e. asarealnumber Realnumbersdo not exist
in the Z mathematicaloolkit, howeverthey canbe modelledthroughthe useof thetoolkit. Forexample,
realscouldbeintroducedasasetiR with operationglefinedoverthis set. This approactwastakenin [186].
For simplicity herethefollowing discussionsreattime asa naturalnumber

Time canbe usedto restrictactionoccurrencesn manyways. As with LOTOS, time itself canbe
modelledin differentways,e.g.local to processesr globalthroughouthe specification.This distinction
depend®nthevisibility andaccessibilityof thevariable(or variablesmodellingtime. Forexampletime
canbe modelledasa variablethatis accessedand possiblychanged)y all time-dependentperation
schemasAlternatively, differentvariablescanbe usedto representime. Thesevariablescanbe usedto

8For effective computatiorwe removeall actionsthatoccurfollowing b.
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modeltime local to operationrschemagor setsof operatiorschemas)Havingalocal modelof time allows
systemdo bemodelledwherethe componentsf the systemcanrun at differentspeeds.
Oncea modelof time is chosen,this canthenbe usedto restrictthe behavioursof time-dependent

actions(operationschemas)If anactionis to be modelledsothatit canonly occuratthelocaltime 3 say
thenthis canbe specifiedas:
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time: y

ooopooag

time=3

Thisoperatiorschemaloesnotitself modelanymodificationdo thevariablerepresentingime. Indeed,
aswith the modelof time in LOTOS given previously it neednot necessarilybe the casein Z thattime
is modelledso that it progressesi.e. operationsmay or may not increasethe time. Typically we are
interestedin the temporalorderingof actionsthoughand how actionsoccurringmay prohibit (due to
temporakonsiderations)theractionsfrom occurring.It shouldalsobepointedoutthat,giventhatwe may
modeltime asa naturalnumber it is quite possibleto specifytime asdecreasinge.g.throughoperation
schemaghatdecremenvariablesmodellingtime. Thiswould of coursebe meaningless(?).

In the previousspecificatiorfragmentthemodelof time waslocalto theoperatiorschemaModelling
anactionthatcouldonly occurattime 3 with a globaltime modelmightberepresenteds:

o SomeOp

ooooo

time=3

Herethevariabletime might berepresenteds:

time==y

It is quite possibleto modeltime windowsdirectly in Z. If anactioncanonly occurwithin the global
timesO0:: 4, thenthis canberepresenteds:

o SomeOp

ooooo

O<time< 4

It is possibleto modeloperationschemaso that they canonly occurat regulartime intervals. For
exampleanoperationschemahatcanonly occurat evenglobaltimes,i.e. 0,2,4...canberepresenteds:

= SomeOp

oogoo

timema 2 = 1

A potentiallyinfinite variation of timing possibilitiesis possiblethroughhaving differentpredicates
thatthe variablemodellingtime shouldsatisfy This includestimesatwhich theactionsmaynotoccuras
well astimesatwhich theactionis allowedto occut

In theseexamplesso far, time itself hasnot beenmodified. As a resultthesemodelsof actionscan
beregardedasinstantaneouslt is quite possibleto modelactionswith durationshowever Actions with
duration$ requirethatthe variablemodellingtime is modified. For example anactionthattakes2 local
time unitsto completecanberepresenteds:

90r actionsfollowed by timeintervals.
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Combination®f thismodelof actionswith durationsandactionswith specifictiming requirementsan
bespecifiedirectly. Forexampleanactionthatcanonly occurattime 3 andtakess time unitsto complete
canbemodelledas:
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t=3ct’ =t+5

In additionactionsthatmaytakedifferenttimesto completecanberepresentedirectly. Forexample,
if theactionmodelledin thelastspecificationfragmentcouldlastfor 5 or 7 time units,thenthis couldbe
representedly simplyincludingaBooleanor in thefinal predicatej.e.t"=t+5 i "=t + 7.

As canbeseenthe Z languagecanbe usedto modeltiming issuedirectly. We showhow thesebasic
specificationfragmentsfor reasoningabouttime canbe usedto specifya producerand consumetflow
configurationin chapter8.

It is quite possibleto modeltime in a more abstractfashion,i.e. modellingtime with the abstractz
approachgivenin chapterd. A basicmodelof atimedbehaviourmayberepresenteth Z by:

Thehspee=¢ar: § ~ § ~action. y = y = action

Herewe statethata timed behaviourspecificationis simply a relationbetweeractionsthathavebeen
time stamped We considehereactionsthathavebeentime stampedvith a startandendtime. Variations
arepossibleg.g.only time stampingthe time at which an actionis allowedto occur(or before,or after).
This modelof atimedbehavioumight beusedto modeltimedoperationainterfacetemplatess:

o TimedOpInt€mplate

=OplintTemplate
topbs: Thehspec

ooopooag

gy to;t3tg I N al;az:action\ t1<stocthg=stgchi=<tam
((t1; to; @1); (t3; ta; @2)) ctopbs. (a 1; ap) copbs

Herewe statethata timedbehaviourdoesnot expresslychangehe orderingof actionscomprisingthe
untimedbehaviourof the operationalnterfacetemplate.lf oneactioncausesnotheractionthenit should
havea lessthanor equalstarttime thanthe causedaction. We alsostatethat actionsshouldhavea start
time thatis lessthanor equalto their endtime. We notethatit is possibleto modeloverlappingactions
by allowing the starttimesof causedactionsto belessthanthe endtimesof the actionsthatcaused¢hem.
Thisin turn would requirethe simplemodelof behaviourasanactiontemplateorderingto be modifiedto
allow for non-atomicactiontemplates.

It is possibleto adoptdifferentpolicieswith regardto how thetime stampghemselvesreassociated
with actions.Two example®f suchpoliciesare: anascendingpolicy andarelativepolicy. In anascending
policy, if oneactioncancauseanothethenit shouldhaveanendtime stampthatis lessthanor equalto the
starttime stampof the causedaction. If thetime stampsareequalthenthis impliesthatthe causedaction
shouldoccurwithout time progressingor it shouldnot occurat all. Time stampingactionsincreaseshe
constrainton thoseactionsoccurring. For example jf we havethe behaviourayb saythenthis maybe
modelledas(a,b), (b,a). If theseweretime stampeds: a5, ;1b2,4;, thenit is no longerthe case
that the behaviourspecificationcan exhibit the behaviour(a,b). Thetime for b to occurhaspassedf a
occurs.Of coursea maystill follow b asit hasa highertime stamp.

In arelativepolicy thetime stampsaredependentiponthetime differencebetweeractionoccurrences.
Thusthebehavioub4,6; a;7,9; usinganascendingime stampmodelmightberepresentetly bi4,6,;
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ac1,3; usingarelativepolicy. Thislatterapproachs themorecommonlytakenapproachn timedprocess
algebrase.g. T-LOTOS[139].

Thesddifferenttime stampingpoliciesplacedifferentrequirementsnthecheckgor timing issues We
considernow how it is possibleto modelthe maximum(or minimum) timesfrom the occurrenceof an
invocationto the occurrencef anassociateterminationwith thesetwo time stampingpolicies.

Maximum Time BetweenlInvocation to Termination with AscendingPolicy

It is trivial to establishthe maximumtime differencebetweenan invocationand one of its associated
terminationsn atimed behaviourspecificatiorwith actionstime stampedn ascendingrder It is simply
representethy the maximumendtime stampassociatedavith one of the terminationsassociatedvith the
invocation. This canberepresentedy:

= maxTmelnvErmAscendingPolicy.
=TimedOpIntEmplate

it?: InvTemplate

tt? : Termemplate

$1?, 7, 37, 4?7 . State

tnow?; tmax: y

ds : IntSig | is cops:intsHit? = is:inv cit? dis:terms.
tmax=maxgt 1;to;t3 ;N |
((thow?; ty; isInvActit; $1?2; $?)); (t2; ta; isTermAc(tt; 37 s4?))) —
(topbsdsinvAc(it; s 12 $?)) * - t 3 - thow?

ODoooooOoooooooon

Herewe statethatthe maximumtime from aninvocationto terminationis givenby the maximumend
time stampassociateavith oneof theassociatederminationgninusthe currenttime. Theminimumtime
from aninvocationto aterminationmaybeobtainedoy changinghepredicateéhereto returnthe minimum
of the set. For brevity, we omit the Z text for this. We noteherealsothatwe do not considerterminations
associateavith previousinvocations.For simplicity we assumehat the invocationis only invokedonce
beforetheterminationis sent.

Maximum Time Betweenlnvocation to Termination with Relative Policy

If actionswere time stampedin relationto one anotherthen establishingthe maximumtime from an

invocationto aterminationrequiressummingall time stampsof actionsin thesequencef actionsbetween
theinvocationto thetermination. Themaximumtime is thelargestof thesesums.To specifythis we first

needto introducetwo functions. Thefirst functiontakesa sequencef timed actionsandreturnsthe sum
of thetimesassociatedavith theseactions.This canberepresentedy:

SumTmes: «( N = N =action) .oy

stal «a( N x N xaction) -
sta= mcSumTmegstad) = 0
staz= mc—SumTmegsta) = Secondheadsta) + SumTmegtail sta)

oooogooo

We noteherethatin arelativepolicy, the sumof the timesis givenby thetimesat which the actions
end. Forexamplejf theactionswith anascendingpolicy wereal; 2; b4; 6;; ¢8; 10, thenthiswould
berepresentedsacl; 2;; b2; 4; ¢:2; 4. Thusc endsat(2+4+4=10)j.e. thesumof theendtimesof the
actions.For brevity we do not providethe specificatiortext for the function Second The Z mathematical
toolkit providestwo operation®n tuples:first andsecond.Theseoperateon pairsof values.Thefunction
Secondherereturnstheseconcelementof atriple.

The secondunctiontakesa timedactionsequencandreturnsthe untimedactionsequenceThis can
berepresenteds:

UntimeSequencess ( N x N = action) o < action

stal «a( N x N xaction) -
sta= mcWntimeSequendgsts) = m
staz mcbWntimeSequendsta) = Third head(sta)o  —tail sta

ooooQooo
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We omitthe Z text for Third for brevity. Thisreturnsthethird elementof atriple.
The maximumtime betweerthe occurrencef aninvocationto the occurrencef oneof its associated
terminationsvhereactionsaretime stampedn relationto oneanothemayberepresenteds:

o maximelnvErmDiffeencePolicy
=OplntTemplate

it? : InvTemplate

tt? : Termemplate

$1?, 7, 37, 47 ;. State

tmax: y

ds : IntSig | is cops:intscit? = is:inv cit? dis:terms.
tmax=maxsta: = ( N x N xaction); sa: s« action
headsa = isInvAc(it?; 51?7, $?) dastsa= isTermAc(tt?; s 37, 4?)—
UntimeSequengsta) = sa—
=« Sa callBetweelisInvAC(it? s 1?2, $?); isTermAc{tt?; 3?2, s4?);, opbg - Sumimegsta);

OoOOo00Oo0OgOoooooooag

Herewe aregivenaninvocationandterminationtemplateassociateevith someinterrogatiorsignature.
Themaximumtime betweertheinvocationandtermination(with arelativetime stampingpolicy) is given
building sequencesf actionsthatarestartedwith theinvocationandendwith the termination,andonly
containactionsoundbetweertheinvocationandterminationin thebehaviouspecification. Themaximum
time is obtainedby summingthe endtime stampsfor all of thesepossiblesequenceandreturningthe
maximumvalue. We noteherethatif theinvocationdid not startattime zero,thenit would be necessary
to subtractthe time at which it wasinvokedfrom this final value. We discussthe approachusedin this
schematthe endof this chapter

6.3.4 SpecifyingAspectsof Multimedia in Z

We considemow how Z canbe usedto modeltiming issuesrelatedto multimediaflows of information.
We focus hereon upperand lower delay limits of information flows and throughputconsideration®f

informationflows. We shall seein chapter8 how the approachdevelopedso far canbe usedto reason
aboutotheraspect®f informationflows, e.g.boundandunbounditter flows andlatency In section5.1.2
we presente@n elementarynodelof a multimediaflow of information. Thiswasgivenas:

mmFlow¥pe
frames: « Frame
flowChar: FlowChar
rate: y

DDDDDDD|D

This modelprovideda basicoutline of the featuresgnherentto multimediaflows of information. It is
possibleto extendthis basicmodelto allow assertionso be madeon theinformationflows also. We shall
seein thefollowing chaptetthattheseassertionprovidea basisfor determiningwhetherinterfacesanbe
composedvith oneanotherandfunctioncorrectly

Maximum and Minimum Delay betweenFramesin Z

Themaximumdelayof a multimediaflow mayberegardedisthe upperlimit onthetime windowatwhich
aframeis expected For examplea consumemaybe ableto wait for a certaintime for the nextframeto
arrive. Without consideringssuessuchasbuffering, the maximumdelayassociatedavith aninformation
flow mayberepresenteds:

maxDelay. mmFlowVpe . y

anft: mmFlowVpe-
mft:flowChar= Isochmft:rate) —maxDelaymff) = mft:rate —
mft:flowChar= Bursty =
maxDelaymft) = maxf 1; fo : Frame | & 1; focn mft:frames.f 5:timestamp- f 1:timestamp

Dooooooog
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Forisochronoudlows, the maximumdelaythata consumeircantoleratewithout buffering is givenby
thetime differencebetweentwo frames. Thatis, if afterthis time periodthe frameis not receivedthen
an error hasoccurredandsomeremedyingactionmustbetaken,e.g. showlastframeagain. For bursty
flows, themaximumdelayis givenby themaximumtime differencebetweertwo successivéramesin the
sequencei,e. if theconsumecanconsumesfastasthe producercanproducethenconsumptiorshould
be atleastasfastasproduction.

The minimum delay of a multimediaflow may be regardedasthe lower limit on the time window
at which a frameis expected.As with maximumdelay constraintsfor isochronouglows the minimum
delaycorrespondsimply to therate. For burstyflows though,the minimum delayis the minimumtime
differencebetweernwo successivéramesin the sequenceThusthefinal predicateshouldbe modifiedto
returnthe minimumtime differencebetweertwo frames.We omit the Z text for brevity.

Maximum and Minimum Throughput of Flowsin Z

Throughputmay be regardedas the numberof framesthat a producerof a flow wishesto produce,or

the numberof framesthata consumemwishesto consume. Isochronoudlows shouldhavea consistent
throughputhencetheir maximumandminimum throughputshouldbe the same.Bursty flows may have
situationsvheremoreframesareoutput(or input) thanat othertimes. In burstyflowsit is especiallyuseful

to putanupperlimit on themaximumthroughputf the data. Thusthroughpuimayberepresenteds:

maxThruPut mmFlowype . y

dnft: mmFlow¥pe.-
mft:flowChar= Isochmft:rate) —maxThruPufmff) = 1« mft:rate—
mft:flowChar= Bursty =
maxThruPuimff) = maxs: « Frame f 1;f;: Frame, s mft:frames.
f1 = heads cf , = lasts cf »:timestamp- f 1:timestamp- 1- #s

Doooooogooog

Herethethroughputof isochronoudlows is simply representedy thereciprocalof therate,i.e. if the
time differencebetweersuccessivérameswas0.1 secondshenthethroughputvould be 10. Establishing
thethroughpuof burstyflowsis alittle moreinvolvedhowever Herethemaximumthroughpubof abursty
flow is obtainedby calculatingthe maximumsubsequencef the flow with atimestampdifferenceof less
thanor equalto onesecondrom its first andlastelements.

As statedn section6.2.4,throughputs typically measureavera periodof time asopposedo afixed
time unit (herel). Thismaybemodelledas:

maxThruPut mmFlowVpex § - §

dnft: mmFlow¥pe.-
mft:flowChar= Isochmft:rate) —maxThruPuimft;n) = n« mft:rate—
mft:flowChar= Bursty =
maxThruPuimft;n) = max;s: « Frame f 1;f;: Frame, s mft:frames-
f1 = heads cf , = lasts cf ;:timestamp- f 1:timestamp: n- #s

Doooooogooog

Herethethroughpuif isochronouglowsis simply representetly thetime overwhich thethroughput
is measuredlivided by the rate. The maximumthroughputof burstyflows is obtainedby calculatingthe
maximumsubsequencef the flow with first andlastelementsavinga time differencelessthanor equal
to thetime periodoverwhichthethroughputvasmeasured

The minimum throuputof a burstyflow may be obtainedsimply by changingthe final predicatesof
theseaxiomaticdescriptionsothattheyreturnthe minimumsequencef frames.For brevity, we omit the
Z text.

Thesespecificatiorfragmentanay beregardedasassertion®n the flows themselvesWe shall seein
thefollowing chapterhow theseassertiongnay be usedto composesystemsandin chapter8 how these
assertionganthemselvede checked.
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6.4 Summary

In this chapterwe haveshownhow LOTOS andZ canbe usedto specifya setof non-functionalaspects
(constraintspf systems We havefocusedhereon timing constraintsyesourcaisageconstraintsandcost
constraints althoughas statedit is quite possibleto specify numerousother non-functionalaspectsor
constraints.

In LOTOS we havespecifiedthe constraintan Act One and usedtheseas a basisfor limiting the
possiblebehaviourdghatcanoccurin the processalgebra. Severalissuesesultfrom the specificationof
resourcaisageandtiming considerationgn particular Our modelof resourcaisagevasbasedn keeping
acountof theactionsthathaveoccurredj.e. actionsthatstartnewactivities(invocationsyandactionsthat
stopexistingactivities(terminations).This modelmay only be regardedasa roughapproximatiorat best
to resourcausage.Thatis, this modeltreatsall actionsasbeingequalconsumer®f resourceslt is quite
possibleto extendthe approachso that differentactionsconsumemoreresourceghanotherssay This
requiresa moredetailedmodelof behavioutthanhasbeengivenhere,i.e. we do notwork at the level of
dealingwith explicit examplef behaviours.

We havefocusedbnamodelof timein LOTOSwith particularemphasisnits applicatiortoinformation
flows. Theapproachyivenhasshowntheflexibility andpowerof the LOTOS language.t is notthe case
thatlanguagegor describingreal time systemsshouldnecessarilyhavebuilt-in featuresfor representing
time explicitly. The approachgiven herefor specifyingand reasoningabouttime in LOTOS is not the
only one. Forexamplejssuessuchasjitter andtime windowsfor actionoccurrencesouldbeengineered
into the Act Onesortsmodellingthe operationgactions)themselvesasopposedo simplefieldsfor time
stamping.

The approachgivenis not without its problems,especiallywith regardto the semanticof LOTOS.
Modelling actionswith durationscan be achievedabstractly but the inherentsemanticsof LOTOS is
that actionsare atomic. Thus, we do not havea true concurrencymodelfor our timed extension,i.e.
whereactionscanoverlapin time. Despitethis, it is possibleto specifyandreasorabouta wide rangeof
time-dependergystems.

The Z specificationfragmentsin this chapterhaveshownthat Z is particularly suitedto specifying
non-functionabspect®f systems.Sinceeverythingin Z is a set,satisfactiorof theseconstraintss given
by setmembershipThis setmembershipnay well havepredicatesssociatedavith it. We haveseenthat
timing issuescanbe representedn Z in manydiverseways. We shall considerthe timing demandof
multimediasystemsn chapte8 whenwe specifya producerandconsumeflow configuration.

Z is anexceptionallyexpressivéanguage This hasbothadvantageanddisadvantagedf we consider
thepuristview thata specificatiordenotesvhatasystenis supposedb do,asopposedo howit is supposed
todoit, thenZ isaverypowerfulandusefulspecificationanguageForexamplethespecificatioriragments
givenpreviouslyto capturethe maximumnumberof actionsbetweeraninvocationandtermination,or to
capturethe maximumtimesbetweeninvocationsandterminations highlight the power of the language.
Suchexpressiveneds notwithoutits problems.Thatis, whilst it is possibleto specifythatthe maximum
time betweenan invocationandterminationshouldnot exceed time units, say ensuringthatthis is the
cases anothematter

Therearetwo main waysin which this problemcould be addressed.Refinementcould be usedto
iteratively producea lessabstractspecificationj.e. a specificationthat was closerto an implementation.
Typically refinementis a laborious(and difficult) procedure where many proofs are required. With a
particularlyabstractand complexspecificationsuchapproachesre not alwaysviable. An alternatively
approachis to developsomeform of operationasemanticsn Z similar to thatfoundin LOTOS, say and
usethis asa basisto ensurghatthe abstrac{expressiveytatementaboutbehaviourarefulfilled. Suchan
approachwhilst possibleto someextentgoesagainsthefundamental approach.Thatis, if something
operationals requiredthenthe questionmight well be askedasto why not useLOTOS n thefirst place.
The sameargumentmight equallywell be put forward againstthe abstractZ approachgiven here. We
amuethatour approachallowsaspect®f behaviourto becapturedn a mannethatwould not be possible
in alessabstracspecificatiortechnique.



Chapter 7

Type Checkingin Distributed Systems

In this chapterwe amguethat typesandtype checkinggenerallyare the mostfundamentatonstructsor
developingdistributedsystemsand, importantly with regardto this thesis,architectingspecificationof
distributedsystems.We beginwith an overviewof type checkingasit hastraditionally beenconceived
and introducethe specialrequirementghat distributedsystemsmposeon type systems. Our focus is
predominantlyon interfacetypesand how they may be usedto composesub-system®r substituteone
systemfor another

Typesandtypecheckingapproachearethenconsideredn LOTOS. Thelimitationsof thelanguagéor
modellinginterfacetypesin aform thatallowsfor their checkingareshown,andanapproachis provided
that allows interfacesignaturecheckingto be achieved. As discussedn chapterl though, signature
compatibility of typeslendsitself to a “messageas understood’policy only. Whilst usefulasa basisfor
consideringnterworkingbetweersystemsit is only a basis. We thenproceedo showhow the work in
chapters and6 canbe usedto extendtype checkingapproachebasedn signaturecheckingonly.

As well astheproblemof treatingtyping asasignaturecheckonly, we identify otherproblemswith the
ODPtypesystem.Thesearethelackof distinctionbetweerclientsandserversandthespeciarequirements
theyplaceontypecheckingssueswith regardio bindingandsubstitution A specificatiorof thenecessary
conditionsfor safebinding andsubstitutabiliyy in an opendistributedsystemis thenprovidedin LOTOS
andZ.

7.1 Typesand Type Checking Traditionally

Typing is one of the mostfundamentatonceptsn computingscience. From a low level programming
point of view it offerstwo mainfeaturesnamelydatamodellinganddataprotection.Blair noteg[15] that
this datamodellingaspectulfils two relatedroles:

- It enablegprogrammerso build abstractionso overcomehe underlyingpropertieof entitiesin the
system.For examplethis includesthe ability to abstracbver how entities,e.g.integers arestored
andrepresentetly the computeratthe memorylevel.

- It offersameando develophigherlevel abstractiongrom existingabstractionsFor example pasic
typessuchasBooleansandintegersmay be usedto build morecomplex(aggregate}ypessuchas
recordswhichmightin turn be usedto build evenmorecomplextypes. This abstractiorbuilding is
anessentialveaponin the programmels armoury

In this chapteiit is primarily issueswith regardto dataconsistencyhatwe investigate specificallyon
thenotionof typeequivalenceWhatdoesit meanfor two typesto beregardedasbeingequal?

Type equivalencehistorically can be largely divided into two approaches:itype checkingby name
matchingandtype checkingby structuralequivalence.ln nameequivalencetwo valueshaveequivalent
typesif thetypessharethesamedeclaratione.g.x,y: A declarexandy to be of thesametype,namelyA.
Structuralequivalenceén its strictestsensesaysthattwo typesareequivalenif thetypeshaveisomorphic
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structures We shallseepresentlyhow differing type structureor similar structureswith differentnaming
schemeslsobringinterestingandusefultyperelationshipsn section.Wehighlightthedifference®etween
nameand(strict) structuralequivalencehroughanexampleusingthe Ada languagg26]:

type Person is Record type Car is Record
age: Integer; age: Integer;
weight:  Real; weight:  Real;

endrecord; endrecord;

In structuralterms,Personand Car definethe samesetof valuesi.e. the crossproductage: Integer
= weight: Real Howeverin nameequivalencaéermsthereis no relationbetweerPersorandCar. There
are advantagesind disadvantagewiith this. Perhapghe biggestadvantageof nameequivalencas its
simplicity. Checkingtype equivalencen this way corresponds$o checkingwhethertwo stringsarethe
same. This advantagagyoesa long way to explainingwhy nameequivalencds sucha popularscheme
within programmindanguagese.g. Ada[26].

Nameequivalencés notwithoutits drawback$owever Onedisadvantagef nameequivalencés that
it doesnotallow for anonymougypes. For example onecannotwrite procedureshatacceptparameters
of acertainshapeeg.g.

procedure  Dummy (X: array(1..10) of Integer);

Rathertypedefinitionshaveto be usedto resolvethe problem.e.g.

type IntArray is array (1..10) of Integer;
procedure  Dummy(X: IntArray);

A seconcandmuchmoreseriougproblemwith nameequivalences its restrictionto subtypechecking.
Type equivalenceon nameequivalenceonly prohibits subtypingas usedfor inclusion polymorphismin
object-orientedanguagesFor exampleconsidetthe following type:

type WorkingPerson is record
age: Integer;
weight:  Real;
salary: Real;

endrecord;

CardelliandWegner{40] statethatthisis asubtypeof Persorsinceit hasall of thesameattributegand
more). Therearetwo waysin whichthis subtyperelationshipmaybecheckedimplicitly wherebysubtypes
are establishedy the type systemitself, or explicitly wherebythe userdeclaresthe type relationships
themselvese.g:

type WorkingPerson is a subtype of Person;

This informationmay thenbe usedto establishdifferentnameequivalenceelationships.ln anopen
distributedsystemhowevey suchuserinformationis unlikely to alwaysbe available. Systemevolution
meanghat new resourcesnay be found andbe expectedo interwork with existingcomponents.Given
thepossibility of autonomousubsystemghelikelihood of usersbeingableto assersuchrelationshipss
remote.

A secondapproachto determiningthe relationshipsetweenPersonand Car (and Personand Work-
ingPerson)is through structuralequivalence. Structuralequivalenceof types posesa different set of
requirementon establishingtype equivalence. There are, as with nameequivalence advantagesnd
disadvantage® typecheckingbasenstructuralequivalenceOnedisadvantages that,in themain,type
checkingbasedn structuralequivalencés morecomplexthannameequivalenceandhencerequiresnore
processingime. Perhapshe greatesadvantag®f type checkingbasedn structuralequivalencas thatit
lendsitself to polymorphismasdiscussed section2.2.2.

We noteherethoughthatnameequivalencendstructuralequivalencevhenusedin conjunctionoffer
perhapghe mostflexible of approachesThatis, whilst it will not alwaysbe possibleto asserthat one
typeis a subtypeof anothettype,in certaininstanceshis mightbepossible.Forexampleassertionenthe
morecommontypescanbe madethatcanaid in establishindyperelationshipse.g. integeris a subtypeof
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real. Fromthis, establishingotherrelationshipds madepossible aswell asdeterminingmoreefficiently
whethertype relationshipsxistor not. Thusif it wasknownthatintegerscould be substitutedor reals,
i.e. coercionsbetweerthe two typeswere possible thenthe typesCarandPersongiven earliercould be
substituted for thefollowing type:

type Vehicle is record
age: Real,
weight:  Real;
endrecord;

The importanceof the labelsfor typesalsoneedsto be addressedvhentype checkingis done. For
example few type systemscan establisha relationshipbetweenvehicle and Lorry dueto the operation
namesassociateavith thetypesbeingdifferent:

type Lorry is record
lorryAge: Real;
lorryWeight: Real;
endrecord;

Automatedsyntacticstructuraltype equivalencehen,in the generalcaseof arbitrarytype structures
without a commonnamebasis,is not possiblewithout userintervention. Neverthelesgstablishinghe
structurafform of thetype canaid in establishingvheretyperelationshipgio not exist.

We now investigatehowtypesarerepresenteth LOTOS andthelimitationsof LOTOSin its classical
usagefor specifyingtype systemsn a checkablemanner

7.2 Typesin LOTOS

Typesmaybemodelledin LOTOSin two mainways. They canberepresenteéh Act Onedirectly, or as
shownin section4.3.18indirectly in the processalgebra. As we shall see,both of theseapproachesre
limited with regardto the possibletype checkingrequirementshatmight befoundin adistributedsystem.

7.2.1 ProcessAlgebra Types

It is not strictly the casethatthe processalgebrapartof LOTOS s usedto representypes. The process
algebramodelsbehaviourthroughprocessesnd behaviourexpressions.As discussedn section4.3.7,
an ODP type asa characterisingredicatecannotbe formalisedin LOTOS (or Z) dueto its generality
ODPis moreprescriptivein its definition of templatetypesthough. A templatetype (seesection4.3.18)
is a predicatedefinedin atemplatethatholdsfor all instantiationsof thattemplateandthatexpressethe
requirementshatinstantiation®f thetemplateareexpectedo fulfill.

Given this definition, a templatetype in the processalgebracorresponddo an instantiationof a
procesglefinition. Any LOTOS specificatiorthathasa correctstaticsemanticsi.e. all processlefinition
instantiationsin the specificationsatisfy the LOTOS static semanticsrules given in [101], satisfy the
templatetype. Whilst correct,this interpretatiorof typing throughtemplatetyping andthe LOTOS static
semanticss limiting sinceit prohibitssubtypechecking.As discussegreviouslyin sectiord.3.9,asubtype
shouldsatisfythesamepredicateasthe supertypeln theprocessalgebraijt is notpossibleto reasorabout
typesand subtypesas first classentities. We illustrate this with an example. Considerthe following
fragmentof LOTOS consistingof two templatetypes,i.e. thetwo processlefinitionsandtheir associated
instantiations:

Templlgl,g2] |l Temp2[g2]
where
process Templ[gl,g2]:exit:= process Temp2[g2]:exit:=
gl; exit [ Temp2[g2] g2; exit
endproc (* Templ *) endproc (* Temp2 *)

lwe shalldiscusghisareaof substitutabilityshortly, sincethissubstitutiormaynotalwaysbepossiblevhencausalityis considered.
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Here the templatetype of processdefinition Templand its instantiationalso satisfiesthe predicate
associateavith thetemplatetypeof processlefinition Temp2andits instantiation.Thisis becaus@rocess
definition Temp2makesup one part of the behaviourexpressiorof TempZlandthe instantiationsof both
processesre compatible. Thatis, the part of the behaviourexpressionshat TempZland Temp2havein
commonarebothinstantiatedvith gateg2. Thusin anenvironmengexpectinglemp2instantiatedvith gate
g2, aninstantiatiorof Templwith gateg2 asthe secondjate,would sufiice.

Although this methodof definingtypesand subtypess valid it is not particularly useful. It is not
possibleusingthistype/subtypenodelto returnthe subtype®f agiventype,to list the propertieof atype,
or evento checkthattwo typesarein a subtypingrelationwithin the constraintof LOTOS. Thatis the
specifiercansee(or prove)that Temp1lis a subtypeof Temp2but the specificatiorcannotderivethis fact
for itself.

Thuswith thismodellingof types,anytype cansynchronisavith anothettypeevenif theyaredifferent
types.Thatis, thereexistsnofeaturen LOTOSwhichcheckdhatthetypeof processlefinitioninstantiation
Xisthesameasprocesslefinitioninstantiatiory andthereforgheycansynchroniseln LOTOSanyprocess
definitioninstantiationsynchronisethy theparallelcompositioroperatorg or, [::: ] | caninteractin some
way with eachotherandit is up to the specifierto ensurethatthey havethe correcttypes,i.e. following
synchronisatiotthe desiredbehaviour(or any behaviour)will occur Undesiredehavioumight manifest
itself asdeadlockin the specification.

An alternativeo modellingtypesandsubtypessinstantiation®f procesglefinitionsis to modelthem
throughADTsin the Act Onepartof LOTOS.

7.2.2 The Abstract Data Type Approach

The ADT approachis to modeltypeg asinstance®f sortsin the Act Onepartof LOTOS. Considerthe
ADT X._ypegivenhere:

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. XX > X c: XX > X
endtype (* X_type *) d X ->Y

endtype (* Y_type *)

In the behavioumpartof LOTOS, whenavalueis declaredf sort X thenits sortdefinesthe predicate.
Forexamplejf we havex: X declaredhenthe predicatesatisfiedby x is thatit hasthe operationsa,band
c andsatisfieghe equationgif anyaregiveny.

The problemwith this approactasfar asatype managemengystemis concernedhowevey is thatit
is not possibleto establishsubtypingrelationshipor type equivalencen a form thatis checkableij.e. in
a form thatis not basedentirely on trust. For example it would be desirableto havean operationof the
kind is_subtype:Y, X . Bool. Beforegoingonto statewhy thisis the caseit is necessarfirst to establish
formally whatexactlyis meantby typeequivalencendsubtypingin ADTs. We shallseein section7.3that
thesebasicideasdo notalwaysholdtruewhencausalityis introducedj.e. whentheclient-serveparadigm
is used.

7.2.3 Typing and Subtypingin ADTs

Typeequalitymaybeinterpretedn termsof subtyping.Thusif < is givenasthesubtypingrelationbetween
two ADTs adtlandadt?2say thenadtlequalsadt2if theyarebothsubtypesf eachother Thatis:

adtl < adt2 cadt2 < adtl

The obviousquestionnow arisesasto what exactlyis subtypingbetweenADTs in Act One. Given
two ADT signaturesadtl and adt2, thenadtlis a subtypeof adt? providedthe operationsof adt2 are

2\We noteherethataLOTOStypeis distinctfrom atypeasmightbefoundelsewhereThatis, typesin LOTOSaremorestructuring
unitsfor groupingsorts,operationsandequationgogether
3If no equationsaregiventhenwe haveonly a signaturetype, asopposedo full behaviourakubtyping.
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containedn or areacceptablesubstitutegor the operation®f adtl. Hereacceptiblesubstitutampliesthat
theinputandresultparametersftheoperationsrein appropriatesubtypingrelations.Intuitively, with this
interpretatiorof subtyping,a subtypeshouldallow moreinputsandproducelessoutputs. For simplicity
we assumehatthe parameterareidenticaland do not concernourselveswith issuesof contra-variance
andco-variance.

ForanyADTs for which subtypingis expectedo hold thisimplies:

1. all operatiommamesn adt2 havecorrespondingperatiommamesn adt1(correspondingn thesense
of representinghe sameoperation);

2. thecommonoperationdavethe samenumberandtype (sorts)of input parametergarguments);
3. thecommonoperationdavethe sameprefix/infix nature;
4. thecommonoperationgroducethe sameresulttypes(sorts}.

As identifiedin [15], thisis arestrictivesubtypingrelationin thatall of the operation®f the supertype
haveto beincludedin the subtype gvenif theywill notbeinvokedin a givencontext.

Considemowthe ADT Y_typegivenabove.>Fromthetyperulesgivenabove onewould expectthat
Y_typewasa subtypeof X type However LOTOS establishesypesthroughinstanceof sorts. It is not
meaningfulin LOTOS to declaresomethinglike y: Y_typeor x: X_type As statedpreviously the type
constructof LOTOS merelyprovidea meango collecttogetheisortsandoperationgandequations) The
only typeswe candeclarein the processalgebraareinstance®f sorts,i.e. x: X andy: Y. The successful
synchronisatiomf eventoffersrequiresthatthey havecompatibleactiondenotations Compatibility here
requiresthat the parametersn the eventoffers are declaredas being instancesof the samesort with
intersectingralues.

>Fromthisit canbegatheredhatLOTOS usesnameequivalencavhentypecheckings done.Thatis,
two typesarethe sameonly whenthey havethesamenamej.e. x: Xis only equalto someothervaluea:
AwhenA sortis in factanX sort.

This is a seriousrestrictionon the usefulnesof ADTs to specify “types” directly, asit limits the
checkingthatcanbe performed.Specifically herewe arerestrictedto nameequivalenceldeally, checks
onstructurakimilarity shouldbemadepossiblewherestructurakimilarity is similarly definedo subtyping
of ADT signaturesvith looserconstrainton the inputsandresultparametersSpecifically rules2 and4
of the subtypingrulesgivenaboveshouldbe modifiedto:

- thecommoroperationhavethesamenumberof inputparameterandthesemustbeusedconsistently
throughoutheentiresignature;

- the commonoperationgroducethe sameresulttypes(sorts)and thesemustbe usedconsistently
throughoutheentiresignature.

This consistenusageof a sortin a sighaturemeansthattwo ADTs usingdifferentsorts(labels)are
structurallysimilar only if the sortsin the ADTs signaturesanbe relabelledconsistentlythroughoutthe
signatureso that the correspondingperationghey shareareidentical. If the correspondingperations
theysharerepresenthewhole signature®f the ADTSs, thenthe structuralsimilarity the ADTs shareis in
factastructuralequivalenceAnotherway of consideringhisis thatif oneADT is structurallysimilarto a
secondADT, andthesecondADT is structurallysimilar to thefirst, thentheyarestructurallyequivalent.
Thusin effect, structurakquivalenceorrespondio typeequivalenceandstructurakimilarity corresponds
to subtypingprovidedit canbe establishedby somemeang(see7.2.6)thatthe sortsin the signaturesare
semanticallyequivalent. For simplicity we do not considerextensiondo theserulesto take accountof
differentnumberf inputs,e.g. inputsof theform makeNatPair:Nat, Nat - NatPairwhichwould allow
NatPair to be usedwheretwo naturalnumberswereexpectedsay As anexampleof theserelationships
considetthefollowing ADT signatures:

4In LOTOSthereis no needto considerthe numberof resulttypes,asAct Oneoperationsnly 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 ai -> B opns a: -> C
b: A-> A b: BB -> B b: C-> C
c AA > A cc BB -> B cc CC > C
endtype (* A_type *) endtype (* B_type *) d CCC > C

endtype (* C_type *)

Here,A typeis structurallyequivalento X_typegivenabove asrelabellingthe A labelwith an X label
makesthe A_type signatureidentical to the X_type signature. X_typeis structurallysimilar to C_typeas
relabellingthe C label(sort) by anX labelin the C_typesignaturenakeghecorrespondingperationghey
share(a,b,q identical. However X_typehasno immediatelyidentifiablestructuralrelationshipto B_type
asoperationb requirestoo manyinput parametershencerelabellingwill not satisfythe aboverulesfor
structuralsimilarity.

In fact in this examplethereexistsa directisomorphismbetweenADTs A_typeand X_type Thatis,
they differ only in the labelthatis attachedo the carrierin the signaturej.e. the sort. Thusa bijection
existsfrom A_typeto X _type(andhenceaninverserelation)whichis achievedy relabellingthe sort(X or
A) in thetwo ADT signatureslt is worth notingthatin homogeneoualgebrasi.e. algebraswith asingle
sortasgivenherein A_type rule 2 of the subtypingrulesrequiresthat only the numberof parameteref
correspondingperationds the sameasrelabellingwill alwaysbe consistent.n heterogeneoualgebras,
i.e. algebrasvith morethana singlesortasin Y_typegivenabove the numberandsortsof parameterand
resultsneedto be consideredor correspondingperationsThusfor examplegiventhefollowing ADTSs:

type P_type is type R_type is
sorts P, Q sorts R, S
opns ai -> P opns ai -> R
b: P> P b: R-> R
c PP > P c RR > R
d P> Q d S-> R

endtype * P_type *) endtype (* R_type %)

P_typeis structurallyequivalentto Y_typeaboveasrelabellingX andY in the signatureof the ADT
Y_typeby labelsP andQ respectivelywould give the samesignatureasADT P_type However thisis not
thecasewith Y_typeandR_type i.e. relabellingX andY by labelsR andSrespectivelyasthis would result
in operationd havingR asinputandSasoutput,whichis notthe sameasADT R_type

It shouldbe pointedout thatbeingableto identify structuralsimilarity alsoenabledrowsingof types
to befacilitated. For examplerequest®f theform, ‘I knowwhatstructure(or partialstructure)or atype
I wantbut| don't know thename’,could be satisfied.Augmentingstructuralsimilarity checkswith name
checkingcorrespondso full signaturetype checking.In this casecheckscanbe performedo ensurehat
agiventypehasthe correctnameandstructureassociateavith thattype.

7.2.4 The Failureof the Direct ADT Approach

Having identified the different forms of type checkingpossibleand noted that establishingstructural
equivalences a desirablepropertyfor a type managemengystemto possessthe questionnow arisesas
to how structuralequivalenceanbe establisheih LOTOS. Thatis, how canit be establishedhatx: Xis
structurallyequivalento a: A? Thespecifiecanseeimmediatelythatthisis thecasebutthe specification
cannotderivethis factfor itself. To establishstructuralequivalencevould requiresomethingof theform:

all_ops(X) -> Op_Set

which would returnthe operationseta; b; ¢; (with the associatednput and outputparametergor each
operation)for X andfor A. It would be checkedthatthe operationson thesesortshavethe samenames,
thesamenumberof inputsanddiffer only in thelabelthatis attachedo the sortsthroughouthe signature.
Structuralequivalenceouldthenbe checkedy anoperatiorof theform:

is_se(X,A) -> is_eq(all_ops(relabel(X,A)),all_ops(A))
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whereis_sechecksfor structuralequivalenceandall ops is_.eqandrelabelaremeantto be obvious. The
problemis, however LOTOS cannothavean operationlike all_ops Thatis, it cannotreturna setof the
operationg@ssociatewvith agivensort. HenceAct Oneis limited in its classicalisagédor establishindype
relationshipotherthanthosebasedn nameequivalence.

7.2.5 Establishing Structural Similarities in Act One

>Fromthe aboveargumentst is obviousthatthefirst two methodsf representingypesandsubtypesn
LOTOS haveseriouslimitationsin the checksthat canbe performedwhentype checking. Onesolution
to establishingsignaturecompatibility betweerntypesin LOTOS is throughAct OnedescribingAct One.
Thatis, the simplisticideaof subtypingasa comparisorbetweeninstancef sortsandtheir operations
is lacking only in a meansto compareinstancesj.e. we needto be ableto modelthe operationall _ops
to enablestructuralequivalencerelationshipsbetweentypesto be checked. Thuswhen providedwith
a namingschemeand in possessiomf a systemcapableof checkingstructuralequivalencetype (and
subtype)heckingmaybe enforced.

As shownabovewhengiventypeslike X_typeandA_typewewouldlike to beableto determinavhether
they are structurallyequivalentto one another This requirescheckingthat they possesgorresponding
operationsin LOTOS anoperationmaybe givenby thequadruple:

Operation = < Operation_Name, In_Pre_fix, Input_Sorts, Output_Sort >

wherethe OperationNameis simply anidentifier (not necessarilpinique) the In_Prefix denotesvhether
the operationis of prefix or infix nature the Input Sortsarea list of sortnamegpossiblyanemptylist as
in operatiora from ADT X above),andthe OutputSortis asortname.

To comparewhethertwo operationsarethe samein LOTOS it is necessaryo checkthat they have
compatibleoperationquadruplesi.e. samenamessameprefix/infix notation,and compatibleinputsand
results. Comparisorof operationnamesis trivial in LOTOS asit reduceso comparisorof identifiers.
Checkingheinfix or prefixnatureof operationsnaybeachievedsimplyby ensuringhatwhenanoperation
is definedin LOTOS, a Booleanis giventhatdeterminesvhetherthe operationis of prefix or infix nature.
Checkingcompatibleinput and output sorts may be achievedby comparisornof identifiers. In a given
namingschemeall identifiers(sorts)in thesignaturewill beknown. Hencecheckingcompatiblénputand
outputsortscanbe achievedirectly.

Using this approactof breakingdown an operationinto separateomponentsit is necessaryo have
somemethodof puttingthe componentsogetheragainin aform thatwill be understoody LOTOS. We
achievethis usingthe operatiormakeop. Thisis givenby:

make_op : Op_Name, In_Pre_fix, Sort_List, ResSort -> Op

wherean Op.Nameis simply an identifier, an In_Pre_fix identifier is a Booleandenotingwhetherthe
operationis infix or prefix,a SortListis alist of identifiers,a Sortis anidentifier, andanOp representthe
operation.Thusequalityof operationsnay now becheckedy:

opl eq op2 = ((get_name(opl) eq get_name(op2)) and

(get-inpre(opl) eq get-inpre(op2)) and
(is_eq_list(get_inputs(opl),get_inputs(op2))) and
(is_eq_sort(get_output(opl),get_output(op2))));
where
get_name(make_op(opn1l,inpre,sll1,s2)) = opnil;
get-inpre(make_op(opnl,inpre,sl1,s2)) = inpre;
get_inputs(make_op(opnl,inpre,sll,s2)) = sli;
get_output(make_op(opnl,inpre,sll,s2)) = s2;

andoperatioris_eq/list checksvhethertwo listsarethesameandreturnsaBoolearresult,is_eq.sortchecks
whethertwo sortsarethesameandreturnsa Boolearnresult. Havingamethodof determiningwhethertwo
operationg@rethe samereduceghe problemof subtypingbetweemDTsto atrivial setcomparisonwhere
setelementsarethe createdperations.

With this approachit is necessaryo createthetypesexplicitly. Thusif ADT X_typegivenabovewere
to becreatedthiswould be givenby:
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sort(X)
ops(X)

all_sorts(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<> givesanemptySortList, ¢ givesemptysetsto containthe operationgndsortsof thesignature,

all_sortsaddsthe sortscontainedn the signaturento a set,add sortinsertsanidentifierinto a list, prefix

declaregheoperationto be of prefix natureandinsertaddsanelemento a set.
Thussubtypingbetweertwo types,y: Y_typeandx: X_typecouldbe checkedy theoperation:

y isSubtype x = ops(y) Includes  ops(x);

wherelncludeschecksvhetheronesetis a subsebf anotheiset. We shallseethatthis modelof subtyping
throughoperationsubsettingloesnot alwayshold whenissuef causalityareconsidered.

7.2.6 Type NamingIssues

Managemenof typesin a distributedsystemis crucialfor their opennessindevolutionarynature[116].
A completespecificatiorof atype managemergystemthatincorporatesnanyof theideasgiven herefor
estabishingyperelationshipss givenin AppendixA. This specificationaswell asbeingableto determine
whethersubtypingbetweertypesexists,allowstyperelationshipgo be asserteédindcheckso bemadeon
thetruthfulnesof theseassertionsvith regardto structuralaspect®f thetypes.

As statedpreviously this approactpermitssignaturecheckingof types. The semantic®f typesoccurs
in thisapproaclonly whenasuitabletypenamingschemeexists. It mightalsobepossiblao applythesame
approacho theequationf the ADTSs, thatis, reducethemto a stringcompatibility check. However this
is moredifficult sincetherearemanywaysof representingquationsn Act One. An alternativeto dealing
explicitly with the behaviourabspectf typesis to be more selectivewith regardto namingissues.As
given,the ADTs specifiedandsubsequentlgheckedepresenanemptyshellwith nosemantic®therthan
thatsuggestethy theoperatiomames AlthoughX_typeandA_typearetypeequivalenupto isomorphism,
theirsemanticsnightbeentirelydifferent. For example)abel X mightrepresenhaturalnumbersaandlabel
A BooleansHencea,b,cmightrepresentheoperations0”, “succ” and“+” for X, and“true”, “not”, “or”
for A respectively Thereforethey canonly be consideredype equivalentf thelabels(sorts)usedin the
signatureganbeestablishedsbeingthe samesemantically This might be donevia humanintervention.
Thatis, whenanewtypeis suppliedto thetypemanagemergystemits nameis suppliedwith its associated
semanticsThe problemof determiningvhentwo typesareequivalenthenbecomes namingissue.This
doesnot imply that the type managemensystemis reducedto “only” nameequivalencingn its type
checking,however A type managemensystemshouldperformboth nameequivalencingandstructural
equivalencavhentypechecking.

This raisesseveralissueswhich haveto be addressedFor example considerablérustis requiredto
ensurdhatthetypesregisteredvith thetypemanagemerdystemareunambiguousindhavethesemantics
asexpected. This might be solvedthroughan engineeringaproach. For instance restrictingthe users
wishingto accesandmodify the type managemengystems repositorycontentse.g. addingnewtypes,
deletingtypesandmodifying existingtypes.

Anotherissuethatnamingraisesis with regardto differenttype managementystemsandtheir inter-
working or federation.It is likely thatin a distributedsystemseverahamingschemedgor typeswill bein
place,eachassociateavith a giventype managemergystem.A clientusingonenamingschemewishing
to access serverin anothemamingschemeequiressomeform of guarante¢hatthetypeit requiress the
oneprovided. Thatis, they might havethe samenamebut a guaranteef the semanticss requiredalso.
Alternatively, theymight havedifferentnamesut semanticallythey mightbethe same.This requireghat
thenamingschemesrescalableandalsothatthey canbe madecompatible.

Beingableto establistthattwo typesarestructurallyequivaleneasesheprobleminvolvedin meging
(andpossiblyautomating}ype namingschemesThatis, beingableto statethattwo typesarestructurally
equivalenmightnotnecessarilymply thattheyaretypeequivalent However typesthatarenotstructurally
equivalentcannotbe type equivalent.Henceestablishingstructuralequivalenceenables restrictedsetof
type namesknownto the type managemergystemdo be given,asopposedo thefull setof knowntype
names.
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In orderto checkfor structuralequivalencebetweentypeswhenmeiging (or federating)type man-
agemensystemsan efficient relabellingalgorithmis essential As shownabovewith P_typeandR type
establishingstructuralequivalenceequiresconsistentelabellingof the sortsin the signature. In very
complexADTs with numeroussortsmany differentrelabellingpossibilitiesmight exist. For two ADTs
consistingof n sortsandm sortsrespectivelypermutatiortheorygives

n!
(n-m)!

relabellingpermutationsThustwo ADTs which eachhavefive differentsortsin their signaturessay offer
120relabellingpossibilities. Thereforeto reducethis complexity severalbasic,universallyknown types
shouldbe provided. For instance Booleans haturalnumbersandintegersrepresentypeswhich should
be universallyunderstood.Thesemay thenbe removedfrom the setof sortscontainedn therelabelling
permutatiorset.

Othertypesusedin ADTs which are not universallyknown shouldbe labelledexplicitly aslocally
definedapplicationspecifictypes. To further increasethe efficiency of the relabellingalgorithm, other
time-savingfeaturescan be included when checkingfor structuralequivalence. For instance,before
relabellingcheckthatthetwo ADTs underconsideratiorhavethe samenumberof sortsin their signature
andthe samenumberof operations.If the ADTs do not satisfytheseconsiderationshenit canbe stated
thatthey arenot structurallyequivalentotherwisethe relabellingalgorithmmustbe appliedto checkfor
structuralequivalence.

7.3 The Influence of Causality on Type Checking

The previoussectionhas shownhow LOTOS can be usedto achievesignaturetype checking. This
approactof typecheckingbasednsubsettingf operationdrasformedthebasisof work ontypechecking
of signatureg109, 204. Unfortunatelythis modelis inadequatevhencausalityandexpectedehaviours
areintroducednto typecheckingschemesWe investigatehisissuethroughconsideringhetypechecking
prescribecdby ODPfor computationainterfacesignaturesWe noteherethattherulesaredefinedwithout
explicit referencdo the causalityof theinterface.

ODP prescribeghefollowing rulesfor operationainterfacetypes.

OperationalinterfaceX is a signatue subtypeof interfaceY if thefollowing conditionshold:

- for everyoperationsignatuein Y, thereis an operationsignatuein X (thecorrespomlingsignatuein X) which
definesan operationwith the samename;

. for eachsignatuein Y, the correspomingsignatuein X hasthe samenumberand nameof arguments;

. foreachsignatuein Y, everyargumentypeis a subtypefthecorrespomingargumentypein thecorrespamding
signatuein X;

- the set of termination namesof an operationsignatue in Y containsthe set of termination namesof the
correspadingsignatuein X;

- for eachoperationsignatuein Y, a giventerminationin the corresponlingsignatuein X hasthe samenumber
(and names)of resultparametersand thoseparametersassociatedvith X terminationsare subtypesf those
foundin Y terminations.

Theserulesmay be seenassatisfyinga substitutabiliy relationbetweerinterfaces.We illustratethis
with figure7.1.

Thenotationof a.bfor serversneanghatthe serveracceptsaninputof typea andprovidesanoutput
of typeb. For clientsa-b meanghatthe client sendsan outputof type a andreceivesoneof typeb. We
statethatthesetypesarerangesandclassicatyperules[40] applyto them,i.e. asubranges a subtype.

An interfacetyperelationis usedin ODPfor two different,butrelated reasonsto checkwhetherone
interfaceis an acceptablesubstitutefor anotherandto bind interfaces. Thesetwo areasmposedifferent
requirement®n typesandtype checkingwhen causalityis considered.Unfortunately this distinctionis
notmadein ODP andleadsto problemsn its typemodel.
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Figure7.1: A Client-ServeiType CheckingScenario

7.3.1 Causality and its Effect on Substitution

Checkingwhetheroneinterfaceis anacceptablsubstitutdor anothershouldbe basedntheenvironment
in which theinterfaceis to be usedbeingunawareof anydifferencen the substitute. Thuscausalityasan
implicit expectatioron behavioutis essential For examplejf clientsinvokeserverghenthisimpliesthat
theserverarepassiveentities whereagheclientsaretheactiveentitieswith regardio causingnteractions
to takeplace. It might be the casethat serverscaninitiate interactionsg.g. throughsendingnotifications
to clients. In this situationthereis no cleardistinctionbetweerclientsor serversassuch. Rathey thisis
moreof a peerto-peemodel. We discusghe problemsof confusingpeerto-peerandclient-servemmodels
shortlyin section7.3.2.

Given that a distinctionis madebetweenclientsand serversthenin the examplegivenit would be
incorrectto substituteserverobjectA with client objectC, eventhoughthey supportthe sameoperations,
sincetheclientexpectdunctionsto be performedoy otherobjects.Thusanyclientsboundto serverobject
A initially, would not be servicedby client objectC. Thus asfar as substitutabiliy is concernedtype
checkingrequiredike causalities.

Havingestablishedike causality checkingsubstitutabiliy betweerclientsandclientsandserversand
serversis alsodifferent. A clientis an acceptablesubstitutefor a secondclient whenthe operationst
requestsare a subsetof the operationsof the original client. The input parametersassociatedvith the
requestresubtype®f theoriginal parametersandall resultparametersf thesubstitutearesupertypesf
the original parametersThusit doesnot askfor anythingthe old client neveraskedfor andeverythingit
doesaskfor is understoody theserver In the diagram,C is thusan acceptableubstitutefor D sinceit
haslessoperationsthe operationparametersf C aresubtypesf the correspondingperationsn D; and
theresultsof thoseoperationsn C aresupertype®f thosein D.

A serveris anacceptablsubstitutdor anotheriservenwhenit possesseall theoperation®f theformer
andpossiblymore,andany requestthat could be dealtwith by the original servermay be dealtwith by
the substitute. Thisrequireghattheinput parametersf the substituteserveraresupertype®f theoriginal
serverandthereturnparametersf thesubstituteserveraresubtype®f theoriginal serveresultparameters.
In thediagram B isthusanacceptablsubstitutdor A sinceit hasmoreoperationstheoperatiorparameters
of A aresubtype®f thecorrespondingperationsn B; andtheresultsof thoseoperationsn B aresubtypes
of thosein A.

Thusin effect thetype relationsbetweerclient substitutabilly andserversubstitutabiliyy areopposite
with subsettingand supersettingf typesrespectively Hencein our example,B is type equivalent(a
subtype)to A andC is type equivalent(a subtype)to D basedon a syntacticsubstitutabiliy relationship.
As canbeseenODP only dealswith thecaseof serverinterfacesanddoesnot makeadistinctionbetween
thechecksrequiredfor clientandserversubstitutiors.

7.3.2 Causality and its Effect on Binding

With regardto type relationshipsandbinding, if a client-servermodelis takenwherethe clientsrequest
servicedo be performedby serversthenoppositecausalityis requiredbetweertheinterfaces.It would
be meaninglesso bind two clients (or two servers)sincethey would both either expectto be servedor
expectto serveoneanothemrespectively As statedoreviously in peerto-peersystemsi.e. systemavhere
serverscaninitiate interactionssuchassendingnotificationsto clients,thentheselimitationsdo not exist.
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Unfortunately peerto-peersystemsdo not supportsubtypingbetweenparameters.That s, if a client

caninvoke an operationon a serverandthe servercaninvoke the sameoperationon the client, thenthe

parameterassociatedvith the operatiormustbeidenticalfor theclientandserver
Giventhatoppositecausalityhasbeenestablisheda typerelationshipfor bindingrequireshat:

- theclientasksfor only a subsebf the operation®f theserver;
- therequestsnadeby the clientareunderstoody theserver;
- theresponsessuedoy theserverareunderstoody theclient.

In the simplestform of binding(primitive) asgivenin clause7.2.3.20f [109], it is statedthatinterfaces
can be bound provided they have complementaryinterfacesignatures. Complementaryis definedas
identicalexceptfor oppositecausality Thisis toostrongasignaturecompatibilityrelationsinceit prohibits
theinterfaceof C beingboundto theinterfaceof B above despiteall possibleclientrequestdeingcatered
for (understoodby the serverandthe serverresponsebeingunderstoody the client.

7.4 TypeEquivalencein LOT OS

As aresultof theseconsiderationst is apparenthatthe notionof causalityis fundamentato thedifferent
aspectshathaveto be dealtwith in establishingype equivalenceWe amguethattype equivalenceshould
be separatednto two areas:type checkingfor binding andtype checkingfor substitutabilly. However
asdiscussedreviously type equivalenceébasedon signaturesonly is inadequate.We thus proposethat
type checkingshouldbefurtherseparatedhto threesub-areasFirstly, syntacticequivalencef signatures
shouldbe checked.Secondlynon-functionabspect®of typesshouldbe checked.Finally, the behavioural
aspectof typesshouldbe checked. We shall seethat syntacticaspectsand non-functionalaspectsare
possibleto check;behaviouratype checkingis moreproblematichowever

To showhow thesethreeareascanbe dealtwith, we taketheresultsof chapter$ and6 to showhow
anextendedype checkingmodelcanbe specifiedn LOTOS andZ.

7.4.1 An ExtendedModel of Binding in LOT OS

As shownin section?7.2.5,it is possibleto specifyinterfacesignaturetype checkingthroughanapproach
basedn creatingthe signaturesn Act One. Whenbindingbetweera clientandservelis done ,werequire
that the operationsrequestedy a client existin the setof operationgthat a serveroffers and that all
non-functionabspectshatareassociatewvith aclient'sinterfacereferencaresatisfiedy theserver The
serversideof abindingmayberepresentedy:

process Serverinterface[ g ...J(myRef: IRef, known: IRefSet, ...):noexit:=
g ?bind: Name !myRef ?pl: HOPList;
([ getIRef(pl) Isin  known ] ->

cee(* already bound to server *)

Serverinterface[ g ...J(myRefknown...)

[ not(getiRef(pl) Isin  known) and not(getOps(getIRef(pl)) IsSubsetOf  getOps(myRef)) 1>
(* operations requested by client not supported by server *)
Serverinterface[ g ...]J(myRefknown...)

[ not(getiRef(pl) Isin  known) and (getOps(getiRef(pl)) IsSubsetOf  getOps(myRef))
and not(getCons(getlRef(pl)) Satisfies getCons(myRef)) ] >
(* client non-functional aspects not matched by servers *)
Serverinterface[ g ...J(myRefknown...)

not(getiRef(pl) Isin  known) and (getOps(getiRef(pl)) IsSubsetOf  getOps(myRef))
and (getCons(getiRef(pl)) Satisfies getCons(myRef)) ] >

(* successful behaviour %)

Serverinterface[ g ...J(myRef,Insert(getIRef(pl),known)...)

—

I
(* other behaviours  restricted to clients in known *)
endproc (* Serverinterface *)
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Hereif theclientis alreadyboundto the serverthenherewe refusethe bindingrequesandarecursive
call is made. It shouldbe notedthat this neednot necessarilybe the case,i.e. the sameclient might
be boundto the sameserverseveraltimes concurrently Eachof thesebindingsmight have different
propertiesassociateavith them,e.qg. differentsetsof operationsequestedavith differentconstraints.This
would requirethat the serverobject returneddifferentinterfacereferencedor eachsuccessfubinding.
For example,insteadof insertingthe client interfacereferencanto the setknownfor successfubinding
requeststhe servermight generatean interfacereferencewhich is sentto the client andaddedto the set
known For simplicity, we assumehata successfubinding resultsin the client interfacebeingaddedto
the setof knowninterfacereferences.

If the client is not alreadyboundto the serveyi.e. notin the setof knowninterfacereferencesthen
theoperationsassociatewvith theclient'srequestirechecked If theoperationsaskedor arenotavailable
atthe serverthensomeerror behaviours takenanda recursivecall made. For simplicity herewe avoid
dealingwith theissuesnvolvedin typecheckingtheparametersf clientandservemoperationsRatherwe
simply statethattheoperationsgheclientrequestshouldbein the setof operationshattheservermprovides.

In this specificationfragmentwe assumehatif the constrainteexpresslygiven by the client are not
expresslysatisfiedby the serveri.e. by a specificconstraintasopposedo its behaviourthenthe request
to bind is refused. It might alsobe the casethat client constraintscanbe satisfiedby the serverwithout
constraintdeingexpresshgiven. Unfortunatelythis is not possibleto check“on thefly” in LOTOS. As
statedn section7.2.1,LOTOS allowscomplexbehaviourgo be specifiedputit is not the casethatthese
behavioursanbereasonedboutwithin the specificatioritself. We discusghisissuein moredetailatthe
endof this chapter

Finally, if the client asksfor legal operationsj.e. in the setof operationssupportedoy the server
interfacereferenceandall constraintcanbe satisfiedthensomesuccessfubehaviouroccurs.This might
be the sendingof a positiveresponsdo the client. Following this the client interfacereferences then
addedo thesetof knowninterfaces Membershipof this setthenallowsaccesso theotherbehaviournot
specifiedhere)availableat this interface. As statedpreviously this otherbehaviourshouldrealisethe set
of operationsandconstraintgivenby theinterfacereferencemyref.

This specificationfragmentusesseveralAct Oneoperationghat shouldbe discussedn more detail.
TheoperatiorSatisfiesepresentthesatisfactiorof theclientsetof non-functionatonstraintdy theserver
constraints.If a client’s constraintsare basedon thosegivenin the previouschapteri.e. cost,resource
usageandtiming constraintsthentheir satisfactionis givenby theserver:

- havingalower costthantheclientis willing to pay;
- havingmoreresourceshantheclientneeds;

- producingresultsatleastasfastastheclient needghem.

As discussedn section6.2.1, costsmay be calculatedoncewhenthe interfaceis accessear may
accumulateasthe interfaceis used. As such,the satisfactionof this relation mayinvolve morethanjust
comparisorof two valueswhenbindingis done.It mightbethecasethatcomplexpoliciesaresetupwhere
costsdecreasastheinterfaceis successivelnccessetbr example.Forsimplicity herewe assumasingle
valuethatcanbecheckedncewhenbindingis done.

Resourceonstraintsverespecifiedhroughactioncountingin section6.2.2. In reality, amorecomplex
approacho satisfactionof resourceconstraintds likely. For example,sincenumerousclients may be
boundto the servey ensuringthat the resourceconstraintggiven in a binding requestare satisfiedat all
timesis likely to requirealgorithmsfor dealingwith maximumloadsandscheduling.

Satisfactiorof timing constraintgor clientsandserverawill dependsery muchontheparticulartiming
requirementshemselves.For example,it might be the casethat a client hasconstraintghat the results
shouldbereturnedwithin someallottedtime window. Alternatively, a clientmightrequesthatresultsare
returnedat a specifictime. Henceit is not necessarilyhe casethatfasterresponsearealwaysdesireable.
Further thesetiming constraintanight be appliedto individual operationsor to the interfaceasa whole.
Theapproachgivenin section6.2.3canbeusedo dealwith suchissuesbutrequiresalevelof prescriptivity
notpossiblehere.
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Satisfactiorof timing constraintgor otherinterfacetypes,e.g. streaminterfaceswill almostcertainly
be muchmorecomplex. For example timing constraintgelatedto the rate,allowedijitter, maximumand
minimumdelays.etc. will all haveto beaddressetieforeanyform of successfubindingcanbeachieved.

In theabovespecificatiorfragment(andin section6.2.1)we do nothavesimpleparametelists. Rathey
we haveahigherorderparametelist, whereparameterthemselvesanrepreseninterfacereferenceslt is
notpossibleto treatordinaryparametelists, i.e. PList, in the sameway ashigherorderparametelists, i.e.
HOPListin LOTOS, ascyclic dependenciewould existbetweerthe Act Onedatatypes. Thatis, Param
is usedin PList, PListis usedin Op; Opis usedin OpSeiandOpSetn IRef Thusit is notpossibleto have
anoperationin IReflike isParam: IRef.Param asthiswouldrequirelRefto be enrichedoy Paramwhich
would producea cyclic dependency

It is of coursequite possibleto specify all parametellists as being higher order i.e. replaceall
occurrencesf PListin theprocessalgebraby HOPList We do not do sosincein mostcasegheyarenot.
A higherorderparametelist mayberepresentedtly:

Type HOPList is IRef, PList
sorts HOPList
opns makeHPL : -> HOPList
addParam: Param, HOPList -> HOPList
remParam: Param, HOPList -> HOPList

isParam : IRef -> Param
isIRef . Param -> Bool
getlRef : HOPList -> IRef

endtype (* HOPList *)

We omit the equationdor brevity. Theyrequirethata distinctioncanbe madebetweenra parameter
representingan interfacereferenceand any otherkind of parameter This might be donefor example
throughcheckingthata locationis associatedvith the parameteri.e. getLocasdefinedin section5.1.2
doesnot containa null value. We noteherethatthe checkshouldnot be madeon constraintsincenotall
interfacereferencesvill haveconstraintsassociatedvith them. Further the checkshouldnot be madeon
aninterfacehavinga setof operationssall parameterbavea setof operationsassociateavith them.

A serverthatreceivesa messagéom a clientwishingto deleteits bindingmaybe representedy:

process Serverinterface[ g ...J(myRef: IRef, known: IRefSet, ...):noexit:=
g ?deletebind: Name ImyRef ?pl: HOPList;
( [ not(getiRef(pl) Isin  known) ] ->
(* not bound to server *)
Serverinterface[ g ...]J(myRefknown...)
I
[ getiRef(pl) Isin  known ] ->
Serverinterface[ g ...J(myRef,Remove(getIRef(pl),known)...)
1
(* other behaviours restricted to clients in known ¥*)
endproc (* Serverinterface *)

Herethe servercheckswhetherthe clientis boundto thatserveralready If notthenthe setof known
interfacereferencess unchanged.If it is thenthe clientsinterfacereferences removedfrom the setof
knowninterfacereferences.

It shouldbenotedthatit might be the casethatit is the serverthatdecidego deletethe binding. This
mightberepresenteds:

process Serverinterface[ g ...J(myRef: IRef, known: IRefSet, ...):noexit:=
i; g !deletebind ISomelRef Ipl IServer;
Serverinterface[ g ...J(myRef,Remove(SomelRef,known)...)
(* other behaviours restricted to clients in known ¥*)

endproc (* Serverinterface *)

Herewe do not specifyhowtheinterfacereferenceSomelRefvasselectedo beremovedrom theset
of knowninterfacereferencesThe parametetist pl maywell containinformationasto why the binding
wasterminated.
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7.4.2 An ExtendedModel of Substitution in LOT OS

In the previoussectionwe haveseenhow a form of type checkingbetweenclients and serverscanbe
achievedn the procesalgebrapartof LOTOS. We now considerhow it is possibleto specifya form of
substitutionbetweerserverinterfaces.

As discussedn section2.2.3,substitutionmay be regardedasthe primary mechanisnfor addressing
evolution. Thisis the ability to replacea componenin a systemwith a differentcomponenaindensure
thatthe systemoverallis not adverselyeffected.

In LOTOS,substitutiorbetweerprocesglefinitionsdirectlyis notpossiblén thesensef anewprocess
definitionbeingaddedo aspecificatiorio replaceanexistingone. Thenumberandconfiguratiorof process
definitionsin a LOTOS specificationis static. The behaviourof the specificatiormay however resultin
theinstantiationof potentiallyinfinite processnstanceshatallow for differentinteractionpatterns.

It is possibleo specifyaform of substitutiorthroughtheredirectionof requestshataresentto aserver
Thisis commonlyreferredto asdelegatior[165]. Here,the messagesentto anexistingprocessresent
to anotherprocesgrovidedthe otherprocesshasan acceptabldehaviour We haveseenabovehow the
syntacticaspect®f thisbehaviourcanbecheckedi.e. throughoperatiorsubsetting Furtherwe haveseen
how certainconstraintsaassociatedvith a given behaviourmight be checked.A serverthatallows for a
form of delegatiormaythusberepresenteds:

process Serverinterface[ g, d ..]J(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(getlref(pl)) Satisfies getCons(myRef)) ] >
Serverinterface[ g ...J(myRef,known,getIRef(pl)...)
0
(* behaviour for unsuccessful delegation operation *)
0
(* if not delegation operation and delRef eq NULL *)
(* check parameters and have behaviour as before *)
0
(* if non-delegation operation  with ok details and delRef ne NULL *)
d lop !delRef !pl;
d ?res: Name !myRef ?pl : HOPList;
g lres !getlRef(pl) Ipl;
Serverinterface[ g, d ..]J(myRefknown,delRef...)
endproc (* Serverinterface *)

Hereweincludeanextraparametem theformal parametelist delRefwhichis areferenceo aprocess
thatprocessServerinterfacelelegatesequestso. WhenprocessServerinterfaces instantiatedthis will
besetto NULL. Theservemprocesdehaviouthencheckghatthis formal parameteis not setto anyvalue
otherthanNULL whenrequestarereceived.For simplicity, we do not dealwith the situationwherewe
havemultipleinterfaceghatthe behaviouiis delegatedo, althoughthiswould be quite possibleo specify

Shouldaprocessynchronisatgateg with theoperatiornamedelegatehenvariouschecksaredone.
Firstly, the processchecksthat the detailsof the requestare valid, i.e. that delegationis a permitted
operationfor this interface. Following this, it checksthat the constraintsaassociatedvith the delegation
offer satisfythe existinginterfacereferenceconstraints.lt shouldbe notedthatif thisis the casethenthe
constraintassociateavith the knownsetof interfacereferenceshouldalsobe satisfied.

If theoperatiorinvokedat gateg is nota delegatioroperationthenthe behaviourdepend®n whether
the procesdhasalreadydelegatedesponsibilityi.e. if delRefis not NULL. All guardsthatlimit accesdo
the processehaviourincludea checkon whetherthis interfacereferencas NULL or not. If it is NULL
thenbehaviourbeingguardedshouldbe that behaviourequiredto satisfythe interfacereference.lf it is
not NULL andthe detailsof therequestaresatisfactoryi.e. therequesteaperationis permitted thenthe
detailsof therequestreforwardedat gated to the delegategrocess.Responsearereturnedwhich are
thenpassean to the original requestar
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7.5 TypeEquivalencein Z

We haveseerin chapte5 howZ couldbeusedto specifyaspect®f computationainterfacesonsistingof
collectionsof syntacticunits (operation signalandflow signaturesandhow theseunits could be related
directly to behaviours.In chapter6 we presentedlifferentconstraintghat might influencebehaviours.
Specifically we focussedon cost,time andresourceusageconstraints.In this sectionwe shall seehow
certainof thesespecificatiorfragmentanbeappliedto developa morecompletemodelof type checking
in Z. A similarapproacto developa morecompletetype checkingmodelfor distributedsystemsnaybe
foundin [179].

ODPcomputationainterfacesonsisf interfacesignatureshehaviousspecificationsindenvironment
contracts Environmentontractsnayberegardedisagreementen thebehaviourofferedby theinterface
andexpectedrom theenvironmenfor theinterfaceto functioncorrectlyin theenvironment. Environment
contractgmay containconstrainton quality of service e.g.throughputsanddelays,aswell asusageand
managemertonstraints Thesemightincludeparticularlocationconstraintontheinterfaceusageaswell
astheneedfor selectedlistribution transparencieseesection2.1.3).

ODP prescribegulesthat haveto be satisfiedwhen composingsystemsor replacingone systemby
another Theserulesare basedon interfacesignatureonly. No accountis takenof behaviouraissues
or consideratiorof environmentontracts.To a large extent,this is only naturalsinceODP asa generic
architecturecannotprescribeexplicit behaviouror environmentcontractcontents.Neverthelessve shall
seehow it is possibleto specifysatisfactiorof behaviourahndenvironmentontractaspectsn a generic
manneiin Z. For simplicity we focuson a subsebf thenon-functionatonstraintshatmight beassociated
with interfacespamelydelaysandthroughputs.

We note herethat we do not considerall aspectf all interfacesj.e. operational signaland stream
interfaces Rathemwe showhowsyntacticandbehaviourabspect®f operationainterfacecanbechecked,
andhow non-functionabspect®f streaminterfacesanbe checked.

7.5.1 CheckingInterface SignatureswhenBinding in Z

Two operationalinterfacesare syntacticallyequivalentand can be composedbound)whenthey have
oppositecausalitiesandthey do not issuerequestor responseghatare not understood.To specifythis,
it is necessaryo introducea basicideaof subtypingbetweernparametersFor simplicity we assumehat
this relationis basedon sequence®sf parameters. The extensionfrom relationshipshetweentypesto
relationshipdetweersequencesf typesis givenin [40]. We mayrepresenthisrelationshipas:

O

Y isSubtype PList .. PList

Two interfaceswith oppositecausality can be bound successfullywith regardto message®eing
understoodvhentheinvocationnamef the client existin the serverandthe parametersissociatedvith
therequestare subtypeof thosein the serverinterface. In addition,the terminationnamesof the server
mustexistin theclientandtheparameterassociatewvith theresponsaresupertypesf thosein theserver
interface.This canberepresentedy:

BindSyntaxOk OplntSig.. OplIntSig

QIS ¢; 0iSs : OpIntSig | (ois¢; 0iss) —BindSyntaxOk
oisc:role = Client c0is s:role = Serverc—
(dnt ¢ : IntSig | int¢ c0is cints- (dht s : INtSig - int s OIS slints—
intc:inv:iinvName= ints:inv:inNamec{int ¢:inv:iinArgs;ints:inv:iinArgs) cisSubtype-
(dt s : Termemplate; tts cint siterms. (dt ¢ : Termemplate- tt ¢ cint c:terms—
ttsitermName= ttc:termName-{tt s:outArgs;ttc:outArgs) —isSubtypd))

ooooooooopog

This relationprovidesthe basisfor syntacticinterworkingbetweerclientsandserversj.e. it provides
theminimumrequirementfiecessaryo startdealingwith issuessuchasopennesskor brevity, we do not
makethis a symmetricrelationship.For similar reasonsve alsodo not producethe Z textrepresentinghe
syntacticcompatibility of streamandsignalinterfaces Thesespecificationsnaybefoundin [178].

5andin turnfor the environmento expectthe correctbehaviourfrom theinterface.
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7.5.2 Checking Non-Functional Aspectswhen Binding in Z

Chaptei6 introduceda collectionof non-functionabspectshatmight beassociatedavith a giveninterface
or system.As statedpreviously constrainton location,usageandmanagemernnayalsobe given. These
constraintsmay simply be representeds given types. For example,transparencyonstraintsmay be
modelledas:

Transpaency::= Access, Location | Replication; :::

We maycollectall of theconstraintshatmightapplyto agiveninterfaceor systeminto aparameterised
freetypedefinition. We nameall of theseconstraint®f systemgollectivelyasConstraints Thesecanbe
representeds:

Constraints::= maxCostInterfac€ostConkterfaces
maxResInterfacBetinterfaceResmceLimity,
maxDmaxDelays
maxTRmaxThruPut,
requiredTranspaerciesTranspaercyo; :::

Herethe dotsimply that this setof assertionon systemis not complete. With this model, we may
represenéinenvironmentontractas:
o_EnvCon

§ needs FFConstraints
Y promises FFConstraints

We note herethat the environmentcontractis divided into two groups: constraintson the expected
behaviouiof theenvironmentndconstraint®nthe behaviouof theinterfacewith whichtheenvironment
contractis associatedlt shouldbe pointedout thatthesearefinite setsof constraintandnot non-empty
finite setsof constraintslt mightwell bethe casethatthereareno constraintassociateavith aninterface
or system.In this casethe signatureandbehaviourareall thatexist. Whereexplicit constraintsaregiven,
severatonditionsontheinterfacesareimposedvhenbindingis to takeplace.Firstly, theassertionshould
be understandablelhusaswith interfacesignaturebinding,the constraintsill havea syntacticform that
will be understooetweersystems.Secondlythe constraintshouldideally be easilychecked.ln most
cases constraintcorrespondso a nameandvalue pair. More complexconstraintanexistaswell as
constraintshataredependendbnoneanothere.g.morecostallowsahigherthroughputo beachievedit is
possibleto specifysuchrelationshipdetweerconstraintsbut for simplicity we focusonly onindependent
constraintgepresentely namesandvalues.Satisfactiorof constraintswill dependuponthesevalues.

A consumeinterfacemaybeboundto a producerinterfacewhen:

- The maximumthroughputthe consumeicanconsumes greaterthanthe maximumthroughputhe
producercanproduce.

. Themaximumdelaya consumecantolerateis lessthanthe maximumdelaya producerexhibits®.

Theintuitive meaninghereis thattheconsumecanconsumetleastasfastastheproducercanproduce.
Further the producerdelaysbetweenframe productionare within the rangeof acceptablalelaysof the
consumerThesatisfactiorof constraintdor throughputsainddelaysgivenherecanberepresenteds:

Satisfies Constraints.. Constraints

dnft 1; mft, : mmFlowVpe ci; ¢z : Constraints, (ci; ¢p) —Satisfies
(c1 = maxTRmft;; maxThruPufmfy)) € » = maxTRmft; maxThruPuimft))—
maxThruPuimft;) - maxThruPufmft 2))
(c1 = maxO(mft;; maxDelaymft)) € » = maxDmft; maxDelaymft))—
maxDelaymft)) < maxDelaymft ,))

ooooooogooog

8Forsimplicity we ignoreissuegelatedto networklatency althoughwe acknowledgehatthis is a considerableimplification.
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This stateghatif the constrainbf interestis throughputthenthe constrainof oneinformationflow is
satisfiedoy anothemith a higherthroughput.If the constraintis delaythenoneinformationflow satisfies
anotherwhenit haslessdelaysbetweenframes. We shall showin section7.5.7 how this satisfaction
relationcanbeattachecaxplicitly to interfacegdo checkwhetherthey caninterworksuccessfullyA similar
approacho satisfactiorof environmentontractsvaspresentedh [177].

7.5.3 CheckingInterface BehaviourswhenBinding in Z

Establishingwhetherclients can be boundto serversand havesomedesirablebehavioura priori is in
generahot possibleto computefor anythingotherthansimplisticbehaviours Neverthelesst is possible
to specify certaindesirablefeaturesthat onewould like boundinterfacesto possess.For example,one
featuremightbethatthe clientandserverdo nothavecontradictorybehaviours.

We noteherethatthebasisfor interactionis thattheclientsandservershavecompatiblesignaturesi.e.
their associategignaturesarein the relationBindSyntaxOlgiven previously Clientsandservershaving
non-contradictorypehavioursnayberepresenteds:

NonContraBehOk OplintTemplate.. OpIntTemplate

«i; si : OpIntTemplate, (ci; si) clNonContraBehOk
(ci:ops;si:op9 BindSyntaxOk{tes: behspeeres= (si:sbscei:chs) )

oooooag

This statesthat the transitiveclosureof the client and serverbehavioursshouldexist. This is only
trueif theclientandserverdo not wish to performcontradictoryactions,i.e. the client wishesto perform
actionx followed by y andthe serverwishesto performy followed by x say This specificatiorfragment
requiresthat all client and serveractionsnot observabléan the interface,i.e. internalactionsor actions
at otherinterfacesaredistinct. To overcomethis restrictionit is possibleto modify the relationso that
contradictionglo not existin the setof actionsthattheyhavein common.For brevity, we omit the Z text.
Thesameideaof checkingthatthetransitiveclosureof the (restricted)elationexistshowever

We notethatthis relationalsorequireshatthe clientandserverbehaviourghemselvesreirreflexive.
This may not be the case,especiallywhereconcurrentprocessings possible,e.g. wherethe behaviour
containsactionssuchasayb which canleadto theactions(a,b) and(b,a) beingin therelation.

Whilst havingnon-contradictorypehavioursnight be a usefulguideto checkingthatinterfacesdo not
havesome“bad” behaviouy e.g. deadlock,non-contradictorypehaviourdoesnot meanto saythat the
interfacexaninteractsuccessfullyandhavesome‘good” behaviour Without beingspecificregardinghe
modellingof behavioursit is notpossibleo prescribavhatconstitutesgood” behaviour Oneusefulthing
to specifythoughis thatoncea serverreceivesaninvocationfrom a client, it doesnot havea sequencef
stateghatdoesnotleadto anassociateterminationbeingsent.

BindBehOk OplintTemplate.. OpintTemplate

si;ci : OpintTemplate, (ci; si) cBindBehOk
(ci; si) zNonContraBehOk:
(ds : IntSig it : InvTemplate tt : Termemplate s 1; S; S3; S S5; S6; S7; S8 : State
is cei:ops:intsdit = is:inv ctt cis:terms—
(isInvAclit; s1; sp); isTermAcftt; s3; 4)) —€i:opbs * =
(isInvAclit; ss; sg); isTermAc(tt; s7; sg)) fsi:opbsdsinvActit; s 5, Ss)) “ =
isInvActit; s1; sp) = isInVACLit; Ss; Se) cisTermActtt; s 3; ) = isTermActt; s7; Ss) -
(i5S1; 89 : =g State| SS 1—Ss5; 5595 7; Sgrvenx Si:0phis
(18S3: = State| SS 1—S5; SerSF peix SI:OPNIS - SS 3 peix SS 2 16 5; Seri SS 3)))

ODoo0oo0oo0OoO0ooooon0oog

Severalthingsshouldbe notedhere. Firstly, we statethat the behaviourf the client andserverdo
not contradictoneanother Secondlywe statethatthe invocationfrom the client to the serverrepresents
the sameaction,asdoestheterminationfrom the serverto the client. Thusfor interactiongo takeplace,
the actionsmustbe the same.It might be consideredhatthis goesagainsthe subtypingpossibilitiesfor
parameters.We amgue that when an interactiontakesplace,the subtypingrules eitherare satisfied,e.g.
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coercionor someother mechanisnis usedto convertthe type to one expectedpr no interactiontakes
place.Sincewe only dealwith successfubindingherethe erroneougases not consideredThefinal two
universalquantificatiorpredicatestatethatall sequencesf serverstatedollowing a particularinvocation
leadto the associateterminationj.e. sequencethatdo notleadto the terminationareprohibited.

We noteherethatwe focusonly onthebehaviousspecificatiorconsistingof thoseactionsfollowing the
invocationbeingconsidered, e.weavoidtheproblemof terminationsassociatedith previousnvocations.
For simplicity we assumehattheinvocationdoesnot occuragainbeforea terminationhasbeenissued.

7.5.4 CheckingInterface Signatureswhen Substituting in Z

A servelinterfaceis anacceptablsubstitutdor anotheiserveiinterfacewhenit is syntacticallycompatible,
i.e. it extendghesignature.This canberepresentedy:

SubstituteSyntaxQkOpIntSig.. OpIntSig

IS gyp 0iS : OpINntSig | (0isgyp, 0IS) —SubstituteSyntaxOQk
ois:role = Servercois g yrole = Serverc—

(dnt : IntSig | int ceis:ints- (dnt  gyp: INtSig - it gyp OIS gypiNtS—
intgpinv:iinvName= int:inviinvNamec{int:inv:iinArgs;int g yinv:inArgs) cisSubtype-
(dt sup: Termemplate;| ttgyp cint gypterms. (dt : Termemplate- tt cint:terms—

ttsup:termName= tt:termName-tt g,,:0utArgs;tt:outArgs) cisSubtypy))

oooooooooooo

Thisrelationprovidesthe basisfor syntacticsubstitutiorbetweerserversij.e. it provideshe minimum
requirementsiecessaryo startdealingwith issuessuchasevolution. For brevity, we do not give herethe
conditionsfor client substitutions.Theseare similar but with the rolessetto client andthe subtypingof
parameterulesfor invocationsandterminationgeversed.

7.5.5 Checking Non-Functional Aspectswhen Substituting in Z

As previously we considerassertion®n the maximumthroughputanddelaysof multimediaflows. One
consumeinterfacemaybe substitutedor a seconcconsumeinterfacewhen:

- Themaximumthroughputhesubstituteconsumecanconsumes greatethantheoriginalconsumer

- Themaximumdelaythe substituteconsumercantolerateis greaterthanthe original consumer
A producelinterfacemay be substitutedor anotheproducerinterfacewhen:

- Themaximumthroughputhe substituteproducercanproduces greateithanthe original producer

- The maximum delay betweenframesof the substituteproduceris lessthan that of the original
producer

We note herethat theseconstraintsdo not imply that the producermust producefaster They only
representhefactthattheproduceiis ableto producefaster Forexamplejf aconsumervantsa producer
to work at its maximumrate, then a substituteproducershouldbe ableto achievethis rate also. For
brevity, we do not producethe Z textsshowingsatisfactiorof constraintsvhensubstitutingfor producers
or consumers.Theseare similar to thosegiven previouslyfor constraintsatisfactionwith the predicates
modifiedaccordingly

7.5.6 CheckingInterface Behaviourswhen Substituting in Z

Oncesignaturecompatibility hasbeencheckedwve needto checkbehaviouratompatibility Behavioural
compatibility for serversubstitutegequiresthat, whateversequencef statesthe original servercould
producebetweenan invocationandits associatedermination,then the substituteservercannothavea
sequencef statesthat doesnot leadto thesesequences.A basisfor establishinghis is that they are
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syntacticallycompatibleandthatthe behaviourof the original serveris containedwithin the behaviourof
thereplacementThis canberepresenteds:

SubContainsBehOkOplntTemplate. OplntTemplate

sl 1; s : OplIntTemplate (sip; sip) cSubContainsBehOk
(sip:ops;siz:0ps) —SubstituteSyntaxQlsi :0pbscsi 1:0pbs

oogooo

Ensuringthatall invocationdeadingto terminationsn theoriginal serverareexhibitedby thereplace-
mentservermayberepresenteds:

SubstituteBehOkOplntTemplate.. OplntTemplate

i 1; S : OplIntTemplate; (sig; sip) —SubstituteBehOk
(siy; sip) —SubContainsBehOk:
(ds : IntSig it : InvTemplate tt : Termemplate s 1; S; S3; S S5; S6; S7; S8 : State
is csi 1:0ps:ints. si p:0is:ints cit = is:inv ctt cis:iterms—
(Inv(it; s1; sp); Term(tt; s3; s4)) ofSi 2:0pbsednv(it; s 1; ) *oo
(Inv(it; s5; S6); Term(tt; s7; sg)) =fsi 1:0pbsdnv(it; s  5; Sg)) “ =
Inv(it; s1; S2) = Inv(it; ss; Sg) cTerm(tt; s 3; &) = Term(tt; s7; Sg)-
(i8S1; 89 : = State| SS 1—Ss5; S559—S7; Sgrweix SI - 1:0phis
(iSS3: = State| SS 1S5, S5rSF peix Si - 1:0PhIS- SS3 peix S 2 16 5; Serm SS 3)))

Ooo0oooOooooooooog

Severalpoints are worth mentioningaboutthis specificationfragment. Firstly, we statethat the
invocationsandterminationsn thetwo serversarethe same.This allowsusto relatethe statesof thetwo
serverdlirectly. Thuss; andss for examplemight be completelydifferent,but providedthe invocationit
canoccurin thesetwo stateghenwe do not needto know any moreaboutthem. Similar considerations
apply to the other statesgiven. This lack of awarenesss deliberate. Otherwork hasfocusedin great
detail on staterelationshipsandtheir relationshipto subtyping. Cusackfor example[54] hasdeveloped
a detailedtheoryfor acceptablesubstituteoperationsbasedon statecomparisonsn a Z extension[55].
Ourtreatmenbf stateshereis largely aslabelledplaceholdergor reasoningaboutactionorderings. This
approachs morein the style of processalgebras.We arguethatthis is moredirectly relevantto ushere
sinceit canbeapplieddirectly within thespecificatiorasabasisfor reasoning Cusacks approachiequires
considerationgboutsubtypingissuesto be handledoutsidethe specifiets domain. Thatis, suchissues
arenormally consideredvhenreasoningaboutthe specification.Herewe wantto specifywhattheissues
aredirectly whencomposingsystemsor substitutingthemfor oneanother For substitutabiliy, we would
amguethatreasoningaboutbehaviourakubtypingcanlargely be avoidedif oneassumeshatinvocations
andterminationsarethesame.Thisis notanoverlyrestrictiveassumptiorgiventhatonewould expectthe
replacemento haveexactlythe samebehavioursvherethe behavioursoverlag.

Thefinal two universalguantificationpredicatestatethatfor all invocationsandsubsequentermina-
tionsassociatedvith a givenserver a substituteservercannothavea sequencef stateghatdoesnotlead
to the sameterminationoncethe giveninvocationhasoccurred. For simplicity, we assumehatthe state
sequencekadingup to the statein which theinvocationis possiblearethesame.

7.5.7 ExtendedType CheckingModelin Z

Computationalinterface templatesconsistingof signaturesbehaviourspecificationsand environment
contractamayberepresenteds:

o ExtendedOpln@mplate
S opint: OpintTemplate
& ec: EnvCon

To specifytruly opensystemsequireghatall syntactic behaviourabhndnon-functionatonsiderations
containedvithin an(extendedpperationainterfacetemplatearesatisfiedvhenbindingtakesplace.Thus

70f course,this assumeghat the original serverfunctionedcorrectlyin the first place and was not being substituteddue to
erroneoudehaviour
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all constraintgut forward in the environmentcontractshouldbe satisfiedby the interfacebehaviour(if
theywerepromise} or satisfiedby theenvironmen(if theywereneed}. Thiscanberepresenteds:

OpenComposition ExtendedOpln@mplate. ExtendedOplin@mplate

cC; S: ExtendedOpIn@@mplate; (C; S —OpenComposition
(C:opint; S:opin) -BindBehOk-
(¢ 1; ¢ : Constraints; ¢; —5:ec:needse » C:ec:needs
(@ 3; ¢4 : Constraints, c3 —S:ec:pomises€ 4 —C:ec:promises
(cq; c1) cSatisfies{c 3; cy) —Satisfiey)

ooooooogooo

To specifytruly evolving systemsn Z requirethat all syntacticand behaviouralconsiderationgre
upheld by systems. Further all explicit statementghe systempromisesto uphold are upheldby the
substitutesystemandthe constraintgshereplacemensystenplaceson theenvironmentresatisfiedoy the
constraint®f theoldersystem.This canberepresenteds:

EvolvingSystemExtendedOpin@mplate. ExtendedOpIn@mplate

S 1; & : ExtendedOplIn@mplate; (S1; S) —EvolvingSystem
(S1:bsi; S:bs) —SubstituteBehQk
(6 1; ¢ : Constraints; ¢; =5 p:ec:needs€ =5 p:ec:promises
(@ 3; ¢4 : Constraints, c3 =5 j:ec:needs€ 4 S j:ec:promises
(c1; c3) cBatisfies{c 4; cp) —Satisfiey)

Doooooooooog

7.6 Summary

This chaptethasshownhowtypesarecritical to distributedsystemslesignanddevelopmentAn approach
to specifytypesin aform thatallowsfor their structurakimilarity to becheckedvaspresentedéh Act One.
A completespecificatiorshowinghowtypesystemsanbespecifiedandcheckedsothattyperelationships
canbe establishede.g. subtyping,is presentedn AppendixA. This specificatioralsoallows assertions
ontyperelationshipgo be madeandchecksperformedon the possiblevalidity of thoseassertions.

We haveseenhow LOTOS canbe usedto modelinterfacereferencegonsistingof setsof operations
with associate@onstraints.This approactenableda form of type checkingto be achievedwith LOTOS.
This type checkingwas appliedto decidewhetheroneinterfacewishesto accepta binding requestrom
anotheiinterfacebasedntheoperationandconstraint®f theotherinterface.In additionwe haveshown
how substitutionof systemscouldbe achievedabstractlythrougha form of delegatiorbasedon interface
referencecontents.

Oneissuewith thiswork in generals thatwe havelargely avoideddealingwith behaviourahspect®f
interfaces Theinterfacereferencesve modelandcheckareessentallgyntacticstructuresvithe constraints
attached.ldeally, we would like to be ableto checkbehaviourabspect®f interfacesalso. For example,
the model of interfacereferencegpresentecheredoesnot allow checksthat the setsof operationsand
constraintarereally exhibitedby the processwith which they areattached.Suchcheckswould certainly
berequiredif onesystemwereto bereplacedoy another Unfortunately the checkingof suchbehaviours
is notpossibleto achievewithin LOTOSitself. Behaviouralssuegegardinghespecificatiorarenormally
consideredvhenthe specificatioris testedfor example.Testingfor bisimulations‘on thefly” for example
is currentlyan active areaof researct{79]. Certaintools [69] canindeedcheckfor suchrelationships,
howevey they placeoverly restrictivedemandon the specificationstructure e.g. typically recursionis
not permitted. Suchrestrictionswhilst makingthe checksdecidabledo not allow realisticsystemgo be
specifiedg.g.objectsthatcancontinuallyacceptrequestsay

Despitethis, we haveseenthatit is possibleto specifypowerfulrelationsin Z representinglesirable
featuresof systems. For example,specifyingthat serversalwaysreturnterminationswheninvoked by
a client. We haveseenalsothat Z is well suitedto modelling constraintson behaviours.As discussed
in section6.4, it could be aguedthat one problemwith Z is thatit is very goodat makingassertion®n
behavioursbutlimited in thefeaturest offersfor verifying suchassertionsWe shallseein thefollowing
chaptehowcertainassertionsanbecheckedvhenwespecifyaproduceandconsumeflow configuration.



Chapter 8

Applying the Ar chitectural Semantics

In this chaptemve showhowthearchitecturasemanticglevelopedn the previouschaptercanbeapplied
to two casestudies. The casestudiesselectedare a trading systemand a producerand consumerflow
configuration.We specifythe tradersystemusingthe architecturasemanticglevelopedor LOTOS and
theproducerandconsumeflow configurationusingthe architecturasemanticslevelopedor Z.

8.1 Specifyinga Trading Systemin LOT OS

ODP aimsto providedistribution-transparenttilisation of servicesover heterogeneousnvironmentsin
orderto useservicesusersneedto be awareof potentialserviceprovidersandto be capableof accessing
them. Sincesitesandapplicationdn distributedsystemsrelikely to changdrequentlyit is advantageous
to allow late bindingbetweerserviceusersandproviders.If thisis to be supporteda componentnustbe
ableto find appropriateserviceprovidersdynamically The ODP tradingfunction providesthis dynamic
selectionof serviceprovidersatruntime. Theinteractionghatarenecessaryo achievethis areshownin
figure8.1.

Trader
import import exports
responses requests
invocations
Importer | Exporter
responses

Figure8.1: A Traderandits Users

Hereatraderacceptsa serviceoffer from anexporterwishingto advertisdts services A serviceoffer
containgthe characteristicsf a servicethata serviceprovideris willing to provide. We noteherethatthe
serviceproviderneednot necessarilpe the exporter Similarly the serviceusermay not be theimportet
Thetraderthenstoresheseserviceoffersfor useby importers.

A traderacceptservicerequest$romimportersof services.Theserepresentequirementsn available
serviceghatatradermayor maynothaveaccesso. Uponreceiptof arequesfrom animporter thetrader
searchefts storeof serviceoffersto seeif anyoffersmatchtheimporter sservicerequest.lf anymatching
offersarefoundtheyarereturnedo theimporter which maytheninteractdirectly with the service.

143
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It shouldbe pointedout thata tradermight not itself havea serviceoffer that matchesanimporter's
request. In this case,a tradercan checkwhetherany othertradersit ‘knows’ might satisfythe import
request. This is known asfederatedrading. The establishmenbf tradinglinks betweentradersis not
addressetiere althoughanarchitecturabhpproactcanbeappliedto developa tradingfederation.

Thetraderstandard115] identifiesnumerou®perationghatatradershouldsupport.In this sectionwe
considemnly a subsebdf these.Specificallywe dealwith exportinga serviceoffer andimportingaservice
offer. Both of theseoperationshavecertainparametershathavebeenprescribedn the traderstandard.
We considerthesen turn.

8.1.1 ParametersAssociatedwith the Export Operation

The exportoperationallowstraderusersto advertiseservices.As suchthe associategharametershould
provideenoughinformationfor atraderto establistwhethetthis serviceis theonethata particularimporter
wants. The parametergassociateavith anexportoperationinclude:

- anidentifierfor the exporterof the serviceoffer;

- thetypeof theservicebeingexported;

- thevaluesof the servicepropertiesassociateavith this type of service;

- thecurrentvaluesof the serviceoffer propertiesassociateavith this serviceoffer;

- areferenceo aninterfaceatwhichthecurrentvaluesof theserviceoffer propertiecanbeestablished;

. aninterfacereferencahatcanbeusedto accesshe service.

The first bullet point hereis usedby the traderto decidewhetherthat exporteris allowedto export
the serviceoffer, i.e. whetherthey have alreadyregisteredwith the trader The type of servicebeing
offeredis given by the setof operationghat the servicesupportsanda setof servicepropertieghat are
associatedvith thatservice.Servicepropertiesandserviceoffer propertiesepresengéxtrainformationthat
thesignatureof theinterfacealonedoesnotcaptureg(i.e. ourmodelof constraintgivenin chapter$ and6).
Servicepropertieanaylooselyberegardedasstaticinformationassociateavith the service.Serviceoffer
propertiesrepresentore dynamicinformationthat might be associatedavith aninterface. For example,
if the servicewasa printer servicethena static propertymight be costanda dynamicpropertymight be
currentusage.

The currentvaluesassociatedvith the servicepropertiesandserviceoffer propertiesareincludedin
theexportoperation.Giventhatthe propertieshemselvesnight changeaninterfacereferencas givento
aserviceoffer evaluatotinterface.This allowsthe currentvaluesof theservicepropertiesandserviceoffer
propertiedo be checked. The OMG equivalenbf thisis the propertyservice[89].

Finally the exportoffer containsaninterfacereferenceghat canbe usedby the importerto accesshe
service. For simplicity herewe assumehat this interfacereferences compatiblewith the servicetype,
servicepropertiesand serviceoffer propertiesassociateavith the exportoperation. It might well be the
casethatthetrader(or atype managemergystemactingon the trader s behalf)performssomechecksto
ensurghatthisis thecase.

Theresultof anexportoperationis eitheranappropriateerrormessager anidentifierfor the service
thathasbeenexportedo thetrader Thisidentifiercanthenbe usedfor exampleto remove(withdraw)the
exportedservicefrom the setof serviceghatthetraderhasaccesso.

8.1.2 ParametersAssociatedwith the Import Operation

The importer operationallows traderusersto find servicesthat meettheir particularcriteria. As such
the parametersassociatedvith the import operationshould provide enoughinformation that the trader
cansearchthroughthe serviceoffers thathavebeenexportedand returnonly thoseoffers that meetthe
importer scriteria. The parameterassociateavith theimportoperationinclude:
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- anidentifierfor theimportermakingtheimportrequest;

- thetypeof theserviceto beimported;

- theservicepropertieghattheimporteris interestedn;

- theserviceoffer propertieghattheimporteris interestedn;
- matchingconstraints;

- selectiormpreferences;

- animportingpolicy.

As with the exportoperation the traderrequiresthatimportersareidentifiedto ensurethat usersare
registeredvith thetrader Theimport operatiormustidentify thetype of theservicethatis to beimported,
i.e. the setof operationsthat the importeris interestedin and servicepropertiesand offer properties
associateavith this service. The importermay alsoenumeratehe servicepropertiesand offer properties
whosevaluestheywantreturnedalongwith matchingoffersthemselves.

Thematchingconstraintareusedo determinavhatconstitutesgoodenoughmatch.Forexamplethe
matchingconstraintsnight statethatonly interfacescostinglessthana certainamountshouldbereturned,
i.e. the servicepropertyassociatedvith the servicerepresentingostshouldbe belowa certainamount.
Theselectiormpreferenceanbeusedto orderthesereturnedffersin someway; e.g.cheapestirst. Finally,
theimporter's policy canbe usedto restrictthe scopeof the searchg.g.only searchthelocal trader(and
notremoteones)or stopthesearchaftera certainamountof time.

Theresultof animportoperatioriseitheranappropiateerrormessager oneor more(possiblyordered)
interfacereferencesTheseinterfacereferencesansubsequentlpe usedfor accessinghe services.

8.1.3 Structuring a Trader with Importers and Exporters

In orderto tradeservicesall importersandexporteranustbe awareof thetradersexistenceandbeableto
interactwith it. It is quitepossiblenereto specifyonly thetraderitself andnotdealwith theissuesnvolved
in thesubsequertindingthatmightor mightnotoccurbetweerimportersandexporters.Insteadwe show
how LOTOS canbeusedto specifysuchdynamiccommunicationsi,e. whereimportersgetreferences$o
servicegheydid not know aboutpreviouslyandinteractwith them“on thefly”.

In orderto specify suchdynamicsystemst is necessaryo imposeconstrainton the structureof the
specification As discussedh sectiornd.2.1,all communicatiortakesplacein LOTOSthroughgates.Gates
areassignedstaticallyto processeandthey may not be passediroundbetweerprocessesAs aresult,to
modelsystemavheredynamiccommunicatiorpathsmaybeestablishedequireshatall processeshareat
leastsomecommongates.For simplicity we assumehatall processeareawareof thetrader An outline
of a specificatiorstructureshowinghow importersandexporterscanbe structuredwvith a tradermight be:

trader| t ]
(L1l
(importers[ tg, ... 1 Il 9. ] exporters| tg, ....])

Hereall importersandexportershould(potentially)beableto interactwith thetrader We usespecific
gatesfor interactingwith the trader It might also be the casethat the traderhas more than one gate
associatedvith it, e.g.differentgatesfor importersandexportersmight be used. We considera trading
systemwhereall communicatiorwith the traderis througha singlegate. Importersandexporterghatare
likely to interactwith oneanotherat somefuturetime' shouldshareone(or more)gatesthatcanbeused
for bindingusingtheinformationreturnedirom thetrader i.e. thereturnednterfacereferences.

This structureprovidescommunicationchannelsbetweenimporters,exportersand the trader but it
doesnotallow anyform of checkingto bedoneinsidethe specificatioron the behaviourghatmayor may
nottakeplace.We haveseenin chaptel5 thatit is possibleto modelinterfacereferencesn LOTOS asfirst
classcitizens. To allow importersandexporterdo tradesuccessfullyvith thetraderandsubsequentlpind
to oneanothemwe needto considertheinterfacereferencdor thetrader

11t might bethe casethatall importersandexportershavethe potentialto bind with oneanotherin which casethey shouldall
shareacommongate.
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8.1.4 Specifyinga Trader Interface Reference

As givenin chapter5, aninterfacereferencanay be representetdy an Act Onedatatype consistingof a
setof operationsalocationanda setof constraints For simplicity herewe assumehatthetraderinterface
referencedoesnot haveany constraintsattachedo it. In reality, a tradermight for examplechage for
serviceor haveotherconstraintghatmight equallyapply, e.g.the maximumnumberof requestghatcan
be processedtanyonetime.

Asdiscusseth sectiongl.2.8and4.2.9,formalspecifications concerneavith thebuilding of modelsof
systemandusingthesemodelsto reasoraboutpropertieof thosesystems Giventhislevel of abstraction,
it is not the casethat formal languageslealwith real-worldlocationsin spaceor time. Neverthelessve
amguedin sections4.2.8and4.2.9that LOTOS could be usedto modeland reasonaboutlocationin an
abstractanner Forbrevityweintroduceasimplemodelof locationin Act One. Thismightberepresented
as:

type Location s

sorts  Loc
opns locX, locY, locZ: -> Loc
eqgns ...

endtype (* Location *)

We omit the equationdor brevity. We considerin moredetail how issuesrelatedto locationcanbe
usedto influencetradinggenerallyatthe endof this chapter

An interfacereferencdor atraderprovidingonly import andexportoperationganbe constructedy
thefollowing LOTOSfragment:

let tref: IRef = makelRef(locZ,insert(import,insert(export .0 in

For simplicity herewe assumehe existenceof the import and exportoperations. We statethat the
traderinterfacereferences locatedat locationlocz, it supportsthe operationsof import andexportand
thereareno constraintattachedo it. All importersandexporterghatwishto importfrom or exportto this
tradershouldhaveaccesso thisinterfacereferencé. This canberepresenteds:

let tref: IRef = makelRef(locZ,insert(import,(insert(expor IRD))RD)
in
trader| t ](tref...)

(L1l
(importers[ tg, ... 1(...tref...) I 9,. 1 exporters] tg, ...](.tref..))

As discussedn section5.1.2,interfacereferencesnodelledasAct Onedatatypesshouldberealised
by thebehaviouiof the processith whichtheyareassociatedior atraderthisimpliesthatit supportghe
operation®f importandexport. An initial structurefor atraderspecificatiorprovidingimportandexport
operationsnight be:

process trader[ t ](tref: IRef,  ..):noexit:=
t ?op: Name !tref ?pl:  HOPList;
( [ not(makeOp(op,pl) Isin  getOps(tref)) ] > ... (* return error ¥
I
[ makeOp(op,pl) eq export ] -> ... (* process request *)
[ makeOp(op,pl) eq import ] -> ... (* process request *)

1l
trader| t ](tref ..n)
endproc (* trader *)

We expanduponthis structureshortly afterwe haveconsiderechow exportersandimportersmight be
structured.

2And acommunicatiorchannelgate)shouldexistfor interactingwith thetrader
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8.1.5 Specifyingthe Structur e of Exporters

To showhow LOTOS canbe usedto modeldynamicsystemswe considethow servicesanbe specified.
To be lessabstractwe dealwith servicesconsistingof specificoperationsand properties. Consideran

exporterofferingthe operationsXy; Xz; X3 atlocationlocX, with servicepropertiedbasedn costandwith

serviceoffer propertiedbasedon the expiry dateof the serviceoffer. If the costfor usingthis service,i.e.

invoking anyof theoperationgrovided wassetat costXandtheserviceoffer expiry datewassetattimeXx

thentheexporterinterfacereferencamightberepresenteds:

let eref: IRef = makelRef(locX,
insert(X1, insert(X2, insert(X3,{}))),
makeCons(insert(costX,{}),{},insert(timeX,{ )

in

Here we usethe modelof constraintgyiven previously i.e. basedon cost,resourceusageandtime
constraintsWe noteherethatno constraintsveregivenfor resourceisagej.e.thesecondargumentof the
makeCongperatiornis anemptyset.

Using this modelof exporterinterfacereferencegndthe traderinterfacereferencegiven previously
anexportermayberepresenteds:

process  Exporter[ g,t...](eid: ID, eref, tref: IRef...):noexit:=
t lexpName !tref laddParam(eid,
addParam(getOps(eref),
addParam(getCC(getCons(eref)),
addParam(getTC(getCons(eref)),
addParam(isParam(eref),
addParam(isParam(eref),makeHPL))))));
(t lexpName leref ?res: Message;
Exporter[ g,t...](eid,eref tref,...)
I
t lexpName leref ?id: ID;
Exporter[ g,t...](eid,eref tref,...))

I

g .. (* offering operations X1, X2, X3 %)

1

g .. (* offering operations to return the current service properties *)

endproc (* Exporter *)

Severalthingsshouldbe notedhere. Firstly, we assumehat thereis someway in which the exporter
can be identified (eid). We do not considerin detail how this is doneherebut notethatit is possible
to achieve,e.g. throughrestrictinginstantiationsof object templatesto ensurethat new identities are
guaranteed44, 147, 110]. We notealsothatwe do not distinguishbetweenthe interfacereferenceand
theinterfacereferencdor the serviceoffer evaluatorinterface. This impliesthatif the valuesof dynamic
propertiesassociatedvith the serviceareto be establishedthenthis is achievedhroughinteractingwith
theservicedirectly asopposedo someotherobject.

8.1.6 Specifyingthe Structur e of Importers

We arenotinterestedn how importerinterfaceoffersarerepresentetiere.We only requirethattheyexist
andcanbeusedfor communicatingvith thetrader
An importermaybestructuredasfollows:

process Importer| g,t...](iid: ID, iref, tref: IRef, known: IRefSet...):noexit:=
t limpName !tref laddParam(iid,
addParam(insert(X1, insert(X3, M),
addParam(makeCons({}, insert(resAvailable, . O
addParam(makeCons({}, {}, insert(expiryDate, ),
addParam(insert(maxCost,{}), {}, insert(minDate,{}),

addParam(nullPref,
addParam(localPolicy,makeHPL)))))));
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(t limpName liref ?res: Message;
Importer[ g,t...](iid,iref,tref,known,...)

t limpName liref ?irefs: IRefSet;

Importer[ g,t...](iid,iref,tref,(known Union irefs),...))
I
g .. (* operations invoked on "known" interface set *)

endproc (* Importer *)

We considerthe modellingof theimport requestparametersn turn. As with the exportrequestwe
assumehat there existssomemeanswherebyimporterscanbe identified. The import requestactually
createshesetof operationshattheimporteris interestedn herej.e.operations{; andXs. It mightwell be
thecasethatthe setof operationsequiredis givenby areferencdo someparticularsetof operationsWe
noteherethatthisapproacho specifyingthe setsof operationghatarerequiredopensup numerousssues
thatarelikely to beaddressedly type managemergystemsFor examplejt mightbethe casethatnoone
interfacesupportsall of the operationghattheimporterrequires pbut the operationsanbefoundin more
thanone,possiblyremote,interfaces.This phenomenomf type checkingbasedon particularoperations
in aninterfaceis termedF-boundedbolymorphism[39]. Whetherit is meaningfulto return more than
oneinterfacereferencdo animporterfor subset®f therequestedperationglependdo a greatextenton
theimportersandthe semanticattachedo the operationgequestedFor examplethe operationsnaybe
dependentipononeanother If thisis thecasethenit maynotbe possibleto separatéhem.

We specifythat the importeris interestedn servicepropertiesrelatedto resourceavailablity, i.e. the
valuesof the availableresourcesreto be returnedwith the matchingoffers. We notethatthis, asin the
caseof theexporterspecifiedoreviously mightbenull. Theimporteralsowishesto knowtheexpiry dates
associateavith exportedoffers,i.e. howlongtheserviceis likely to beavailable.

The matchingconstraintsarerepresentetby the valuesmaxCosfor costconstraintand minDatefor
expiry date. Thusthetraderwill only returninterfacereferencegor serviceghathaveanassociated¢ost
lessthanmaxCosthaveanexpiry datelongerthanminDate andsupportthe operations<; andXs.

For simplicity we do not dealwith issuegelatingto orderingthe matchingserviceoffers,i.e. we have
anull selection(nullPref). We omitthe LOTOStextfor brevity.

The import policy can take many different forms with many different levels of complexity For
example,import policies might be basedonly on searchinghe local trader We modelthis throughthe
valuelocalPolicy. Alternatively, all traderghatthis traderknowsaboutmight be searcheélso. Theseare
perhapghetwo mostsimplisticpolicies. Otheronesarepossible.Forexamplejf thetraderwaschaging
usersfor serviceghenimport policiesmight be basedon costlimits for usingthetrader It might be the
casethatimportersrequesthe searchto stop after a certainamountof time if timelinessconstraintsare
moreimportant.

8.1.7 A More CompleteTrader Specification

>Fromthespecificatiorof theimporterandexportersve mayexpandupontheinitial outlinefor thetrader
specificatiorgivenpreviously A morecompletestructurefor atraderspecificatiomrmightbe:

process trader[ t (tref: IRef,  exports: expOffers):noexit:=
t ?op: Name !tref ?pl:  HOPList;
( [ not(makeOp(op,pl) Isin  getOps(tref)) ] > .. (* return error ¥
I
[ (makeOp(op,pl) Isin  getOps(tref)) and (op eq expName) ] ->
t lop !getlRef(pl) ?id:  ID[ not(id Isin getlds(exports))]
trader| t ](tref,addOffer(id,getIRef(pl),getSP(pl) Union getSOP(pl),exports))
I

[ (makeOp(op,pl) Isin  getOps(tref)) and (op eq impName) ] ->
t lop !getiRef(pl)
Isearch(getSP(pl) Union getSOP(pl),getOps(getIRef(pl)),exports);
trader| t ](tref,exports)
1l
trader[ t ](tref,exports))
endproc (* trader ¥)
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For simplicity we avoid dealingwith all of the checksthat might be madefor erroneousnvocations,
e.g.wheretheexportandimport operationgio not havecorrectparameters.

HerethesortexpOffergepresentthe setsof serviceoffersthathavebeensuccessfullyexportedo the
trader Thismayberepresenteds:

type ExportedOffers is IdSet, IRefSet, Constraints
sorts  expOffers

opns empty . -> expOffers
addOffer: Id, IRef, Constraints, expOffers  -> expOffers
remOffer: Id, expOffers -> expOffers
getlds . expOffers  -> IdSet
search . Constraints, OpSet, expOffers -> IRefSet

endtype (* ExportedOffers *)

We omit the equationsherefor brevity. Operationgetidsreturnstheidentifiersof all exportedoffers.
We areensuredhatall exportedoffers areuniquelyidentifiedthroughthe useof a selectionpredicatan
the processalgebra. OperationremOfferremovesan offer from the exportedoffers that hasa particular
identifier OperatioraddOfferrequiresasinput: anidentifier, aninterfacereferencendasetof constraints.
Theseconstraintarethenassignedo theconstraintghatareassociatedavith theinterfacereference.

We alsoprovidean operationfor searchinghroughthe serviceoffers that havebeenexportedto the
trader This operationallowssearche$o be madebasedn operationsassociateavith exportedoffersand
the constraintghat they haveattachedo them. The equationsassociatedvith this operationcould well
be very complexdependingon the constraintsand operationghathavebeensupplied. For example the
searchmight not find offers with all of the operationssuppliedeventhoughthey satisfythe constraints.
Alternatively, thesearchmightfind offersthatpossesall of theoperationsequestedbut thatdo notsatisfy
all of the constraintghathavebeensupplied.Otherpossibilitiesexistalso.

8.2 Conclusions

In this sectionwe haveseenhow LOTOS canbe appliedto developa tradingsystemwhereservicescan
befoundbasedn staticor dynamicfeatureghatareassociateavith them. In additionwe haveseenhow
referenceso theseservicexansubsequentlipe usedto accessheservices.

Relatedwork [112, 149 hasfocussedon addingnew mobility featuresto the LOTOS languageso
asto enabledynamiccommunicatiorpathsto be established We haveshownthatthis is not absolutely
necessaryTheLOTOSIlanguages expressivenougtfor certaindegreesf dynamisimo besupportedWe
noteherethoughthatourapproactdoeshavecertainlimitations. The primaryproblemwith this approach
is thatall processethathavethe possibilityto interactwith oneanotheratacommongatemustparticipate
(synchronisepn all eventsat this gate. This includessynchronisingon eventswherethe processwas
not expresslyreferencedi.e. the interfacereferenceassociatedvith the eventoffer referenced different
process.

It is quitepossibleo extendheapproaclgivenhere.Forexamplejt is possibldo extendheconstraints
thatmight applyto serviceproperties.One suchextensiormight be the inclusionof locationconstraints,
e.g.import requestsnight specifythatthe servicesof interestshouldexistwithin a specificlocation. In
the previoussectionwe largely avoideddealingwith locationsandhow they canbe usedto influencethe
importingof offers. It mightwell bethecasehatlocationplaysacritical partin offer selectiorthough.For
examplejmporteramightspecifythatonly servicesta particuladocationareto bereturned.Alternatively,
it might be the casethat servicelocationscanhavesomemeanswherebytheir nearnesgor remoteness)
can be usedas a basisfor decidingon which serviceis selected. Suchextensionsould be specified,
e.g.throughdatatypesmodellinglocationswith operationghatcancheckon the equality of locationsor
distancebetweerocations.A simpleexampleof how this mightberepresenteds:

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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We omit the equationgor brevity. Locationsmightsimply berepresentetly sortsandoperationgxist
thatallow comparisondetweerthesesorts. Thusthe moreremoteaninterfaceis from anotheithegreater
the differencebetweenthe operationOrd whenappliedto theseinterfaces. An importer might usethis
informationwhenimportingfrom atrader Forexampleconstraintof theform ‘return only thoseinterface
referencegor serviceswithin a certaindistance’,j.e. thedifferencen valuebetweertheimporterlocation
andthelocationof the serviceregisteredvith thetrader

The notion of type checkingis fundamentato trading. Most currentapproacheso type checkingin
distributedsystemarebasedsolelyonsignature$l72]. Furtherthecheckgshattheyperformwith regardo
establishingypeequivalencés basednthe classicatypetheoryof subsettingpperationsgontravariance
of inputs and covarianceof outputs[40]. We have seenthat even at the syntacticlevel, i.e. without
consideringssuesrelatedto semanticsthis neednot necessarilype the case. Type checkingfor trading
shouldprovideas muchflexibility aspossiblefor the traderimporters,or at leastas much flexibility as
theimportersdemand.Theapproactgivenhereandin chapter7 hasshownhow usefultyperelationships
canbe establishedn differentways. Thusimportrequestgor setsof operationgot availableat any one
interfaceshouldnot automaticallybe simply rejected,.e. error messagestatingthat no matchingoffers
werefound. Further issuesrelatedto type checkingthe constraintghat might be attachedo interfaces
shouldalsobe dealtwith, e.g.checkingthatconstraintvaluessuppliedarecompatiblewith the constraints
associateavith theinterface.

8.3 Specificationof a Producerand ConsumerFlow Configuration

As discussedODP introducesconceptaecessaryor modellingandreasoningaboutmultimediaflows
of information. We have seenalreadyhow Z could be usedto reasonaboutissuessuchas maximum
throughputsaanddelaysassociateavith theseflows. In this chapteme considerin moredetailhow Z can
be appliedto specifya configurationof producerandconsumeinformationflows. In particularwe show
how Z canbe usedto modelthe actualflow of informationand changedo the flow of information. In
additionwe showhow the non-functionalaspectof the producersand consumersre usedto restrictthe
flows andflow manipulationghatcanoccur

To enablea higherlevel of prescriptionto be given we dealwith specificoperationson the flow of
information. We consideroperationgfor startingand stoppingthe flow and operationgo increaseand
decreas¢herateof flow production.

For simplicity we assumehat the datacontainedin the informationflow from the produceris that
requiredby the consumer Thatis, we avoid dealingwith issuesrelatedto type checkingof multimedia
flows of information. Rather we focus only on how the information flows are passedrom producer
to consumerin sucha way that the temporalconstraintsimposedon the flows are satisfied. Another
simplificationwe makeis to dealonly with producersaandconsumersf singleflows.

8.3.1 Background Conceptsfor Modelling Information Flows

As presentedn section5.1.2, an informationflow canbe representedh Z by a schemaconsistingof a
sequencef frames.In section5.1.2,we considered frameasa schemaconsistingof atime stamp,some
dataandalabel. Previouslywe consideredhetime stampasa naturalnumber In this sectionwe consider
time asarealnumber This allowsusto havea densemodelof time andalsohighlightsthe versatility of
theZ language We modela framehereas:

o Frame.
Dts: R
o data: Data
Y label: Name

Informationflows associatedvith producersand consumer®f informationmay be eitherflowing or
stopped We introducethefollowing freetypeto representhe possiblestatushatmaybeassociatedb the
informationflows attachedvith producersandconsumers.

Status::= Stopped FlowIn | FlowOut
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8.3.2 Formalising the Stateof Producersand Consumers

Interfacesthat produceor consumeinterfaceflows are requiredto accessvariablesmodellingtime. In
section5.1.2we showedthattime could be representedh Z in severalways. We considerherea local
modelof time wherethe producerandconsumer®f informationflows havelocal variablesmodellingthe
currentlocal time. Thelocaltime is incrementedvhenoperationccur i.e. informationitemsaresentor
received. The amountthatthetime is incrementedy depend®n the rate of productionor consumption
of flows. Sincewe areinterestedn modellingburstyflows here,i.e. flows that may havetheir ratesof
productionor consumptiorvaried,we modelthe rateof productionor consumptiorof flows by a variable
localto the produceror consumer

We may modela producerstateby thefollowing Z fragment:

= PState

pS: « Frame
ptnow: R
pstat: Status

prate: R
pCons: ProducerCons

dig; fo : Frame | & 1; foon ps-f 2its > fiits
pstat sStoppedFlowOut . .

Doooooooooog

Herewe statethatthe producerstateis given by a sequencef frames(ps), the currenttime (ptnow),
therateof productionof frames(prate, i.e. thetimeit takesfor a produceito producea frame),the current
statugeitherstoppedr flowing outfrom theinterface) andasetof constraint@associatedith theproducer
informationflow. We alsostatethatall framesin the sequencef framesto be sentshouldhaveincreasing
time stamps Herethedotsaredependentipontheconstraint@ssociatedith themultimediaflow andhow
theyinfluencetheflow itself. To allow thesepredicate$o begiven,it is necessaryo be moreprescriptive
regardingheconstraint®f interest.We considethemaximumdelay maximumthroughpuand(bounded)
jitter associateavith theinformationflow. Theseconstraintsnayberepresenteds:

= ProducerCons
D pmt: R

o pmd: R

" pb:R<R

We note herethatit is normally the casethat Z specificationsare written in a definition beforeuse
manner This is especiallythe caseif tool supportis used. Semanticallythe orderingis unimportant
providedthe Z textcanbe orderedn suchaway thatall Z fragmentsaredefinedbeforetheyareused.

In the schemaProducerConspmtrepresentshe producers maximumthroughputpmdthe maximum
delayandpjb theupperandlower limits onjitter. We noteherethatwe do not concermurselvesith how
thesevaluesarecalculatechndset. We areonly interestedhatthesevaluescanbeset. We shallseeshortly
thatthe valuescanbe assignedon-deterministicallyWith this,a morecompletemodelof the producers
stateis givenby addingthe predicates:

diq; fo @ Frame | & 1; foom ps-
foits- f 1:ts < pCons:pmd-1 4 prate< pCons:pmt

Herewe statethat all consecutivdramesin the sequenceshouldhavetime differencedessthanthe
maximumalloweddelay We alsostatethattherate(prate) of productionof framesmustbelessthansome
upperthroughputlimit. For simplicity we assumehat throughputis measuredver a single time unit.
Extendingthis to coverotherrangesof time canbe achievedusingthe approachgivenin section6.3.4.
We noteherethatwhilst theseconstraintsanbe assertedlirectly andusedto influencethe productionof
framesiit is not possibleto write explicit predicate®n thejitter. Thejitter depend®on the actualsending
andreceivingof frames. Beforewe showhow jitter constraintscanbe usedto influencethe information
flow, we considettheconsumestate.
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We mayrepresentonsumestatessimilarly. Thiscanberepresenteds:

o CState
CS: s« Frame

ctnow: R

cstat: Status

crate: R

cCons: ConsumerCons

diy; fo : Frame | & 1; fooncs-f oits > fritse
cstat sStoppedFlowln; ca. .

Dogoooooogo

Forbrevitywe donot explainthevariablesctnow cstatandcratewhicharetheconsumeequivalenof
thevariablesgivenfor the producer Thevariablecsrepresentshe framesthathavebeenreceivedby the
consumerFor simplicity we assumehatframesarrivein the orderin whichtheyaresent. Thisallowsus
to asserthatall framesin thesequencéaveincreasingime stamps.Thisneednot necessarilypethecase
though,i.e. framesmayarrivein anorderdifferentfrom thatwhich theyweresent. It is quite possibleto
extendthe approaclgivenhereto dealwith suchcases.

As abovethedotsaredependentiponthespecificconstraintaconsumemighthaveonaninformation
flow. Forsimplicity, we assumehe consumehasthe sameconstraintasthe produceyi.e. on maximum
delays throughputsandjitter bounds.This canberepresenteds:

o ConsumerCons
D cmt: R

o cmd: R
Y cb:R-R

Herecmtrepresentshe consumeis maximumthroughput,cmdthe consumeis maximumdelay and
cjb the upperandlower time limits at which a frameis acceptable With this, a more completemodelof
theconsume's stateis givenby addingthe predicates:

diqy; fo : Frame |  1; foon CS-
foits - f 1:ts < cCons:cmd-1 « crate < cCons:cmt

Here we statethat all consecutivedramesin the consumerflow should havea time differenceless
thanthe maximumalloweddelay We alsostatethatconsumptiorof framesis lessthansomemaximum
throughputvalue. As with the productionof flows, jitter constraintsareconsideredvhenwe dealwith the
sendingandreceivingof informationflows.

As donein section7.5.2we mayrepresentshe constraintshatmight be associateavith a produceror
consumegenerallyby a parameterisetteetype definition. This canberepresenteds:

Constraints::= prodBindCongProducerCorsa; consBindCong€onsimerCamsa
Similarly we representhe satisfactiorof constraint@ssociateavith producersandconsumerss:

m}
Y Satisfies Constraints.. Constraints

Forbrevitywe omittheassociategredicatesThesatisfactiorof throughpuanddelayconstraintsvere
givenin section7.5.2. Satisfactiorof jitter constraintgequiresthat the producerallowedjitter is within
theconsumeiitter range.

To modeltheinstantiatiorof the producerandconsumemwe usetheZ conventio{161] of considering
only the primed stateschemasi.e. we do not carewhatthe statewasbeforethe producerand consumer
wereinitialised. Theinitialisationof the producerandconsumemayberepresenteds:
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g PClInit

b PStaté

o CStaté

O

B pc: ProducerCong cc : ConsumerConsss: « Frame | SS= m
g (consBindCon&c); prodBindConpc)) —Satisfiess

o (prodBindCongpc); prodBindCon§pCors)) —Satisfiess
g (consBindCon&c); consBindCon&Cong) —Satisfiess
o pCond =pceCons’ =ccps’ =sso

B cg = mptnow ' = ctnow e

o pstat = cstat = Stopped

praté = 1 pc:pmtcgrate /= 1a ccicmt

This stateghatthereexistproducerandconsumerconstraintsuchthat:

- thevaluesthatthe producerandconsumerconstraintsare setat is satisfactoryto the consumeiand
producerrespectivelye.g.the producers maximumdelayis lessthanthe maximumdelaythatthe
consumerantolerate.

- thevaluesat which the producers constraintarebeingsetaresatisfactoryto the producere.g.the
throughpuis not beingsetata valuethatthe producercannotproduce.

- thevaluesat which the consumerconstraintsarebeingsetaresatisfactoryto the consumere.g.the
jitter is beingsetat valueswithin theupperandlower jitter limits.

Theseconstraintgif theyexist) arethenassignedo the producerandconsumeiconstraints.We also
statethat the produceris instantiatedwith a non-emptysequencef framesto sendandthe consumer
initially hasreceivedno frames. The producerandconsumetocal timesaresynchronisedndboth have
the currentstatusof stopped Finally we statethatthe producerandconsumeratesaresetto valuesgiven
by thereciprocalof the maximumthroughputs.

We notethat we definea single relationbetweenconstraintshere. In reality this is likely to be split
into severaldifferentrelationssincesatisfactionof constraintds differentfor producersand consumers,
producersand producers and consumersand consumers.Thesedifferenceswvere discussedn sections
7.5.2and7.5.5.

8.3.3 Formalising Interfacesfor Controlling Information Flows

As well ashavinginterfacedor producingandconsumingnformationflows, producersandconsumersf
informationflows arelikely to haveoperationdor manipulatingtheseinformationflows. We termthese
contml interfaces. It is likely that theseinterfaceswill follow an RPC-like modeof interaction,where
messagearesentandresponsesregivento thesemessagesFor simplicity here,we assumea basicset
of messagethatarepassedetweermproducerandconsumersThesemayberepresentedly thefreetype
definition:

Message:= ExceedsMax AlreadyStopped AlreadyStarted,
NotStarted, ArrivedTooEarly | ArrivedTooLate | Ok ;| ...

The dots heresignify that thesemessagemay well be extendedo covernumerousother situations.
We shalldiscusssomeof theseothersituationsat the endof this chapter

Starting and Stopping a Producer Flow

Themostelementarypf operationsarethestartingandstoppingof flows. A flow beingstartedsuccessfully
mayberepresentedy:



154 CHAPTERS. APPLYING THE ARCHITECTURAL SEMANTICS

o ProdStartFlowOk
APState
red : Message

pstat= Stopped-ps ' = ps—
ptnow = ptnowpstat’ = FlowOut—~
prate = prate -pCons’ = pConscfied = Ok

O
O
O
!
O
O
O
O

Thepreconditiondor this operatiorrequirethattheflow is currentlystopped.The postconditionstate
thatthe statusof the produceris changedo FlowOut All othervariablesassociatedvith the producer
stateareunchangedIt might well be the casethatthe occurrenceof this operationschemamight takea
non-negligiblgime. In this casethelocalvariablemodellingtime shouldbeincrementedy someamount.
We assumehatthe operationtakeszerotime andthattime is only incrementedn the sendingof frames.

A startflow operationrmayfail if theproduceiis alreadyproducingtheflow. An unsuccessfulequest
to startaflow mayberepresentedy:

o ProdStartFlowNOKk
D ZPState

o red : Message

O

[m]

pstat= FlowOut tied = AlreadyStarted

Here we saythat the stateof the produceris unchanged.The total operationto starta flow may be
representedy:

ProdStartFlow-FrodStartFlowOk-ProdStartFlowNOk

For brevity we do not provide the operationdor stoppinga flow. Theseare similar to the starting
of a flow with the obviouschangedo the predicates.For reasonf brevity we alsodo not providethe
operationdor startingor stoppinga consumeflow. Thesearesimilarto the operationgivenfor starting
andstoppingproducerflows.

Increasingand Decreasingthe Rate of Production

Therateof productionof informationflows maybeincreasedr decreasedependingon the demand®f
theconsumerA successfubperatiorto increaseherateof flow from theproducemayberepresentetly:

o ProduceFasterOk
APState

nr?: R

red : Message

O
O
O
O
O
o
O
O

pstat= FlowOut= pstat car? < pratecpCons:pmt 14 Nr?—
ps’ = psptnow ' = ptnowprate ' = nr? (pCons’ = pConscred = Ok

This operationrequiresthatthe produceris currentlyoutputtinginformationandthatthe newrate,i.e.
thetimeto producdramesjs lessthantheexistingonebutwithin thethroughputimits. Thepostconditions
statethatthestatuscurrenttime, sequencef framesandconstraintareunchangedAn outputmessagés
sentstatingthatthe operationvassuccessful.

We considettwo casesn which thisoperatiomrmightfail. Theoperationmightfail if therequestedate
would resultin the maximumthroughputconstraintdbeingexceededThis canberepresenteds:

0 ProduceFasterExceedhk
=PState

nr?: R

red : Message

ooooooag

pCons:pmt 14 nr? cried = ExceedsMax
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Herethe stateof the producetis unchangedf the rateexceedshe maximumallowedthroughput.An
appropriateerrormessagés alsoreturned.

A requesto producea flow fastermayalsofail if theproduceiis not currentlyproducingaflow, i.e. it
hasnotyetbeenstarted.This canberepresenteds.

o ProduceFasterNotStarted

=PState
nr?: R
red : Message

oopooooo

pstat= Stopped-red = NotStarted

Thetotal operationshowinghowthe produceiflow canhaveits rateincreaseds givenas:

ProduceFasterfProduceFasterOkRProduceFasterExceedk -ProduceFasterNotStarted

We omit the operationsshowinghow the informationflow ratescanbe reduced.Thesearesimilar to
thosegivenfor the increasdn productionbut with the obviouspredicatechangese.g.checkingthatthe
ratedoesnot becomezeroor negative. For reason®f brevity we alsodo not providethe operationgor
increasingor decreasinghe consumerconsumptiorrate. Theseare similar to the operationggiven for
changinghe producerflow ratebut with the predicatesnodifiedaccordingly

8.3.4 Formalising the Production and Consumption of Information Flows

Giventhatwe havetakenalocal modelof time, the productionof framesrequireghattheframesaretime
stampedwith the local time whenthey areto be sent. The sendingof a framefrom a producermay be
representeds:

= PSendFrame

APState
f!: Frame

ps= mepstat= FlowOut= pstat /=
ps’ = tail psprate’ = prate -pCons’ = pCons
(dimesent R | (ptnow+ prate- first (pConspjb)) < timesent
timesent (ptnow+ prate+ secondpCons:pjh) - prate ' = timesent
(let nextframe== (~ Frame, data= (headps):data —
ts = timesent—
label = (headps):label) - f! = nextframe)

OoooooOoooonooon

Severathingsshouldbe pointedout here. Firstly, we requirethatthe producethasframesto send.The
producershouldcurrentlyhavethe statussetsothatit is producingframes.Sendinga frameremoveghat
framefrom the sequenc®f framesto be sent. The currentrateand constraintsaassociateavith the flow
areunchangedTheactualtime atwhichtheframewassentis dependentiponthecurrentrate,the current
time andthejitter. Thetime theframeis sentis givenby the currenttime plusthe currentrateandwithin
thejitter bounds.

Theactualframesentis the headframein the sequencef framesto besent. This is time stampedvith
thevaluefor thetime calculatedpreviously We noteherethatthe useof the definitedescriptionrequires
thata proofobligationis fulfilled to ensurghattheframesentis unique. Thisobligationis satisfiedhrough
modellingall framesin the sequencavith increasing(i.e. non-equal}ime stamps.Sinceno framein the
sequencédasthe sametime stamp,the frame sentwith the currenttime is unique. Also we requireasa
preconditiorthatthe sequencef framesis non-empty

A consumemayreceivea framesuccessfullyprovidedthe constraintgor its acceptancaresatisfied.

o CGetFrameOk

ACState
f?: Frame

cstat = Flowln = cstat—¢rate ’ = crate -6Cons’ = cCons—
ctnow- first (cCons:cjh) < f 2:its < ctnow+ secondcCons:cjl)

]
]
]
!
]
]
]
P ¢d = §2-—cscetnow ' = ctnow+ crate
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The preconditiondor this operationarethat the consumeicancurrentlyreceiveframes,i.e. its status
is currently FlowlIn. The operationitself doesnot affect the rate of consumptionthe currentstatusor
consumptiorconstraints.The frameis only acceptegrovidedthe time stampis within the allowedjitter
rangeassociatedwith the consumerconstraints. If the time constraintsare satisfiedthen the frame is
acceptechindaddedto the sequencef framesreceivedandthe currenttime is incrementedy whatever
valuetherateis currentlysetat,i.e. howlong it takesto addtheframeto the sequencef receivedrames.

We considertwo situationsin which a framemay be rejectedby a consumer Firstly, the frame may
arriveoutsidethetime constraintse.g.too earlyor too late. This canberepresenteds:

= CGetFrameimeNOk
=CState

f?: Frame
red : Message

oogooooo

(f2ts = (cthow+ secondcCons:cj) ctied = ArrivedTooLate —
(f2its < (ctnow- first (cCons:cjh)) -ked = ArrivedTooEarly)

For simplicity herewe assumehatthe stateof theconsumeis unchanged,e. thatthe operatiortakes
notimeto occur
A framemight alsobe rejectedif the consumeiis not yet readyto startconsumingframes,i.e. it is
currentlystopped.This canberepresenteds:
o CGetFrameNotStarted
=CState

f?: Frame
red : Message

ooooooo

cstat= Stopped-fed = NotStarted

Theactualsendingof aframefrom a produceito aconsumemayberepresenteds:

ProdSendtoConsuerf SendFrame(CGetFrameOK !=f ?]—
CGetFrameimeNOKf !=f 2]
CGetFrameNotStartdél =f ?])

8.3.5 SpecifyingLatency and Imperfect CommunicationsMediums

It is possibleto specifylatencysimply througha schemahatacceptsa frameandoutputsthat framewith
someincreasedime stamp.This canberepresenteds:

o Latency.
D 2 df! : Frame

E delay: R-
P dfl:its = f2ts + delay df!:data = f ?:data c6lf:label = f 2label

Herethedelayedrame(df!)is increasedby somevaluenon-deterministicallyThelatencybetweerthe
sendingof aframefrom aproducetto its arrivalattheconsumemayberepresenteds:

ProdSendtoCosumerwithLatengfSendFramelatencyf!=f ?] (CGetFrameO[df!=f ?]—
CGetFrameimeNOKdf!=f ?]—
CGetFrameNotStartddf!=f ?])

It is possibleto specifyimperfectcommunicationsnediumsin Z. This canbe achievedor example
by schemashatacceptframesasinputsanddo not give framesasoutputs. We noteherethoughthatthis
notionof erroneoudehaviouis limited in the sensahatthereis no realnotionof spontaneityasmightbe
foundin LOTOS,say with theinternaleventi. This modelof imperfectcommunicationsimplyrepresents
achoicein theactualbehavioutthatthe systemcanexhibit.

3Sincewe regardthetime for checkingthetime associateavith anarrivedframeasnegligible.
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8.4 Conclusions

In this sectionwe haveseenthat Z can be usedquite successfullyfor modelling and reasoningabout
informationflows. We haveseenthatthelanguageallows manipulatiorof flows andcheckingconstraints
thatmightapplyto flows directly.

The work heremay well be extended.For example,it is possibleto modeldynamicchangedo the
constraintghatapplyto theinformationflows. This mightinvolve therenegotiatiorof the constraintghat
aresetinitially whentheflows wereinstantiatede.g.whenaconsumecanno longerconsumeasquickly
for whatevereason.

The approachgiven herehasto a certainextentavoidedthe problemsinvolvedin usingZ to specify
objectbasedsystemsThatis, we havenotfocusseanissueselatedo specifyinginterfacesandthechecks
prescribedy ODPfor thelegalcompositiorof interfaces Ratherwe haveusedZ in amoreclassicaktyle.
Thusproducersandconsumer®f informationflows are simply conjoined. On the onehandthis allows a
straightforwardspecificatiorapproacto modellinginformationflows. Unfortunatelythis approactdoes
notallow anyform of a priori checkingin the specificatioritself asto whetherthe compositioris likely to
be successfubn asyntacticlevel. We are,however ableto specifythatthe constraintsassociateavith the
informationflows mustbe satisfied.

We note alsothatasdiscussedn section5.1.2,the Z notationis essentiallya flat notation. Thereis
assuchno realorderingof operationse.g.in the sensdhatthe producersendsa framefollowing which a
consumeronsumeshe frame. Thewhole actionof productionandconsumptior(evenwith latency)is a
singleoperationin Z, i.e. it happensn its entiretyor notat all. Despitethis limitation we haveseernthatZ
canbeusedeffectively to modelflows of information.
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Chapter 9

Conclusions

This chaptereviewsthe goalsof this thesisanddiscussefiow successfubur investigationof thesegoals
hasbeen.Thechapteralsoidentifiessomepossiblefuture developmentfor the work.

9.1 Summary of the Thesis

The goalsof this thesisasput forwardin chapterl wereto investigatehow the writing of specifications
of distributedsystemscould be alleviatedthroughadoptingan architecturalapproach.In this thesiswe
basedour specificationfragmentson the ODP-RM architecture.In particularwe focussecn two areas
of ODP:the basicmodellingconceptsspecificatiorconceptsaandbehaviouraconceptcontainedn Part
2 [108], andthe more prescriptiveviewpoint language®f Part3 [108] with particularemphasion the
computationaViewpoint.

The computationaliewpoint dealswith objectsinteractingat interfaces. Objectscanonly interact
with one anotherprovidedthey have somecommonunderstandingf the services(or behaviouramore
generally)offeredat theseinterfaces.This understandinfpastypically beenbasednthe syntacticaspects
of interfaces. This is limiting sincesyntaxaloneis unlikely to containsuficient informationto enable
interfacesto decidewhetherthey are ableto accessotherinterfaces. We have thus investigatedhow
additionalinformationin theform of constraintsanbe usedasa basisfor increasinghe knowledgeabout
behaviouroffered at interfaces. Specifically we havefocussedon timing constraints,cost constraints
andresourceconstraints. We note herethat thereexistsa duality in the opennessnd heterogeneityof
systemgegardingthe syntacticaspectof types. For example,interfacedefinition languagesllow for
the separatiorof syntacticaspectdrom implementationbehavioural)considerations.On the one hand
this promotesheterogeneityi.e. usersare not tied down to particularoperatingsystemsjanguagetc'.
Treating systemspurely from syntacticconsiderationss, however detrimentalto openness.Syntactic
treatmeniof systemsdoesnot provide enoughinformationto enablethe issuesrelatedto opennesso be
addressedAs amguedin sectionl.1.1,syntacticaspect®f systemsareprimarily aninitial guidelineasto
whetherthosesystemganinterwork.

Ideally of course type systemsshoulddealwith behaviourabndnon-functionalaspectof systemsf
theyareto interworkcorrectly We haveseerhow LOTOS andZ canbeusedto specifythenon-functional
constraintghatmight be associateavith a systemin a form thatis directly checkable Unfortunatelyit is
notthe casethatLOTOS or Z allowsfor behaviouratypecheckingin theform thatmightberequiredin a
distributedsystemj.e. wherearesourcds discoveredandexpectedo interworkwith anexistingsystem
“on thefly”. We notethatit is possibleto specifysuchissuesn Z, butimplementinghemis likely to be
undecidable.

As well astraditionalmessag@assingretweerobjects,ODP attemptgo dealwith objectssupporting
informationflows. Flows of information placestringenttiming constrainton the interfaceswith which
they areassociatedf the interfacesareto passthe informationsuccessfully We haveinvestigatechow

1providedof coursethatlanguageindingshavebeendevisedor theusetspreferredanguagendtheinterfacedefinitionlanguage
canbeunderstoon thatoperatingsystem.

159
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LOTOS andZ canbe usedto modelsuchconstraints. We presenteda specificationof a producerand
consumefflow configurationthat highlightedin detail how Z could be usedto specifyand checktiming
issues.

Distributedsystemsareinherentlydynamic. They offer the usera meansto find new servicesand
informationthat might existin the system,andinteractwith themdynamically To enablesuchdynamic
issuedo be addresseave havefocussecn applyingLOTOS in sucha way thatinterfacereferencesan
be treatedas first classcitizens. Thesemodelsof interfacereferenceavere appliedto two main areas:
dynamicbinding andsubstitution. Both of theseareagequiredthatinterfacereferencede decomposed.
Thisdecompositiorshouldpermitcheckson operationst theinterfacesandany constraintghatmightbe
associateavith theinterfaces We haveshownhow LOTOS canbe usedto addres$othof thesessues. A
traderspecificatiorwaspresentedhatshowedhow LOTOS couldbe usedto modelthis dynamism.

9.2 Comparisonof LOT OSandZ for SpecifyingDistributed Systems

In chapter4 we arguedthat LOTOS and Z were languagedrom differentendsof the formal language
spectrum As aresult,onewould haveexpectedhe developmenof specificatiorarchitecturesisingthese
languageso beradically different. Certainlywe haveseenthat LOTOS andZ havedifferentadvantages
anddisadvantagefr specifyingdistributedsystemsFor exampleZ allowsglobalpredicatedo begiven
thatcanbeusedto influenceandrestrictbehavioursLOTOS ontheotherhandis well suitedfor describing
collectionsof actionsforming complexbehaviours.

In our work herewe haveattemptedo show how thesefeaturescan be incorporatednto LOTOS
andZ. For example,in our abstracZ approachwe havemodelledbehaviourthroughgraphsof actions
thatis similar to the representatioof behaviourin the processalgebrapart of LOTOS. In LOTOS, we
haveintroduceda form of type checkingon behaviourghat includesconstraintchecking. To a certain
extent,theseconstraintsepresenstatementgaboutbehaviourthataresimilar to the global predicateghat
might be found in Z. Herethe predicatesare associatedvith processeshough. We notethat for these
constraintgo bemeaningful the procesdehavioutthatthe constrainis attachedo shouldrealise(satisfy)
theconstraint.For examplejf a processasa constrainthatit canaccepta certainnumberof invocations
thenthe behaviourexhibitedby this processhouldreflectthis.

Thusin this thesis,we haveusedLOTOS andZ in away thatallowsthemto capturethe advantages
in the otherlanguagej.e. Z or LOTOS respectivelywhilst at the sametime keepingtheir own inherent
advantagesAs aresultthe striking comparisorof approachebas,to a greatextent,not materialised.

9.3 Contributions of the Thesis

This thesishasmadenumerousontributionsto severakhreas.Theseareasnclude:

- distributedsystemsn thelarge;
- formal modelsof object-basedistributedsystems;
- formal modelsof multimediaandtime-dependerdystemgenerally

Regardingthe first bullet point, it is widely acknowledgedn distributedsystemghat type checking
basedentirely on syntacticelementss limited. We haveshownhow it is possibleto extendtype checking
with assertiongconstraintsjhatcanbe checkedlirectly whenbindingor substitutingsystems Whilst not
guaranteeinghattwo systemawill interworkcorrectly this approactcanbe seenasa usefulstepforward
in checkingthatsystemsaninterworkcorrectly

We haveidentified the different requirementghat are placedon type checkingmechanismsvhen
causalitiesareintroducedinto distributedsystems.In addition,we haveshownthat type checkingwhen
substitutinginterfacesequiresdifferentchecksfrom thoserequiredfor bindinginterfaces.This includes
thesyntacticchecksaswell asthe checkson constraints.

This thesishasconsiderechow object-basedonceptsanbe appliedto developspecificationarchi-
tecturedor distributedsystems.Object-basedpecificatiorapproachebhavebeenawell investigatedarea
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[44, 147 81,136. Fewapproachesaveconsiderechow object-baseddeasandformal techniquesan
be appliedto distributedsystemshowever As discussedn section2.2.4, object-orientatioris a useful
modelling paradigm,but not all of the object-orientedconceptuabaggages necessarilyequiredwhen
describing(specifying) distributedsystems. Rather we amgue that specificationof distributedsystems
shouldfocusmoreonissuegelatedto:

- evolution: specifyinghow one systemmay be replacedby anotherandthe kind of checksthatare
required. In particular evolutionin active systemds of interest,i.e. wherethe systemis already
interworkingwith othersystems.

- discovery:specifyingsystemsothattheycanreceivanformationthattheycanuseto decidewhether
theywishto enterinto newcommunications.

We haveseenhow LOTOS canbe usedin sucha way thatit allows both of theseareasto be dealt
with. We notethat LOTOS is limited to a certainextentwhen specifyingtrue dynamism,wherenew?
communicatiorchannelsare establishedetweeninteractingobjects. LOTOS modelsinteractionpoints
throughgates.The gatesassignedo a processaregivenstatically It is not the casethatthesegatesmay
be passedaroundto setup new interactionpoints betweenprocesses.This facility is only availablein
certainprocesscalculi, e.g.the Pi-calculus[143]. Neverthelessve haveseenin chapter8 how a form
of dynamismcan be achievedthroughusing the synchronisatiorfeaturesof LOTOS. That is, through
processesynchronisingat a commongateandusingthe actiondenotationgo limit the processingf the
messagesent. This hasthe disadvantag¢hatall processeswvishing to receiveor sendthese*broadcast”
messagethrougha certaingatemustreceiveall messagesentthroughthatgate.

Our work hasalso contributedto formal modelsof multimediaand time-dependensystemsmore
generally AlthoughLOTOS providesa modelof thetemporalorderingof actions,we haveseenhow the
languagecanbe usedin sucha way thatit allowstime-dependensystemgo be specifieddirectly. Our
attentionwasfocussedn aspectof multimediabut the sameapproactcould be appliedmoregenerally
Therehavebeenseveralapproacheto modellingtimein LOTOS [44]. In standard-OTOStheapproach
hasbeento representime by eventsassociateavith someform of clock process.As discussedn section
5.1.2this allows for an abstracimodel of time to be introducedinto the specificationbut it is oftenthe
casethatreal-timesystemsg.g. multimediasystemsyrequirea moredefinite modelof time. As aresult,
many differentworks haveextended_ OTOS with timing facilities [112, 139, 136. We haveshownthat
thelanguages moreflexible thanfrequentlyclaimed.Also, themodellingof timein LOTOS asopposedo
atime extendedrersionof LOTOS allowsusto work in a standardisetbrmal technique.This hasseveral
advantagemcludingthelack of learningcurvein learninga newtime extendedanguageaswell asbeing
ableto useexistingtool supportdevelopedor LOTOS.

In contrastto the large amountof work on time extendedprocessalgebras,there have beenfew
approache® modellingtimein Z [70,117]. It couldbeamguedthatthemainreasorfor thisis thattiming
considerationaretrivial to achievan Z. It is possibleghatthelack of documente@pproachet modelling
time in Z stemfrom this triviality. Our work documentseveraldifferentapproacheso modellingtime
in Z, and as suchcanbe regardedas contributingto the field of specificationtechniquedor modelling
real-timesystems.

9.4 Discussion

Giventhatwe haveaguedthatanarchitecturahpproacttanhelpalleviatemanyof theproblemsn writing
specification®f distributedsystemswe discussbriefly whetherthis hasreally beenthecase.

Part2 of the ODP-RM[108] providesgenericconceptghatcanbeusefulwhenmodelling,specifying,
andgenerallyreasoningaboutdistributedsystems.Due to their genericity theseconceptanayonly 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 certainconceptsanonly beachievedhroughinformal
modellingsuggestions.

2In the senseof a connectiorbetweerobjects(processeghatneverexistedpreviously
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In the computationaliewpoint of Part3 of the ODP-RM [109] we haveseenthatthereis a higher
level of prescriptivityin thedefinitionof concepts As aresult,the developmenof specificatiorfragments
suitablefor architectingspecificationf distributedsystemshasshownmore potential. Unfortunately
whilst it is the casethat more prescriptionis given, the prescriptiondoesnot lend itself directly to the
specificationlanguaged OTOS and Z. The problemwith Z is that the languagesuffers from a lack of
objectmodellingfacilities. Thusalthoughit is possibleto specify collectionsof specificationfragments
representingthemoreprescriptiveconceptgivenin thecomputationabiewpoint,Z in its classicusagealoes
notlenditself to specifyingbehaviourabspect@associateavith thesestructures.As a result,anapproach
waspresentedhatallowedbehaviouto be associatedith thesespecificatiorfragmentsn amoreabstract
manner On the onehandthis provideda meango specify (powerful) relationsbetweerthe behavioural
aspect®f interfaces.Ontheotherhand,it couldbe amguedthatthe approactgivenwasnotusingZ asthe
languagevasdesigned Further althoughit waspossibleto specifycomplexrelationsbetweerinterfaces
(or setsof interfaces}thatsatisfiedandextendedherulesgivenby ODR the specificatiorfragmentsvere
notthemselvesmmediatelyre-usable.

In comparison. OTOShasmorepotentialfor modellingobjectbasedsystemsWith LOTOS, however
the prescriptiongivenin the computationatonceptsaandstructuringrulesof ODP wasnot directly repre-
sentabldn facilities of thelanguagetself. Thatis, the prescriptiongivenwaslargely syntacticin nature,
e.g. interfacesbeing boundshouldhave similar operationnames. Given that we modelinterfacesand
behaviouiin the processlgebraandthatbindingcorrespondso establishingynchronisatiopossibilities
betweerprocessest is nota naturalfeatureof the processlgebrahatsyntacticchecksareenforcedwvhen
synchronisatioms done. Thatis, gatesareusedfor synchronisatiomndany processnaybe synchronised
with anyotherprocess Whethertheydeadlock]ivelock or haveanyotherarbitrarybehaviouriis typically
notconsideredn LOTOS. Suchchecksarenormallyperformedutsidethespecificatione.g.whentesting
is done.As aresultour approachasimposeda syntactidayeronthesynchronisatioffieaturesof LOTOS.
Although this providesus with a workable solution, thereis a dangerof working solutionsand good
specificatiorpracticebecomingseparatedThe Act Oneapproactdevelopedn chapter7 highlightsthis.
To overcomehelimitationsof LOTOS n its classicusagefor specifyingandcheckingtyperelationships,
it wasnecessaryo usethe languageto describeitself. As a result,we canseethatthe languagecanbe
usedin a stylised(or contrived)mannerto specifysuchissuesbut whetherthis is at the expensef good
specificatiorpracticeis opento debate.

We noteherethattheideaof developinga library of specificatiorfragmentghatcanbe usedto specify
distributedsystemdasnot beenrealisedto the extenthoped.Therewereseverareasondor this. Perhaps
themainoneis thelack of prescriptionin concepts As discussegbreviously ODPis not a standardo be
usedto developa singlesystem.lt is a standardo be usedto developmanysystemshenceit cannotbe
overly prescriptive.As a result,the developmenbof alibrary of specificatiorfragmentshatcould be put
togetheto build distributedsystemglirectly hasnot provenpossible Wewould aguethata morepowerful
form of re-usabilityhasbeendevelopederethough,namelythere-usabilityof theapproach Someof the
re-usableapproachewe havedevelopedereinclude:

- showinghow qualitativetiming issuescanberepresenteth LOTOSandZ;
- showinghow it is possibleto useLOTOSto developdifferentforms of signaturetype checking;
- showinghow interfacereferencesanbetreatedasfirst classcitizensin LOTOS;

- showinghow constraint®n behavioursanberepresentedndcheckedn LOTOSandZ.

Eachof theserepresentsiot a singlefragmentof text that canbe useddirectly, but a sourceof ideas
andapproachefor modellingopendistributedsystemgenerally

9.5 Areasof FutureWork

Thework presentedheredoesnot representhefinal solutionfor specifyingopendistributedsystemslt is
possibleto extendthis work in numerousvays. For examplethe non-functionabspect®f systemsnight
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be extendedo includeotherconstraintsg.g.location,reliability or availability constraintsarejust three
possibleones.

The approachdevelopedor allowing signaturetype checkingto be achievedin LOTOS could well
be extended.Insteadof basingtype checkingon subsettingpf operationsit is possibleto havedifferent
approachesFor example F-boundedbolymorphism[39, 38| allowstype relationshipgo be established
dependingon the operationgequiredin a particularcontext. Thusif only a singleoperationis required
in a givencontextthenotherwisedissimilartype structureamight be compatibleif they sharea common
(compatible)operation.Similarly, it is quite possibleto extendthe approaclgivento modellingandusing
interfacereferencesn LOTOS sothatthe referenceshemwould not be staticentities. Instead jnterface
referencesight bespecifiedsothattheyareperpetuallynodifiedasoperationsccurt or behavioumore
generally For example|t is quite possibleusingthe approachgivento specifythatthe setof operations
andconstraintsassociatedavith aninterfacecanchange.This might be asdirectasanincreasen costof
usinganinterface or theremovalof anoperatiorfrom thesetof operationsvailableatthatinterface.ln a
similar vein, it is possibleto specifyandreasoraboutissuessuchasdynamicrenegotiatiorof constraints
or operationgo be madeavailablein bindingssay e.g.whenmoreresourcesreaddedo theprocess.

Theapproaclgivenin Act Onemightalsobeappliedin amorepracticalenvironmentForexamplethe
currentODP type managemendgtandardisatiofiL16] is likely to requireapproachethatenablestructural
relationshipdetweertypesto beestablished.

The approachgivento modellinginteractionsbetweernprocessein LOTOS could also be extended.
We havefocussedprimarily on interactionsbetweenpairs of objects. This neednot necessarilybe the
case.lt is possiblefor exampleto specifysetsof interfacereferencesn parametetists andmodelgroup
forms of communication. Alternatively, interfacereferencegshemselvesnight be modelledin Act One
so that classef interfacereferencesare specified. For example,a classmight be basedon the set of
interfacereferencesvith locationX or supportingoperationy, say With thesemodels differentforms of
communicatiorpossibilitiescanbeachieved.

Theapproachegivenherehaveshownhow LOTOS andZ canbe usedin a stylisedmannetto specify
open,object-basediistributedsystems.ldeally of course stylisedspecificationshouldnot be necessary;
languageshouldhaveinherentfeatureswherespecificationstylesare usedto introducethesefeatures.
Extensiondo Z to dealwith objects-basedystemsare one stepin theright direction. Otherinteresting
worksincludecomposingZ andCSP[8, 72]to give Z aninteractionsemanticasopposedo theinformal
conventionof inputsandoutputs.

With regardto LOTOS, the currentE-LOTOS standardisatiofil12] is certainlyattemptingto address
manyof theissuesnvolvedin specifyingopen,object-basedistributedsystems.Thesdncludeextensions
to LOTOSfor dealingwith timing issuesexplicitly. Hencein E-LOTOS timing issuesaremanifestin the
semanticaswell asthe syntaxof the language.In additionthe languageallows for the specificationof
prioritisedactions.

The dynamicity of distributedsystemss beingaddressedh E-LOTOS throughproviding a form of
dynamicreconfigurabilitypasednamobilecalculug149]. E-LOTOSalsoprovidesdeatureghatresemble
type checkingasmight befoundin IDLs. Thisis achievedhroughgatetyping. Whilst enablinga form
of type checkingto be achievedgatetyping representsnly a partialsolutionto the checksrequiredwhen
composingystemgogethetror replacingonesystenfor another Gatetypingin effectallowsactionsto be
type checkedwhereaddeally it shouldbe interfacesasa wholethataretype checked.E-LOTOS is also
providingfeaturego dealwith exceptionasmightbefoundin IDLs.

Most specifiersaareagreedhatthe Act Onepartof LOTOS specificationss bothtoo verboseanddoes
nothaveenoughpredefinedainduserorienteddatatypes. E-LOTOS hasthusextended OTOSwith anew
datatyping languageébasedon ML [84]. This containsawider rangeof standardlatatypessuchasunion
types, recursivetypes,recordsandextensiblerecords.

E-LOTOS alsoextendd OTOS with modules.The comparisorof modulesn LOTOS anddistributed
systemsaascollectionsof interworkingobjectsis immediatelyapparent.

It is hopedthattheseareaf work havebeeninfluencedo someextentby thework undertakerin this
thesisandthe developmenbf anarchitecturasemanticsor ODP moregenerally
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Appendix A

Specificationof a Type Management
Systemin LOT OS

This appendixshowsthe specificationof a type managemensystemin LOTOS that enablesstructural
equivalencebetweertypesto beestablishedThis specificatiordoesnot attemptto dealwith higherorder
type systemavhereissuesf contravariancandcovariancenaveto be addressed-However theapproach
givencouldwell be extendedo 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,typenamel,typename2,typename3,typename,

sortl, sort2,  sort3, sort4: -> NameSort
_eq _ : NameSort, NameSort -> Bool
_ ne _ : NameSort, NameSort -> Bool
Ord : NameSort -> Nat
eqgns forall nl, n2: NameSort

ofsort  Nat

Ord(sortl) = 0;

Ord(sort2) = succ(0);

Ord(sort3) = succ(succ(0));

Ord(sort4) = succ(succ(succ(0)));

Ord(typenamel) = O;

Ord(typename2) = succ(0);

Ord(typename3) = succ(succ(0));

Ord(typename4) = succ(succ(succ(0)));

Ord(NULL_SORT)
ofsort  Bool
nl eq n2
nl ne n2
endtype (* Name *)

succ(succ(succ(succ(0))));

Ord(nl) eq Ord(n2);
Ord(nl) ne Ord(n2);

(* 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
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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
tall : Sort_List -> Sort_List
eqgns forall sn,snl:  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 <> = <>
sll 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)

(head(sl1) ne NULL_SORT)=> is_in(sn,sl1)

false;
(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 (