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Abstract

Theideaof building softwarethatspansmany computershasbeenasignificantdriver
for researchsincetheearliestdaysof computing.Despitethispasteffort, therearestill
considerableresourcesbeingappliedto theproblemsof building distributedsoftware
systems.This thesisproposesanalternative approachto building distributedsystems
thatis bothpragmaticandhasasoundtheoreticalbasis.Theapproachis drivenby the
following key assertions:

1. The constructionof softwaresystemshasbecomean evolutionaryratherthan
revolutionaryprocess.New softwaremustextendor incorporateold software.

2. Distributedapplicationsmustoftencoordinatetheactivities of multiple partic-
ipantswith varying relationships.Staticabstractionslike client-server are too
primitive andinflexible to describesuchrelationships.

3. Communicationnetworkscannotconsistentlydeliverhigh-bandwidth,low-latency,
low-failurecommunications.Distributedsoftwaremustbeableto dealwith the
degradationor lossof communication.

Giventhis context, this thesisdescribesFinesse,a systemfor describingandsup-
porting the complex interactionsof componentsin distributed applications.Finesse
usesthenotionof eventrelationshipsto describethevisible behaviour of components
andhow thosebehavioursarecoordinatedto satisfytherequirementsof anapplication.
Therearethreesignificantaspectsof Finesse,eachof which makesa novel contribu-
tion to thebodyof research:

1. A semanticmodelthatprovidesthetheoreticalbasisfor eventrelationships.

2. A programminglanguagefor describingcomponentinterfacesandtherelation-
shipsbetweeneventsoccurringon thoseinterfaces.

3. A distributed runtime enginethat managesand mediatescommunicationbe-
tweencomponentsto implementdistributed programsdescribedusingthe Fi-
nesseprogramminglanguage.

The systemimplies a mediatedcommunicationarchitecture,wherea mediating
componentacceptseventsfrom componentsanddistributesappropriatenotifications
to othercomponents.Thisdecouplingof componentsandthemediationsemanticsal-
low thenecessarytransformationof dataandeventcorrelationto supportlegacy appli-
cations.Theeventrelationshipsemantics,however, alsoallow themediatorto befully
distributed andasynchronous.This asynchrony allows us to dealwith high-latency,
high-failure communicationnetworks. The designof the programminglanguageal-
lows us to develop mediating’components’that canbe nestedwithin a higher level
mediator, thusgiving us theability to build a flexible library of abstractionsfor rela-
tionshipsbetweenparticipatingcomponents.

Thethesisincludesasetof examplesthatdemonstratetheapproachanditsstrengths.
Throughthe examplesandthe argumentsexpressedin the work, this thesisdemon-
stratesthepower andutility of theeventrelationshipapproachto building distributed
systems.
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Chapter 1

Intr oduction

This thesisdescribesa new approachto theconstructionof distributedsystems.The

approachsuggestsbuilding distributed systemsby declaratively specifyingthe rela-

tionshipsbetweenthe visible behaviours of participatingcomponents,andexecuting

this specificationon a distributed,asynchronous,executionengine.Theapproachand

the systemthat implementsit is calledFinesse. Finesseis intendedto dealwith the

realitiesof softwareconstructionanduse:while innovative andtheoreticallysound,it

addressespragmaticconcernsof thesoftwareengineeringdiscipline.

In this introductorytext, a setof assertionsaboutthenatureof softwareconstruc-

tion and distributed systemsis introduced. After describingFinessein subsequent

chaptersof thethesis,theapproachwill beevaluatedagainsttheseassertions.

1.1 PervasiveSoftware

Softwarerunningoncomputershasbecomeapervasive partof life in oursociety:The

deliveryof fuelandignition timing in acarengineis controlledby software;Banksand

commoditymarketsareentirelydependentoncomputerizedtransactionsystems;And

many electricalappliancesin ourhomesarenow controlledby software.Almostevery

officedeskhasacomputer, andtheproportionof homeswith apersonalcomputerand

anInternetconnectionis growing rapidly.

Witnessalsotheworldwideflurry of activity associatedwith themillenniumbug.

The significanceof the millennium bug highlightsour dependenceon software, is a

13



reflectionof thelong-termvalueof existingsoftware,andis anindicationthatsoftware

systemsmustbebuilt to dealwith changingenvironments.

Thesetwo facts—thepervasivenessof software and intrinsic value of existing

software—leadusto afirst assertionaboutsoftwareconstruction:

Theconstructionof softwarehasbecomeanevolutionaryratherthanrev-

olutionary process. New software mustextendor incorporate old soft-

ware.

1.2 The Discipline of Distrib uted Systems

Thenotion thatsoftwarecanbebuilt asa setof independentbut cooperatingcompo-

nentsrunningon distinctprocessorshasbeena driver for researchfor morethantwo

decades.Considertheearlywork of Lamport[77] ondistributedclocks,theCambridge

distributedsystem[132], or Gifford’s work on replication[49]. Thisfield of researchis

traditionallyknown asdistributedsystems.Considerableresourceshave beenapplied

to themany problemsassociatedwith distributedsystems,andtherehave beenmany

successes.

The adoptionof distributedsystemsin commercialsettingshasbeensteadilyin-

creasing.This is drivenby thesteadymigrationof many businessfunctionsto desktop

computers,and the increasingneedto supportthosebusinessfunctionswith timely

and relevant information in widely dispersedorganizations. Therehasalso beena

pushtowards integrating once-distinctsystemswithin an organizationto provide a

single,coherentview of theorganizationon thedesktop,andto usecomputersystems

asthebasisfor cooperative work betweenphysicallydistributedusers.Theseapplica-

tionsaredistributedby necessity, ratherthanto satisfyperformanceandothertechnical

objectives.

A key featureof infrastructuresthatsuccessfullysupportexisting distributedsys-

temsis appropriateabstractionsfor connectingsystemcomponents.Remoteprocedure

call[15], distributedtransactions[136], and3-tier architectures[37] areall abstractions

thathave beenusedsuccessfully. Theseabstractionstendto bestatic,programmatic,

relatively low-level, and orientedtowardstwo-party interaction. The emergenceof

14



multimedia,computersupportedcooperative work (CSCW), and the integration of

multiple sourcesof informationsuggestthe needfor moreflexible andhigher-level

abstractions.Thesecondassertionof this thesisis thus:

Distributedapplicationsmustcoordinatetheactivitiesof multiplepartici-

pantswith varyingrelationships.Staticabstractionslikeclient-serverare

tooprimitiveandinflexible to describesuch relationships.

1.3 A Plethora of Communication Technologies

While distributed systemshave beenevolving throughthe 90s,communicationand

telephony systemshavebeenexploding.Mobile phoneshavebecomeaubiquitoustool

of theincreasingly-mobilebusinessworker, andtheInternethasbecomethepreferred

way of sendingandreceiving informationfor bothpersonalandbusinesspurposes.A

key aspectof technologiesin theseareasis that they are international:communica-

tion andcooperationacrossnationalboundariesis now both commonandrelatively

inexpensive.

Thisexplosionof communicationtechnologieshasemphasized,however, theshort-

comingsof ubiquitousnetworkingandcommunications.While theInternetasawhole

is highly reliable,the failureof a singlenodecanresultin thelossof communication

betweentwo entitiesandsuchfailuresoccurrelatively often.Thesignificanceof inter-

nationalcommunicationis that the latency of communicationis theoreticallylimited

by thespeedof light in a vacuum(c ��� x ���
	 m� s): this latency becomesa significant

performancelimitation on synchronousinteractions.For example,a round-tripcom-

municationbetweennodes10,000kmaparthasa latency of �
�������
�
�����
�
��� c����� or
� � ms if communicationoccursat themaximumtheoreticalspeed.This time is many

ordersof magnitudehigherthanthe time taken to executea processorinstructionor

localmemoryfetch.

A furthercomplicationis thatthecoverageofferedby mobilecommunicationnet-

worksis limited to areasof high-densitypopulationbecauseof costs,andthatboththe

bandwidthandreliability of suchnetworksis limited. This leadsto a third assertionof

this thesis:

15



Communicationnetworkscannotconsistentlydeliverhigh-bandwidth,low-

latency, low-failurecommunications.Distributedsoftwaremustbeableto

dealwith high latencyandthedegradationor lossof communication.

1.4 Intr oducing Finesse

With theassertionsof theprecedingsectionsin mind, this thesisproposestheFinesse

approachto theconstructionof distributedsystems.Thethesisdescribestheapproach

anda systembuilt to supportthe approach,andshows its utility throughexamples.

Therearethreecomponentsof Finesse, eachof which contributesto thebody of re-

searchin distributedsystems:

1. A semanticmodelthatprovidesthetheoreticalbasisfor describingrelationships

betweencomponentsandexecutingprogramsto realizethoserelationships.

2. A programminglanguagefor describingthe visible behaviour of components

andtherelationshipbetweenthebehavioursthatresultsin thedesireddistributed

application.

3. A distributed runtime enginethat managesand mediatescommunicationbe-

tweencomponentsto implementdistributedprogramsdescribedin thetermsof

thesemanticmodel.

Thisapproachcanintegrateexistingsoftware,provideabasisfor building flexible

andhigh-level abstractions,andplacesminimal constraintson theinfrastructureused

to realizeanapplication.

Thefollowing chapterprovidesanoverview of theFinessesystemto give readers

ahigh-level understandingof thecomponentsandgoalsof Finesse. Chapter3 surveys

relevant literatureto definethe scaffolding upon which the ideasof this thesisrest.

Chapters4, 5, and6 describethe executionmodel,programminglanguage,andim-

plementationof Finesserespectively. Chapter7 providesanend-to-endprogramming

exampleto illustrate the conceptsin the precedingchaptersand their relationships.

Chapter8 demonstratesthecapabilitiesandwideapplicabilityof theapproachthrough
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examplesandassociateddiscussion.Chapter9 evaluatestheFinessesystemby return-

ing to thekey assertionsof thischapterto show thatFinesseaddressestheseassertions,

discussingthestrengthsandweaknessesof theapproach,andshowing thenovelty of

Finessethroughcomparisonwith relatedwork. In conclusion,the thesisemphasizes

thecontribution of thiswork to thepracticeof distributedsoftwareconstruction.
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Chapter 2

SystemOverview

This chaptergives an informal overview of Finessewith the intentionof preparing

readersfor themoredetaileddiscussionsin subsequentchapters.It describesthepri-

mary influences,architecturemodel,andkey componentsof theapproach,including

somesimpleexamplesto illustratetheconcepts.

Finesseis a platformandanapproachfor describingandsupportingcomplex in-

teractionsbetweencomponentsin distributedsystems.Thesystemcomprisesanexe-

cutablesemanticmodel,programminglanguage,anda runtimeinfrastructurefor exe-

cutingprograms.Finessebeganasanattemptto realizethearchitecturalconceptsof

the A1 � model[11] in a developmentenvironmentfor distributedsystems.The ini-

tial focuswason a prototypelanguage,with the goal of investigatingprogramming

modelsthatalloweddescriptionof arbitraryinteractionmechanismswithin thearchi-

tecturalframework of A1 � . A secondarygoal wasto usea behavioural model that

allowedcomponentsto executeautonomouslywithout theneedfor acentralmediator,

sincebothA1 � andRM-ODPareintendedto supportinteractionsthatcrossenterprise

boundaries.In thesesituationsacentralmediatoris undesirable.

Throughaprocessof revisionandrefinement,theprototypelanguagehasbecome

theFinesselanguagesyntaxdescribedin thisthesis.Theunderlyingbehaviouralmodel

wasformalizedafter it wasshown that the languagecoulddescribecomplex interac-

tions in a flexible and modularfashion. A prototypeimplementationcapturingthe

semanticmodeland the architecturalprinciplesembodiedin the languagewasbuilt

concurrentlywith the formalismto show the feasibility of the languageandmodel.
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Thegoalof autonomyfor thedistributedcomponentshasbeenrealizedthroughcareful

designof thebehaviouralmodel:it allowsbehaviour to bearbitrarilydistributedacross

asetof autonomousruntimeenginescommunicatingonly throughasynchronousmes-

saging.

2.1 Influences

2.1.1 The A1 � Model and RM-ODP

Finessewasdevelopedto supportthe principlesandconceptsof the A1 � architec-

ture model for distributed systems.It directly usesthe notionsof binding, interface

androle definedby the model (describedin section2.2), andearly work on the be-

havioural model[102] wasperformedin conjunctionwith researchersfrom the CRC

for DistributedSystemsTechnologywherethemodelwasdeveloped.

The A1 � modelhasa strongrelationshipwith the ISO BasicReferenceModel

of OpenDistributed Processing[63, 105]. The notionsof binding and interfaceare

stronglyrelatedto similar ODP concepts,althoughthe A1 � modeldoesnot usethe

ODPviewpoints.Finessebenefitsfrom theopensystemsapproachin not prescribing

specificdatamodelsor infrastructure,althoughthe prototypeimplementationusesa

particularlanguageandnetwork infrastructure.

2.1.2 Ar chitecture and Coordination Languages

Finesseis alsostronglyinfluencedby work in architecturedescriptionlanguages.Re-

searchinto softwarearchitecture[117, 118] supportsamodelof programmingthatdis-

tinguishessoftwarecomponentsandtheir connectors.This modelpromotesreuseand

reducesthe couplingof softwarecomponents,anda numberof architecturedescrip-

tion languageshave beendeveloped,for exampleWright[45] andRapide[80]. The

primary differencebetweenFinesseandtheselanguagesis that architecturedescrip-

tion languagesaretypically orientedtowardssimulationandanalysisof architectures

ratherthanbuilding softwaresystems.

Recenteffortsin developingcoordinationlanguagesandmodels[31] for distributed

systemshave focusedon theneedto distinguishcomponentsandtheir coupling,and
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incorporatestrongabstractioncapabilitiesin languagesfor programmingdistributed

systems.Thesesameprinciplesareusedin Finesse, althoughtherearea numberof

differencesbetweenFinesseandthesesystems,discussedfurther in chapter9. These

languagesandmodelsareusuallyexecutableandintendedfor building softwaresys-

tems.

2.2 Ar chitectural Model

The primary conceptin Finesseis the binding asdefinedin the A1 � model,which

is anentity thatencapsulatesthecommunicationbetweendistributedcomponentspar-

ticipating in an application. A binding is equivalent to the notion of a connector, a

term commonlyfound in softwarearchitectureliterature[1, 117, 106]. Bindingsare

describedin termsof thefollowing fundamentalconcepts:

role: a binding hasa setof rolesthat canor mustbe filled by participatingcompo-

nents.Oneor morecomponentscanfulfill asinglerole,providing a convenient

abstractionfor groupinteraction.

interface: componentshave interfacesthroughwhichthey interactwith theirenviron-

ment. Eachinterfaceis assignedto oneor morerolesin thebinding andmust

implementthebehaviour specifiedfor thoseroles.

events: componentsparticipatein a binding (interact)by executingeventsat their

interfaces. Eventsare immutableandhave a location (interface),parameters,

andanexecutiontime.

event relationships: event relationshipsspecify the behaviour and interactionsof a

bindingby describingtherelationshipsbetweeneventsoccurringat component

interfaces.

A bindingis instantiatedby nominatingaFinesseprogramor somecompiledform

of thatprogram,andasetof componentsto fulfill therolesof thebinding.Theunder-

lying distributed infrastructureis requiredto establishan appropriatesetof network

connectionsandsupportingcomponentsto implementtheFinesseprogram.A Finesse
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programalsocould be usedto generatestubsfor the participatingcomponentsin a

similarmannerto CORBA IDL, meaningthatFinesseis somewhatindependentof the

languageusedto build theparticipatingcomponents.

2.3 Behavioural Model

Event relationshipsprovide thebasisfor describingbehaviour in bindings.Event re-

lationshipscapturethe dependenciesbetweeneventsoccurringat the interfacesof

componentsparticipatingin a distributed application. Threedistinct typesof event

relationshipareidentified:

Causalrelationships whichdescribethecausaldependenciesbetweenevents;

Parameter relationships whichdescribetherelationshipsbetweenparametersof causally

relatedevents. Parameterrelationshipsspecifythecontentof messagespassed

betweeninteractingcomponentsin adeclarative, application-orientedmanner;

Timing relationships whichdescribethereal-timerelationshipbetweenevents.These

relationshipscanbeusedto describe,for example,timeoutsor qualityof service

requirementsof interactions.

The causalrelationshipsbetweeneventsform the basisof the executionmodel

associatedwith a Finesseimplementation,andin agivenprogram,theserelationships

describethecontrolflow. Parameterandtiming relationshipsdeclaratively specifythe

dataflow andtime-dependentpropertiesof abindingprogram.

Theseconcepts,combinedwith thenotionsof binding, interfaceandrole, provide

anextremelypowerful techniquefor thedescriptionof distributedsystemsinteraction.

For example,it is possibleto succinctlydescribeandeasilyextendremoteprocedure

call, group communication,and streambehaviour. The declarative specificationof

dataflow alsoprovidesabasisfor optimizationof messaging.

2.4 Language

TheFinesselanguageprovidesa syntaxto expressthestructuringandbehaviour of a

binding. Thesyntaxis not intendedto betheonly way of writing suchprograms,but
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providesanillustrationof how thebehaviouralmodelcanberealizedin aspecification

or programminglanguage. It hassomesimilarities with processalgebraslike CSP

andLOTOS,but includesmoresignificantfacilitiesfor describingdataandusesa true

concurrency model.

It is easiestto give a flavour for theFinesselanguageusingsomeexamples.The

following examplesdemonstratethebasicfeaturesandstructuringof theFinesselan-

guage.Weusethelanguageto defineRPCinteraction,thenextendRPCto implement

multicastRPCwith minimal changes.

2.4.1 ParameterizableRPC

The following binding describesa parameterizableRPC interactionwith two roles,

client andserver. The Rolessectiondefinesthe behaviour of the participants. The

Interactionssectiondefinestherelationshipbetweentheroles.A setof requiredmes-

sagesandhenceappropriatenetwork connectionscanbederivedfrom thebehaviour.

Binding RPC {
-- simple, parameterizable RPC

Roles {
-- the client role is parameterized by a set of input and
-- output values
Client(IN, OUT) {

-- the client executes a send (output) followed by a
-- receive (input)
send!(IN) -> receive?(OUT)

}
-- the server role is similarly parameterized
Server(IN, OUT) {

-- the server executes a receive followed by a send
receive?(IN) -> send!(OUT)

}
}
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Interactions {
-- the client send causes the server to receive,
-- with parameters matched by name
Client.send -> Server.receive {*= prev} AND

-- the server send causes the client to receive,
-- with parameters matched by name
Server.send -> Client.receive {*= prev}

}
}

Thefollowing syntacticelementsareused:

� Client� IN � OUT � introducestheclientrole,parameterizedby asetof sentvalues

sent(IN) andasetof receivedvalues(OUT).

� send��� IN � indicatesaneventwheretheclient outputstheIN values

� receive��� OUT � indicatesaneventwheretheclientacceptstheOUT values

��� � indicatesa causalrelationshipsbetweenevents,that is A � � B specifies

thatA affectsB hencemustoccurbeforeB.

� Client! sendrefersto theexecutionof theclient sendevent.

�#" � prev indicatesthattheparametersof thecurrenteventshouldbesetequalto

parametershaving thesamenamein thepreviousevent(i.e. nameequivalence).

2.4.2 Example: File AccessusingRPC

Use of this parameterizableRPC binding is demonstratedin the following binding

definitionfor file I/O:
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Binding FileIO {
-- read-only file access using RPC

Import RPC;

Roles {
-- Client and Server implement open/read/close
Client {

open { RPC.Client ((name:string), (fh:handle)) } ->
loop {
read { RPC.Client ((fh:handle, bytes:int),

(buf:buffer,bytes:int)) }
} ->
close { send!(fh:handle) }

}
Server {

open { RPC.Server ((name:string), (fh:handle)) } ->
loop {
read { RPC.Server ((fh:handle, bytes:int),

(buf:buffer, bytes:int)) }
} ->
close { receive?(fh:handle) }

}
}

Interactions {
-- Client operations result in corresponding server
-- operations. Operations are performed sequentially.
RPC(Client.open, Server.open) ->
RPC(Client.read, Server.read) ->
Client.close -> Server.close {*= prev}

}
}

Notice that iterationis only specifiedin the role definitions: this minimizesunneces-

saryspecificationandavoids the possibility of conflicting iterationconstructsin the

roleandinteractionspecifications.

2.4.3 Multicast RPC

Theoriginal RPCbinding canbe extendedto supportmulticastRPC.Theclient and

server rolesareunmodified,allowing theoriginal client andserver to beused:
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Binding MultiRPC {
Import RPC;
Roles {
Client { RPC.Client }
-- the cardinality constraint specifies that there
-- must be at least one server.
[#>=1] Server { RPC.Server }

}

Interactions {
-- a client send causes all servers to receive
Client.send -> [#=all] Server.receive {*= prev} AND

-- however, only one of the responses causes a
-- result to be delivered to the client.
[#=1] Server.send -> Client.receive {*= prev}

}
}

This example introducescardinality constraintsassociatedwith roles and their be-

haviour. All roles in a binding canpotentiallybe filled by many participatingcom-

ponents.By default, a role is filled by only oneparticipant.Theadditionof anappro-

priatecardinalityconstraintallowsarole to befilled by multipleparticipants.Thisuse

of cardinalityconstraintsprovidesa convenientandpowerful mechanismfor describ-

ing groupcommunication.

2.4.4 ReplicatedFile Access

A replicatedfile accessbindingshows how themulticastRPCbindingcanbeused:

Binding ReplFileIO {
-- replicated, read-only file access

Import MultiRPC, FileIO;

Roles {
-- Client and Servers implement open/read/close
-- operations, as before. Only Server cardinality
-- has changed.
Client { FileIO.Client }
[#>=1] Server { FileIO.Server }

}
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Interactions {
-- RPCs by client are multicast to servers
MultiRPC(Client.open, Server.open) ->
MultiRPC(Client.read, Server.read) ->
Client.close -> [#=all] Server.close {*= prev}

}
}

Thissetof examplesdemonstrateshow abasicinteractionmechanismcanbeextended

to suit new requirements.Notice in particular, thatclientsandserversareunchanged

despitethe changein interactionmechanism.This suggestssignificantpotentialfor

reuseandlegacy applicationintegration.

2.5 Runtime Infrastructur e

The Finesseruntime infrastructureimplementsa fully-distributed andasynchronous

statemachinefor executingFinesseprograms. Eachparticipatingcomponenthasa

local runtimeenginethatdetermineswhenlocal eventscanbeexecutedandhow they

shouldbepositionedin thestatemachine.Chapter6 describesthis behaviour in more

detail. Thedistribution andasynchrony arepossiblebecausethesemanticmodeluses

causalityas the basisfor definingevent dependencies:an event canbe executedas

soonasthelocal runtimeenginehasbeennotifiedof all eventsuponwhich it depends.

Thereis no requirementfor the enginesto maintaina synchronizedview of system

state.Eachruntimeenginethusmaintainsanincompleteview of thesystemstate,and

needonly benotifiedof remoteeventsthatarerequiredto satisfylocaldependencies.

Forexample,in theRPCbindingdescribedin theprecedingsection,theclientneed

only be informedof theoccurrenceof the server sendevent. While this might seem

obvious, it meansthat theserver receive eventdoesnot appear(or needto appear)in

theclient statemachine.What is important,however, is thateventnotificationscarry

sufficient information to determinewherein the statemachinethey shouldappear.

This is achieved in the runtime engineby using a form of vector clock to capture

causaldependencies.Note that the restrictedcontext createdby a binding and the

finite natureof bindingprogramsmeansthat thevectorclocksareboundedin sizein
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mostprograms.Thisaspectis discussedin moredetailin chapter6.

Programsarestoredin an internalform asa setof event templates,with decision

treesrepresentingthe dependenciesof eachevent. An event is executedwhensuffi-

cientcausalpredecessorshave occurredto satisfythedecisiontreeandany parameter

or timing relationships.The currentprototypealso requiresthe participationof the

componentin all local events,however, this requirementis primarily to simplify im-

plementationandcanbe removed. Whenan event is executed,a notificationis sent

to all remotecomponentspotentially having direct causaldependentsor parameter

relationships.

The key advantageof an asynchronousapproachbasedon causalrelationships

is that Finesseprogramscan describeand supportapplicationsusing unreliableor

sporadicallyconnectedcomponents.This is importantin suchlargescalenetworksas

theInternetandfor mobilecomputingsystems.

Theruntimeenginealsosupportsthetimeandparameterrelationshipsemanticsof

thelanguage.While theexamplesaboveusenameequivalencespecificationof param-

eter relationships,theserelationshipscanalsoexplicitly identify only the necessary

relationships.Thisallowstheruntimeinfrastructureto sendonly thenecessaryparam-

etersof aneventwith eachnotification,which canbea significantoptimizationwhen

parametersareunusedby a remotecomponent.

The prototypecurrently supportsonly the Java environmentand TCP/IP as the

network infrastructure.TheFinesselanguageandruntimedesignarenot in any way

tied to thisplatform,however.

2.6 Concluding Remarks

This chapterhasintroducedthe Finessesystemin an informal manner. The system

comprisesthreekey components:an executablesemanticmodel basedon the be-

havioural model informally describedhere,the Finesselanguage,anda runtimeen-

gine. The simple examplespresentedherehint at the capabilitiesof the approach.

Subsequentchapterswill describethesecomponentsin moredetailandfurtherdemon-

stratethenovelty andstrengthsof Finesse.
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Chapter 3

Literatur eReview

This chaptersurveys theliteratureandtechnologyfrom researchdisciplinesandcom-

mercialproductsthat influencetheFinesseapproach.Thegoal is to provide a histor-

ical andtechnologicalbasisfor thesubsequentdescriptionof Finesseandto provide

motivationfor theapproachandfeaturesof Finesse.

Thechapterfirst surveys researchin softwarearchitecture(3.1and3.2),coordina-

tion languages(3.3),andcomponentmodels(3.4),whichprovidemuchof thearchitec-

tural basisfor theFinesseapproach.Thebehavioural modelandunderlingexecution

semanticsis stronglyinfluencedby existing work in distributedsystems,specifically

interactionmodelsfor distributed software componentsand the underlyingmiddle-

waretechnology. Thesetechnologiesaresurveyedin section3.5. Theimplementation

of Finesseis influencedby distributedsystemsinfrastructuretechnologyandthis tech-

nologyis describedin section3.6.Finally, CSCWliteratureis reviewedin section3.7,

sinceit is oneof thekey motivatorsfor thiswork.

3.1 SoftwareAr chitecture

A significantinfluenceonFinessehasbeenwork in softwarearchitecture.Softwarear-

chitecturefocusesontheneedfor concise,well-definedabstractionswhenconstructing

softwaresystems.Thestudyof softwarearchitecturein recentyearshashighlighted

the needto describethe configurationandinteractionsof softwarecomponents,dis-

tributedor otherwise,in awaythatdistinguishesthisdescriptionfrom thecomponents
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themselves.Thisseparationdecouplesthebehaviour of interactingobjectsto promote

reuse.In distributedsystems,thisdistinctspecificationof interactionscanresultin sig-

nificant optimizationsof communication[62]. GarlanandShaw[118] arepioneersin

thearea,andtheirwork hasresultedin anumberof architecturedescriptionlanguages

[116, 1] andotherapproachesto capturingsoftwarearchitecture[45]. Typically, archi-

tecturedescriptionlanguagesallow the descriptionof a set of software component

interfacesandtheway theseinterfacesareconnected.The semanticsof connections

arecapturedin connectors.

TheUnicon[116] languageprovidesa fixedrangeof connectorsincludingproce-

durecalls,pipesandfilters. In Wright[1], connectorsarespecifiedin a languagebased

on CSP[59].Wright usesmodifiedCSPtoolsto analyseconnectorsandtheinterfaces

they connectensuringthat the interactionsare,for example,deadlockfree. This ap-

proachis orientedtowardsthecaptureof process-orientedbehaviour andusesaninter-

leavedconcurrency model.Rapide[80] usesaneventbasedmodelandposets(partially

orderedsets)to capturethetrueconcurrency of distributedsystems.Rapideincludesa

datamodelandhasatoolsetthatsupportssimulationandanalysisof softwarearchitec-

tures.Darwin[84] definesaconfigurationlanguagethatusesprocess-orientedsemantic

descriptionsof interfacesandconnectionsto determinethecorrectnessof aconfigura-

tion of objects.Thiswork hasa formal semanticsbasedon the $ -calculus[94].

Thesearchitecturedescriptionlanguagessharea commongoal of allowing soft-

wareengineersto accuratelydocumentthesoftwarearchitecture.Thisallows rigorous

analysisat thearchitecturallevel, reducingthecostof softwaredevelopmentby iden-

tifying potentialproblemsearly in thesoftwarelifecycle[118]. Thesetoolsarenot, in

general,augmentedby toolsto assistin building asoftwaresystemusingthespecified

architecture.

A numberof object-orientedmethodologieshave also beendevelopedto cater

for the needsof object-orientedsoftware developers. ExamplesareBooch[19] and

Rumbaugh[112]. Thesemethodologieshave associatedlanguagesorientedtowards

non-distributed software, althoughwork on a methodologyknown as UML[104] is

now addressingdistributedsystemsissues.As with thework in architecturedescrip-

tion languages,thesemethodologiesrecognizethe needto explicitly modelthe rela-
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tionshipsbetweencomponents(objects),althoughthefocushereis ondataratherthan

process-orientedrelationships.UML is makingprogresstowardsa formal underpin-

ning,but theseobject-orientedmethodologieslacktheformalismnecessaryto perform

rigorousanalysisof thedescribedarchitecture.In contrastto thearchitecturedescrip-

tion languages,however, thesemethodsdo have tools and infrastructureto support

softwaredevelopmentbasedon thearchitecturedescription.

3.2 Distrib uted SystemsAr chitecture

The needfor soundsoftwarearchitecturebecomeseven morecritical whenthesoft-

wareis distributed,andrecentwork on distributedsystemsarchitecturewasthe pri-

maryinfluencein beginningtheresearchdescribedin this thesis.Distributedsystems

architectureis a relatively new field of research.Literaturein thefield concentrateson

theneedto abstractover theimplementationdetailof adistributedsystemandcapture

the essentialhigh-level features.This high-level descriptionshouldthenbe mapped

ontolower-level softwareandcommunicationprotocols.

Researchin distributedsystemsarchitecturehasgrown from theneedto stepback

from theprotocol-level approachtakenin many earlydistributedsystems.Thisprocess

of abstractionallows the designerto concentrateon distributed applicationrequire-

mentsratherthanthe nuts-and-boltsof distributedsystemsconstruction.It canalso

enhanceportability, with thedesignnotdependenton aparticularunderlyingsystem.

TheANSA architecturalmodel[86] is widely consideredto betheearliestwork in

this field. It introducedthe ideaof having five viewpoints, namelyEnterprise, Infor-

mation, Computational, EngineeringandTechnology. Eachviewpoint focusedon a

specificsetof concernsrelatedto adistributedapplication.

An ISO standardizationprocessfor thearchitectureof OpenDistributedSystems

wasestablished,andthe ANSA modelwasvery influential in the productionof this

standard.Thestandardhassincebeenreleased,andis afour-partstandardentitledThe

BasicReferenceModelof OpenDistributedProcessing[63, 105] or RM-ODP. Thepri-

marygoalof themodelis toprovideaframework for building distributedprogramming

environmentsthatcaptureasetof standardarchitecturalprinciples.
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The CRC for Distributed SystemsTechnology(DSTC) participatedin the RM-

ODPstandardizationprocessanddevelopedtheA1 � ArchitectureModel[11] to fuel

thatparticipationandmeettheneedsof their organization.Thefollowing subsections

discusstheA1 � model,RM-ODP, andrelatedwork in moredetail.

3.2.1 ReferenceModel of OpenDistrib uted Processing

Work on RM-ODP[63, 105] began in the late 1980swith the establishmentof an

ISO/CCITT standardsworking group. The bulk of the standardizationexists in the

definitionof computationalandengineeringviewpointstakenfrom theANSA model.

Thecomputationalviewpoint focuseson theinterfacesof objectsandinteractionsbe-

tweenobjects.Threetypesof interfacesarepermitted:

1. operational interfaces,whichexhibit RPCclient or server behaviour;

2. streaminterfaces,whichexhibit produceror consumerbehaviour;

3. signal interfaces,which allow thedescriptionof any behaviour, andrequirean

explicit bindingobject;

Thebehaviour of bindingsbetweenoperationalinterfacesandstreaminterfacesare

prescribedby thestandard.Signalinterfacesonly describelocal interfacebehaviour,

allowing interactionbehaviour to bespecifiedin anexplicit bindingobject.An explicit

bindingobjectis equivalentto theconnectorsusedin thesoftwarearchitectureresearch

discussedin theprevioussection.

The engineeringviewpoint describesa model for distributed systemsinfrastruc-

ture, focusingon the creationand maintenanceof bindingsbetweeninterfaces. In

effect, this viewpoint is wherewherethesoftwarearchitectureis mappedontoa dis-

tributedsystemsinfrastructure.

3.2.2 The A1 � Ar chitecture Model

TheA1 � ArchitectureModel[11] departsfrom theANSA viewpointsandfocuseson

two sub-models:a specificationmodelandan infrastructure model.Thespecification

modelis usedto describetheabstractarchitectureof adistributedsystembasedon the
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conceptsof object, interfaceandbinding. Objectsencapsulateapplicationfunctional-

ity, interfacesdescribetheinteractionof anobjectwith its environment,andbindings

describethecontext for interactionbetweenobjects.Thespecificationmodelis sim-

ilar in many respectsto theRM-ODPcomputationalmodel,but is moreflexible and

doesnot prescribesemanticsfor operational(RPC)or streambehaviour. Theexplicit

useof bindingsin thespecificationmodelwasinfluential in theadditionof signalin-

terfacesto the RM-ODP—earlyversionsof RM-ODP allowed only operationaland

streaminteractions.

The infrastructuremodeldescribesa generalarchitecturefor distributedsystems

infrastructureanda mappingbetweenspecificationmodelentitiesandthis infrastruc-

ture. It is quitesimilar to theRM-ODPengineeringmodel,but is lessprescriptive. The

A1 � modeldoes,however, make explicit statementsaboutthe relationshipbetween

entitiesin theinfrastructureandspecificationmodels.

In chapter4, this thesisrefinesthe specificationmodel to generatea semantic

model for describingdistributed applications. The semanticmodel focuseson de-

scriptionof behaviour for bindingsand interfaces. The A1 � modelhasalsogiven

rise to otherwork, including an architecturefor resourcediscovery[73], an architec-

turefor businesscontracts[95], a typemodel[20] andaninfrastructurethatreflectsthe

model[6].

3.3 Coordination

Coordinationlanguagesandmodelscomplementtherecentwork in softwarearchitec-

ture for distributedsystems.This researchdisciplinefocuseson theneedto program

the interactionbetweensoftwarecomponentsin a way that distinguishescomponent

behaviour from interactionbehaviour. This separationof concernsmapsnicely onto

theA1 � modelconceptsof object,interface,andbinding.

Researchintocoordinationandcoordinationlanguagesbeganwith Linda[46]. Linda

is a languagefor parallelanddistributedsystemsbasedon thenotionof a sharedtu-

ple space. Linda includesa set of basicoperationsto add to and retrieve from the

tuple space.Tuplesto be retrieved areselectedby regular expressions.Theprimary
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advantagesof Linda arethecleannessandsimplicity of its modelandthedecoupling

providedby anonymouscommunication.Theprimarydifficultiesare:

1. Any problemthatrequiresanexplicit locality (e.g.multiple tuplespaces),real-

time constraints,or sortingof tuplesis inherentlydifficult becauseof theLinda

model[5, 21].

2. Efficient implementationoveradistributedsystemis difficult becauseof theun-

derlyingsharedmemorymodelwhichrequiresreliability[111], andtheinherent

unreliabilityof a largenetwork like theInternet.

3. Thecoordinationaspectsof anapplicationwrittenusingLindaareembeddedin

theapplication—thereis noexplicit representation,henceit is difficult to reason

aboutapplicationinteractionswithout involving theapplicationsthemselves[5].

Recentwork in coordinationlanguagesandsystemshasmovedin adirectionmore

similar to architecturedescriptionlanguages,andhasbeeninfluencedto someextent

by RM-ODP. Relevantexamplesinclude:

� ConCoord[60], which provides a flexible languageenvironmentfor program-

ming both objectsand their coordination. Object interfacesaredescribedby

portsandstates,with an explicit terminationstate.Thecoordinationlanguage

(CCL) describestheconnectionof portsandthedatatypespassedover thecon-

nections.It allows theorganizationof coordinatorsinto hierarchies,providing

scalabilityandabstraction.The languagehasa fixedsetof datatypes,andap-

pearsorientedtowardspipe/filterarchitectures.

� The CoordinationLanguageFacility (CLF)[3], which usesa process-oriented

languageto coordinateinteractionsbetweenobjectsbasedwith CORBA inter-

faces.The facilities for coordinationallow intelligent configurationof objects

basedon declarative rules. It supportsonly RPC-styleinteractionbetweenob-

jects.

� Contracts[58] which is coordinationlanguageintendedfor non-distributedob-

ject systems.This languageis oneof the earliestexamplesof the separation
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betweencomponentsandtheir connectors,but doesnotaddressdistributedsys-

temsissues.

� LAURA[71], which is an object-orientedvariantof Linda that implementsan

offer spacebasedon theRM-ODPTrader, andsupportsanonymousoperational

(RPC)interactionwith thatoffer space.

All of theseexamples,while advancingresearchin this arena,are intendedfor

tightly coupledinteraction. They arenot generallysufficient to supportthe loosely

coupled,dynamic,andunreliableinteractionsthatoccurin large-scaledistributedsys-

tems.

3.4 ComponentSystems

Thenotionof “components”hasrecentlyemergedastheunderlyingarchitecturalab-

stractionfor many distributedsystemsandsupportinginfrastructures.Thedefinition

of this abstractionis widely arguedbut capturedwell in [126]. Componentsystems

focuson the needto connectpeercomponentsto build large softwaresystems,and

typically go hand-in-handwith object-orientedsystems.A componentis definedby

the setof methodsit offers to its environment,andthe setof methodsit expectsthe

environmentto offer in return.

Therearesomesignificantadvantagesassociatedwith components.Theprimary

advantageis thatacomponentis selfsufficientexceptfor theexplicitly definedinterac-

tionswith its environment.Suchacleardefinitionof dependenciesmakescomponents

considerablyeasierto reusethantraditionalobjects,which tendto have dependencies

burieddeepinsideaninheritancehierarchy. Componentsalsotendto beself describ-

ing, allowing theenvironmentto askthecomponentto describeits interfaceandhence

promotedynamiccouplingof components[107].

The self-sufficiency of componentsreflectsthe principlesof the architecturede-

scriptionlanguagesdiscussedin section3.1. Thekey areaof researchin component

systems,however, is theproblemof interconnection.Directconnectionof components

usinglocal or remotemethodinvocationis providedby mostenvironments[107, 123].
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While this is suitablefor new, tightly-coupledapplications,the connectionof exist-

ing, loosly-coupledcomponents(i.e. legacy components)requiresadaptorobjectsand

suchservicesas“beanboxes”[123]. Adoptionof thenotionof connectors from archi-

tecturedescriptionlanguagesis not yet a widely supportedtechnique,althoughsome

researchershave addressedtheissues[58]. Distributedsupportfor connectorsis mini-

malor non-existant.

A furtherkey deficiency of componentsystemsis thelack of facilitiesfor decrib-

ing interfacesemanticsabove andbeyond methodsignatures.It is not possible,for

example,to describetheimplicit relationshipbetweendataelementsin streamingbe-

haviour: only amethodto acceptadataelementcanbedescribed.

3.5 Interaction Paradigms for Distrib uted Systems

Researchinto distributed systemshasbeencarriedout for several decades.Litera-

turein thefield encompassesdetaileddiscussionof low-level protocols,thedesignof

infrastructureservicesto supportdistributedsystems,andappropriatelanguagesand

interactionparadigmsfor programmingdistributedapplications.

A key contribution of this thesisis the emphasisit placeson supportingdiffer-

ent interactionprotocolsandparadigmsin distributed systems.The following sub-

sectionsdiscussthe interactionparadigmsand programmingabstractionsthat have

emergedfrom distributedsystemsresearchanddiscussestheir relative strengthsand

weaknesses.The goal is to emphasizethat there is no single interactionmodel or

abstractionthatsatisfiesall needs.

3.5.1 RemoteProcedure Call

Remoteprocedurecall (RPC)[15] is perhapsthemostpopularinteractionprotocolbe-

causeof its similarity to local procedurecall. Useof remoteprocedurecall typically

involves the definition of remoteproceduresusing an interfacedefinition language

(IDL) andthecreationof programstubsthatapproximatelocalprocedurecall seman-

tics for theclient (caller)andserver (receiver). It is thereforerelatively easyto modify

existingprogramsfor distribution.
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Many flavours of RPC exist, eachproviding different semanticguaranteesand

datatyping. CORBA remotemethodinvocation[98], for example,hasastrongobject-

orientedflavour andsupportsmultiple programminglanguagebindings,whereDCE

RPC[110]is relatively uniquein its supportfor datapointers.SunRPC[124] is perhaps

themostwidely usedbecausereferenceimplementationsarefreelyavailable.SunRPC

is thebasisfor a numberof commondistributedservices,includingtheNetwork File

System(NFS).

While RPCis generallyeasyto use,it is notsuitablefor all applications.In partic-

ular:

� RPCsareinherentlysynchronous,whichlimits opportunitiesfor parallelismand

causesperformanceproblemson networksof high latency.

� RPCimpliesproceduralinteraction,soareunsuitablefor applicationsrequiring

streameddata,for example.

� RPCsaredirected, in that they requireexplicit identificationof the server by

the client. Anonymousor mediatedcommunicationgives considerablymore

flexibility andopportunityfor reuseof applicationcomponents.

3.5.2 MessagePassing

Messagepassingis alsoquite commonin distributedapplicationsandenvironments.

Messagepassingis usedinsteadof RPCwherethe interactionmodel is not strictly

synchronousor parallelismin communicationis required.

PVM[125] is a commonlyuseddistributedenvironmentbasedon messagepass-

ing, with a focuson high-performanceparallelprogramming.Reliable,transactional

messagepassingis provided by environmentssuchasIBM’ s commercialMQ-series

product[50]. At an abstractlevel, electronicmail (email) is a form of asynchronous

messagepassing,andthis hasgainedwide acceptancein bothresearchandcommer-

cial environments.

Messagepassingcan also provide a basisfor the streamedcommunication,al-

thoughit is morecommonfor stream-orientedcommunicationsto beprovidedexplic-
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itly by anenvironment.Messagepassinghassomedrawbacksin distributedapplica-

tions,particularly:

� Messagepassingis relatively low-level and provides minimal abstractionfor

higher-level applicationprotocols.

� As with RPC,messagepassingis directed,requiringexplicit identificationof

thereceiver andconstrainingreuseof applicationcomponents.

3.5.3 Multicast

Multicastcommunicationprotocolshavebeenanareaof activeresearchfor sometime.

Multicasttypically extendsmessagepassingwith somenotionof distributed,address-

ableprocessor objectgroups.Many protocolsandimplementationsexist, for example

in Isis[13], Psync[100], Electra[82], Horus[130] andPVM[125]. The focusof most

implementationsis on providing reliability throughreplication.Perhapsthemostdif-

ficult aspectof providing multicastis choosinganappropriatesemantics,that is, how

theorderinganddelivery of messagesis coordinatedby receiving objects.It is gener-

ally acceptedthatno singlemodelis appropriatefor all applications[14, 12, 27].

Multicast provides a level of indirectionover messagepassing,but most imple-

mentationsrequirethatparticipatingobjectsareexplicitly awareof thecommunication

model. This typically meansthat applicationcomponentsareprogrammedwith im-

plicit knowledgeof themulticastsemanticsandcanbedifficult to reusein a different

communicationsenvironment.

3.5.4 Streams

Communicatingwith datastreamshastraditionally beenthe realmof telecommuni-

cationsprovidersconnectinghardwaredevices.With therapid increasein bandwidth

available for datacommunications,audio and video conferencingapplicationslike

VAT[64], VIC[90] andNV[43] have appeared,but they have beenprogrammeddi-

rectly on thetransportlayer.

A streamabstractionis a necessarycomponentof moderndistributedsystems[17,

53], and it is clear that quality of servicepropertiesmust be supported. Few dis-
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tributedenvironmentsprovide explicit supportfor datastreams,althoughDCE[110]

hasa functionalimplementationwithout quality of servicesupport,andtheRM-ODP

modelexplicitly describesstreamcommunication.

3.5.5 Replication

Replicationis acommonlyusedtechniquein distributedsystems.Therearemany vari-

ants,particularlyin theway accessto replicasis synchronized.Highly-synchronous,

single-copy equivalent replicationis ideal, but near-impossibleto achieve efficiently

over an unreliablenetwork. More practicalimplementationsallow somelevel of di-

vergencebetweenreplicas,for exampleCODA[114], Bayou[128], lazyreplication[76]

andProspero[35].

Systemsupportfor replicationusuallyprovidesa singlesemanticmodelwith the

betterimplementationsallowing significantconfiguration.Recentresearchin CSCW

[52] suggeststhat,aswith multicast,no singlereplicationmodelis appropriatefor all

applications.

3.5.6 Distrib uted Shared Memory

Distributedsharedmemoryimplementationsareanabstractionoverreplicationschemes

thatallow distributedapplicationcomponentsto interactthrougha synchronous,log-

ically shared,addressspace.The granularityof accessrangesfrom logical program

variablesin PARLOG[32] to a sharedtuple spaceasusedin Linda[46]. Thesetech-

niquesprovide a simpleand familiar abstractionfor programmers,but do not scale

well or copewith unreliablenetworksbecauseof theneedfor regularsynchronization

to ensurethe consistency of the memoryspace. More recently, the conceptof dis-

tributedsharedmemoryhasbeenpopularizedby JINI[131], yet it retainstheinherent

limitationsdescribed.

3.5.7 Distrib uted File Systems

While not strictly aninteractionparadigm,distributedfile systemscanprovide a con-

venientmechanismfor collaboration.Peopleor applicationscansharedatathroughac-

cessto files thatareeitherreplicated,cachedlocally, or servedasrequired.Distributed
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file systemsarevery similar to distributedsharedmemory, exceptthat they typically

allow somelevel of divergenceto reducesynchronizationrequirements.Sincethey

usea standardfile systeminterface,distributed file systemscanbe usedby existing

applicationstransparently.

NFS[113]is the mostcommonimplementation,anddueto its statelessarchitec-

ture it is highly resilientto failure. It usesminimal caching,however, andhencere-

quiresreasonablyhigh bandwidthandcannotsupportdisconnectedoperation.SMB

[92] providesasimilar implementationwith a focusonPCsratherthanUnix worksta-

tions. AFS[61], CODA[114] andFicus[57] areexamplessupportingreplicationand

disconnectedoperation.Although it is not strictly a distributedfilesystem,the CVS

configurationmanagementsystem[8] usesreplicationandmerging to allow multiple

peopleto work with theirown copiesof files concurrently.

Distributedfile systemsareconvenientmechanismsfor interactionbetweenpeo-

ple,but they do not captureor helpmanagethecomplexity of that interaction,nor do

they supportstream-basedinteraction.Theinput/outputoverheadalsotendsto betoo

slow for real-timeaccessto data,thusrequiringtheadditionof cachingsemantics.

3.5.8 Transactions

Consistency of informationis a key requirementfor many businesssystems.In dis-

tributedsystems,this requirementis typically satisfiedby providing a transactionsub-

systemwith somelevel of guaranteedconsistency. In centralizedsystems,the usual

requirementis thattransactionssatisfytheACID properties[24]. Thiscanbeprovided

in distributed systemsusingtwo-phasecommit[51], but the cost in communications

bandwidth,efficiency, andlatency is relatively high.

A widevarietyof methodsfor weakeningtheACID propertiesin acontrolledman-

ner have beendescribed,including several variantsof nestedtransactions[39], lazy

replication[76], transactionalworkflows[48] and transactionalmessaging[50]. Each

have their relative strengthsandweaknesses,andareappropriatefor differentapplica-

tions.

More recently, researchin distributed systemshasfocusedon waysof integrat-

ing arbitrarytransactionmodelsinto a unifying framework, includingACTA[30] and
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TSME[47] . Theseframeworks aretypically implementedover an interactionmodel

like messagepassingor RPC.

3.5.9 Event-basedInteraction

Theuseof eventsfor reportingandcontrol is a well-understoodtechnique.More re-

cently, however, researchersandprogrammershave begunusingevent-basedinterac-

tion for programmingdistributedapplications.Objectsinteractwith theirenvironment

by producingandconsumingevents,with producedeventsroutedto the requiredset

of consumersby amediator.

A commonmodel is the publish-subscribemodel[75, 87], whereconsumersse-

lect eventsby subscribingto someclassor patternof eventsvia the mediator. Any

producedevent thatmatchesthepatternis deliveredto theconsumer. This modelof

anonymouscommunicationis very powerful, but it is difficult to capturetheapplica-

tion architectureandcommunicationpatternsfrom asetof subscriptionrequests.

A morepowerful modelis implementedin Rapide[80], wheretheroutingof events

is explicitly specifiedby declarative rules. Rules in Rapideare specifiedas trig-

ger/actionpairs,wheretriggersareeventpatternsthatmustbematched.Thecurrent

implementationof Rapidesupportssimulationandanalysisratherthana runtimein-

frastructurefor programs.

Event-basedmodelsarehighly flexible andpromotereusebecausecommunica-

tion betweenobjectsis directedby amediatorratherthantheobjectsthemselves.This

meansthat participatingcomponentsaredecoupledfrom the routing of communica-

tions,andhencepromotesreuseby allowing componentsto bearbitrarily connected.

The inherentasynchrony of event-basedsystemsalsomakesthemmoreamenableto

high-latency, unreliablenetworks. Theprimarydifficulty with event-basedmodelsis

that they arelessfamiliar to programmersandhencerequirea changein designand

codinghabits.

3.5.10 Connection-basedInteraction

Connection-basedinteractionexplicitly connectsbehavioursspecifiedat theinterfaces

of components.As with event-basedinteraction,objectsdo not nametherecipientof
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communications,which decouplestheobjectsandhencepromotesreuse.Thepower

of this approachdependson the rangeand flexibility of connectors.A numberof

systemsthatimplementthisapproacharedescribedin sections3.1and3.3.

Connection-basedmodelsareparticularlyusefulfor stream-orientedor pipe/filter

architectures.They aremoreflexible thanmodelsbasedon directedcommunication,

but still suffer from theneedfor strictcompatibilityof connectedinterfacessincecom-

municationsarenot mediated.They arealso lessabstractthanevent-basedmodels,

providing feweropportunitiesfor optimization.

3.5.11 Intelligent Agents

Intelligent agenttechnology[135] provides tools for defining highly adaptablesoft-

wareagentsto representpeople,organizations,or softwarecomponentsin interactions

with externalparties.In termsof distributedsystems,agentsthereforepresentanex-

ternal interface for interactionin a distributed systems. The technologiestypically

includesomeform of agentcommunicationlanguageor primitivesfor communication

betweenremoteagents.A commonlanguageis KQML[88], which is ahigh-level and

quiteflexible languagefor expressingqueriesbetweenintelligent agents.Communi-

cationsarestronglydirected,andthe languagerelieson statically-definedinteraction

protocolsspecifiedoutsidethe language,with a standardsetbasedon existing inter-

actionprotocols.April[89] is anolder languagethat includesbothagentandcommu-

nicationprimitives,with communicationbehaviour describedin termsof messages,a

messagebuffer, andpatternmatchingacrossthatbuffer.

Intelligent agentsystemsaretypically single-languageenvironmentsfocusedon

the resolutionof complex problemsusingartificial intelligencetechniques.As such,

they do not provide a genericplatform for distributed systems,but the approaches

embodymany usefultechniquesfor abstractingandmanagingcommunications.

3.5.12 Mobile Agents

Mobile agentsbuild on intelligent agenttechnologyandaugmentor replaceremote

agentcommunicationwith the ability of an agentto be moved from one platform

to anotherand thus communicatedirectly with local software systems.Distributed
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applicationswritten using a mobile software agentapproachrely on creatingself-

contained,autonomous,mobilesoftwareobjectsthatcanbepassedbetweencooperat-

ing systems[29]. Thekey abstractionis thatbothdataandcode(informationandoper-

ationalsemantics)arepassedbetweensystems,thuspreservingtheconsistency of the

data.Thisapproachis veryeffectivein purpose-writtenandtightly-coupledsystems.It

suffers,however, from theinherentproblemof requiringsignificanttrustacrossall par-

ticipants(you cannever guaranteethata participantrespectagent“boundaries”)[28],

andthatall systemsmustprovide aconsistentenvironmentfor executionof theagent.

3.6 Distrib uted SystemsInfrastructur e

Distributed systemsinfrastructureor middleware provides the basisfor implement-

ing the programmingabstractionsdescribedin the precedingsection. A numberof

middleware platformsfrom both researchandcommercialprojectsaredescribedin

this section.Theprevious sectionshowed that thesetof usefulinteractionmodelsis

quitelargeandgrowing. Thissectionhighlightsthefactthatmostexistingmiddleware

platformsprovide only asmallsetof staticinteractionmodels.

Early efforts in distributed systemstendedto focus on tightly integratedenvi-

ronmentsfor programmingparallelanddistributed applications,predominantlydis-

tributedoperatingsystemslikeAmeoba[127] andV [26] andclosedlanguageenviron-

mentslike Emerald[16], Argus[79] andOrca[7]. Theclosednatureof theseenviron-

mentsmadeit difficult to introducedistributedapplicationsinto theregularoperating

environmentsof computeruser, althoughmany significantadvancesresultedfrom the

research.

Theincreasingfocuson opennessin recentyears,evidencedby strongsupportfor

both de-jureandde-factostandardslike CORBA[98], DCE[110] andSunRPC[124],

hasled to a more openapproachthat extendsexisting programmingand operating

environments.Distributedsysteminfrastructuresprovideaprogrammingenvironment

andsetof servicesfor building anddeploying distributedapplications.The services

andprogrammingenvironmentvarywidely betweensystems,dependingon thefocus.

This sectiondescribesa numberof distributed systeminfrastructuresfrom both
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researchandcommercialorganizations.Theassertionfrom section1.2of chapterone

suggeststhe needto supportflexible interationparadigms,so this assessmenthasa

focuson thatrequirement.Notetheintentionof thesectionis to provide anoverview

of availabletechnologies,somany existingsystemsarenotdescribed.

3.6.1 Commercial Envir onments

SunRPC[124] from SunMicrosystemswasthefirst widely usedenvironmentfor dis-

tributedapplications,andmany applicationsbasedon SunRPCarestill in widespread

use,in particularNFS.As thenamesuggests,SunRPCis basedon theremoteproce-

durecall paradigm,andincludesanIDL compiler, adatadescriptionlanguage(XDR),

a rudimentarynamingservice,andhooksfor implementingsecurity. It providesno

supportfor messagepassingor otherinteractionprotocols,but doesallow selectionof

transportprotocols.TheRPCsemanticsdependon the transportchosen.SunRPCis

intendedfor theC programminglanguageonly.

DCE[110] from theOpenSoftwareFoundation(OSF)attemptedto addresssome

of thedeficienciesof SunRPCby providing a similar RPC-basedsystemwith strong

security, a distributednameservice,a time service,andsupportfor streaminterfaces.

DCE wasalsodesignedspecificallyfor C languageprogramming.DCE haslargely

beenovertaken by CORBA compliantproductsandMicrosoft’s DCOM (a derivative

of DCE) in recentyears.

CORBA[98] fromtheObjectManagementGroup(OMG) isaconsortiumstandard

definingan interfacedefinition language,remoteobject invocationsemantics(based

on RPC),andmultiple languagebindingsto provide languageindependence.A va-

riety of implementationsexist in multiple programminglanguagesincludingC, C++,

SmalltalkandJava. In conjunctionwith CORBA, OMG is currentlydefininga num-

berof standardsfor systemservices,including naming,eventmanagement,security,

transactions,andan RM-ODP complianttradingservice. CORBA is still limited to

anRPCstyleof interaction,althoughrecentwork on eventservicesis addressingthis

deficiency to someextent.

Lotus Notes[85] is a systemthat supportsdistributedapplicationsthrougha file

replicationandworkflows. Theenvironmentprovidesminimal facilities for building
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distributed applications,but is significantbecauseof its wide acceptanceandusein

commercialorganizations.

Tuxedo[2] isoneof severaltransaction-orienteddistributedcommercialdistributed

environments. It is primarily concernedwith building so-called3-tier applications,

wherea database-orientedclient applicationis shieldedfrom the detailsof database

accessby amiddle-tierthatencodesbusinessprocesses/rulesandconsistency require-

ments.Tuxedoprovidestools for building themiddle tier, includingsupportfor dis-

tributedtransactionsusingtwo phasecommit,apublish/subscribemediator, andtrans-

actionalmessaging.TransarcEncina[119] providesasimilar infrastructure.

3.6.2 Research Prototypes

Amoeba[127] is a distributedoperatingsystemfrom the Vrije Universiteit,Amster-

dam.Althoughnot supportinganopensystemsmodel,ideasfrom Amoebahave been

very influential in distributedsystemsresearch.Its facilitiesincludea distributedpro-

gramminglanguageOrca[7] basedondistributedsharedmemory, transactionalfilesys-

temaccessusingoptimisticconcurrency control,andhigh-performance,reliablemul-

ticast.Its interactionmodelat theprogramminglevel is predominantlybasedonRPC.

TheV distributedoperatingsystem[26] providedsimilar facilities.

Isis[13] andHorus[130] areresearchprototypesfrom CornellUniversityprovid-

ing toolkitsfor distributedsystemsbasedonreliablemulticastandvirtual synchrony[14].

Isis hasbeendevelopedinto a commercialprototype,with Horusbeingusedas the

vehiclefor morerecentresearchresults.Horusprovidesaselectionof possibleseman-

tics for multicast,eachaimedat differentapplications.Both systemsprovide only a

groupcommunicationabstraction,which limits theirusefulnessfor generaldistributed

systemsconstruction.Theorderingguaranteesassociatedwith themulticastsemantics

makethesesystemsexcellentfor high-availability applicationsin alocal-areanetwork,

but canimposesevereperformancepenaltiesin low-latency, unreliablenetworks.Sim-

ilar facilitiesarealsoprovidedby anumberof othertoolkits, includingElectra[82] and

it’s commercialderivative iBus[83].

ILU (inter-languageunification)[66] is a distributed systemstoolkit from Xerox

Parc aimedat providing language-independent developmentof distributed applica-
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tions. It is basedon the RPCinteractionparadigm,andis similar in many respects

to CORBA. It caninteroperatewith CORBA applications,but providesstrongercom-

patibility guaranteesthanCORBA throughstaticcheckingof stronglytypedinterfaces.

PVM (parallelvirtual machine)providesalibraryandservicesfor building parallel

programsover a network of workstations.It providesmessagepassingandmulticast

communication,anda numberof high-level primitivesfor managingconsistency and

supportingparallelapplications.Librariesfor Fortran,C andC++ areavailable.PVM

is widely usedin parallelprogrammingsinceit is efficient andfreely available. The

PVM protocolsaretargettedat high-speedlocal areanetworks andassuch,it is not

generallysuitablefor high-latency, unreliablenetworkslike theInternet.

Hector[6] is an environmentsupportingtheprinciplesof theA1 � model. Arbi-

trary interactionprotocolsaresupportedby having componentinterfacesconnectedby

bindings.Interfacesareimplementedasparallelstatemachines,with bindingseman-

tics (interactionprotocols)supportedby passingmessagesbetweenthestatemachines

of distinct interfaces.Arbitrary transportprotocolscanbeplugged in to supportreli-

ability andotherconstraints.Theenvironmentis written in Python[81] andat present

requireshand-codingof statemachinesandinteractionprotocols.

3.7 Computer SupportedCooperativeWork

A final influenceon the work reportedin this thesishasbeenrecentresearchinto

systemssupportingcooperativework,otherwiseknown asCSCWsystems.Thesesys-

temstendto putheavy demandsondistributedsystemsinfrastructure,andresearchers

in this field areopenlycritical of existing distributedsystems,in particular, the lack

of flexibility andprogrammabilityin theinteractionmodelsprovided[17]. Their criti-

cismsprovide motivationanddirectionfor thethesis.

Researchinto computersupportedcooperative work (CSCW)is carriedout by an

eclecticmix of researchersfrom variousfieldsincludingcomputerscience,sociology,

ethnographyand education. The primary aim of CSCW applicationsis to support

cooperationbetweenpeoplethroughcomputerhardwareandsoftware. Most CSCW

applicationsalso aim to supportphysically distantcooperationand hencerequirea
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distributedsystemsinfrastructure.Thefollowing subsectionsdiscussCSCWliterature

relevant to the constructionof distributedsystemsinfrastructurefor CSCWapplica-

tions.

3.7.1 CSCW Systemsand SociologicalTheory

Therehasbeena significantevolution of CSCWsystemsin the lastfive years.Early

systemsattemptedto formalize work practicesin static, rigid environments. To a

large extent, thesesystemswereunsuccessfulbecauseof their inflexibility. CSCW

researcherslooked for theoriesandmodelsthatcouldguidetheconstructionof more

flexible andworkablesystems.Speechact theory[133] wasembodiedin a numberof

implementations,for example,ConversationBuilder[69] and ActionWorkFlow[91].

While more flexible than the previous attempts,thesewere still relatively unusable

becausethey reliedon theability to formalizework processes.

The sociologicaltheoryof Strauss[122] suggeststhat work processesare inher-

ently driven by continuouslyevolving social structures.Contingenciesarealso the

rule ratherthantheexception,suggestingCSCWsystemsthatdonot supportcontinu-

ousevolutionof thework processareunlikely to besuccessful.Thetheoriesof Strauss

aresupportedby experiencewith CSCWsystems[67].

CSCW systemsarenow beginning to take theseissuesinto account,and focus

on providing tools to facilitateinteractionratherthantools thatconstraininteraction,

or in otherwords,providing tailorablemechanismsnot policy. Approachesbasedon

interactionthroughsharedworkspaceslike wOrlds[42], DIVA[120], POLITeam[72],

TeamRooms[109] andMASSIVE[53] supporttheseprinciples. A key issuein these

systemshasbeentheimplementationof awarenessmechanisms,allowing participants

to beawareof eachother’s actions.

A weaknessin shared-workspacemodelsis that they constraininteractionto a

virtual spaceanddo not adequatelycapturethesocialaspectsof work. Recentwork

reportedin [41] and[56] suggeststhatthesespatialmodelsneedto bereplacedor over-

laid with modelsthatcapturetheoverlappingsocialgroupingsthatexist independent

of location. Orbit[68] is a researchprototypethat providesnon-spatialmechanisms

allowing usersto participatein many socialgroupsconcurrently, but continuingto use
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aspatialtechniquesto grouprelatedresources.

3.7.2 CSCW Toolkits

CSCWtoolkits provide librariesandtools that implementprogrammingabstractions

suitablefor constructingCSCWapplications.Thesetoolkits areoften equivalent to

distributedsystemsinfrastructures,but with afocusoninteractionmechanismsneeded

for CSCWapplicationsincludingmulticast,replication,floor controlmechanisms,and

event-basedawarenessmechanisms.GroupKit[108], Intermezzo[38], COAST[115]

andHabanero[96] areexamples.Thefact that thesetoolkits exist suggeststhatexist-

ing distributedsystemsinfrastructuresdo not provide appropriatesupportfor CSCW

applications.Evencustom-built CSCWtoolkitssuffer, however, from rigidnessof im-

plementationthatmakesit difficult to customizethemto supporttherequirementsof

varyingapplicationsandwork practices[36].

3.7.3 CSCW Criticism of Existing Distrib uted Systems

CSCW researchersare openly critical of the supportfor CSCW provided by exist-

ing distributed systems.Paul Dourish in his PhD thesis[36] promotesthe principle

of OpenImplementation[70] for CSCWsystems.This principlesuggeststhat toolkit

implementationsandinfrastructuresshouldbeaccessiblefor configurationandmod-

ification througha meta-objectprotocol. Dourishnotesthat althoughhe could exert

considerablecontrolover local objectaccessin theCLOS languageenvironment,he

hadnocontrolwhatsoeveroverthecommunicationsinfrastructureusedto interactwith

remoteobjects.

Similarly, in a critique of the wOrlds prototype[67], it was notedthat although

CORBA andrelatedOMG technologiesprovidedaseamlessdistributedprogramming

environment,they have a fixedinteractionmodelthatdid not scaleor copewith unre-

liable communications.

GreenhalghandBenford[53] in theirimplementationof auramanagementin MAS-

SIVE found that the directedandsynchronousnatureof RPCwas inappropriatefor

many aspectsof their application. As a result, they suggestthat distributedsystems

needa “richer communicationsmodel” to adequatelysupportCSCWapplications.
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Blair andRodden[17], in their discussionof theuseof RM-ODPfor CSCWsys-

tems,pointoutsubstantialdeficienciesin thatmodel,particularlyin supportfor group

work in theareasof transactions,securityandmanagement.They alsohighlight the

needto avoid “overly prescriptive” viewpoint languagespecifications,andtheneedto

supportmultimedia,multipartycommunications.

Theseandotherexperiencesmake it clearthat a key requirementfor distributed

systemsinfrastructurein CSCWsystemsis to provideflexibility andopennessin defin-

ing communicationandinteractionmodels.

3.7.4 Languagesfor DescribingCollaboration

To overcomethe lack of flexibility in infrastructureimplementations,a numberof

systemshave experimentedwith theideaof programmingcollaborationmechanisms.

Thesesystemsarequitesimilar to thecoordinationlanguagesdescribedin section3.3.

DWCPL[33] is acustom-built languagefor building synchronouscollaborativeap-

plicationsby programmingtheinteractionsbetweenobjects.Thelanguageprovidesa

relatively high-level abstractionof collaboration,andhasgoodfacilities for structur-

ing andreuse.Its usefulnessis limited by its focuson synchronousapplications,thus

makingit difficult to usefor asynchronousgroupwork.

Trellis[44] is a languagebasedon petri-netsemanticsandis usedto describecol-

laborationprotocols.Its primaryaimis to supportflexible collaborationprotocolswith

agraphicallyorientedtool, allowing modificationby users.Theimplementationis po-

tentially usefulfor simpleworkflows andcollaborationprotocols,but suffers from a

numberof limitations,includinga staticsetof statesanda lack of facilitiesfor struc-

turingandabstraction.

Introspect[129] is a processspecificationand execution environment basedon

SmalltalkandwOrlds[42]. It usesa graphicalnotationbasedon Harelstatecharts[55]

to describeprocessesfor collaboration. The notationincludeshierarchicalstructur-

ing anda reflective architectureallowing on-the-flymodificationof behaviour. It also

attemptsto capturethe Strauss[122] notion of trajectoriesthat spanworkspacesand

socialgroups.Thesystemusesa centralizedserver architecture,however, makingit

difficult to operatein anunreliablenetwork.
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3.8 A Scaffolding supporting Finesse

This chapterhasdescribedresearchandtechnologyin distributedsystemsto provide

a technologicalbasisandmotivation for theFinesseapproach.Fromthis discussion,

we suggestthat the surveyed technologiesdo not addressthe assertionsspecifiedin

chapter1. In particular:

� Coordinationlanguages,while supportingthenecessaryflexibility in component

relationships,arenotableto dealwith high latency andnetwork failure,thusthe

assertionof 1.3 is not satisfied.

� Existing distributed infrastructurescandealwith latency andnetwork failure,

but fail to provide thenecessaryflexibility of interactionor theability to capture

interactionparadigmsatasufficiently highlevelof abstraction,thustheassertion

of 1.2 is not satisfied.

� CSCWapplicationsandtoolkits aretypically built on theplatformsabove and

inherit their restrictions.

Thework onsoftwarearchitectureandarchitecturedescriptionlanguagessuggests

the path forward: flexible definition and programmingof interactionsemanticsfor

distributedcomponents.Distributedcomponentsystemsgo someway towardsrealis-

ing thegoal throughtheexplicit captureof dependenciesin interfaces.Thefollowing

chaptersof this thesisdescribehow the Finessesystemextendstheseapproachesto

satisfythekey assertionsof chapter1
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Chapter 4

Semanticsof Behavioural Model

Chapter2 gave a high-level overview of theFinessesystem.In this chapter1, theexe-

cutablesemanticmodelassociatedwith bindingbehaviour is specified,first informally

andthenformally usingtheZ specificationlanguage.The focusin this chapteris on

the modelof behaviour associatedwith the Finessesystem,that is, realisingcausal,

parameterandtiming relationshipsbetweenevents. Thebinding/interface/role struc-

turing describedin the chapter2 is of minimal significance,andthesemanticmodel

describedherecouldquiteconceivablybeusedwithin adifferentarchitecturalcontext.

The semanticmodelpresentedhasemerged from the examinationof distributed

systemsarchitectureandthe realizationthat static,end-to-endmodelsof interaction

like remoteprocedurecall make it difficult to interconnectsystems.Early influences

includethe ISO BasicReferenceModel of OpenDistributedProcessing[63] andthe

A1 � model[11, 102], in particularthethenotionof a “binding object”. TheFinesse

languageintroducedin chapter2 wasdevisedto programbindingobjects,andduring

this effort it wasrealizedthat a distributed,asynchronousexecutionmodelwasboth

possibleanddesirable.Investigationof similarwork in coordinationlanguagesshowed

thatmostexecutionmodelswerebasedeitheron relatively staticconnections[4, 60]

or requireda sharedglobalstateabstraction,for examplesystemsbasedon theLinda

tuple-spacemodel [23, 22, 34]. Architecturedescriptionlanguagesprovided some

insights, in particularRapide[80] and Wright [1], yet had no concretedistributed

1This chapteris an extendedversionof a paperpublishedat the Fifth InternationalSymposiumon
AutonomousDecentralizedSystems[10]
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executionsemantics.Simulationsof architecturesarecertainlypossible,but againrely

on acentralizednotionof state.

The key distinguishingfeatureof the model is in describinga distributed,asyn-

chronousexecution semanticsfor binding behaviour. The underlying behavioural

modelbearsa strongresemblanceto eventstructures[134], but no existing work ad-

dressestheexecutionof thesesemanticsin anasynchronousdistributedenvironment.

It could also be argued that Petri nets[99] provide an equivalent executionmodel.

While a Petri net specificationcanbe executedin a distributedmanner, the Petri net

abstractionimposesconstraintsforcing the co-locationor synchronizationof certain

subsetsof behaviour. In addition, the mappingbetweena Petri net abstractionand

typical programmingconstructsis non-trivial. This is evidencedby the fact that no

widely known coordinationlanguageor architecturedescriptionlanguageusesaPetri

net semanticmodel. The modelpresentedin this chapteris moreapproachableand

avoidstheseconstraints.

In describingthe Finessesemanticmodel, we begin by describinga model for

concurrentprogramsthenapply it, with somemodification,to distributedprograms.

Thekey featureof themodelis thatwith minorconstraints,distributedparticipantscan

proceedentirelyasynchronouslyexceptwheresynchronizationis explicitly specified

by theprogram.In otherwords,theexecutionmodelprovidesa semanticbasisfor an

asynchronousdistributed statemachine.The following sectionsinformally describe

this model in more detail, discussingits properties,strengths,and weaknesses.A

moreformaldescriptionis givenbeginningin section4.8.

4.1 BaseExecutionModel

The semanticmodel is basedon the executionof event templatesto createevents.

Event templatesdescribecausal,parameterandtiming relationshipsbetweenevents.

An executionof aprogramexecutesthesetemplatesin amannerconsistentwith there-

lationships.Theresultingprogramexecutionis representedby agraphwith eachnode

in thegraphrepresentinganevent,andeacharcrepresentingacausaldependency and

henceorderingrelationshipbetweenthesourceanddestinationevents.Concurrency is
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capturedby branchingin thegraph.A simpleprogramexecutionis depictedin figure

4.1. As suggestedpreviously, this modelof concurrentcomputationis closelyrelated

to thatmodeledby eventstructures[134].

time
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Figure4.1: EventExecutionGraph

The graph in figure 4.1 representsa historical view of an execution, that is, it

representsanexecutionthathasoccurred.Eachevent in thegraphdescribesa single

occurrenceor action. It hasa set of causalpredecessorswhich are the sourcesof

incomingarcsin the executiongraph,anda setof causalsuccessors,which are the

targetsof outgoingarcsin theexecutiongraph.

An eventalsohasa setof attributes. Theseattributesrepresentinformationasso-

ciatedwith the occurrenceof the event, for example,the time at which it occurred,

or programmaticdatageneratedby its occurrence.Theeventattributesandits causal

predecessorsareimmutable:they cannotbechangedoncetheeventhasoccurred.The

combinationof eventorderingandattributesis usedto describeaprogramexecution.

The precedingmodel is only ableto describethe completedexecutionof a pro-

gram. To enablethe descriptionof executableprogramsusing this basemodel,we

introducea notionof event templatesanda history. Event templatesdefinethepossi-

ble futureeventsthancanoccur, andthehistorydefinesthegraphof eventsthathave

occurred.Figure4.2depictsthismodel,with thedottedlinesbetweeneventsin thehis-

tory andtemplatesrepresentingoffers of dependency from eventsto templates.These

offerscanbeunderstoodasprogramsequencinginstructionsandwill beexplainedin

moredetailin subsequentsections.

A programexecutesby choosingtemplatesthat are enabledby the history and

executing them. The resultingeventsare addedto the history with incoming arcs
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Figure4.2: ExecutionStatewith Templates

reflectingontheofferschosenwhenthetemplateis executed.For example,if template

E% from figure4.2 is executed,thenew stateof theexecutionis shown in figure4.3.

time
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Figure4.3: EventE% Executedfrom Template

4.2 TemplatesdescribePrograms

Templatesallow usto describeprogramsby capturingbothorderingandattributecon-

straintsfor the events that constitutea programexecution,without being tied to a

particularoccurrence.If we allow for conditionalexecutionof templates,a template

mustalsocapturetheguardsrepresentingprogramconditions.A programis thusaset

of templates.In chapter5, a languageis presentedthatmapslanguageprimitivesto a

setof suchtemplates.

A programexecutesby instantiatinganemptyhistory, thenexecutingthoseevent

templatesthat are initially enabled,which enablesfurther templates,andso on. It-

erationis possiblethroughthe re-enablementof a templateby subsequenttemplate
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execution. In a programexecution,a templatecanbe executedwhena setof causal

predecessorssatisfiesits incomingorderingconstraintsandany guards.Thetemplate

must thereforecontaina descriptionof the necessarycausalpredecessorsandguard

conditions.

In order for a programto executean event, it mustalsoassignattributesto the

event. Thetemplatecanconstrainthevaluesof thoseattributes.Typically, suchcon-

straintswill allow theprogramto deterministicallyassigna setof valuesto eventat-

tributes,or in otherwords,the templatewill specifyvaluesfor attributes. Theseat-

tribute specificationscanincludereferencesto attributesof causalpredecessors,thus

decribingtheflow of databetweenevents.

It is importantto note that templatespecificationsmust be independentof spe-

cific events.Guardsandattributeconstraintsin a templatecanthereforeonly refer to

templates.To mapthesetemplatereferencesto eventinstancesandtheir attributeval-

ues,eventsmustcapturetheirassociationwith atemplate,andtheguardsandattribute

constraintson a templatemustbesatisfiedby theeventsoffering their causalityto the

templateatexecutiontime.

In a sequentialprogram,this would besufficient informationfor programexecu-

tion becauseeventsexecutein a totalorder. Thepresenceof concurrency requiresthat

we allow theexecutionto split into concurrentexecutionthreads.We describethis by

having eachtemplatedescribethefinite setof possible,immediatecausalsuccessors.

Whentheeventis executed,thesebecometheunterminatedarcsandcanbethoughtof

asoffers from theevent to futureevents. Theofferscanbeusedto satisfythecausal

predecessorrelationshipsof templatesandthusallow theexecutionof thosetemplates.

Thesetof causalpredecessorsandsuccessorsassociatedwith a templatecaninvolve

choicesandbe non-deterministic,for example,logical AND, OR andXOR relation-

shipsbetweenthepossiblepredecessorsandsuccessors.This canresult in mutually

exclusivepredecessorrelationships,andmostimportantly, mutuallyexclusiveoffersto

successors.Figure4.4 illustratesthe logical conditionsthatmight exist acrosscausal

successorsor predecessors.In thiscase,bothe� ande& mustfollow e� , only oneof e
�

ande' cancausallysucceede& , ande
�

canbeenabledby eitheror bothof e( ande& .
Thecombinedspecificationof causalpredecessors,causalsuccessors,guardsand
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Figure4.4: Non-deterministicexecution

attribute constraintsfully describesa template. A programis describedby a setof

templateswhereall containedreferencesto other templatesaresatisfiedby the set.

The causalpredecessorsandcausalsuccessorscapturecausalrelationshipsbetween

events,while the guardsand attribute constraintscapturethe timing and parameter

relationships.

4.3 Program Execution

As previously suggested,a programexecutionbegins by instantiatingan emptyhis-

tory andexecutingany templatesthatareinitially enabled.Theseenablesubsequent

templateexecutionsandsoon. A templatecanbeexecutedif:

1. it hassufficientoffersfrom eventsin thehistoryto satisfyits causalpredecessor

set;

2. thetemplateguardis satisfied,knowing thechoiceof predecessors;and

3. theexecutionof thetemplatewill not invalidatethecausalsuccessorconstraints

of any offers thatareused.

Whenexecutingthe template,theexecutionenginemustaddanevent to thehis-

tory with appropriatearcsto eventpredecessorsandfuturetemplates,setthevalueof

the event attributesusingthe constraintsassociatedwith the templateandany other

influences(e.g. resultsof local computations),andupdatethe offers of predecessor

eventsin thehistory to reflecttheacceptanceof anoffer by this event. A key issueis

56



that whenexecutingeventsconcurrently, caremustbe taken to ensurethat mutually

exclusive offersmadeby aneventarenotacceptedconcurrently.

Theusualpropertiesof concurrentexecutionarerelatively straightforward to cap-

turein thismodel,specifically:

� A programcanterminatewhenthesetof terminatedoutgoingarcsfor eachevent

(acceptedoffers)satisfiesthecausalsuccessorsconstraintof theassociatedevent

template.

� A programis deadlockedwhennotemplatecanbeexecutednow or in thefuture,

but theprogramcannotterminate.

� A programis livelocked whenoneor moretemplateswhoseexecutionis neces-

saryfor terminationcannotbeexecutednow or in thefuture,yet otherinfinitely

executablebehaviour is possible.

4.4 Parameters

Theexecutionmodelhasthusfarfocusedonthebasiccontrolflow associatedwith pro-

gramexecution.With controlflow appropriatelydefined,wecannow addresstheissue

of dataflow. Dataflow in thesemanticmodelis specifiedby definingtherelationships

betweeneventparameters.Thevalueof aneventparameteris setby evaluatingsuch

relationshipsor assigninga literal or local, environment-supplied value. To simplify

definition of theserelationshipsandmake themfeasible,we requirethat any events

referencedin a parameterrelationshipbecausalpredecessors,or in otherwords,pa-

rameterrelationshipsaredefinedat the successorevent andcanonly refer to events

connectedto thesuccessorby thecausalitygraph. This is intuitively correct,sincea

parameterrelationshipimpliesacausalrelationship.

4.4.1 Defining Parameter Relationships

Thegeneralformof aparameterrelationshipisX ) F � Q� , thatis, theparameterX must

beassigneda valuefrom thesetreturnedby a functionF appliedto a setof valuesQ.

Thevaluescanbeexpressedasreferencesto parametersof causallyprecedingevents,
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literal values,or environmentsuppliedvalues.While weallow non-determinismin the

valueof X by choosingfrom the setof valuesreturnedby F, most implementations

(includingtheonedescribedin thefollowing chapter)wouldmostlikely insistthatthe

functionF returnasinglevalue.Therearenumberof advantagesin thisapproachthat

shouldbehighlighted:

� A programexplicitly capturesdatadependenciesin a declarative manner. The

transferof datafrom onelocationto anothercanthusbeoptimized. In partic-

ular, it is not necessaryfor all parametersof an event to be transmittedwhen

notificationof the event is transmitted.Referringbackto figure 4.5, event e�
might have parameters� x � y� , but if e� refersonly to y, only y mustbetransmit-

ted whennotifying site� of event e� . It is alsointerestingto notethat a value

expressioncanbeevaluatedat any location,thusallowing a runtimeengineor

compilerto determinethemostefficient placeto performtheevaluation.

� Datamismatchesbetweeneventattributescanbehandledwithout the involve-

mentof componentsconnectedby aprogram.For example,a requesteventthat

outputsa dateasa string canbe deliveredto a receiving componentthat ex-

pressesa dateasa numberof secondssinceanepoch,provided anappropriate

mappingfunctionis defined.

� Wherethecontrolflow indicatesthatparametersof multipleeventsfrom asingle

locationarerequiredto evaluatea relationshipexpression,theeventnotification

canbedelayeduntil all requiredlocal eventshave beenexecutedandthenotifi-

cationscombined.

4.4.2 Identifying Event Parameters

A key difficulty in implementingeventparameterrelationshipsis identifyingtheevents

whoseparametersareto beused.A programis expressedin termsof templates,and

eventreferencescanonly usetemplatenamesto identify otherevents.Giventhepres-

enceof iterationanddynamicrenamingof templatesin the control flow semantics,

rules for mappingtemplatenamesto event instancesmust be implemented. Since

theserulesdo not changethemodelof parameterrelationshipspresentedabove they
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canbeimplementation-dependent. Thefollowing rules,however, area usefulstarting

point.

1. In the presenceof iteration, the most recentcausalpredecessormatchingthe

specifiedeventtemplatenameshouldalwaysbeused.

2. Wherearoleis takenby multipleinterfaces(with theimplieddynamicrenaming

of templates),animplementationshouldeitherprovide a default rule to choose

a singleevent from oneof theinterfaces(e.g. earliest),or allow all eventrefer-

encesto indicatea setof events,andprovide functionsfor manipulatingevent

sets. Note that this rule canbe implementedat a languagelevel provided the

underlyingimplementationsupportsreferencesto eventsets.

4.5 Guards and Timing Constraints

Guardsin thesemanticmodelarearbitrarybooleanexpressionsthatmustevaluateto

TRUE for aneventto beexecuted.Thegeneralform of a guardis G � Q� whereG is a

booleanvaluedexpressionover a setof valuesQ. Thevaluesin Q arespecifiedin the

samemannerasthoseusedin parameterrelationships,thatis, they canbereferencesto

parametersof causallyprecedingevents,literal values,or local,environment-supplied

values.Time is consideredoneof thelocalenvironment-supplied values.

Eacheventin thehistoryhasa timestampattributethatidentifiesthetimeatwhich

theeventoccurred.Thesemanticmodelalsorequiresthat the local environmentcan

supplythecurrenttime on request,andthattime alwaysmovesforward. Thesetimes,

however, are relative only to a referencepoint determinedat programinstantiation

time. Guardscanincludeexpressionsthatconstraintheelapsedtime sincea previous

eventorawell-known epoch,but constraintsonabsolutetimecannotbeusedin guards.

For guardevaluation, the semanticsrequiresthat the currenttime sincethe agreed

epochis anenvironmentsuppliedvalue.

Theuseof timeandeventreferencesin guardshassomeinterestingconsequences,

particularly:

� Guardshave a time dimension,meaningthata guardthat is FALSE at a certain

time cansubsequentlybecomeTRUE dueto thepassageof timeonly;
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� Guardsareunresolvablewhencontainedevent referencesareunresolvableun-

lesstheguardcanberesolvedwithoutevaluatingthetermsincludingthoserefer-

ences(i.e. short-circuitevaluation).For simplicity, weconsideranunresolvable

guardto beFALSE.

� An eventtemplatecanbecomeimpossible(i.e. cannever beexecuted)if amax-

imum time limit expires(subjectto short-circuitevaluation)or a necessarypre-

decessorwithdraws its offer of causality.

Implementationsmusttake thesepropertiesinto account,in particular, an imple-

mentationmightneedto maintaintimersto manageguardsinvolving timeconstraints.

Althoughabsolutetimeis notused,thesemanticmodelassumesaglobalclockfor time

comparisons.In practice,thismeansthatanimplementationmusttake stepsto ensure

timesynchronizationandtakesynchronizationaccuracy into accountwhenevaluating

timeconstraints.No particularrepresentationof time is mandated,exceptthata literal

valuerepresentationof timeintervalsandafunctionto returnthetimeinterval between

two time valuesmustbesupported.

4.6 Distrib uting the Execution

Theexecutionmodeldescribedin theprecedingsectiondoesnot offer any significant

enhancementsin expressivenessover otherprogrammingandexecutionmodelsbased

on true concurrency, for example,Petri nets[99]. The uniquefeatureof the model,

however, is that with someconstraints,programsexpressedin this mannercan be

executedby a set of distributed statemachineswith no synchronizationexceptthat

explicitly requiredby theapplication-level relationshipsspecifiedin theprogram. An

implementationof sucha distributedstatemachineis describedin chapter6. While

it is possibleto distribute the behaviour describedby a Petri net, the partitioningof

behaviour mustrespectthesynchronizationconstraintsimposedby thePetrinetmodel.

No suchconstraintsareimposedby thismodel.

The executionof a programin the modeldescribedin the precedingsectionsin-

volvesmodifying andreasoningaboutanexecutionhistory. If we wereto requireall

participantsin a distributedexecutionof the programto operateon a single,consis-
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tent view of the history, programexecutionwould be limited by the communication

requiredto synchronizethe history eachtime an event is executed. Our goal is to

avoid this synchronizationsinceit is impracticalfor Internet-scaleapplicationsthat

must toleratenetwork failure andpotentially high latenciesin communication.We

mustthereforeallow participantsto operateon a local andpossiblyincompleteview

of theexecutionhistory.
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Figure4.5: DistributedExecutionState

Considerthe exampledepictedin figure 4.5. In this example,Site� is awareof

the executionof eventse* , e+ and e, , while Site� is aware of e* , e+ , and e% . The

templateE- is apparentlyenabledat Site� becauseits only causalpredecessor(e, ) is

known to havebeenexecuted.Similarly, templateE. is apparentlyenabledatSite� . In

thefollowing discussion,we definethenecessaryconditionsfor thesetemplatesto be

executedagainstanincompleteview of state.

We begin by examiningthe requirementsfor eventexecutionspecifiedin section

4.3. Thefirst requirementwasthata templatehave sufficientoffers fromeventsin the

history to satisfyits causalpredecessorset. In otherwords,the local view of history

mustcontainasetof eventsthatoffer theircausalityto atemplateandsatisfyits causal

predecessorset.While notificationof remoteeventsmightberequired,thisnotification

canbeasychronous.Oncesuchnotificationshave occurred,therule canbecorrectly
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evaluatedagainsta local view of thehistory.

Thesecondrequirementis thattheguard is satisfied,knowingthechoiceof prede-

cessors. This canbeevaluatedagainsta local view of thehistoryprovided that view

includesall eventsreferencedby theguard.Similarly, referencesto causallypreceding

eventsin theparameterrelationshipspecificationmustbesatisfiedby thehistory. We

addressthis problemby addinga requirementthataneventreferenceimpliesthat the

event referencedis a mandatorymemberof thecausalpredecessorsetfor this event,

andthat theevent referencedmustmake anoffer of causalityto this event. Note that

the runtimesystemdescribedsubsequentlyin chapter6 treatstheseoffers somewhat

differently to explicit causalityrelationshipsbecauseit maintainsa more complete

causalhistorythanstrictly required.

The third requirementis that theexecutionof the templatewill not invalidatethe

causalsuccessorconstraints of anyoffers that are used. This requirementis difficult

to ensure,sinceit implies that we must prevent concurrentacceptanceof mutually

exclusive offers madeby an event. For example,the programdepictedin figure 4.4

allowed only oneof e
�

or e' to succeede& , someform of distributeddecisionmust

be madeacrossthe sitesto choosethe successor. Thereare a numberof possible

solutions:

1. Forcesynchronizationto chooseoneof themutuallyexclusive potentialsucces-

sorswhensuchconditionsexist;

2. Nominateasingleparticipantto deterministicallychooseacorrectsetof succes-

sorsat run-time(autocraticchoice);

3. Requirethat non-determinismcan be locally resolved by mutually exclusive

guardsor runtimecheckson templateswherever conflictsexist; or

4. Allow optimisticexecutionandraiseanexceptionwheninconsistentbehaviour

is detected.

This is the key difficulty in distributing a concurrentprogram,andthe following

subsectionsdiscussthe possibilitiesin moredetail. In summary, however, we con-

cludethat the first andsecondoptionsabove requiresignificantsynchronizationand
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arethusexcluded.Thepreferredsolutionis to requirethatnon-determinismbelocally

resolved (3), but programsthatcannotsatisfythis requirementcanbeexecutedusing

theoptimisticmethod.A programthatpermitslocal resolutionof non-determinismis

calledasafeprogram.

Note that thechosenapproachmovestheproblemto the programminglanguage

level, meaningthattheapplicationprogrammeror languagetoolscanresolve thenon-

determinismin amannerthatis mostefficient andappropriatefor theapplication.

4.6.1 Synchronization

Synchronizationcan be usedto allow choiceof non-deterministicsuccessors.The

choicecould be implemented,for example,througha voting algorithm. While such

algorithmsarerefinedandwell-understood,anumberof round-tripmessagesmustbe

exchangedbyparticipants.In anunreliable,high-latency environmentliketheInternet,

this canimposeasignificantoverheadsothissolutionis not consideredfeasible.

4.6.2 Autocratic Choice

Nominatinga singleparticipantto make anautocraticchoiceof thesetof successors

is possible,but requiresreliablecommunicationto ensurethat thechosensuccessors

areexplicitly awareof the predecessor. It also requirescompleteknowledgeof the

executioncontext of thechosensuccessorsto ensurethatany guardsaresatisfiedand

thusavoid deadlock.In otherwords,thechoosermusthave knowledgeof all prede-

cessoreventsfor thechosensuccessorsto ensurethattheir guardsaresatisfied.In the

worst case,theserequirementsmeanthat the choosermusthave a completeview of

the history. Sinceour goal is to avoid the needfor sucha view, this solution is not

consideredfeasible.

4.6.3 SafePrograms

We usethe adjective safeto describeprogramswhereall non-determinismin offers

madeby eventscanbe locally resolved. The following conditionsin a programcan

resolve thenon-determinism:
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� Conflictingsuccessorsof aneventhave mutuallyexclusive guards;or

� Conflictingsuccessorsof aneventexecutelocally, thusallowing the local state

machineto safelychoosea singlesuccessor;or

� Conflictingsuccessorsof aneventhave othermutuallyexclusive predecessors,

andany non-determinismacrossthosepredecessorscanbelocally resolved.

This problemis one of resolvingdistributed predicatesusing local knowledge.

A deeperanalysisof distributedpredicatesandtheir resolutionis given by Charron-

Bost et al in [25]. In our case,the key problemin ensuringthat a programis safe

is that guardscan refer to the parametervaluesof precedingeventsthat are bound

at runtime,andhencemutualexclusionis difficult to recognizein a staticparseof a

program. It is important,however, to reflecton the typesof programconstructsthat

canleadto mutuallyexclusive offers. Suchconstraintsareimposedby exclusive OR

relationshipsacrosssuccessors,typically foundin programsasif-then-elseconstructs

or caseblocks. It is usualfor theseconstructsto includeor imply mutuallyexclusive

guards. In figure 4.4, for example,a choicebetweenthe executionof E
�

and E '
must thereforebe protectedby an if-then-elseconstructwherethe guardexpression

canberesolvedindependentlyby bothsites.In thegeneralcase,distributedexclusive

ORrelationshipswithoutmutuallyexclusiveguardsimply non-deterministiclanguage

semantics(i.e. the systemmustmake a choice). No commonly-usedprogramming

languagehasconstructsthatallow suchnon-determinism.

We concludethat while the modelcandescribebehaviour that cannotsafelybe

distributed amongstasynchronousdistributed statemachines,it is unlikely that pro-

gramminglanguageswould allow the expressionof suchbehaviour. Languagesthat

canexpresssuchbehaviour must eitherdo so in a controlledmanneror be consid-

eredunsafe. As discussedin theintroductorycomments,deferringtheproblemto the

languagelevel in thismanneris thepreferredsolution.

4.6.4 Optimistic Execution

As briefly describedabove, we canallow asynchronousexecutionby ignoringpoten-

tially inconsistentbehaviour and raisingan exceptionif suchbehaviour is detected.

64



While this might seemcomputationallyunsound,staticanalysisof programscanflag

potentialnon-determinismandgive theprogrammeranopportunityto dealwith it. In

particular:

� theprogrammercanselectively removenon-determinismthroughguardsormore

explicit programming;

� theuseof exceptionscould allow programmer-specifiedrecovery whenincon-

sistentbehaviour is detected,andthis is oftenpreferableto synchronization;

� thereareanumberof situationswherenon-determinismwill beresolvedat run-

time throughnotificationsof eventexecution.For example,wheretwo succes-

sorshave additional,co-locatedenablingeventsthataremutuallyexclusive.

The key advantageof an optimistic approachis that it gives control to the pro-

grammersothatpossiblyinconsistentbehaviour canbeselectively allowedif thepro-

grammerdeemsit benignor sufficiently unlikely. This is alsoa disadvantage,since

with controlcomestheneedto understandthesourceof thenon-determinismandthe

potentialproblemsof allowing inconsistentbehaviour. A further disadvantageis the

factthatit will notalwaysbepossibleto detectincorrectexecutionat run-time.Incon-

sistentbehaviour canonly bedetectedwhenknowledgeof theexecutionof conflicting

eventsis availablein onelocation.Giventhetruly concurrentnatureof theexecution,

this cannotbeguaranteed.

In subsequentdiscussionof thesemanticmodel,we assumethatmutuallyexclu-

sive offerscanbelocally resolved,or in otherwords,only safebehaviour is possible.

It is expectedthat implementationsof thesemanticmodelwill usetheoptimisticap-

proachandrely on programminglanguagesandtools to avoid unsafebehaviour. The

executioncanthereforeproceedentirelyon a local view of executionhistory.

4.7 The Significanceof Location

Themodeldescribedabove doesnotassociateeventtemplateswith any particularsite

or location. If a singleevent templatecanbeexecutedat multiple locations,we must

eitherallow anoffer to beacceptedby multiple executionsof a template,or explicitly
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associatea templatewith a location. Thesemanticsof allowing multiple acceptances

of anoffer is neitherintuitive noreasyto implementandcanleadto unsafebehaviour

similar to that discussedin the previous section. We thereforerequirethe program

executionto associateanexplicit locationwith eachtemplate.

Assigninga singlelocationto eachtemplatemight soundhighly restrictive, but in

practice,it reflectscommonprogrammingmodels.Considerthefollowing:

� The associationof a templatewith a location canand usually will happenat

programinstantiation;

� The conceptsof role and interface introducedin chapter2 give flexible co-

location constraintsfor event templatesin a programdefinition. At program

instantiationtime,a programrolecanbeassociatedwith eachcomponentinter-

face,andthesetof templatesin therolebehaviour canberenamedor annotated

with the interfaceidentifier to distinguishtheir location. Note that this method

alsoworkswhenmultiple interfacesimplementthesamerole (e.g. for replica-

tion or processgroups).

Throughensuringthattemplatesidentifiersincludelocation,wecanguaranteethat

an enabledtemplatecanonly be executedat one locationandthusavoid additional

non-determinism.

4.8 Formal Specification

TheprecedingsectionshavedescribedtheFinessesemanticmodelinformally, with the

key areaof distributedcontrol flow exploredin somedetail. The following sections

formalizethis modelusingtheZ specificationlanguage.The focusin thesesections

is on control flow, sincetheparameterandguardsemanticsaredefinedin a rigorous

fashionin previoussections.

Z is usedin a relatively simpleandaxiomaticfashionthatshouldbeaccessibleto

any readerwith abasicunderstandingof logic anddiscretemathematics.Z waschosen

for two reasons:firstly becauseaxiomaticZ specificationshave no underlyingexecu-

tion semanticsandwe thusavoid any implicationsof suchsemantics;andsecondly
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becauseof familiarity with the languageon thepart of the author. To assistin read-

ing the specification,this sectionpresentsa brief introductionto the Z specification

language.Furtherdetailcanbefoundin [121].

4.9 Intr oducingZ

Z is aset-basedspecificationlanguage,with themajorityof its operatorsandconstructs

usedto describesetsandrelations.Typesin Z aresetsandaretypically definedeither

asbasetypesor schemas.A basetypedefinesa setof raw elementswith no defined

subordinatestructure,andis namedby conventionwith anuppercasewordandintro-

ducedby placingit in squarebraces,for example /MYTYPE0 . Schemasdefinetypesof

entitiesthat have multiple parts,usecapitalizedwordsasnames,andareintroduced

usingthefollowing notation:

MySchema
name 1 NAME
age 132
4

m*5� m+61 MySchema� m*5! name� m+7! name 8 m*9� m+

In otherwords,thetypeMySchemahastwo attributes:namefrom thesetNAME

andage, a naturalnumber(indicatedby the predefinedtype 2 ). The portion below

theline splitting thebox constrainsor definesthemembersof theset,andin this case

specifiesthatmembersof thesetMySchemaareuniquelynamed.LHS 8 RHSin the

constraintcanbereadas“if LHS thenRHS”. Anothersimilar andoftenusedlogical

operatoris LHS : RHSwhichcanbereadas“LHS if andonly if RHS”.

Z alsomakesextensive useof binaryrelations.Thetypeof a relationbetweenthe

setsX andY is specifiedasX � Y andmeansthesetof all possiblepairingsof elements

from the setsX andY. The elementsof the setX areknown as the domainof the

relation,specifiedasdomR, andtheelementsof Y areknown astherangeandspecified

asranR. Infix notationcanbeusedto specifymembershipof a relation,for example,

xRy saysthat the pair � x � y� is in the relationR. Z alsoprovidesdomainandrange

restrictionoperatorsto extract subsetsfrom a relation. ; x * � x+ ��!�!<� xn =?> R specifies

thesetof pairsfrom therelationR whosedomainelementis in theset ; x *@� x+3��!�!<� xn = .
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Rangerestrictionis similar, for exampleR AB; x *@� x+
��!�!<� xn = restrictsR to the setof

pairswhoserangeelementis in ; x * � x+ ��!�!�� xn = .
A commonlyusedrestrictedrelationis a function,specifiedasX C Y, which is

a relationwhereeachelementof the setX is pairedwith exactly oneelementof the

setY. Z alsodefinesa partial functionX DC Y, wherethefunctionis only definedfor

somesubsetof X (i.e. thefunctiondomainis asubsetof X).

Z supportsthe definition of axioms. In the specificationof the semanticmodel,

axiomsaretypically usedto definefunctionsor relationswith constraints,for example:

Identity 1 X C X
4 � x * DC x+ �E1 Identity � x * � x+

This definesan identity function over the type X. The upperportion definesthe

nameandtypeof theaxiom,with thelowerportiondefiningtheconstraints.Notethat

the DC operatoris usedto definepairingsof elementsin a relation.

Z definesa numberof commontypes. The setof naturalnumbersis denoted2
andthe setof real numbers(not formally part of Z but commonlyused)is denoted
F

. Z alsodefinessequencesof arbitrarytypes,denotedseqX. Formally, this definesa

relationbetweennaturalnumbersandtheelementsof thesetX, that is, ;��GDC x * �H�?DC
x+I��!�!<� n DC xn = where ; x *@� x+
��!�!<� x, =KJ X. Thehead, tail and last operatorsarealso

definedfor sequences.

A final importantaspectof typespecificationin Z is thepowerset,denotedL SOMETYPE.

This definesthesetof all possiblesubsetsof thesetSOMETYPE. Whenanattribute

is given the type L SOMETYPE, this saysthat theattribute is a setof elementsfrom

SOMETYPE(i.e. a subsetof SOMETYPE).Theusualmathematicalsymbolsfor set

andlogical compositionoperationsareusedin Z.

4.10 BasicBehaviour Description

Causaldependenciesbetweeneventsform the basisof the semanticmodel, thuswe

first definea modelfor executionof eventsin a programbasedpurelyon thesecausal

dependencies.As previously described,a behaviour is a directed,acyclic graphof
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events. The executionof a programmust thereforeresult in sucha graph. We base

the executionsemanticson the notion of an initially emptyhistory, which definesa

graphof eventsthathave occurred,a setof eventtemplatesthatdefinepossiblefuture

eventsandtheir relationships,anda transitionfunctionthatrelatesahistoryandsetof

templatesto anew historycontainingoneor moreadditionalevents.A programspec-

ification is thusa setof event templates,andanexecution“unrolls” thatspecification

to generateabehaviour. Notethatiterative behaviour is capturedby allowing multiple

executionsof a template,thusa programneednot containdistincttemplatesfor every

possibleevent. The formal executionmodelwill definethe notionsof event, event

graph(i.e. history),eventtemplate,thetransitionfunction,andcorrectexecution.

4.10.1 BaseTypes

We first introducethe types /EVENT0 , /TEMPLATE0 , /GUARD0 and /PARAMREL0 .
Thesecanbeinterpretedassetsof identifiersfor schemasthatdefinetheattributesof

events,event templates,guardsandparameterrelationshipsrespectively. We usethis

approachboth to deferspecificationof someentities,andbecauseZ doesnot allow

recursive schemasthusrequiringreferencetypes.NotethatZ is casesensitive, sowe

usethe samenameto refer to the relatedschematypes,but with only the first letter

capitalized.

Eventshave parameters,but for thepurposesof thesemanticmodel,thestructure

of suchparametersis unimportantandit is sufficient to simply asserttheexistenceof

asetof parametervalues/VALUE0 , andasetof names/NAME0 usedto distinguishthe

parametersof anevent.

Time semanticsin Finessearerelative, that is, it is not necessaryto supportabso-

lute time. We thereforerepresenttime valuesasrealnumbersindicatinga numberof

secondssincean agreedreferencepoint in time. For readability, we definethe alias

TIME MNM F
. Notethatwe do not distinguishtime by location,or in otherwords,we

assumetheexistenceof clock synchronizationacrossphysicallocations.In animple-

mentationit will benecessaryto considerclockskew whenevaluatingtimesemantics.

Whereabsolutetime is necessary, applicationsmustintroduceanexplicit clock.

The applicationstructurein the Finesselanguageare not part of the semantic
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model,however, weassertthatall modelledbehaviour occursat theinterfacesof com-

ponentsandwecapturethenotionof locationby introducinga type / LOCATION0 .

4.10.2 Eventsand Event Templates

An Eventis animmutableentitywith asetof parameters,atime,andaneventtemplate

from which it wasexecuted:

Event
event 1 EVENT
params 1 NAME DC VALUE
time 1 TIME
template1 TEMPLATE
4

e 1 Event �O * er 1 EVENT � e! event � er

TheschemaconditionassertsthateachEventisuniquelyassociatedwith anEVENT,

or in otherwords,uniquereferencesemantics.Althoughthisconditionensurestheref-

erencesemantics,wedefinea functionto mapbetweenEVENTreferencesandEvents

to assistin furtherspecification:

EventRef 1 EVENT DC Event
4

e 1 Event �O
er 1 EVENT � er DC e ) EventRef

Eventtemplatescapturethenecessarypropertiesof eventsexecutedfrom thetem-

plateandthe informationrequiredto establishrelationshipsbetweenevents.A setof

templatesthusdefinesa program.Therecanbeconsiderablenon-determinismin the

relationshipsspecifiedin aprogram,typically introducedby logicalOR andexclusive

OR constructs.Ratherthanattemptto directly representthe decisiontreesresulting

from suchnon-determinism,we representthe non-determinismthroughsetsof sets

(denotedLPL X). Eachcomponentsetrepresentsonepossibleresolutionof the non-

determinism. This approachhastwo key advantages:it simplifies the specification

throughabstraction,andavoids any suggestionof how suchnon-determinismshould

berepresentedin aprogramminglanguage.
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An eventtemplateis thusdefinedby:

Template
template1 TEMPLATE
guards 1ILPL GUARD
requires 1
LQL TEMPLATE
offers 1
LRL TEMPLATE
params 1 NAME DCSL PARAMREL
4

t 1 Template�O * tr 1 TEMPLATE � t ! template� tr

Theguardsarea setof possiblecombinationsof simpleguardexpressionsthat,if

true,make thewholeguardexpressiontrue.Therequiresattributedefinesthepossible

combinationsof causallyprecedingeventsthat make this event templateexecutable,

andtheoffersattributedefinesthepossiblecombinationsof causallysucceedingevents

thatanevent from this templatecanenable.Thesignificanceof thesewasdiscussed

previously in sections4.1 and4.2. Theparamsattribute introducesa partial function

mappingthesetof parameternamesto specificationsof relationshipswith otherevent

parametersandenvironmentsuppliedvalues.We do not describetheserelationships

any furtherbecausethey arecapturedappropriatelyin section4.4. Notethattime and

locationconstraintsarespecifiedin guards,hencetheseeventattributesarenotdirectly

referenced.

Similar to theEventspecification,wedefineafunctionto maptemplatereferences

to schemainstances:

TempRef1 TEMPLATE DC Template
4

t 1 Template�O
tr 1 TEMPLATE � tr DC t ) TempRef

4.10.3 Causality Graphs

Thebehaviour graphrepresentingthehistory is a relationacrossa setof events,with

eachelementof therelationanexplicit (i.e. required)causalrelationshipbetweenthe

pairedevents.Notethatby definition,causalityis transitive,but ourexecutionseman-

tics requiresa direct representationof the graphand the transitivity canbe implied
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from thegraph.Thetypeof aneventgraphis thus:

Graph
events 1IL Event
causes1 Event � Event

domcausesT rancausesJ events

A separateeventsset is necessaryto allow for eventsthat have no causalrela-

tionships(i.e. not connectedto any othereventsby the graph). To assistin further

constrainingthegraphsemantics,we definethenotionof pathsthroughthegraph.A

pathis definedasa sequenceof two or moreeventsconnecteddirectly or transitively

by thegraphrelation.

paths 1 Graph C seqEvent
4

g 1 GraphU path 1 seqEvent �
path ) paths� g�V:W

path �B�PXY� headpath DC lastpath�Z) g ! causes[W
path � �PX tail path ) paths X

� headpath DC head� tail path�\�Z) g

Causalityis alsoirreflexive, sothegraphcannotcontaincycles.Givenour defini-

tion of paths,we thuscompletethe definition by addingan acyclic restrictionto the

basicGraph.

CausalGraph MNM]; g 1 Graph ^3_ p 1 paths� g� � headp � lastp =

4.10.4 Guards and Time Semantics

Guardson a templatemustbeevaluatedin thecontext of a setof eventsoffering their

causalityto the templateanda time of occurrence.We thereforedefinea function to

representthisguardsemantics:

satisfied1`� GUARD �aL Event � TIME �bCSc

At this level, we do not needto reasonabouttheactualguardsemantics,just note

thatit is possibleto evaluateaguardin thecontext of theseeventsat thegiventime.
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4.10.5 Corr ect Execution

Wefirst definethenotionof aprogram:

Program
templates1
L TEMPLATE
roots 1ILPL TEMPLATE
d

roots J templates

Thetemplatesdefinethepossibleeventsof aprogramexecutionandtheir relation-

ships.The rootsdefinea setof possibleexecutiongraphroots. A programexecution

is definedby a causalitygraphrepresentingits history anda programfrom which it

wasexecuted.Wemake thesetof templatesin theprogramanexplicit attributeof the

schemato simplify subsequentspecifications.

Execution
history 1 CausalGraph
program 1 Program
templates1
L TEMPLATE

templates� program! templates4
e 1 history! events � e! template) templates

A correctexecutionis onewhereall eventsin thehistorysatisfythe requiresand

offers andguards attributesassociatedwith their respective templates,andthesetof

graphrootsmatchesoneof thesetsspecifiedby programroots. The rootsattributeof

aprogramallows usto prohibit anemptyhistoryexceptwhereexplicitly allowedby a

program.

To helpusin specificationof theseconstraints,anumberof supportingdefinitions

areuseful. First an enablesrelationdefinesif a setof eventsprovidesthe necessary

causalityto satisfy the requiresattribute of a potentialsuccessorevent, andthat the

successorevent guardis satisfiedby this setof predecessors.Note that we include

theconstraintthat the time of thenew eventmustbegreaterthanany of its enabling

predecessors.
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enables1
L Event � Event
4

eset 1
L Event� e 1 Event � esetenablese :
; t 1 Templatê

O
eef1 eset � t � TempRef� eeg! template� =

) TempRef� e! template�h! requires X4
e* 1 eset � e* ! time i e! time4
e*@� e+61 eset � e*�! template j� e+I! templateXO
gset 1 e! template! guards �4

g 1 gset � satisfied� g � eset� e! time�

It is usefulto definea stableexecutionstate,that is, onewhich is incomplete,but

doesnot violate any templateconstraints.A stableexecutionstateis thereforeone

thatis consistentwith theprogramsemanticsspecifiedby thetemplatedefinitions.To

supportthis,wespecifyanallowsrelation,whichdefineswhenaneventin thehistory

of anexecutionallows asubsequenteventto useits causality.

allows 1k� Event � CausalGraph�l� Event
4

e� enew 1 EventU g 1 CausalGraph � e DC gallowsenew :O
tset 13L Template�

tset ��; t 1 Templatê
O

eem1 ran� g ! causes> ; e= � �
TempRef� ee ! template�E� t = X

TempRef� enew ! template�nj) tset XO
offer 1 TempRef� e! template�h! offers �

tset To; TempRef� enew ! template=pJ offer

This specifiesthat only a singleevent from a specifictemplatecanusean offer

(sinceiterationallows multiple executionsof a template),andthat acceptingthe of-

fer doesnot invalidatetheoffers constraintassociatedwith templateof thepreceding

event. The existentially quantifiedtsetattribute representsthe setof offers taken by

othersuccessoreventsin thegraph.

A stableexecutionis thusdefinedasfollows:

StableExecutionMNM
; ex 1 Execution̂

4
e 1 ex ! history! events �

dom� ex ! history! causesAq; e= � enablese X4
ee 1 dom� ex ! history! causesAq; e= � � ee DC ex ! historyallowse=

In otherwords,a stableexecutionis onein which all eventsin theexecutionare

correctlyenabled,andin which thesetof acceptedoffersassociatedwith eachevent
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doesnot violatetheoffers attributeof their template.

Todefineacorrectexecution,weneedtodefineterminationsemantics.Theterminates

relationis similar to allows, exceptthatit definesif asetof eventsactuallysatisfiesthe

offers attributesof anevent’s template:

terminates1IL Event � Event
4

eset 1
L EventU e 1 Event � esetterminatese :
; t 1 Templatê

O
eef1 eset � t � TempRef� eeg! template� =

) TempRef� e! template�h! offers

Thesetof correctexecutionsis thusdefinedasfollows:

CorrectExecutionMNM
; ex 1 StableExecution̂4

e 1 ex ! history! events � ran�r; e=G> ex ! history! causes� terminatese X
; t 1 Templatê

O
e 1k� ex ! history! events � ranex ! history! causes� �

TempRef� e! template�E� t = ) ex ! program! roots=

In otherwords, the setof correctexecutionsare the stableexecutionswhereall

eventsin thehistoryarealsocorrectlyterminated,andthewhererootsof thehistory

graphsatisfytheprogramrootsspecification.Notethat this doesnot guaranteethata

programwill terminate,just that if it doesterminatein a statethatsatisfiestheaxiom,

thentheexecutionis correct.A non-terminatingprogramcanthusneverhaveacorrect

execution,but canhave astableexecution.

4.10.6 Transition Semantics

We definea transitionrelationover executionsthatspecifiesthevalid transitionsthat

canoccurin programexecution. Informally, a transitionrepresentstheadditionof a

setof eventsandarcsto agraphto yield anew graph.Executingtransitionsthatsatisfy

this relationensuresthat eachstepof the executionis a StableExecution, or in other

words,it satisfiestheprogramsemanticsencodedin thetemplatedefinitions.

Webegin by specifyingagraphtransitionrelation:
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GraphTransition 1 CausalGraph � CausalGraph
4

g � ge 1 Graph � g DC ge ) GraphTransition :
g ! events s geg! eventsXO

eset 13L Events t eset � ge ! events� g ! events4 � e* DC e+ �u1 ge ! causes� g ! causes� e* j) eset X e+ ) eset X4
e*@� e+61 eset � e*�! template j� e+I! template4
e 1 eset � O preds 1
L g ! events ^ preds � ge ! causesA e

predsenablese X4
ee 1 preds � ee DC ge allowse

Thisstatesthatthetransitioncanonly addrelations(arcs)to thegraphandall arcs

addedmustbe from old eventsto new events. This guaranteesthat eachtransition

makesprogress,andthatextantcausalrelationshipsbetweenevents(or lack thereof)

are immutable. The subsequentpredicatesspecify that only oneevent from a given

templatemaybeexecutedin a singletransition,thateachnew eventmustbeenabled

by theeventsthatimmediatelyprecedethemin thenew graph,andthatthenew graph

mustallow eachnew eventto acceptcausalityfrom thosepredecessors.

The existentially quantifiedesetattribute definesthe set of eventsaddedto the

graph.This useof a setof eventsmodelstrueconcurrency, wheremultiple eventscan

executeindependentlyandconcurrently. We do not constrainthe executiontime of

theseevents,meaningthat theeventscanbelogically concurrentandhenceexecuted

atany time,notingthatwe do notallow causalrelationshipswithin theset.

Therestrictionpreventingmultiple eventsfrom thesametemplateexecutingcon-

currentlyallowsusto specifysuccessorsusingtemplatenames,andalsosimplifiesthe

definitionof programminglanguagesemantics,aswill beseenin subsequentchapters

of thethesis.

A transitionfrom oneExecutionto anotherin aprogramis thusdefinedasfollows:

Transition 1 Execution� Execution
4

ex *v� ex+Q1 Execution� � ex *EDC ex+v�u) Transition :
ex * ! program � ex+ ! program
� ex *v! history DC ex+
! history�l) GraphTransition

We proposethat any valid Transition from a StableExecutionleadsto another

StableExecution.

76



Proof: given the definition of StableExecutionin section4.10.5the proposition

canonly fail if:

1. thereexists an event e in the rangeof the causesrelationthat is not correctly

enabled;or

2. thereexists an event e in the rangeof the causesrelationfor which the setof

enablingeventsdoesnotallow e.

If we begin with a stableexecution,the first condition is impossibledue to the

� predsenablese� constrainton all eventsaddedby a GraphTransition. Similarly, the

secondconditionis madeimpossibleby the � ee DC ge allowse� constraint.

It is notpossibleto guaranteeterminationof all programs,thusaCorrectExecution

cannotbeguaranteed.Theexecutionof a sequenceof valid Transitionasdefinedby

the axiom above, however, ensuresthat the programis beingexecutedin a manner

consistentwith theprogramspecification.If finite terminationis alwayspossiblefor a

givenprogram,thencontinuedexecutionof valid Transitionswill eventuallyleadto a

CorrectExecution.

4.11 Formalising Distrib ution

The precedingsectionshave formalizedthe executionof programsbasedon the Fi-

nessebehavioural model. Our informal descriptionof the distribution semanticsde-

scribestheconditionsunderwhichtheexecutionof aprogramcanbedistributedacross

asetof participants.Thissectionformalizesthedistributionof thisexecution,showing

thatsubjectto someprogramconstraints,distributedparticipantscancorrectlyexecute

locally enabledTransitionsagainstapartialview of theexecutionhistory.

Thefundamentalaspectof thedistributedsemanticsis thenotionof location.Each

statemachineparticipatingin thedistributedexecutionof a programhasa uniquelo-

cationandmaintainsa view of the executionhistory. The executionhistory of each

machineis populatedwith all locally executedeventsandany remoteeventsabout

which it hasbeennotified throughdirect or indirect communication.As previously

specified,a valid transitioninvolvestheaddition(execution)of a setof eventsto the
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history graph. A valid transitionmustalsoensurethat the relevant allowsandoffers

relationshipsaresatisfied,andthatonly a singleevent from any templateis involved

in a transition.If weshow thattheexecutionof acausallyunrelated(logically concur-

rent)remoteeventcannotinvalidatetheexecutionof a locally enabledevent,thenthe

local eventcanbeexecutedregardlessof any concurrentremotebehaviour. Notehere

that “concurrent”meansall behaviour thatoccursat eachremotelocationbeforethe

next eventnotificationfrom thatremotelocation.Thefollowing subsectionsformally

capturethisapproach.

4.11.1 Templatesand Locations

Wefirst defineadistributedprogramasonethatassociatesthetemplatesof aprogram

with specificlocations:

DistProgram
program 1 Program
roles 1 Template DC LOCATION

program! templates� domroles

A distributedexecutionthathasa setof executionsof theprogram(participants),

eachboundto a location, and constrainsall programtemplatesto that sameset of

locations:

DistExecution
participants 1
L Execution
dprogram 1 DistProgram
interfaces1 Execution DC LOCATION

participants � dominterfacesX
ran� interfaces�Z� ran� dprogram! roles�lX4

p 1 participants � p ! program � dprogram! program

Thebindingof templatesto locationsallows theparticipatingexecutionsto assert

that an event associatedwith a templatecannotbe executedconcurrentlyin another

locations,thuspreventingany attemptsto executemultiple eventsfrom thesametem-

platein a singletransition. The binding of templateto locationcanbe performedat
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programinitialization,althoughfor tractabilityit wouldbeusualfor theco-locationof

eventsto bestaticallydefined.This co-locationof eventsis typically associatedwith

thenotionof aninterface. Notethatit is alsopossiblefor asetof participantsto exhibit

similarbehaviour by copying andrenamingasetof templatesanddistinguishingtheir

locationat initialization time or even at run time basedon a staticallydefinedsetof

locationsfor anominatedbehaviour. Thiscorrespondsnicely to thenotionof ashared

role or processgroup in adistributedcomputation.

4.11.2 Initialization

The key requirementfor distributed executionis that all participantsstart from the

samestate:

InitialState �R�w; d 1 DistExecution̂
4

p 1 d ! participants � p ! history �wx =

4.11.3 Distrib uted State

We now needa definition for the stateof a distributedexecution. This is definedas

theexecutionof thesharedprogramwith thehistorydefinedastheunionof thelocal

executionhistories.Wefirst definethemergeof asetof CausalGraphstructures:

GraphMerge 1IL CausalGraph DC CausalGraph
4

gset 1
L CausalGraph� g 1 CausalGraph � GraphMerge� gset�u� g :
g ! events� d ; eset 1
L Event ^ O g 1 gset � eset � g ! events= X
g ! causes� d ; erel 1
L9� Event � Event�Z^ O g 1 gset � erel � g ! causes=

Usingthisdefinition,we definethedistributedstate:

DistState1 DistExecution DC Execution
4

d 1 DistExecution� ex 1 Execution� DistState� d �u� ex :
ex ! history � GraphMerge

�r; g 1 CausalGraph ^ O exey1 d ! participants � exeg! history � g = �

Thedistributedstateaxiomcapturesthenotionthatthestateof adistributedexecution

is theexecutionstateformedby themergeof thelocal statesin theexecution.
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4.11.4 Distrib uted Transitions

We definea distributedtransitionfunctionasa setof local transitionswith theexecu-

tionof any templaterestrictedto theparticipantwith thesamelocationasthattemplate.

Formally:

DistTransition 1 DistExecution� DistExecution
4

d � dez1 DistExecution� d DC dey) DistTransition :
d ! dprogram � de ! dprogram XO

ex DC l 1 d ! interfaces� exe DC l e 1 de ! interfaces�
l � l e`X ex DC exez) Transition X4

p 1 d ! participants � O pe 1 de ! participants �
p � pe`[
� d ! locations� p�l� de ! locations� pe �{X

p DC pey) Transition X4
e 1k� pe ! history! events� p ! history! event� �

de ! dprogram! roles� e! template�Z� de ! interfaces� pe �\�

Notethatthespecificationincludestheconstraintthatat leastonelocal transitionmust

have occurred,thusensuringprogressis made.

To show thevalidity of adistributedexecution,wemustshow thatif westartfrom

aDistStatethatsatisfiestheStableExecutionaxiom,avalid DistTransitionresultsin a

DistStatethatalsosatisfiesStableExecution. This canbeproven if we show thatany

local Transitionof a participantExecutionis alsoa valid Transitionof thedistributed

executionstate.Reiteratingtheargumentgiven in section4.10.6,thepropositioncan

only fail if, aftera local transition:

1. thereexistsanevente in therangeof thecausesrelationof theDistStatethat is

not correctlyenabled;or

2. thereexists an event e in the rangeof the causesrelationof the DistStatefor

which thesetof enablingeventsdoesnotallow e.

The first conditionis a constraintover the setof enablingarcsfor the event e in

thedistributedstate.The locationconstrainton templateexecutionin DistTransition

ensuresthat only oneparticipantwill adde to its history, henceonly thatparticipant

will addenablingarcsfor e to thegraph.Thus,if thelocalexecutioncorrectlysatisfies
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the � esetenablese� constraintof a Transition, the constraintwill be satisfiedin the

distributedstatesincetheesetassociatedwith e cannotbe modifiedby the merge of

participanthistories.

Thesecondconditioncannotbesatisfiedin thesamemanner:it is quitepossible

that distinct eventsat differentparticipantswill usean offer from a singleenabling

eventandthiscouldviolatetheallowsconditionontheenablingeventin thedistributed

state,but doesnotnecessarilyviolatetheallowsconditionon thelocal state.

A distributed programhasan allows conflict if any two setsof possibleoffers

a templatecanmake have mutually exclusive membersthat arenot co-located. As

discussedin the informal descriptionof this problemin section4.6, we addressthis

issueby definingthe setof safeprogramsasthosethat do not have this conflict, or

have guardsto ensurethat suchconflictscannever occur in a distributed execution.

More formally:

SafeProgram 1
L DistProgram
4

p 1 DistProgram � p ) SafeProgram :4
d 1 DistExecution̂ d ! dprogram � p �

DistState� d �l) StableExecutionXO
e 1 DistState� d �h! history! events �O

tset*@� tset+P1 e! offers� t *I� t +Q1 Template�
p ! roles� t *��Qj� p ! roles� t +7�
t *l) tset*uX t +�j) tset*NX
t +Q) tset+|X t *Rj) tset+

8}_ eset* � eset+ 1IL DistState� d �h! history! events� e* � e+ 1 Event �
e*@! template� t *EX e+I! template� t +lX
e ) eset*uX e ) eset+|X
eset* enablese*EX eset+ enablese+

This specificationis somewhatcomplex, but essentiallysaysthat if a conflict ex-

ists in anexecutionof a programbecauseof mutuallyexclusive offers from anevent

e, thentherecannotbesetsof enablingeventsin theexecutionstateincluding e that

enablethosemutuallyexclusiveevents.Basedonthedefinitionof theenablesrelation

in section4.10.5this implies that either the guardson thoseeventscannotbe satis-

fied by that setof enablingeventsor theoffer cannotbe in the requiressetof oneof

the events. In general,we expect that the safetyof programswill be guaranteedby

ensuringmutuallyexclusive eventshave similarly exclusive guardconditions.
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Returningto the discussionof the satisfaction of our allows constraint,we can

guaranteethis constraintif the distributed programis a SafeProgram, and thus,any

valid local transitionin a distributedexecutionwill result in a StableExecutionstate.

Fromthisweassertthatany DistTransitionagainstaDistExecutionin aStableExcution

statewill resultin anotherStableExecutionstate.

4.11.5 History Updates

Oneof the issuesnot addressedin the above discussionis the updatingof local ex-

ecutionhistoriesto reflect remoteeventsin the distributed executionstate. Without

this, remoteeventswill never bevisible in local historiesandhencelocal eventswith

dependencieson thoseremoteeventscannotbe executed.We definehistoryupdates

formally asfollows:

HistoryUpdate1 DistExecution� DistExecution
4

d*@� d+P1 DistExecution� � d *@� d+~�E) HistoryUpdate:
DistState� d *@�V� DistState� d+I�VX
d *@! dprogram � d+I! dprogram X4

p *Z1 d *@! participants� p+�1 d+I! participants �
d * ! locations� p * �b� d+ ! locations� p+ �{8

p*@! history! events J p+I! history! events X
p*@! history! causesJ p+I! history! causesXO

p *Z1 d *@! participants� p+�1 d+I! participants �
d *@! locations� p *~�b� d+I! locations� p+3�{X
p *@! history! events s p+I! history! events

A key aspectof this specificationarethat thedistributedstateis unchanged:only

the local executionhistoriesareupdatedwith eventsfrom remoteparticipants.This

meansthattheHistoryUpdatetransitioncannotinfluencetheStableExecutionproperty

of a distributedexecution. We alsorequirethat at leastonehistory is updatedin the

transition.

4.11.6 Propertiesof Transitions

TheDistTransitionandHistoryUpdatetransitionsdefinethepossiblestatechangesin

the executionof a distributed programand guaranteethat, given an initially empty

executionhistoryanda safeprogram,all reachablestatesareStableExecutionstates.
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Therearesomekey propertiesof this specificationthatareworthnoting:

1. ThetransitionsemanticsdoesnotrequirethateachlocalexecutionisaStableExecution,

thuslocalhistoriescanbesparseviews of thedistributedstateprovidedall tran-

sitionssatisfytheDistTransitionandHistoryUpdatespecifications.

2. TheDistTransitionandHistoryUpdateare,by definition,mutuallyexclusivebe-

causethe formerexplicitly modifiestheDistStateandtheotherexplicitly does

not modify DistState. Thus,for any distributedexecutiontheremustbea logi-

cally serializedsetof DistTransitionandHistoryUpdatetransitions.

3. Despitetheneedfor logical serialization,theDistTransitionandHistoryUpdate

are both specifiedas independenttransitionsacrossa set of local executions.

Thisverynicelycapturesthelogicalconcurrency of thesystem:providing there

areno interveningHistoryUpdatetransitions,any setof transitionsfrom each

participantindividually satisfyingtheDistTransitionspecificationcanbecom-

binedintoasingle,logically concurrent,transition.Similarly for localHistoryUpdate

transitions.

We have now formally definedthe Finesseexecutionsemantics,first for a cen-

tralizedexecutionandthenfor a distributedexecution.This specificationcapturesthe

necessarypropertiesof suchexecutionsandtheirprograms.

4.12 Concluding Remarks

The informal and formal descriptionspresentedin this chapterdefinea distributed,

asynchronousexecutionmodel for parallelprograms.As discussedin the introduc-

tion to thischapter, thereis nootherequivalent,executablemodelin widely published

literature,so this result is quite significant in itself. Petri netscan provide a simi-

lar semanticsbut imposeadditionalsynchronizationrequirementsandprovide a less

approachableprogrammingmodel.

Subsequentchaptersusethismodelin thecontext of thebinding,roleandinterface

architecturalconceptsintroducedin chapter2, but this executionmodelstandsalone

andcanbeusedin many parallelor distributedprogrammingcontexts.
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Chapter 5

Language

5.1 Intr oduction

Theprecedingchapterprovided a semanticmodelfor theexecutionof asynchronous

distributed programs. This chapter1 describesthe Finesselanguage,which canuse

the semanticmodelasthe basisfor execution. The Finesselanguage,while not the

only possibleapplicationof this model,provided the impetusfor developmentof the

semanticmodelandis an exampleof how thesemanticmodelcanbe presentedin a

usefullanguage.

TheFinesselanguageis perhapsbestdescribedasa coordinationlanguageanda

descriptionof the languagehaspreviously beenpublishedin that researchsphere[9].

The syntaxandstructuringconceptsof the language,however, have grown from the

needsof opendistributedprocessingandin particular, theA1 � model[11]. The lan-

guageis intendedto describethebehaviour andcoordinationof autonomoussoftware

componentsin an open,distributed environment. As such,it bearsonly a minimal

resemblanceto existing programminglanguagesyntax,including interfacedefinition

languageslike CORBA IDL.

While Finesseprovides similar structuringand high-level functionality to other

coordinationlanguages,it alsodiffersin many ways.In particular:

1. Finesseabstractsovercommunication,allowing transformationof dataandcom-

1Thischapteris derivedfrom apaperpresentedat theSymposiumof AppliedComputingin February
1998[9]
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piler or run-timeoptimizationof messagepassingbetweencomponents.

2. Finesseincludesa representationof time, allowing thespecificationof quality

of serviceproperties;

3. Finesseis independentof the languageusedfor programmingthe distributed

components.It is similar in conceptto CORBA IDL, for example,wherethe

programis compiledto produceinterfacestubsfor componentsin the chosen

language(s);

In this chapter, we presentthesyntaxof Finesseanddescribethe relationshipof

thesyntacticconstructsto thesemanticmodeldescribedin theprecedingchapter. We

build on the languageoverview of chapter2 andthe semanticmodel,so a basicun-

derstandingof theconceptspresentedin thosechaptersis assumed.In particular, we

assumethat the key conceptsof binding, role, interfaceandevent relationshipsare

understood.A BNF specificationof thelanguagesyntaxis givenin appendixA.

5.2 BasicSyntaxand Structure

5.2.1 Structure of a Finesse Program

A Finesseprogram,alsocalledabindinghasanouterscopeintroducedby thekeyword

Binding andthenameof thebinding.Thisouterscopedefinestheprogramboundary:

all behaviour presentin thebindingmustbedescribedin this scope.A setof Import

statementsmayappearat thebeginningof this scope.An Import statementidentifies

anotherbindingprogramwhoseroleandinteractiondefinitionsmaybereferencedand

re-usedin thisbinding.

This openingis followed by two sectionsdefining roles and interactions. The

Rolessectiondefinestherequiredbehaviour of participatingcomponents,andthe In-

teractions sectiondefinesthe relationshipbetweeneventsat different roles. Braces

( ; ... = ) areusedto delimit the scopeof definitions. Note that in the following ex-

amples,ellipses(...) areusedto avoid including unnecessarydetail andarenot a

syntacticconstruct.Thebasicstructureis thus:
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Binding Example {
Import ...;
Roles {

...
}
Interactions {

...
}

}

5.2.2 DescribingRoles

A bindinghasoneor morerole definitions,introducedby a role name.A role defini-

tion canbeprefixedwith a cardinalityconstraintenclosedin squarebraces[], which

constrainsthe numberof componentsthat canfill a role in singlea binding instance

(programexecution).Theplace-holder# representstheactualcardinality. Whereno

cardinalityconstraintis given,thedefault cardinalityis exactlyone,for example:

Roles {
Client { ... }
[#>=1] Server { ... }

}

This specifiesthat therearetwo roles,Client andServerandthat thereis exactly one

Client andat leastoneServerin thebinding.

Behaviour describedwithin a role takesthe form of event relationshipspecifica-

tions. In termsof the semanticmodel, thesespecificationstake the form of event

templatedefinitionsconnectedby a numberof relationshipoperatorsandmodifiers.

Theseoperatorsandmodifiersarediscussedfurther in subsequentsections. Events

executedfrom the event templateswithin a role specificationare requiredto be co-

located.Wheremultiple interfacescanfulfill therole,eachinterfaceexecutesthede-

scribedbehaviour independently(i.e. a logical AND of thebehaviours)exceptwhere

linkedby specificationsin the Interactions section.

5.2.3 Describing Interactions

The Interactions specificationdefinesrelationshipsbetweenevent templatesoccur-

ring in the roles. In this section,event templatesare referredto by the role name,
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followed by a period ’.’ and the event templatename. This referenceto an event

templatecanalsohave a cardinalityconstraintto dealwith situationswheremultiple

componentsfill therole. For example:

Binding Example {
Import ...;
Roles {

Client { send! }
[#>=1] Server { receive? }

}
Interactions {

Client.send -> [#=all] Server.receive
}

}

The place-holder# in the Interactions specificationrefersto thenumberof compo-

nentsexecutingtheevent template,while the place-holderall refersto thenumber

of componentsfilling therole. In theabove example,theclient role executesasend

event followed by all servers executing the receive event. In other words, this

bindingis ahigh-level descriptionof reliablemulticast.Behaviour describedin thein-

teractionssectioncannotintroducenew eventtemplates:it canonly useeventtemplate

namesdefinedin therolessection.

5.2.4 Event Templates

Thebehaviour within rolesandinteractionsis definedby eventtemplatesandtheir re-

lationships.An eventtemplateis introducedin therolessectionby aname,adirection

indicator, andaparameterlist, for example:

e!(x:t1, y:t2)

wheree is the event templatename,! indicatesthat it is an outputevent,x,y are

the event parameters,andt1,t2 are the datatypesof the parameters.Eventsare

uni-directional,that is, they canbe input eventsor outputeventsbut not both. The?

characteris usedin placeof the! to indicatean input event. Input andoutputare

relative to therole, that is, anoutputevent impliesthat thecomponentfilling therole

is providing parametervalues,while aninput event impliesthatprogramexecutionis
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providing parametervalues. In termsof the semanticmodel, the direction indicator

is unnecessarybecauseall eventsimply synchronizationbetweentheinterfaceimple-

mentinga role and the programexecution. Direction indicatorsare includedin the

language,however, becausethereis typically a cleardistinctionbetweeninput events

andoutputeventsin componentimplementations,for example,the input andoutput

associatedwith amethodcall.

Thedirectionindicatorandparameterlist areonly includedin thefirst definition

of an event template.This meansthey mayonly appearin role definitions. Wherea

templatenameappearsmorethanoncein a role definition,only thefirst caninclude

theseannotations.

5.2.5 NamedBehaviours

Rolescancontainnamedbehaviours thatgrouptogethera setof event templatesand

allow the Interactions sectionto referto somesubsetof therole whendefininginter-

actionbehaviour, for example:

Binding {
Roles {

Client {
read { send! -> receive? } ->
write { send! -> receive? }

}
...

}
Interactions {

Client.read ...
}

}

Namedbehaviours definea scopefor event templatenames,allowing the role def-

initions to re-usetemplatenamesin a differentnamedbehaviour whenappropriate.

Referenceto sucheventtemplatesin theinteractionssectionmustincludetheroleand

any scopenames,e.g.usingtheexampleaboveClient.read.send.
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5.3 DescribingBehaviour

Theconstructsof theprecedingsubsectionshavehintedathow behaviour is described

in Finessebut areprimarily aimedatdescribingprogramstructureandeventattributes.

In this section,we describehow the operatorsandmodifiersof Finesseallow us to

describeeventrelationshipsin termsof thesemanticmodelpresentedin 4.

5.3.1 Intr oducing the Causality Operator

Causalitybetweeneventtemplatesis introducedusingthe � � operator. Thestatement

e1 � � e2 hasimplicationsfor boththeleft handandright handtemplates.In terms

of theexecutionsemantics:

e� � � e�R8
e�P) e��! requires X
e��) e�I! offers

In otherwords,thestatementimplies that the templatee2 requiresan offer from an

e1 eventbeforeit canbeexecuted,andthatane1 eventoffers its causalityto ane2

template. This definesthe causalityoperatorin its simplestform wherethereis no

non-determinismandthe templatese1 ande2 refer to singleoccurrencesof events

(cardinalityof exactlyone).

Instancesof suchcausalrelationshipspecificationscanbechained,thatis,e1 � �
e2 � � e3withoutany changeto thesemantics.Considerablymorecomplex expres-

sionscanbe usedon eithersideof the operator, however. In subsequentdiscussion,

wewill referto theLHSandRHSmeaningtheexpressionto theleft andto theright of

theoperatorrespectively.

5.3.2 Complex Expressions

Expressionson eithersideof thecausalityoperatorcanrefer to a graphof events,for

example,asa resultof usingnamedbehaviours. In otherwords,theLHS of the �b�
operatorcouldbethegraph:
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-> e2
/

e1
\
-> e3

In this case,the operatorappliesto eachleaf templateof the graph,that is, e2 and

e3 in this case. Similarly, if the RHS of the operatoris a graphwith multiple root

templates,theoperatorappliestoeachroots.Wheretherearemultiplerootsandleaves,

theoperatorappliesto theproductof leavesandroots(i.e. eachpossiblepairing),for

example,if we usetheabove graphasourLHS andourRHSwere:

e4
\
-> e6

/
e5

Wehave:

LHS � � RHS 8
e� � � e&�X
e� � � e(nX
e� � � e&�X
e� � � e(nX

5.3.3 Logical AND

The logical AND of two behaviours, LHS AND RHS, implies that both behaviours

mustoccurfor correctexecutionof theprogram.Wherethereareno common,fully-

qualifiedtemplatenamesin theLHS andRHSbehaviours, thetwo behavioursarein-

dependent:therearenocausalrelationshipsandthey canexecuteconcurrently. Where

any templatenamesmatch,theLHS andRHSmustsynchronizeonthematchingevent

templates,or in otherwords,commoneventtemplatesjoin thetwo behaviours.For ex-

ample:

e1 -> e2 -> e3

AND

e1’ -> e2 -> e3’
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implies:

e1 -> e3
\ /

-> e2 -
/ \

e1’ -> e3’

In termsof theoffersandrequires,it implies:

; e�I� e� e =nJ e��! requires X
e�p) e�I! offers X
e�p) e� e ! offers X
e�p) e��! requires X
e�p) e� e ! requires X
; e��� e� e =nJ e��! offers

5.3.4 Logical OR

The logical OR of two behaviours LHS OR RHS, implies that either or both be-

haviourscanoccur. As with AND, thebehavioursmustsynchronizeoncommonevent

templatenames,thatis:

e1 -> e2 -> e3

OR

e1’ -> e2 -> e3’

implies:

e1 -> e3
\ /
OR-> e2 -OR

/ \
e1’ -> e3’

In termsof offersandrequires:

� e� ORe� e �u) e��! requires X
e�p) e�I! offers X
e�p) e� e ! offers X
e�p) e��! requires X
e�p) e� e ! requires X
� e� ORe�7e��u) e��! offers
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It becomesclear from this examplethat the requires and offers associatedwith an

event templatearedecisiontrees,asdescribedin theexecutionsemantics.Any level

of nestingof suchlogicalexpressionsis possible.

5.3.5 ExclusiveOR

Theexclusive OR of two behavioursLHS XOR RHS, impliesthatoneor otherof the

two behavioursmustoccurbut not both.Sincethebehavioursaremutuallyexclusive,

no synchronizationis possibleor necessary. Usingoursameexample:

e1 -> e2 -> e3

XOR

e1’ -> e2 -> e3’

implies:

� e� XORe�3�u) e��! requires X
e�p) e�I! offers X
e�p) e� e ! offers X
e�p) e��! requires X
e�p) e� e ! requires X
� e� XORe�7e��E) e��! offers

TheXOR operatorcanalsobeusedto captureoptionalbehaviour, thatis:

e� � � e� XORe�|8
e�P) e��! requires X
� e� XOR xR�u) e�I! offers

e� � � e� XORe�R8
� e� XOR xR�u) e��! requires X
e��) e�I! offers

5.3.6 Combining Logical Operators and Complex Expressions

In theprecedingsubsectionswehavedescribedlogicaloperatorsandcomplex expres-

sionsin isolation. Fromthediscussion,it is clearthat thenon-determinismin prede-

cessorandsuccessorevent templatescausedby logical OR andXOR operatorsmust

becapturedin therequiresandoffers of aneventtemplate.In thepresenceof complex
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expressions,it follows thatany non-determinisminvolving leaf nodesof a LHS must

becapturedin therequiresof theRHSroot nodesandany non-determinisminvolving

theRHSrootnodesmustbecapturedin theoffersof theLHS leafnodes.For example,

if we have:

-> e2
/

LHS == e1 XOR
\
-> e3

e4
\

RHS == OR -> e6
/

e5

Weget:

LHS � � RHS 8
� e� XORe�3�Z) e&�! requires X
� e� XORe�3�Z) e(�! requires X
� e& ORe(3�N) e��! offers
� e& ORe(3�N) e��! offers

Thenotionof the leaf or root nodeis essentiallyreplacedwith thenotionof a leaf or

root expressionwhenever thereis non-determinismintroducedby OR or XOR across

nodes.

5.3.7 The Logic of Cardinality Constraints

Cardinalityconstraintsspecifiedin interactionspecificationsimply a “subsetchoice”

semantics:acorrectbehaviour executesasubsetof thepossibleeventswherethesub-

setsatisfiesthespecifiedcardinalityconstraint.Suchspecificationstake theform:

R1.e1 -> [# > n] R2.e2

where
W

refersto thenumberof componentinterfacesin roleR� thatactuallyexecute

e� , � is anumericcomparisonoperator(i.e. it couldbea i , � etc),andn is anumeric
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value.Thecardinalityconstraintimposesa logical relationover thedistinct templates

thatcouldbeexecutedat eachof theinterfacesfilling theroles.

Theeffectof thecardinalityconstraintisequivalentto alogicalXOR of all possible

subsetsthatsatisfythecardinalityconstraint.For example,if we have threeinterfaces

I � , I � andI � in role R� andthecardinalityconstraintis / W ���~0 , wehave:

� I �I! e� AND I ��! e�3� XOR � I ��! e� AND I ��! e�3� XOR � I �I! e� AND I ��! e�3�

Thiscanbeconsideredarewriting ruleovertheoriginalexpression,thustheexpression

becomes:

R1.e1 -> I1.e2 R1.e1 -> I2.e2 R1.e1 -> I1.e2

AND XOR AND XOR AND

R1.e1 -> I2.e2 R1.e1 -> I3.e2 R1.e1 -> I3.e2

Thesemanticsof theselogicaloperatorsspecifiedin theprecedingsectionscanthenbe

applied.Theusualmathematicalreductionand/orsimplificationof logicalexpressions

involving AND, ORandXOR canbeapplied.Noteherethateventtemplatesspecified

in role and interactiondefinitionsmust be annotatedwith an interface identifier at

bindinginstantiationto distinguishthemin theprogramexecutiongraph,asdiscussed

in section4.7of thepreviouschapter.

Theimplicationsof cardinalityconstraintsfor non-determinismaresignificantand

it is worth notingthat this exampleandotherscanpotentiallycauseproblemsfor im-

plementation.By definition, the behaviour associatedwith a setof interfacesimple-

mentingroles is distributed. Cardinality constraintsappliedto a role can therefore

resultin distributed,mutuallyexclusive successorsto anevent.Suchmutualexclusion

occurswhenever a maximumcardinality lessthanthe numberof interfacesfilling a

role is specifiedon the RHS of the causalityoperator. Considerthe exampleabove:

a distributeddecisionmustbe madeto excludeeither I �I! e� , I ��! e� or I ��! e� to ensure

thattheconstraintis satisfied.This problemis discussedat somelengthin section4.6

of theprecedingchapter. Therecommendedsolutionis to requirethatevent template

guardonany RHSexpressionguaranteesthenecessarymutualexclusion.

TheFinesselanguagespecificationdoesnotimplementthisrecommendationthrough
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its syntax,however, compilersshouldflagany programconstructthatcouldpotentially

lead to suchproblems. In the caseof cardinality constraints,thereare also builtin

booleanfunctions(discussedin subsequentsections)that canbe usedto guardsuch

behaviour.

5.4 Control Flow

Theprecedingsectionprovidedabasisfor describingeventrelationshipsusinganum-

berof operators.In thissection,weintroducecontrolflow constructs,andin particular,

constructsfor guardsanditeration.

5.4.1 Roles,Interactions and Iteration

Weknow intrinsicallythatiterativebehaviour mustbeimplementedby thecomponents

participatingin a distributedprogram.Connectingthe iterative behaviour of distinct

componentsin awell-definedandclearspecificationis difficult atbest.In Finesse, we

try to minimizethiscomplexity by allowing iterationconstructsonly in rolespecifica-

tions: theinteractionssectionof aspecificationcanthusonly beusedto “connect”the

iterative behaviours andnot introduceany new iteration. This is in keepingwith the

goalof beinga languageaimedat connectingcomponents.As canbe seenfrom the

previous andsubsequentexampleprograms,this keepsthe interactionspecifications

relatively simple,andloseslittle or noexpressive power.

Revisiting thesemanticsof the �V� operator, we addthe assertionthat in the in-

teractionsspecification,the expressionLHS �Q� RHS implies that any instanceof

theLHS behaviour is followedby a distinct instanceof theRHS behaviour, subjectto

any non-determinismintroducedby logicaloperators.Thismeansthattherelationship

appliesdistinctly to any iteratedinstancesof theLHS andRHS behaviours.

In the Finesselanguage,we do not allow parallel iteration within a role. This

avoidstheinherentproblemof connectingrelatedparallelbehavioursacrossroles,but

preventsa role from creatingindependentthreads.Parallel instancesof a behaviour

canbe introducedby allowing multiple instancesof a role: this explicitly identifies

eachinstanceandtheconnectionsbetweenthesebehavioursandothers.It canalsobe
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introducedby usingexplicitly andstaticallynamedcopiesof an importedbehaviour.

While it wouldbepossibleto extendthesemanticmodelandlanguageto includepar-

allel iterationwithin a role,many programscanbeexpressedwithoutsuchiterationas

is demonstratedin chapter8. Futureversionsof thelanguagemightallow thedynamic

creationof subordinatebindingsto addressthis problemandavoid the issuesrelated

to connectingparallelbehavioursacrossroles.

5.4.2 Iteration

Iterationis introducedby awhile construct:

while [guard] { LHS }

-> RHS

This is equivalentto:

[guard] LHS -> { [guard] LHS XOR [NOT guard] RHS }

XOR

[NOT guard] RHS

Werequire,however, thatexpressionsof theform LHS � � LHS arenotpermittedin

Finesse. This is a syntacticrestrictionaimedat clearly distinguishingiterationfrom

sequentialbehaviour andavoiding ambiguitywhenan expressionappearsmorethan

oncein a specification.It makes little differenceto the languagesemantics,assug-

gestedby ourdefinitionof thewhile constructsemanticsabove.

Wealsoallow anunguardediterationconstruct:

loop { LHS } -> RHS

This is equivalentto:

LHS -> { LHS XOR RHS }

XOR

RHS
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In otherwords,this constructallows theLHS behaviour to beexecutedzeroor more

times,but theRHSbehaviour canbechosenat theendof any iteration.Thechoiceof

theRHSbehaviour terminatestheloop, andtheRHSbehaviour mustbeimmediately

distinguishablefrom theLHS behaviour.

5.5 ResolvingEvent References

Throughouta Finesseprogramit is necessaryto make referencesto othereventsthat

have occurred. The natureof role/interactionbehaviour specificationsis suchthat

while thesereferencesidentify a singleeventtemplatedefinitionfrom arole, they can

identify multiple event instances.This is dueboth to iteration(multiple instancesof

theeventexecutedby a singleparticipant)androleswith greaterthanoneparticipant

(multiple instancesof the event executedby differentparticipants).The syntaxalso

allows a prev keyword for referencingthe immediatelyprecedingevent. In orderto

definethe languagesyntax,we must specify how theseevent referencesresolve to

particularevents.

Within arolespecification,all referencesresolve to thenearestcausallypreceding,

co-locatedeventthatmatchesthereference.Theterm“nearest”meansthatthereis no

othercausallysucceedingeventwith thesamename.Referencesin rolespecifications

shouldnot includea rolename.Sincerolebehaviour cannotincludeparalleliteration,

this rule ensuresthat the referencecanonly resolve to a singleevent. The prev ref-

erencealwaysidentifiestheevent specifiedimmediatelyto the left of thecurrent->

operator. Theprev keyword is invalid wheretheLHS is anexpressionwith multiple

tail events.

Within an interactionspecification,the referenceresolvesto the nearestcausally

precedingevent that matchesthe reference. Wheremultiple concurrenteventsare

identified by this rule (i.e. there is no single matchingevent that is causallyafter

all other matchingevents),a co-locatedevent is given preference,then an event is

randomlychosen.The prev referencesidentifiesthe event specifiedimmediatelyto

theleft of thecurrent-> operator. If this referenceis of theform Role.event with

acardinalitygreaterthanone,thenasingleeventcanberandomlychosenfrom theset.
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Theprev keyword is invalid wheretheLHS is anexpressionwith multipledistincttail

events.

Notethatthis interpretationof eventreferencesis languagespecific.Thesemantic

modeldescribedin theprecedingchapteris quiteableto accommodateanalternative

syntaxthatuseseventreferencesto identify setsof events,for example.

5.6 Guards

A guardis a logical expressionthatmustbesatisfiedbeforeaneventcanbeexecuted.

This is in additionto any cardinalityor causalpredecessorconstraints.In theFinesse

language,guardscorrespondexactly to theguardsemanticspresentedin theprevious

chapter. They areintroducedusingthefollowing syntax:

[guard] LHS

whereguard is a logical expressionandLHS is any behaviour expression.As with

theRHS of our behavioural operators,the guardappliesacrossall root nodesof the

expression.Wherean event templatehasboth a guardanda cardinalityconstraint,

they mustbe containedwithin the samesquarebracesandjoined by a logical AND

operator. While this is slightly inconsistentsemantically, it makesconsiderablesense

syntacticallysincethecardinalityis a restrictionthatmustbesatisfiedwhenexecuting

asetof events.

A namedexpressionmight appearin several partsof a specification,requiring

synchronizationof all instances.Distinct guardscanbeappliedto any instanceof the

expression,with theresultbeingthelogical AND of all guardexpressions.

We defer the detailedsyntaxof guardexpressionsto the implementation,since

it will dependon the setof functionsandoperatorsapplicableto the supporteddata

types. It is required,however, thatall implementationssupporta functionalguardof

theform f � x �I� x����!�!�!�� andthelogical operatorsAND, OR, XOR andNOT. A numberof

explicit guardfunctionsassociatedwith time andorderingconstraintsarespecifiedin

the following subsections.Note that thesyntaxof cardinalityconstraintsis specified

previously in section5.3.7.
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5.6.1 Time Guards

Timing constraintsare includedin Finesseprogramsthroughguardsand the provi-

sionof two built-in functions:timelessandtimemore. Thesefunctionstake anevent

referenceanda real-valuedexpression(which could itself be a function). timeless

evaluatesto true if the numberof secondssincethe referencedevent is lessthanthe

suppliedvalue.Conversely, timemoreevaluatesto trueif thenumberof secondssince

thereferencedeventis equalto or greaterthanthesuppliedvalue.For example:

e1!() -> [timeless(e1, 10.0)] e2?()

Thisspecifiesthattheevente2 mustoccurwithin 10.0secondsof e1. As specifiedin

thesemanticmodel,guardsinvolving time areonly permittedto comparetime deltas.

Literal time deltasarerepresentedasa real numberindicatinga numberof seconds.

Implementationsof Finesseshouldallow for clock skew whenevaluatingtime guards

involving eventsat differentlocations.

5.6.2 Event Causality Guards

A setof guardsaresuppliedfor ensuringappropriatecausalityexistsbetweenevents.

Therearethreeguardfunctionsin this category, namelybefore, occur, andreplyto.

Thebefore functionacceptstwo eventreferencesandreturnstrueif thefirst referenced

event is causallybeforethesecond.Theoccur function takesanevent referenceand

returnstrueif aneventmatchingthatreferenceexistsin thecausalhistoryof thecurrent

event. The replyto function takestwo event referencesandreturnstrue if thesecond

eventreferencedis causallyprecededby thefirst. In additionthefirst eventreference

is restrictedto eventsco-locatedwith theguardedevent.

The useof before and occur functions is fairly self-explanatory, however, the

replyto guarddeserves further discussion. This guardis usedin contexts wherea

particularevent canonly be executedif the matchingcausaldependent(the second

parameter)is generatedasa resultof a specificprecedingevent. This allows us, for

example,to filter out strayrepliesto multicastrequeststhatshouldbediscarded.The
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replyguardalsoservesto supportaninternaloptimizationin implementations:in asit-

uationwheretherearemultiple clientsin anRPCinteractionmodel,thedefault (and

correct)behaviour would be to sendthe RPCreply to all clientseven thoughonly a

singleclient madetherequest.This guardallows theserver(s)to determinethatonly

asingleclient canusethereply, thereforeonly onereplyneedbesent.

5.7 Parameter Relationships

An event templatespecificationcanincludea specificationof its parameterrelation-

ships.Thespecificationdefinesthevaluesof theparameters.For example:

e1!(x:t1, y:t2) -> e2?(z:t3) {z = f(e1.x)}

Parameterrelationshipspecificationscanrefer to any identifiable,causallypreceding

eventusingtheevent referencesemanticsdefinedin section5.5. Thereis no require-

mentthatall parametersof any outputeventmustbeconsumedby aninputevent,and

the parametersof an outputevent canbe usedmany times. Parameterrelationships

are functional,allowing for transformationof data. For all parameterrelationships,

the functionor operatorusedmustbe well-definedfor thedatatypesof theparame-

ters.Thismeans,for example,thatequality(=) canbeusedfor parametersof different

typesprovided it is well definedin the context of the binding. Due to its common

usein remoteprocedurecall, Finessehasshorthandsyntaxfor nameequivalenceof

parameters,thatis:

e1!(x:t1, y:t2) -> e2?(x:t1, y:t2) {*= e1}

Thisspecifiesall parametersof e2with namesmatchingparametersin e1 areassigned

thevalueof thatsame-namedparameter. Thereis no requirementthatall parameters

in eithere1 ore2 beassignedby theoperator. Notethatasdescribedin thediscussion

of eventreferencesemantics,thekeywordprev canbeusedto referto theimmediately

precedingeventin thecurrentspecificationcontext.
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5.8 Reuseand Generics

The Import keyword allows role andbindingdefinitionsto be re-usedin thecurrent

Finesseprogram.It is followedby thenameof aFinesseprogramto import. Therole

andinteractiondefinitionscontainedin thatprogramarethenableto beusedwithin the

currentprogram.For roles,they canbereferredto usingProgramName.RoleName

syntaxin aroledefinitiononly. Thissyntaxsimplycopiestheidentifiedroledefinition

from theimportedprograminto thecurrentprogram.If theroledefinitionis to beused

multiple times,anamescopemustbedefinedto distinguishtheinstances.

Theinteractiondefinitioncontainedwithin theprogramcanbereusedonly within

the interactionspecification.It canbe referencedusingonly the programname,but

mustbe parameterizedby a setof namedrole behaviours thatmatchthe rolesof the

importedbinding.Thesemanticsof this referenceis to copy theinteractionbehaviour

from the referencedprogramwith the role namein any Role.event specification

replacedby thefully-qualifiedbehaviour name(i.e. Localrole.behav.event.

In thesimplecase,role andbindingdefinitionsarere-usedwithout parameteriza-

tion, for example:

Binding Message {
Roles {

Sender {send!(x:t1)}
Receiver {receive?(x:t1)}

}
Interactions {

Sender.send -> Receiver.receive {*=Sender.send}
}

}

Binding UseMessage {
Import Message;
Roles {

Send2 {send1 {Message.Sender}
-> send2 {Message.Sender}}

Recv2 {recv1 {Message.Receiver}
-> recv2 {Message.Receiver}}

}
Interactions {

Message(send1, recv1) AND
Message(send2, recv2)

}
}
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Therolesof theMessage bindingareusedto definetwo actionseachin theSend2and

Recv2rolesrespectively. Theinteractionssectionof theUseMessage bindingsimply

bindsthoseactionstogetherusingtheMessagebinding.While thisis useful,theability

to parameterizeroleswith arbitraryparameterlistsgive moreflexibility. This requires

an incompletebindingprogramdefinitionwith placeholdersfor parameterlists, used

asfollows:

Binding Message {
Roles {

Sender (MSG) {send!(MSG)}
Receiver (MSG) {receive?(MSG)}

}
Interactions {

Sender.send -> Receiver.receive {*=Sender.send}
}

}

Binding UseMessage {
Import Message;
Roles {

Send2 {send1 {Message.Sender(x:t1)}
-> send2 {Message.Sender(y:t2)} }

Recv2 {recv1 {Message.Receiver(x:t1)}
-> recv2 {Message.Receiver(y:t2)} }

}
Interactions {

Message(send1, recv1) AND
Message(send2, recv2)

}
}

Wherever a placeholdernameis encounteredin the importedbindingdefinition, it is

replacedwith theparameterlist provided in the instantiation.This allows us to reuse

the interactionbehaviour with differentevent parameterlists, allowing definition of

bindingssuchasgenericRPCor multicast.Note in this casetheusefulnessof name-

equivalencefor parameterrelationshipspecifications.

5.9 Concluding Remarks

ThischapterhasdescribedtheFinesselanguage,acoordinationlanguagefor opendis-

tributedsystems.A Finesseprogramor bindingdescribestherolesof componentsin a
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distributedapplicationandtheinteractionsbetweenthoseroles.Rolesandinteraction

aredescribedusingevent relationships,in particular, causality(ordering),parameter

and timing relationships.Finessehasstrongsupportfor groupcommunicationand

providesabstractionthroughstructuringandcompositionfeatures.

Finessehasa numberof featuresthat are novel in coordinationlanguages.Its

key advantageis theability to beexecutedover thedistributed,asynchronousexecu-

tion modeldefinedin chapter4. Also of particularinterestis the abstractionthat it

providesover messaging.Messagingis implied by declarative relationshipsbetween

events,meaningthatacompileror interpretercanoptimizethenumberandcontentof

messagestransferredbetweencomponents.Theuseof explicit, but abstract,parameter

relationshipsallow parametersto beignoredif notused.Theuseof causalityrelation-

shipsallows parametersfrom multiple eventsto be combinedinto a singlemessage

from a particularinterfacewhereappropriate.

Opennessandflexibility is enhancedby allowing arbitraryparameterrelationships.

This canallow, for example,a DCE RPC client to call a CORBA server, provided

theappropriateinfrastructureandtransformationfunctionsarein place. TheFinesse

languagehasno structuralknowledgeof datatypes,freeing it from the confinesof

a specificdatamodel. The useof functional relationshipsbetweenparametersalso

providesgoodsupportfor including legacy componentsandapplicationsin a Finesse

binding.

The inclusionof time constraintsis bothnovel andvery useful. Suchconstraints

can be usedto explicitly specify timeoutsand associatedbehaviour, or to describe

qualityof serviceconstraintson, for example,thedelivery of multimediastreams.

It shouldbeemphasizedthat theFinesselanguageis anexampleof how theexe-

cutionmodeldescribedin theprecedingchaptercanbeused.Othersyntaxdefinitions

arepossibleand in particular, a graphicalprogramminglanguagemight be particu-

larly appropriatein a coordinationcontext. The definition of sucha languageis not

addressedby this thesis.

104



Chapter 6

Runtime Engine

6.1 Overview

This chapterdescribesthe designof a distributed runtimeengineimplementingthe

Finessesemanticsdefinedin chapter4 andproviding a run-timetarget for theFinesse

languagedescribedin thepreviouschapter. A Finesseprogramis capturedby a setof

event templatesthatdescribethepossiblepartialorderingsof events,their parameter

relationships,andguardexpressionsfor eventswhich canincludetiming constraints.

A correctexecutionof aprogramis apartialorderof eventexecutionthatmatchesone

of thepartialordersdescribedby theprogram,with eacheventsatisfyingtherequired

parameterrelationshipsandany guards.

Theruntimeengineexecutesa Finesseprogramby executingenabledevents.The

initial stateof theprogramis representedby thesetof eventsthathavenopredecessors,

hencecanbeexecutedat any time provided their respective guardsaresatisfied.The

executionof aneventpotentiallyenablesothereventswhicharesubsequentlyexecuted

andsoon.

A Finesseprogramis executedby a setof distributedparticipants.Eachdistinct

event is executedby a distinctparticipantin theprogram.The runtimeenginehence

operatesasa set of distributed runtimeengines,one for eachparticipant. The par-

ticipantenginesmaintaina graphof occurredandpendingevents. Pendingeventsto

be executedlocally canbe fired by a participantwhenall requiredpredecessorsare

known to have occurred(it hassufficient offers), andwhenthe event guardexpres-
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sion,if any, is satisfied.Whenaneventis executed,a notificationof thatevent is sent

to thoseparticipantswith potentiallysucceedingevents,that is, eventsto which this

eventmakesanoffer of causality. Thegraphmaintainedby eachparticipantis a par-

tial view of thesystemstatebecauseremotelyexecutedeventsmight not bevisible in

the graphat any given time. In general,no singleparticipant will havea complete

view of systemstate. Theparticipantruntimeengineis thusresponsiblefor maintain-

ing thegraphof occurredandpendingevents,executinglocal enabledevents,andfor

delivering notificationsof executedeventsto local softwarecomponentsandremote

participants.

This designhasbeenimplementedin a prototypewritten in the Java language.

The prototypedoesnot fully implementthe semanticsdescribedhere,but is ableto

correctlyexecutemostvalid programs.The limitations of theprototypearenotedin

theappropriatesections.

Although not strictly required,the implementedsemanticsincludesexplicit sup-

portfor someelementsof thelanguage.In particular, it usesthestructuringconceptsof

roleandinterface, wherearoledefinesco-locatedbehaviour andaninterfaceprovides

a specificlocationfor role behaviour. The implementationallows multiple interfaces

to fill a role, meaningthat the event templatesdescribingthe role needto be distin-

guishedby interfacenamein order to meetthe semanticmodel requirementfor an

explicit associationbetweenaneventtemplateanda location.

The implementationalsoprovidescausaltimestampsemanticsfor eventnotifica-

tions. This allows eachparticipantto deterministicallybuild a consistentcausalhis-

tory graphto resolve eventreferencesandenforceany orderingconstraintsimpliedby

guards.While thesesemanticscanbe implementedat compile-timeby other, more-

specificmechanisms,ourapproachallows usto easilyaddadditionalguardsemantics

andalsoprovidesamoreusefulplatformfor debuggingprograms.

Thefollowing sectionspresentthedesignof theruntimeengineandits prototype,

including the internal representationof programs,the managementof enablingrela-

tionships,building acausalhistorygraph,andanumberof ancilliary issues.
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6.2 RepresentingPrograms

Eachparticipantrequiresa copy of theprogramto beexecutedat initialization. This

executablerepresentationof theprogramdescribesthesetof eventtemplatesthatform

theprogram.Eachtemplateis assignedto a role,anddefinesthepredecessorrequire-

ments,successorrequirements,guardexpression,andparameterrelationshipsexpres-

sion. It also includesa set of forward parameterreferences,allowing the runtime

engineto determinewhereeachparametervaluemight berequired.For internalpro-

cessingefficiency, local successorsaredistinguishedfrom remotesuccessors.

Thesyntaxof this internalform is asetof well-definedS-expressions.While nota

high-level language,this form canbewritten by handwith minimal effort or couldbe

thetargetof aFinesselanguagecompiler. A parserfor theseexpressionshasbeenbuilt

to supporttheprototypeimplementation.Theparserreturnsthesetof event template

objectsasdefinedby theS-expressions,readyfor executionby theruntimeengine.

Theassociationof interfacesandrolesis performedat initialization time,sofrom

theperspective of thesemanticmodel,thisassociationformspartof theprogramdefi-

nition. Theenginedistinguishesbetweeneventstemplatesexecutedat differentinter-

faceshaving thesamerole at run-time.SincetheFinesselanguagehasbeendesigned

with multiply-filled rolesin mind, this is not especiallydifficult andthe implementa-

tion is discussedin a latersectionof thedocument.

6.3 Initialising a Program Execution

The executionsemanticsrequiresthat all participantsin a distributed executionbe-

gin with a copy of theprogramandaninitially emptyexecutionhistory. TheFinesse

languageaddstheability to associateinterfaces(locations)with roles(co-locatedbe-

haviour) at initialization time. Theapproachtaken to satisfytheserequirementsis as

follows:

1. A binder is instantiatedwith a Finesseprogramin the internalform. It parses

theroledefinitionsandwaitsfor offersto fill rolesfrom participants.

2. Eachparticipantengineis instantiatedwith thenameof a role thatthey areable
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to implementandthelocationof thebinder. Theparticipantengineadvisesthe

binder that it is able to fill the namedrole and nominatesa communications

endpoint(in this case,aTCPaddress)for participationin theprogram.

3. Whenthebinderhassufficient participantoffersto instantiatethebinding(gov-

ernedby therole cardinalityconstraints),it distributestheprogramanda list of

participantsto eachparticipantandwaitsfor anacceptanceof thatprogramfrom

them.

4. Oncetheparticipantshave acceptedtheprogram,a confirmationis sentto each

of themandtheprogramcanbegin.

Therearea numberof importantpointsto noteaboutthisbehaviour:

� Thebinderis consideredto bea distinctentity, thereforeallowing programin-

stantiationby eitheroneof theparticipantsor adistinctcontrollingentity.

� Eachparticipantadvertisesonly their ability to fill a namedrole. They do not

nominatea specificprogram. This allows, for example,a participantwith an

RPCclient interfaceto operateunmodifiedin botha unicastandmulticastRPC

binding.

� It is quite possiblefor the advertising and acceptanceof a programoffer by

a participantto bemadesomewhatseparatefrom theexecutionof theprogram,

for example,theadvertisingandacceptanceof aprogrammightbeperformedby

asecuredmanagementapplicationthatchecksthecredentialsof theparticipants

prior to establishingthebinding.

Thesefeaturesallow the implementationof functional behaviour to be entirely

separatedfrom the administrative tasksassociatedwith creatinga programinstance.

This is of particularinterestfor cross-enterpriseinteraction,for exampleelectronic-

commerceapplications.If youconsidertheprogramto reflectthecontractbetweenthe

partiesfulfilling theroles,it is quitelikely thatthecontractnegotiationwill becomplex

andoftendifferentfor eachprograminstance.Theseparationof concernsprovidedby

theinitialization approachmakesthis quitefeasibleto implement.You couldalso,for
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example,have distinctbindingprocessesfor internalandexternalinteractionswithout

modifying thefunctionalbehaviour.

6.4 Executinga Program

Eachparticipantenginehasacopy of theprogramcurrentlybeingexecutedandmain-

tainsa graphrepresentingthe currentsystemstate,asseenby that participant. The

graphmaintainedby eachparticipantis built by addingeventscreatedfrom eventtem-

platesto a pendingportionof thegraphwhenany of their immediatepredecessorsare

known to have occurredor immediatelyif they have no directpredecessors.This por-

tion of thegraphis known asthe front. The informationabouttheorderingof events

requiredfor this addition is containedin the templates. Whenall predecessorsare

known to have occurredandthe guardis satisfied,the event canbe executedby the

engine.Whenexecuted,theevent is movedfrom thependingportionof thegraphto

thehistorywhichcontainsinformationaboutexecutedevents.Notethatanenginecan

only executeeventsassociatedwith its role.

The graphthereforecontainsboth eventsthat have occurredandeventsthat are

expectedto occur. Whenever a local event is fired or knowledgeof a remoteevent

occurrenceis received,theeventis placedin thehistoryandany immediatelysucceed-

ing eventsareaddedto thefront if not alreadypresent.Eacheventin thefront is then

evaluatedto determineif it canbeexecuted.

Whenaneventis executedby aparticipant,informationassociatedwith thatevent

is transmittedto all otherparticipantsthathave immediatelysucceedingeventsin the

Finesseprogram,haveparameterrelationshipswith theexecutedevent,or haveguards

that referencethe executedevent. This transmissioncarriesa causaltimestampfor

the event, identifying recenteventsin the history of the senderand allowing other

participantsto correctly updatetheir view of the systemstate. The executionof a

Finesseprogramcontinuesin this fashionuntil no furthereventscanbeenabledor an

erroroccurs.

The following subsectionsoutline the detailsof execution,including the enable-

mentof events,evaluatingguards,maintainingthehistory, andimplementingparame-
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ter relationships.

6.4.1 CausalEnablement

The causalenablingrelationshipsbetweeneventscanbe quite complex becauseFi-

nesseprogramscanspecifya considerablelevel of non-determinismin thepartialor-

deringof events. The successorsandpredecessorsof an event canbe groupedwith

logical AND, OR, or subsetchoicerelationshipsasdescribedin theprecedingchap-

ters.Thesubsetchoicerelationshipis equivalenttoanORwith acardinalityconstraint.

Theserelationshipscanbe nestedto an arbitrarydepth,so the runtimeenginerepre-

sentsthemasdecisiontrees.

Eachevent (pendingor not) requiresdistinct decisiontreesfor predecessorsand

successorsbecausethedecisiontreesfor enablementof eventsarenot symmetric:the

informationcontainedin thesuccessordecisiontreeof an event includesknowledge

of all possiblysucceedingevents.Suchinformationis not requiredor usedby any in-

dividual successor. Similarly, thepredecessortreeof anevent includesknowledgeof

all possiblepredecessorsandthis informationis not requiredor usedby any individ-

ual predecessor. This separationcorrespondsto thedistinct notionsof theoffers and

requiressetsin thesemanticmodel.

A predecessorneedsto evaluateits successortreeaftereachacceptanceof anoffer

to determineif it cancontinueto offer its causalityto othersuccessors.Similarly, a

pendingsuccessorneedsto evaluateits predecessortreeto determineif it continues

to requirethecausalityof a predecessor. Whenpossiblecausalrelationshipsbetween

predecessorandsuccessorarebroken,theedgecanberemovedfrom thegraph.Note

theimplicationthatedgesin thegraphbetweeneventsin thehistoryandeventsin the

front aretentative andonly becomefully fledgededgeswhenboth eventsarein the

history(i.e. bothhave beenexecuted).

6.4.2 Guards and Timing Relationships

Thegeneralform of a guardexpressionis a setof boolean-valuedlogical expressions

connectedby AND, OR, andXOR operators.Theseexpressionscanbenested.Ex-

pressionsin guardscanreferencetheparametersandtimestampof causallypreceding
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events. The generalform of theseexpressionsis a booleanvaluedJava method,or

for numericvalues,theusualcomparisonoperatorscanbeused.Eventreferencesare

resolved usingthecausalityinformationsuppliedin thecausalityvectordescribedin

section6.4.4below. Non-booleanvalueswithin expressionscanbedefinedasliterals

(wheresupported),direct referencesto event parameters,or Java methods.Method

parameterscanbeexpressedusingtheabove valueexpressions.

Onceaneventhassufficientoffersto becausallyenabled,it shouldalwaysbepos-

sible to evaluatetheguardandany event referencesthat it contains,with oneexcep-

tion: shortcircuit evaluationcanin somecasesavoid resolvinga parameterreference.

In mostcases,however, this shouldnotbenecessary.

Timing relationshipsin guardsrequirespecialhandling. Thereareexplicit Time-

LessandTimeMore guardsthat definea time relationshipbetweenthe currentevent

anda causallyprecedingevent. Thesemanticsof thesehave beendefinedin chapter

5. Any synchronizationof time acrossdistributedcomponentsis subjectto an accu-

racy error, andshouldbe taken into accountwhenevaluatingtime constraints.The

prototypeimplementationdoesnot dealwith this issue: it assumesthat timestamps

provided by an appropriatetime synchronizationalgorithm(e.g. NTP) aresufficient

for mostpurposes.Futureversions,however, mightattemptto determinecommunica-

tions latency andestimatea boundon theerror. Theerrorboundcanthenbeapplied

to theedgesof thetime bandsassociatedwith eachevent.

6.4.3 Enabling an Event

Theenablementof apendingeventrequiresthesatisfactionof bothcausalenablement

requirementsandtheeventguard.Theguard,however, canonly beevaluatedcorrectly

relative to a specificsetof causallyenablingevents.We addressthis issueby through

the pendingevent mechanism:a setof offers from predecessorsis provisionally ac-

ceptedby the pendingevent asknowledgeof thosepredecessorsis available. When

theeventis causallyenabled,theguardis evaluatedagainstthesetof enablingevents.

If theguardfails,alternative offer setsareevaluatedto seeif any canenabletheevent.

Thesearchspaceof offer setsis typically smallbut potentiallyquitelarge.Whena

guardfails,it is oftenbecauseanalternativepathhasbeenchosenthatdoesnotinclude
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thecurrentevent. Therearea numberof identifyablecircumstances,however, where

alternative offer setscanenabletheguard:

� whenmultiple reply eventsaregeneratedbut only a singlereply is used(e.g.

themulticastRPCexample),offers from theotherreplieswill bepassedto the

next reply acceptanceevent.With a reply guardin place,theseofferscannotbe

acceptedandamorerecentreply mustbechosen.

� whenastreamof eventsmustbedeliveredin orderbut someeventscancorrectly

bedropped(e.g.anaudiostream),anattemptcouldbemadeto deliveradropped

event out-of-order. An orderingguardwould make the offer from this out-of-

ordereventinvalid.

� in anRPCbindingwith multiple instanceof theclient role,a reply guardmight

beusedto ensurethata reply is only usedby the requestingclient instance.If

repliesaresentto all clients(the default behaviour associatedwith roles), the

client mustdistinguishbetweenrepliesto its own requestsandotherreplies.

Notethatin all casestheproblemexistsbecausetherearemultipleeventswith the

sametemplatename,either throughiterationor multiply-implementedroles. While

othercircumstancescanleadto alternative offer sets,webelieve this is themostlikely.

Weleavetheefficientsearchingof thisoffer spaceto futureresearch.Intelligentevalu-

ationof guardlogic shouldin mostcasesbeableto minimizesearching.Theprototype

implementationdoesnot implementsearchingof theoffer spaceat all. If theinitially

chosensetof offersdoesnot satisfytheguard,theeventbecomesimpossible.A num-

berof heuristicsareusedto avoid someof thespecificsituationsdescribedabove and

theprototypethusallows correctprogramsto executein mostcircumstances.

6.4.4 Managing the Event History

Oneof theimplementationfeaturesis thatthegraphbuilt by theruntimeengineof each

participantin a programexecutionproperlyreflectsthecausalrelationshipsbetween

events.Thekey issueis thatwecanonly guaranteethataparticipantis awareof events

it hasexecutedlocally, andany remoteeventscanonly becorrectlypositionedin the
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graphif their relationshipwith local eventsis captured.Informationabouteventsexe-

cutedby a remoteparticipantthereforeidentify thenearestcausallyprecedingevents

at thelocal participant.

To clarify thisproblem,considerthefollowing example:

1. ParticipantP sequentiallyexecutesoutputeventsA � andA� . Thesearetrans-

mittedto participantQ. P is expectingQ to executeanoutputevent in reply to

eachof A � andA� .
2. ParticipantQ executeseventsB � andC � in reply to A � andA� respectively.

3. Knowledgeof B � andC � is receivedat P in asinglemessage.

4. How canP determinehow to matchtherequestsandreplies?

In theexampleabove,theproblemmustbesolvedby having P supplyanidentifier

that must be carriedby any replies. Sincewe are alreadynamingevents to allow

us to maintaina graph,it seemsappropriateto usethe event name. The situationis

complicatedby the fact that therecanbe an arbitrarynumberof interveningevents

executedby any of the participants,and the reply could generatedby an event at a

differentremoteparticipantthat hasreceived a subsequentrequestfrom Q. Request

delegationis anexampleof this. A furthercomplicationis introducedwhena remote

event joins two distinctbranchesof a local computation:it mustcarry identifiersfor

bothlocal eventssincethey arecausallyindependent.

Knowledgeof an event is hencetransmittedwith a vectorof event namesiden-

tifying the nearestcausalpredecessorsof eachparticipant. By definition, an event

executedfrom a particulartemplatewill causallysucceedprevious occurrencesexe-

cutedfrom thattemplate.Sincetheresolutionof eventreferencesis themostcommon

useof this information,we includeincludethemostrecentoccurrenceof a causally

precedingeventfrom eacheventtemplateat thatparticipant.While thispotentiallyin-

creasesthesizeof thevector, it allowssimpleandfastsearchesof thevectorto resolve

event references.Whenanevent is executed,the identitiesof all eventsthatcausally

enabledthis event areincludedin the vector, alongwith themerger of their vectors.

Any redundantentriesin thenew vectorareremoved(i.e. only themostrecentof two

same-namedeventsneedto beincluded).
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Theprimaryimplicationof theneedto carryeventidentifiersis thatthesizeof this

event causalityvectorcanbecomesignificant. It is importantto note,however, that

thesizeof thevectoris boundedby thesumof thenumberof uniquetemplatenames

in eachrole multiplied by thecardinalityof that role in a programinstance.In most

cases,theimplicit andexplicit parallelismin theprogramspecificationwill ensurethat

thelikely sizeremainswell below this theoreticalbound.This is particularlythecase

for multiply-implementedroles,sinceeachinstanceof therole is executedin parallel

with others. Note that our useof causalityvectorsis somewhat different from the

generalandunboundedcaseof vectorclocks[40] becausewehaveaboundednumber

of participants.

Thereareotheropportunitiesfor optimization.As mentionedin theintroductionto

this chapter, theneedfor causalityvectorscanberemovedby intelligentcompilation.

Guardconstraintsthatimply orderingcanbereplacedwith explicit requestidentifiers

or countersandguardsthatcheckthosevalues.Thisavoidsany overheadfor programs

andprogramfragmentsthatdonotrequireorderingconstraints.It wouldalsobepossi-

ble to build animplementationof thesemanticmodelthatexplicitly requiredall event

referencesto beresolvedby thesetof offersmadedirectly to thereferringevent.This

modelcanimplementtheeventreferencesemanticsof thelanguageby generatingad-

ditionaloffer requirementsatcompilation-time,or theeventreferencesemanticscould

bemodifiedapplytherestrictiondirectly.

6.4.5 Parameter Relationships

A relatively simpleapproachto parameterrelationshipsis employedin theimplemen-

tation of Finesse. The datatype associatedwith a parameteris definedas a string

identifying theJavaclassof thedatatype.Therearefour possiblewaysof definingthe

valueof aparameter:

� if left undefined,it is expectedthatthehostprogramwill provideavaluefor the

parameterwheninitiating theevent.

� if thedatais astring,integeror realvalue,a literal valuecanbeused

� by adirectreferenceto aparameterof aprecedingeventwith thesametype
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� as a Java constructoror methodthat yields a value of the correct type. The

parametersof this methodcanbeexpressedusingliterals,directparameterref-

erences,or nestedmethodcalls.

Referenceto precedingevent parametersareresolved by searchingthe causality

vectorassociatedwith thecurrentevent. By definition, themostrecentcausallypre-

cedingeventof agivennamewill exist in thevector. A correctprogramcannotinclude

parameterreferencesto eventsthatarenotpresentin thevectorbecauseaparameterre-

lationshipmustbesupportedby acausalrelationship.Wheremultiplematchingevents

from differentparticipantsexist, preferenceis given to a local event. Otherwise,the

first locatedmatchis used.

6.5 LanguageBinding

Theapproachto languagebindingusedin theimplementationof theFinesseenginere-

quiresthatthehostprogram(thatis, theprogramparticipatingin thebinding)synchro-

nizewith theengineoneveryeventexecuted.Thisis arelatively low-level mechanism,

but providessignificantflexibility andpower.

Therearetwo callsmadeto theengine.Thefirst call readyFor indicatesthat the

hostprogramis readyto executeaparticularevent,andprovidesany parametervalues

requiredfor that event execution. An event executionhandleis returnedby the call.

This call returnsimmediatelywithout waiting for theevent to occur. Thesecondcall

waitFor acceptsanarrayof eventexecutionhandles,andreturnswhenany of theevents

indicatedby thosehandleshasbeenexecuted,or whenany of thenominatedeventshas

becomeimpossiblethroughguardfailure. An objectcontainingtheeventhandleand

all eventparametersis returnedby thiscall.

Higher-level mechanismscanbe easilybuilt on top of this mechanism.It would

berelatively simpleto implement,for example,anobjectofferinganumberof remote

procedurecalls, eachpossiblyhaving exceptions. The call from the host program

wouldresultin a readyFor call for therequesteventandany possibleexceptionevents,

thena waitFor to ensurethe call is made,followed by a readyFor call for the reply

eventandany possibleexceptionevents,thena waitFor to collect the reply. Theex-
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ceptioneventscanbe deliveredthroughJava exceptionhandlingmechanismsif they

occur, or themethodcouldreturnnormallywhenthereplyeventis executed.In many

cases,suchawrappercouldbeautomaticallygeneratedfrom theFinesselanguagepro-

gram,but thelower-level mechanismis availablefor unusualcasesthatrequirespecial

handling.

6.6 Other DesignIssues

Thefollowing subsectionsdiscusssomeadditionaldesignfeaturesthathave not been

implemented,but might beusedin amoreadvancedimplementation.

6.6.1 GarbageCollection

At any point in theexecution,a participantwill maintaina graphof eventsincluding

both the history andthe front. To avoid having the history grown to infinite size, it

would be usefulto implementa garbagecollectionpolicy. The rule for garbagecol-

lectioncanbeeasilydefinedasfollows: eventsin thehistorycanbegarbagecollected

whenno furtheroffers from thateventcanbeusedby a local successor, andit is not

possiblefor any local eventto referencethiseventin aguardor parameterreference.

6.6.2 Err or Detectionand Handling

The prototypeimplementationdoesnot implementerror detectionor handling. This

sectionindicates,however, thetypesof errorsthatcanbedetectedandhow they should

be handled.Thereareonly two possibletypesof errorsthat canbe detectedby the

runtimeengine:

1. Incorrectbehaviour of aparticipatingcomponent

2. Theinability to continueexecutiondueto aprogrammingerror

Incorrectbehaviour of acomponentis a local issueandshouldnotaffect theother

participantsunlessit leadsto an inability to continue.An exceptionshouldtherefore

only be deliveredto the local component.The local enginecould, however, electto
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inform anauditingsystemif oneexisted.Detectionof aninability to continuecanbe

flaggedat thelocal componentandpropagatedto othercomponents.

Theruntimeenginemakesnoassumptionaboutcommunicationsreliability. When

anevent is executedlocally, it sendsa messagecontainingthedetailsof theevent to

thosethat requireit, but doesnot in any way attemptto determineif the message

arrivessuccessfullyor within a fixedtime frame.If theFinesseprogramassumesthat

aparticularcommunicationwill besuccessful,thenthisis aprogrammingerrorandthe

enginewill raiseanexceptionif thecommunicationis unsuccessfulandit is detected.

This approachmight seemdraconian,however, it placesthe error handlingre-

sponsibilitysquarelyon the shouldersof theprogrammer. It is inherentlydangerous

to assumethereliability of communicationin a distributedsystem,particularlythose

intendedfor Internet-scalenetworks. It is reasonable,however, to assumethatcommu-

nicationwill oftenbesuccessful.Pre-packagedsolutionsthatprovidegenerichandling

of communicationsfailurecanbecodedasFinessemodules.This avoidstheassump-

tion thatreliablecommunicationsis alwaysdesirable.In mobilecomputing,for exam-

ple, a componentis only occasionallyconnected.UsingtheCORBA request/timeout

approachin suchsituationsis undesirable.The Finesseenginethus provides flexi-

bility so that the programmercanwrite their own communicationserror handlingin

situationsthathave specialcircumstances.

It is expectedthatan intelligentcompilerfor Finessewould analysethecodeand

pinpointpotentialproblems,includingassumptionsof communicationsreliability, pos-

sibledeadlocks,andpossiblelivelocks.

6.6.3 ReliableCommunication

Thereis an interestingpossibility for future researchinto making the engineauto-

matically supportreliablecomputing.We could adda conditionthat the executorof

an event is responsiblefor ensuringthat all remoteparticipantsthat have immediate

causalsuccessorsor thatreferencetheparametersof theeventareawareof theevent.

Thisimpliesthattheeventmustbemaintainedattheexecutoruntil it receivesacknowl-

edgmentthat theeventdatahasbeenreceived at all of theseotherparticipants.This

acknowledgmentcould rely on causalityvectorsor piggy-backed acknowledgements
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transmittedwith subsequenteventsfrom thoseparticipants.Usingthisapproach,there

is potentialfor developingintelligentcompilersor run-timeenginesthatdeterminethe

mostefficientacknowledgmentstrategy basedon applicationsemantics.

6.7 Concluding Remarks

This chapterhasoutlinedthedesignof a distributedruntimeengineto supportthese-

manticmodelandlanguagedefinedin theprecedingchapters.Thechapterpresented

thedesignof the runtimeengineandits prototype,including the internalrepresenta-

tion of programs,themanagementof enablingrelationships,building a causalhistory

graph,anda numberof ancilliary issues.

The prototypeimplementationdemonstratesthe feasibility of the designandthe

underlyingsemanticmodel. While therearesomeefficiency andresourceusageis-

suesin the prototypethat deserve further attention,thedesignis sound,matchesthe

semanticmodelquiteclosely, andprovidesasolidbasisfor furtherresearchandinves-

tigation.
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Chapter 7

End-to-End Example

Thischaptercapturestheconceptsof theprecedingchaptersin anend-to-endexample

of theFinessesystem.Wedefineasimpleremoteprocedurecall exampleanddescribe

thecompilation,instantiation,andexecutionof theprogram.Theintentis to providea

high-level understandingof theway thepiecesof theFinessesystemfit together, rein-

forceunderstandingof theexecutionmodel,andestablisha context for understanding

morecomplex examples.

7.1 Example Program

The following exampleprogramdescribesa simple remoteprocedurecall as a se-

quenceof events:clientsend,server receive,server send,thenclient receive. A single

parameteris sentwith therequest,andasingleparameteris includedin thereply.
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Binding SimpleRPC {

Roles {
Client {

send!(x:T1) -> receive?(y:T2)
}
Server {

receive?(x:T1) -> send!(y:T2)
}

}

Interactions {
Client.send -> Server.receive {x = Client.send.x} AND
Server.send -> Client.receive {y = Server.send.y}

}
}

7.2 Compilation

As discussedin precedingsections,the compilationof the exampleresultsin a set

of event templatesthat definethepotentialcausalsuccessor(offers) andpredecessor

(requires) relationships,any event guards,andany parameterrelationshipsbetween

events.We will describethecompilationin two passeswith thefirst passcreatingthe

baseevent templatesfrom theRole specificationandthe secondpassaddingaddi-

tional constraintsandinformationfrom theInteractions specification.

For easeof understanding,the binding and event templatedata is presentedin

subsequentsectionsasa descriptionlist ratherthanthe S-expressionsyntaxusedby

theprototypeimplementation.

7.2.1 RolesCompilation

Therolescompilationresultsin thecaptureof the role names,their cardinalityanda

setof baseeventtemplates:
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Roles Client,cardinality1
Server, cardinality1

Client send Role: Client
Eventname: send

Guard: true
Parameters: (x:T1)

Requires: ()
Offers: (Client.receive)

Client receive Role: Client
Eventname: receive

Guard: true
Parameters: (y:T2)

Requires: (Client.send)
Offers: ()

Server receive Role: Server
Eventname: receive

Guard: true
Parameters: (x:T1)

Requires: ()
Offers: (Server.send)

Server send Role: Server
Eventname: send

Guard: true
Parameters: (y:T2)

Requires: (Server.receive)
Offers: ()

7.2.2 Interactions Compilation

Thecompilationof theinteractionsspecificationaddsremotepredecessorandsucces-

sorrelationshipsandthenecessaryparameterrelationships.It canalsopotentiallyadd

guardexpressions.For both guardsandparameterrelationships,the new termsare

addedwith a logicalAND.
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Roles Client,cardinality1
Server, cardinality1

Client send Role: Client
Eventname: send

Guard: true
Parameters: (x:T1)

Requires: ()
Offers: (Client.receive)

Client receive Role: Client
Eventname: receive

Guard: true
Parameters: (y:T2) (y = Server.send.y)

Requires: (Client.send AND Server.send)
Offers: ()

Server receive Role: Server
Eventname: receive

Guard: true
Parameters: (x:T1) (x = Client.send.x)

Requires: (Client.send)
Offers: (Server.send)

Server send Role: Server
Eventname: send

Guard: true
Parameters: (y:T2)

Requires: (Server.receive)
Offers: (Client.receive)

7.3 Participant Behaviour

Thecompiledprogramdescribesthedistributedexecutionbehaviour associatedwith a

simpleremoteprocedurecall. It is importantto remember, however, that theprogram

only definesthe visible behaviour of the participantprogramsand not the internal

behaviour of theparticipantsthemselves. In orderto executetheprogram,we require

two participantsthathave externallyvisible behaviour compatiblewith theClient and

Server rolesrespectively. We do not prescribeany particularnotionof compatibility:

if a participantattemptsto executeincorrectbehaviour, theruntimeenginewill throw

an exceptionback to the participant. As describedin the precedingchapter, a Java

API is definedfor participantsto interactwith theruntimeengine.ThisAPI allows the

participantto synchronizewith the engineon locally executedevents,including the

transferof parametervaluesinto andoutof aninstanceof theFinesseengine.
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In this case,the Client participantmust synchronizewith the engineon the

send event andprovide an appropriatevaluefor the parameterX, thensynchronize

with theengineon thereceive event to retrieve theY parametervaluereturnedby

theremoteprocedurecall. TheServer participantmustsynchronizewith theengine

on thereceive eventandretrieve theX parametervaluesuppliedby theclient, then

synchronizewith theengineon thesend eventandprovide anappropriatevaluefor

theY parameterto returnto theclient.

7.4 Instantiation

On startup,eachparticipantor a managerprocessfor the participantcreatesan in-

stanceof the Finesseengineto executethe distributed program. The responsibility

for instantiatinga binding acrossthe participantenginescanbe taken by any party,

includingbothparticipantsandthird parties.Theprototypeenvironmentusesa sepa-

ratebinderprocessthatwaits for sufficient offers from participantsto fulfill theroles

in a predefinedbinding. Every participantidentifiesa communicationsaddressfor

theirengine.Thisprocessis arbitrary, however, andmechanicsof bindingcreationare

somewhat orthogonalto binding executionexcept that on instantiation,eachengine

mustknow thebindingprogrambeingexecuted,thesetof participants,andtheroleof

eachparticipant.

7.5 Execution

Oncethebinding hasbeeninstantiated,eachengineparsesthebinding programand

builds a set of event templatesand two datastructures:a history and a front. The

historycontainseventsthatareknown tohavebeenexecutedandis initially empty. The

front containsthe setof eventsthat areawaiting executionandis initially populated

with thoseeventswith nomandatorycausalpredecessors.

Thefollowing descriptionsdescribetheexecutionof theexamplebindingprogram

in termsof theenablingof events,their execution,andthesubsequentnotificationof

otherparticipants.
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7.5.1 Initial Client State

Theclient role involvestemplatesfor thesend andreceive eventswith thesend

eventinitially in thefront andenabled,sinceit hasno predecessorsanda trueguard.

Wedepictthestategraphicallyfollows:

history frontnow

send

Figure7.1: Initial stateof client

7.5.2 Initial Server State

Theserver role alsohastwo event templatesfor thereceive andsend events,but

neitheris initially in thefront.

7.5.3 Client ExecutesSend

Theonly event initially enabledis theclientsend eventandthis event is executedas

follows:

1. theenginesynchronizeswith theparticipantontheevent,obtainsavaluefor the

X parameter, andbindsotherenvironmentvalues(e.g.time) appropriately;

2. thesendeventfrom thefront is movedto thehistory;

3. the local successorof theevent (receive) is addedto the front with anoffer

of causalityfrom thesend event;

4. theparticipantexecutingtheServer.receive event is notifiedof theevent

occurrence.
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Thestateof theclientengineis now:

history frontnow

send receive

Figure7.2: Client stateaftersend

Note that thereceive event in the front still requiresa Server.send event

beforeit becomesenabled.

7.5.4 Server ReceivesClient SendNotification

Onreceiptof theClient.send notificationthefollowing stepsareperformedin the

server engine:

1. theClient.send eventis addedto thehistory;

2. theServer.receive successorevent is createdandaddedto thefront with

anoffer of causalityfrom thatclient event.

Thestateof theserver engineis now:

history frontnow

receiveClient.send

Figure7.3: Server stateafterreceiving client notification
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7.5.5 Server ExecutesReceive

Theserverenginenow hasitsreceive eventenabledandavaluefor theX parameter.

Theengineexecutesthefollowing steps:

1. the enginesynchronizeswith the participanton the receive event with the X

parameterandotherenvironmentvaluesboundappropriately;

2. thereceive eventin thefront is movedto thehistory;

3. the local succesorevent (send) is addedto thefront with anoffer of causality

from thereceive event.

Thestateof theserver engineis now:

history frontnow

receive send

Client.send

Figure7.4: Server stateafterreceive

7.5.6 Server ExecutesSend

After performingappropriateapplication-specificprocessingtheserverparticipantgen-

eratesa valuefor thereturnvalueY andthefollowing stepsareperformedin theen-

gine:

1. theenginesynchronizeswith theparticipanton thesendevent,obtainsa value

for theY parameter, andbindsotherenvironmentvaluesappropriately;

2. thesendeventin thefront is movedto thehistory;

3. theparticipantexecutingtheClient.receive event is notifiedof theevent

occurrence.
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Thestateof theserver engineis now:

fronthistory now

receive

Client.send

send

Figure7.5: Serverstateaftersend

Theserver enginecandeterminefrom thebindingprogramthatno furtherevents

arepossibleat theserver participantandit canthereforeterminate.

7.5.7 Client ReceivesServer SendNotification

On receiptof the Server.send event notification, the client engineperformsthe

following steps:

1. theServer.send eventis addedto thehistory;

2. thecausalrelationshipbetweentheClient.send andServer.send events

is recorded,notingthatasdiscussedin theprecedingchapter, causalrelationship

informationis transferredwith eventnotificationsin theprototype;

3. an appropriatecausalityoffer from the Server.send event is addedto the

receive eventin thefront.
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Thestateof theclientengineis now:

history frontnow

receive
send

Server.send

Figure7.6: Client stateafterreceiving server notification

7.5.8 Client ExecutesReceive

The receiptof the notification hasaddedthe causalityoffer requiredfor execution

of thereceive event at the client participant. The client enginethusperformsthe

following steps:

1. the enginesynchronizeswith the participanton the receive event with the Y

parameterandotherenvironmentvaluesboundappropriately;

2. thereceive eventis movedfrom thefront to thehistory.

Thestateof theclientengineis now:

history frontnow

send

Server.send

receive

Figure7.7: Client stateafterreceive

Theclient enginecandeterminefrom thebindingprogramthatno furtherevents

arepossibleat theserver participantandit canthereforeterminate.
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7.6 Concluding Remarks

Thischapterhasdescribedthecompilation,instantiation,andexecutionof asimplere-

moteprocedurecall programmingexamplein theFinessesystem.In working through

this end-to-endexample,we have shown how thepiecesof theFinessesystemwork

togetheranddescribedtheexecutionflow of asimpleprogram.While theexamplepre-

sentedexcludessomeof the featuresof the language,executionmodel,andruntime

engine,theexampleestablishesa context for understandingmorecomplex program-

ming examples.
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Chapter 8

Examples

This chapterusesa setof examplesto showcasethepower andflexibility of thepro-

grammingmodel and languagedescribedin the precedingchapters.The examples

addressfour distinctapplicationsof Finesse:

1. Programmable,component-orientedmiddleware

2. Enterpriseapplicationintegration(EAI)

3. Businessto businessinteraction(B2B)

4. Computersupportedcooperative work (CSCW)

Throughthevarietyin theexamplespresented,wewill demonstratetheflexibility,

utility, andpowerof theFinesseapproach.Thisvarietyalsosuggeststhatthesemantics

andstructureusedby theFinesseapproachis suitablefor ageneralpurposedistributed

softwareplatform,or in otherwords,an appropriate“virtual machine”for execution

for distributedsoftware.

The examplesarepresentedin the Finesselanguagesyntaxwith commentaryto

describetheexampleandits significance.Themappingfrom theFinessesyntaxonto

thesemanticmodelandthustheruntimeenginecanbeinferredfrom thelanguagedef-

inition presentedin chapter5. All exampleshavebeenparsedby aprototypelanguage

parserusingthegrammardefinedin appendixA.
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8.1 Programmable,Component-OrientedMiddleware

Oneof thekey advantagesof Finesseis theability to “program” themiddleware.This

programmabilityandtheimport semanticsof theFinesselanguageallows theproduc-

tion of modularandre-usableinteractioncomponents.Theexamplespresentedin the

overview of chapter2 have alreadyhintedat thepossibilitiesfor a programmabledis-

tributedsystemsmiddleware. In this section,we definea setof additionalexamples

thatcomplementtheRPCexamplesandfurtherdemonstratetheutility of theapproach.

Thekey point in theseexamplesis thatthemiddlewareplatformcanprovide both

a runtime engineusing the Finesseexecutionmodel and a set of pre-programmed

library modulesto implementcommondistributed systemsinteractionprotocols. A

programmercanchooseto usetheprovidedmodulesor implementa customsolution

wherethosemodulesdo not meet the applicationrequirements.The modulescan

encapsulateproven solutions,thusminimising the likelyhoodof lower-level protocol

errorsandallowing theapplicationdeveloperto focuson theapplication-level issues.

8.1.1 ReliableMulticast

Multicastprotocolsareusefulfor processgroupabstractionsandimplementinghighly-

availableservices.While theFinesselanguagehasa convenientabstractionfor mul-

ticast throughroles that canbe filled by multiple participants,this doesnot provide

any guaranteesof delivery. Wehave two choicesin providing reliablemulticast:build

a runtimeengineon a messaginginfrastructurethatguaranteesdelivery, or provide a

modulefor reliablemulticast.Theformeris likely to beinefficient in many situations,

thuswe demonstratethelatterin thefollowing example.
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Binding RelMulticast {
Roles {

[#=1] Sender(MSG, TIMEOUT) {
send!(MSG) ->
loop {
[occur(resend) AND timeless(resend, TIMEOUT)
XOR NOT(occur(resend) AND timeless(send, TIMEOUT)) ]

resend!(MSG)
} -> done?

}
[#>=1] Receiver(MSG) {

receive?(MSG) -> loop { ack! }
}

}

Interactions {
Sender.send -> [#<=all] Receiver.receive {*= prev}
AND Sender.resend ->

[#<=all AND NOT occur(Receiver.receive)]
Receiver.receive {*= prev}

AND Sender.resend ->
[#<=all AND NOT replyto(Receiver.ack, Sender.resend)]

Receiver.ack
AND [#=all] Receiver.ack -> Sender.done

}
}

Note theuseof thereplyto guard: this guardis true if anevent referencedby the

first parameteris causallybeforetheeventreferencedby thesecondparameter. In this

case,this guardspecifiesthat the engineneedonly resendto thosereceivers whose

acknowledgementswerenot visibleat thesenderwhenresending.

While thisexamplepresentsasimplereliablemulticastwith potentiallyunbounded

retries,it is relatively straightforwardto extendtheexamplefor amorecomplex imple-

mentation.For example,a morecomplex timeoutcouldbeusedwith a exponentially

increasingtimeoutup to someconfiguredlimit.

8.1.2 Two-phaseCommit

The availability of reliablemulticastmakesthe specificationof a two-phasecommit

protocolsomewhateasier. Wedemonstratethis in thefollowing specification:
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Binding TWOPC {
Import RelMulticast;
Roles {
Manager {

begin { RelMulticast.Sender((), 5) } ->
prepare { RelMulticast.Sender((), 5) } ->
commit { RelMulticast.Sender((), 5) }
XOR [timesince(prepare) > 60]

rollback { RelMulticast.Sender((), 5) }
}
Resource {

begin { RelMulticast.Receiver(()) } ->
prepare { RelMulticast.Receiver(()) } AND
prepare.receive ->
loop { [occur(ready) AND timesince(ready) > 5

XOR NOT occur(ready)] ready!() } ->
commit { RelMulticast.Receiver(()) }
XOR rollback { RelMulticast.Receiver(()) }

XOR loop { [occur(abort) AND timesince(abort) > 5
XOR NOT occur(abort)] abort!() }

XOR rollback { RelMulticast.Receiver(()) }
}

}

Interactions {
RelMulticast(Manager.begin, Resource.begin) AND
RelMulticast(Manager.prepare, Resource.prepare) AND
RelMulticast(Manager.commit, Resource.commit) AND
RelMulticast(Manager.rollback, Resource.rollback) AND
[#=all] Resource.ready ->

RelMulticast(Manager.commit, Resource.commit)
XOR [#>=1] Resource.abort ->

RelMulticast(Manager.rollback, Resource.rollback)
}

}

It is usefulto notethatanintelligentcompilercoulddeterminethat theacknowledge-

mentsrequiredfor thepreparemulticastcanbepiggybacked with notificationsof the

ready or abort actionsof the resourcerole. We could remove the acknowledge-

mentsof theprepare eventby explicitly specifyinga reliablemulticastprepare

RPCwith eithera readyor abortoutcome,but thecurrentspecificationis somewhat

simpler.

Notethatthisexampleonly describestheinteractionsbetweenmanagerandresources:

it doesnot addressthenecessarybehaviour of themanagerandtheresourcesto guar-
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anteethe protocol, that is, the needfor resourcesto hold any locks from the time a

ready responseis returnedto themanageruntil the transactionis eithercommitted

or aborted,andtheneedfor thetransactionmanagerto write thedecisionto commitor

abortto stablestorageandallow thedecisionto berecoveredif required.TheFinesse

languageis not intendedto addresstheseissues.

Rememberthat this two-phasecommit programis a modulethat canbe usedin

other programs,with the behaviour being synchronizedwith applicationbehaviour

throughappropriatespecifications.For example:

Binding StoreX {
Import TWOPC;
Import RelMulticast;
Roles {
Client {

mgr { TWOPC.Manager } AND
mgr.begin
-> store { RelMulticast.Sender((x:Data)) }
-> mgr.prepare

}
[#>=1] Server {

res {TWOPC.Resource} AND
store { RelMulticast.Receiver((x:Data)) }

}
}
Interactions {
TWOPC(Client.mgr, Server.res) AND
RelMulticast(Client.store, Server.store)

}
}

Theonly necessarysynchronizationis to executethetransactionmanagerbeginmul-

ticastbeforestoring,thenexecutethetransactionmanagerprepare andby implica-

tion, thecommitprotocol,afterstoring.

8.1.3 StreamingData

Thetransmissionof streamingdataisbecomingacommonformof interactionbetween

distributed participants. In this subsection,we first describea basicstreamingdata

interactionand its usein an example. We thenextend the moduleto provide lossy
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streamingdatathatcouldbeused,for example,in astreamingaudioapplicationwhere

occasionalpacket loss is acceptable.We similarly extend the basestreamingdata

moduleto defineadatastreamwith minimumlatency constraints.

In all cases,the endpointrole definitionsremainunchanged.The examplethus

demonstratestheability of Finesseto describeavarietyof interationprotocolsinclud-

ing quality of serviceconstraints,and the flexibility that comesfrom clearly distin-

guishingroleandinteractionbehaviour.

Webegin by definingthebasicstreamingdatainteraction:

Binding BasicStream {
Roles {
[#=1] Producer (DATA) {

repeat {
[occur(produce)] produce!(seqnr, DATA)

{seqnr = add(prev.seqnr,1) }
XOR [NOT occur(produce)] produce!(seqnr, DATA)

{seqnr = 0}}
-> stop!

}
[#>=1] Consumer (DATA) {

while [NOT occur(stop)] {
consume?(seqnr, DATA)
XOR stop?

}
}

}

Interactions {
Producer.produce ->

{ [#=all AND occur(consume) AND
produce.seqnr = add(consume.seqnr,1)]

Consumer.consume {*= prev}
XOR [#=all AND NOT occur(consume)

AND produce.seqnr = 0]
Consumer.consume {*=prev}} AND

Producer.stop -> [#=all] Consumer.stop
}

}

This definesan interactionwith a single producerand one or more consumers.

The roles in this binding areparameterizedby a list of dataitems includedin each

datapacket. Rememberfrom section5.7 that the“*= prev” parameterrelationship
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statementindicatesthatall parametersof theeventareassignedfrom same-namedpa-

rametersin theprecedingevent.An explicit sequencenumberparameteris introduced

to specifythat packetsmustbe deliveredin order. Note that theconsume.seqnr

referencein theguardon theConsumer.consume eventrefersto thecausallypre-

cedingoccurrenceof the event. The producersignalsthe endof the datastreamby

executinga stopevent.

This modulecouldbeused,for example,to describea videobroadcastwith both

audioandvideostreams:

Binding BroadcastVideo {
Import BasicStream;

Roles {
[#=1] Broadcaster {

video {BasicStream.producer((vidframe:Picture))} AND
audio {BasicStream.producer((audFrame:SoundByte))} AND
video.stop -> [timeless(prev,0.1)] audio.stop

}
[#>=1] Receiver {

video {BasicStream.consumer((vidframe:Picture))} AND
audio {BasicStream.consumer((audFrame:SoundByte))}

}
}
Interactions {
BasicStream(Broadcaster.video, Receiver.video) AND
BasicStream(Broadcaster.audio, Receiver.audio)

}
}

Theuseof thestreammodulein thisexampleis relatively straightforward,with the

exceptionof the stopinteraction. We have addeda requirementthat the broadcaster

audiostop eventoccurswithin 0.1secondsof thevideostop event.Note,however,

thatwe haven’t specifiedany othersynchronizationrequirementsacrossthestreams.

Wenow extendtheinitial streamto allow thelossof packets:
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Binding LossyStream {
Roles {
[#=1] Producer (DATA) {

BasicStream.Producer(DATA)
}
[#>=1] Consumer (DATA) {

BasicStream.Consumer(DATA)
}

}

Interactions {
Producer.produce ->

{ [#=all AND occur(consume) AND
subtract(produce.seqnr, consume.seqnr) <= 2]

Consumer.consume {*= prev}
XOR [#=all AND NOT occur(consume)

AND produce.seqnr <= 1]
Consumer.consume {*= prev}} AND

Producer.stop -> [#=all] Consumer.stop
}

}

This is a lossy packet streamallowing at most one in every two packets to be

lost. Note that a morecomplex specificationof packet lossconstraintscould be im-

plementedby introducinga lostpacket event that recordsthe sequencenumber

of the last lost packet andplacingconstraintson the“distance”betweenlost packets.

While it is clearthatsuchaneventneednot involve theconsumingcomponent,it re-

quiresamodificationto theconsumerrolebecausetheeventbecomespartof thatrole.

A futureversionof the languagecould allow for anonymouseventsin a role thatdo

not requireparticipationfrom thecomponent.Sucha lostpacket event could be

implementedusingthis mechanismandthusmake the role compatiblewith theBa-

sicStream.Consumer role. While theunderlyingsemanticmodelis unchanged,

this would alsorequirea modificationto theengineimplementationsinceit currently

requiressynchronizationwith thecomponenton all events.

A furtherextensionof thestreaminteractioncould imposelatency constraintson

thedelivery of packets:
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Binding FastStream {
Import SimpleStream;

Roles {
[#=1] Producer (DATA) {

SimpleStream.Producer(DATA)
}
[#>=1] Consumer (DATA) {

SimpleStream.Consumer(DATA)
}

}

Interactions {
SimpleStream(Producer, Consumer) AND
Producer.produce ->

[#=all AND timeless(prev,0.1)] Consumer.consume
}

}

This addsa timing constraintto the relationshipbetweenproduce andcon-

sume events,requiringthat the consumptioneventsoccurwithin 0.1 secondsof the

produceevent. Note that theexecutionof this specificationrequirescloselysynchro-

nizedclockssincetheproduceandconsumeeventsoccurat differentlocations.The

AND of thetwo behavioursin theInteractions sectionforcessynchronizationon

same-namedeventsandtheappropriatemerging of their guardexpressions.Notethat

a morecomplex interactionspecificationcouldincludealternative behaviour if thela-

tency constraintis not met. A similar extensioncould be appliedto the previously

definedlossystream:

Binding LossyFastStream {
Import LossyStream;
Roles {
[#=1] Producer (DATA) {

LossyStream.Producer(DATA)
}
[#>=1] Consumer (DATA) {

LossyStream.Consumer(DATA)
}

}
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Interactions {
LossyStream(Producer, Consumer) AND
Producer.produce ->

[#=all AND timeless(prev,0.1)] Consumer.consume
}

}

It is easyto imaginemorecomplex behaviours that definebandwidthconstraints

andotherquality of serviceattributeson theinteraction.Note,however, that therun-

time enginecan only enforcethoseconstraints:thereis no mechanismin placeto

choosea communicationmediumat initialization time that ensurestheseconstraints

will bemet.

As suggestedin the sectionintroduction,thesestreamingdataexamplesdemon-

stratethe useof the languagefor building modulesto supportnon-trivial interaction

protocolsinvolving qualityof serviceconstraints.Thefactthatall of theabovestream-

ing datamodulesusecompatiblerolespecificationsshows thattheuseof configurable

interactionmechanismsto connectrelatively staticcomponentsis both feasibleand

useful. We do note the restrictionon introducingnew eventsfor control purposes,

however, this is syntaxandimplementationissueratherthana fundamentalproblem

in thesemanticmodel.

8.2 Enterprise Application Integration

Theuseof enterpriseapplicationintegration(EAI) toolkits to defineandmanagethe

integrationof enterprise-level componentsis becomingprevalent.Thereareanumber

of suchtoolkits in thecommercialsoftwaremarketplace,with largevendorslike IBM

andTibco having a significantpresence.While thesetoolkits allow thedefinition of

integrationin a similar mannerto theFinesselanguage,they all requirethe introduc-

tion of a centralizedbroker processto manageeachintegration. It is clear that this

centralizedbroker becomesboth a singlepoint of failure anda performancebottle-

neck. Finesseallows thecentralizedbroker to beremovedandreplacedwith a setof

asyncronousdistributedruntimeenginesthatareco-locatedwith thecomponents.We

thusremove thebottleneckandsinglepoint of failure.
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The following example demonstratesthe ability of Finesseto replacean EAI

toolkit in the integration process. We usethe processof creatinga new customer

for a telecommunicationsprovider asour exampleproblem.Theprocesstypically in-

volves a front-endapplicationimplementingcustomermanagementto interactwith

thecustomer(eitherdirectly throughtheInternetor throughacustomerservicerepre-

sentative),with thecustomerfirst having acreditcheck,thenappropriatedetailsbeing

forwardedto abilling systemandaprovisioningsystem.As afinal step,thecustomer

managementsystemis notifiedwhentheprocessis completesothatawelcomingletter

canbesentto thecustomer.

Binding NewCustomer {
Roles {
CustMgr {

newCust!(data:CustOrder) -> welcomeLetter!(letter:PDF)
}
Provisioning {

newService?(data:ServiceSpec) -> ready!
}
Biller {

newAccount?(data:AccountSpec) -> ready!
-> activate?

}
Credit {

checkCredit?(person:PersonSpec) -> creditOK!
}
PrintService {

print?(letter:Postscript, address:Address)
}

}

Interactions {
CustMgr.newCust ->

Credit.checkCredit {person = personOf(newCust.data)}
AND Credit.creditOK ->

Biller.newAccount {data = accountOf(newCust.data)}
AND Credit.creditOK ->

Provisioning.newService {data = serviceOf(newCust.data)}
AND Biller.ready -> CustMgr.welcomeLetter
AND Provisioning.ready -> CustMgr.welcomeLetter
AND Provisioning.ready -> Billing.activate
AND CustMgr.welcomeLetter ->

PrintService.print {letter=PDF2PostScript(prev.letter),
address=adddressOf(newCust.data) }

}
}
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8.3 Businessto BusinessInteraction

A key processin almostall businessesis thepurchasingof goods,andthe following

exampledescribesa purchasingprocessto be implementedby Finesse. The impor-

tanceof B2B interactionis reflectedby the fact that a numberof existing research

prototypesandproductsalreadyaddresstheproblem. This existing researchandthe

advantagesof usingFinessearediscussedin chapter9.

Thepurchasingprocessdescribedby this bindinginvolvesapurchaser, supplier, a

transportorganization,andabank.Theprocessis begunwith theissuingof apurchase

order, andconcludeswith thepaymentfor theorderthroughthebank.Wewill assume

in this binding that the purchaserand supplieroperatein different countries,so an

exchangeratecalculationis necessary. Theprogramdescribedexplicitly capturesthe

detailof whenapurchaseis consideredto bedelivered,whenthepaymentis expected,

andthedateusedfor calculationof theexchangerate.

Binding Purchase {
Roles {
Purchaser {

locale!(locale:Locale) ->
purchase!(order:Order) -> quote?(amount:Real) ->
{ accept!() -> pay!()

XOR reject!() }
}

Supplier {
locale!(locale:Locale) ->

request?(order:Order) -> quote!(amount:Real) ->
{ accepted?() -> ready!()
XOR rejected?() }

}

Banker {
loop {

exchange?(currA:Currency, currB:Currency, date) ->
rate!(rate:Real)

} AND
accepted?() -> payment?(amount:Real)
XOR rejected?()

}
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Freighter {
accepted?() ->

pickup?(from:Address, to:Address) ->
delivery!(date:Date)

XOR rejected?()
}

}

Interactions {
-- establish a basic exchange rate for quoting
{Purchaser.locale AND Supplier.locale} ->

Banker.exchange{currA=currencyOf(Purchaser.locale),
currB=currencyOf(Supplier.locale),
date=today} AND

-- purchase order and quote
Purchaser.purchase ->

Supplier.request {order = prev.order} AND
{Supplier.quote AND Banker.rate}->

Purchaser.quote
{amount =
div(Supplier.quote.amount.Banker.rate.rate)} AND

-- quote accepted or rejected
Purchaser.accept -> {Supplier.accepted AND

Freighter.accepted AND Banker.accepted} AND
Purchaser.reject -> {Supplier.rejected AND

Freighter.rejected AND Banker.rejected} AND

-- deliver and pay
Supplier.ready ->

Freighter.pickup {from=Supplier.locale.address,
to=Purchaser.locale.address} AND

Freighter.delivery ->
{Banker.exchange {currA=currencyOf(Purchaser.locale),

currB=currencyOf(Supplier.locale),
date=prev.date} AND

Purchaser.pay} AND

-- purchaser accepts risk of exchange rate
-- variation since quote
Purchaser.pay ->

Banker.payment
{amount =
div(Supplier.quote.amount,Banker.rate.rate)}

}
}

Thereis an additionalpoint to notein this exampleandthe previous exampleof
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EAI interaction.In bothexamples,thehigh level interactionsaredescribedwith little

or no allowancefor communicationsproblems,andin particular, the lossof notifica-

tions. Theexisting prototypemakesno guaranteesof communicationsreliability, and

would fail to executethebinding(throughunboundedblocking) if any messagescar-

rying eventnotificationsarelost. This is notanintrinsicproblemwith themodelor the

implementation:we caneasilyaddresstheproblemby replacingthecommunications

layer in the prototypewith an alternative mechanismthat guaranteesreliability, for

example,transactionalmessaging.Productssupportingtransactionalmessagingare

readilyavailableandwould betheobvioustarget for animplementationof themodel

andlanguageaimedatsupportingEAI or B2B interactions.

8.4 Computer SupportedCooperativeWork

Oneof theearlymotivating influencesin this work wastheneedto provide a flexible

platformuponwhich to build computersupportedcooperative work (CSCW)environ-

ments.Thekey criticism aimedatexistingmiddlewareplatformswasthelackof flex-

ibility in interactionmodels,sinceCSCWapplicationsoftenrequirea combinationof

highly synchronousinteraction,streamingdata,looselyreplicatedservices,andasyn-

chronousinteraction.In thefollowing example,wedescribeaCSCW“workspace”for

ateachingscenariousingsuchavariedsetof interactionmechanisms.While were-use

our prior examplesasmuchaspossible,we alsoassumetheexistenceof a numberof

othermodulessupportingadditionalinteractiontypes.

Theclassroomexamplehasa teacher, a mediator, studentswith videocapability,

andstudentswith only audiocapability. Theclassinteractionconsistsof anaudioand

videobroadcast,a slidepresentation,a whiteboardfor ad-hocdescriptions,anda text

“chat” channelfor studentquestions.TheSlideShow andWhiteBoardbindingshave

anexplicit mediatorrole to allow apointerto be“handed”to studentswhenquestions

arebeingdiscussed.Weexpectthatthemediatorwouldbea third-partywhomanages

theinteractionbetweenstudentsandtheteacher, however, thereis no reasonwhy the

persontakingon theTeacher rolecouldnotalsotake on theMediator role.
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Binding Classroom {
Import BroadcastVideo;
Import SlideShow;
Import WhiteBoard;
Import Chat;
Import Termination;

Roles {
Teacher {

{ video { BroadcastVideo.Broadcaster } AND
slides { SlideShow.Presenter } AND
whiteboard { WhiteBoard.User } AND
chat { Chat.Reader } }
-> term { Termination.Initiator }

}
Mediator {

{ slides { SlideShow.Mediator } AND
whiteboard { WhiteBoard.Mediator } AND
chat { Chat.Reader } }
-> term { Termination.Participant }

}
[#>=0] VidStudents {

{ video { BroadcastVideo.Receiver } AND
slides { SlideShow.Watcher } AND
whiteboard { WhiteBoard.User } AND
chat { Chat.ReaderWriter } }
-> term { Termination.Participant }

}
[#>=0] AudStudents {

{ audio { BroadcastVideo.Receiver.audio }AND
slides { SlideShow.Watcher } AND
whiteboard { WhiteBoard.User } AND
chat { Chat.ReaderWriter } }
-> term { Termination.Participant }

}
}
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Interactions {
BroadCastVideo (Teacher, VidStudents) AND
BasicStream (Teacher.video.audio,

AudStudents.audio) AND
WhiteBoard (Mediator.whiteboard,

(Teacher.whiteboard,
VidStudents.whiteboard,
AudStudents.whiteboard)) AND

SlideShow (Teacher.slides, Mediator.slides,
(VidStudents.slides,
AudStudents.slides)) AND

Chat ((VidStudents.chat, AudStudents.chat),
(Teacher.chat, Mediator.chat)) AND

Termination (Teacher.term,
(Mediator.term, VidStudents.term,
AudStudents.term))

}
}

Thisexamplehighlightsanumberof interestingfeaturesof thelanguage:

� subordinatemodulescanintegratecommonbehaviour of distinct roles,for ex-

ample,theteacherandstudentsarepeersin theWhiteBoard interaction.

� the conjunctionof behaviours implies that same-namedbehaviours in distinct

operandsof theconjunctionarethesamebehaviour. This allows a behaviour to

beboundin morethanoneinteractionspecification.

� theaudio-onlystudentsareboundto theaudiocomponentof the video broad-

cast: the ability to referencecomponentbehaviours of rolesmakesa separate

audio-onlybehaviour for theteacherunnecessary.

While this examplehasnot explicitly specifiedthe detail of the SlideShow, White-

Board and Chat interactions,it clearly demonstrateshow a framework for building

CSCWprogramscouldbeprovidedin aconsistentfashionusingtheFinesseplatform.

From this platform it shouldbe relatively straightforward, for example,to provide a

visualprogrammingenvironmentbasedon a setof commonCSCWFinessemodules

for interconnectingusersanda setof GUI widgetsproviding userinterfacesfor the

rolesin thosemodules.
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8.5 Concluding Remarks

This chapterhaspresenteda set of examplesto showcasethe power andflexibility

of the programmingmodel and languagedescribedin the precedingchapters. The

examplesaddressfour distinctapplicationsof Finesse:

1. Programmable,component-orientedmiddleware

2. Enterpriseapplicationintegration(EAI)

3. Businessto businessinteraction(B2B)

4. Computersupportedcooperative work (CSCW)

Thewidevarietyin theexamplespresentedshows theflexibility, utility andpower

of theFinesseapproach.This varietyalsodemonstratesthat thesemanticsandstruc-

tureusedby theFinesseapproachis suitablefor ageneralpurposedistributedsoftware

platform. It is worthwhile to emphasizethat all of theprogramscanbe executedby

anaynchronous,distributed,runtimeenginewith no centralizedview of theprogram

state.Theonly synchronizationis thatexplicitly specifiedin theprograms.This is a

significantfeatureof theapproachthatdistinguishesit from existing distributedpro-

grammingenvironments. This combinationof capabilitiessuggeststhat the Finesse

semanticsdefinesanappropriate“virtual machine”for executionfor distributedsoft-

ware.
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Chapter 9

Discussionand RelatedWork

ThischapterdiscussestheFinesseplatformpresentedthroughspecificationandexam-

ples in the precedingchapters.In particular, it describeshow Finesseaddressesthe

assertionsof the thesisintroduction,highlights the strengthsandweaknessesof the

approachandimplementation,andcomparesFinessewith relatedwork from a num-

ber of researchdisciplines. We concludethat Finesseprovides a numberof unique

advantagesin theconstructionof distributedsystems.

9.1 Doesit Satisfy?

The introductionto this thesismadethreeassertionsaboutthe needsof distributed

softwareconstructionandclaimedthat the Finesseapproachpresentedin this thesis

addressesthoseassertions.Having now describedFinessein detail,we returnto those

assertionsandshow thatthey areaddressed.

Thefirst assertionstatedthat:

Theconstructionof softwarehasbecomeanevolutionaryratherthanrev-

olutionary process. New software mustextendor incorporate old soft-

ware.

Thekey featureof Finessethataddressesthisrequirementis theseparationof interface

(role) andinteraction.The interfacedefinitionspecifieshow a componentexpectsto

interactwith its environmentwithout tying that componentto explicit externalcom-
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ponents.An existing softwarecomponentcanbeintegratedwith new componentsby

providing an interfacedefiningthe behaviour that is to be exposed. The interaction

specificationcanthendefinetherelationshipbetweenthecomponents.Theindividual

componentshavenoneedto explicitly referenceothercomponents:this is doneby the

interactionspecification,which canbereplacedor refinedwhenever new components

areaddedand/orold componentsremoved. It is alsofeasible,for example,to support

migrationfrom anold implementationto a new oneby includingbothcomponentsin

theintegratedsystemuntil thenew implementationis proven.

Thisapproachhasbeenpromotedby researchin coordinationandarchitecturede-

scription languages,and its effectivenessis evidencedby the recentuptake of EAI

toolkits in industry. As discussedboth in precedingchaptersandin subsequentsec-

tions,Finesseenhancestheexistingapproachesthroughitspowerful andflexibledeclar-

ativedescriptionof behaviour, andthroughtheability to fully distributetheinteraction

behaviour.

Thesecondassertionstatedthat:

Distributedapplicationsmustcoordinatetheactivitiesof multiplepartici-

pantswith varyingrelationships.Staticabstractionslikeclient-serverare

tooprimitiveandinflexible to describesuch relationships.

The examplespresentedin the previous chapterdemonstratethe ability of Finesse

to supportmultiple participantsandvarying relationshipsbetweenparticipants.It is

worth emphasizing,however, that themajority of currentmiddlewareplatformspro-

videasmallsetof staticinteractionmodels:typically, they providesomecombination

of remoteprocedurecall, messaging,andpublish/subscribeinteraction. Someplat-

forms alsoprovide stream-basedsupport.Higher-level interactionmodelscannotbe

capturedor componentizedasis doneby Finessemodules.EAI toolkitsdoprovidean

additionallayerabove themiddlewareplatformto assistin supportingmorecomplex

interactions,but arehamperedby limited semanticmodelsfor describinginterfaceand

interactionbehaviour.

Thethird assertionstatedthat:

Communicationnetworkscannotconsistentlydeliverhigh-bandwidth,low-
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latency, low-failurecommunications.Distributedsoftwaremustbeableto

dealwith thedegradationor lossof communication.

Thebandwidth,latency andreliability of communicationnetworksareof mostconcern

whensynchronousbehaviour is requiredby a setof cooperatingapplicationcompo-

nents.In asynchronousinteraction,acomponentcannotcontinueuntil anappropriate

reply is receivedfrom oneor moreremotecomponents.Unlessthenetwork qualityof

servicecanbeguaranteed,thiscausessignificantperformance,reliability andusability

degradation.While it is notpossibleto avoid all synchronizationin distributedapplica-

tions,mostdistributedsoftwareplatformsimposeadditionalsynchronizationrequire-

ments,eitherthroughforcingcomponentsto useasynchronousinteractionmodelorby

requiringsynchronizationto maintaininternalstate.Finesseshowsthatit is possibleto

avoid imposingsynchronizationrequirementsin thedistributedsoftwareplatform.We

believe it is uniquein doingsoamongstimplementeddistributedsoftwareplatforms.

In additionto providing aplatformwith noruntimesynchronizationrequirements,

theFinesseapproachof declaratively specifyingeventdependenciesencouragesapro-

grammingethic that avoids unnecessaryapplication-level synchronizationand pro-

videssignificantopportunitiesfor optimisingthesizeandfrequency of messagingbe-

tweendistributedcomponents.

9.2 A Critical Examination

The majority of the discussionwithin andaroundthe previous chaptershasfocused

on thekey strengthsof Finesse. While we believe Finesseto bebothrefinedandex-

tremelyuseful,thereareanumberof deficiencies.Thefollowing subsectionsdescribe

thosedeficienciesandwherepossible,suggestfuture work that could addressthose

deficiencies.

9.2.1 Complexity

TheFinesseapproachaddressesthe intrinsically difficult problemof distributedpro-

gramming.Thekey difficulty in Finesseis in describingparallelbehavioursandtheir

synchronization.While thedeclarative, event-relationshipapproachis relatively easy
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to usewhererelationshipsaresimple,complex relationshipscan introducesynchro-

nization requirementsthat are quite difficult to understandand debug. Traditional

semanticmodelslike thoseusedin CSP[59], Lotos[18] and other parallel specifi-

cation languagesrely on an underlyingsequentialmodel to simplify reasoningand

reducecomplexity. Middlewareplatformslike CORBA[98] rely on staticandoften

synchronousinteractionmodelsthathidemuchof thecomplexity associatedwith dis-

tributedinteraction.We have demonstratedthattheFinesseapproachis moreflexible

andpowerful, but thesecomeat theexpenseof complexity.

Theargumentagainstamorecomplex modelis thatprogrammersshouldbeshielded

from thecomplexity asmuchaspossible.Considertheexampleof our CSCWclass-

roomprogram:modulesareusedto hide the intrinsic complexity associatedwith the

interactions,but someonehasto write, debug and understandthosemodules. We

counterthatit is possibleto providethatshieldthroughuseof amodularand/orobject-

orientedlanguagethat allows a programmerto abstractover the complexity in most

cases,but alsoallowsanexperiencedprogrammerto accessthepowerandflexibility of

theunderlyingmodelwhennecessary. This argumentis consistentwith theassertions

of a numberof researchersin languageandprogrammingtechnology, in particular,

theideaof OpenImplementationintroducedby Kiczales[70] andfurtherpromotedby

Dourish in his PhD thesis[36]. OpenImplementationsuggeststhat complexity can

behiddenby languagemechanisms,but theunderlyingcomplexity shouldbeaccessi-

bleandmodifyablein asemanticallyconsistentmanner. DougLea[78] alsocomesout

stronglyin favourof thisapproachandbackshisassertionswith experiencein building

distributed,object-orientedsoftware. In Finesse, the complexity of distributed inter-

actioncanbehiddenthroughits modules,andasshown in theexamplesof chapter8,

thosemodulescanbeextendedor modifiedto suit changingrequirements.

9.2.2 FinesseLanguageSyntax

TheFinesselanguagesyntaxhasbeenavehiclefor demonstratingthepowerandflex-

ibility of theFinesseapproach.It remains,however, aprototypelanguageandassuch

hasa numberof deficiencies.In particular, the Finesselanguagesyntaxis only par-

tially able to maskthe complexity of distributedprogrammingthroughits notion of
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modules.Werecognizethisdeficiency andsuggestthatfuturework ontheFinesseap-

proachshouldincludebothvisualandobject-orientedprogramminglanguagesbased

on thesameunderlyingsemanticmodel.

Theuseof guardsratherthanmoretraditionalcontrolconstructslikeif-then-

else is a questionableaspectof the languagesyntax. Guardscanbe moresuccinct

andhaveamoredirectrelationshipwith thesemanticmodelbut areoftencumbersome,

especiallywherea guardis expressingthenegationof a guardon analternative event

path. Futureversionsof the syntaxor alternative syntaxmight includeexplicit if-

then-else constructs,althoughguardscouldberetainedfor generality.

9.2.3 Quality of Service

A significantissuein theFinesseapproachis highlightedby thestreamingdataexam-

ple from chapter8: specifyingqualityof serviceconstraintsthroughtheexplicit intro-

ductionof sequencenumbersanddependentguardsover individual eventsis cumber-

someanddifficult to understand.Theneedto introduceexplicit “aggregation” events

to keeptrack of lost packets,for example,is undesirable.While theseissuescanbe

addressedto someextentby syntacticconstructs,therearemorefundamentalissues.

For example,it is quitedifficult to infer qualityof serviceconstraintsdeterministically

from the guardson an event-basedspecification,thusmakingit difficult to establish

communicationsof quality sufficient to meettheconstraintsat programinstantiation

time. A higher-level semanticmodel for describingquality of serviceconstraintsis

necessaryto supportthesefeatures.

A relatedproblemis thatof “lip-sync”. Considerthestreamexampleof chapter8:

wedonotspecifythesynchronizationof thevideoandaudiostreams.For multimedia

applications,thissynchronizationis very important.While it is possibleto achieve this

throughguardsover sequencenumbersassociatedwith events,it is againdifficult to

infer thequalityof servicerequirementfrom theevent-level specification.

Theissueof supportingqualityof serviceconstraintsrequiresfurtherresearchand

shouldbedirectedby thesignificantbodyof work in this area.A possibleapproach

would be to introducelanguage-level constructsthat generateboth a deterministic

quality requirementspecificationfor useat programinstantiationtime andan event-
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level specificationthatenforcesthequality requirementsat run-time.

9.2.4 Dynamic Behaviour Instantiation

The Finessesemanticmodelandlanguagehave no facility for the dynamiccreation

of behaviour instances.An implication of this restrictionis that parallel iteration is

not possiblewithin thecurrentmodel. Thekey difficulty is that theexecutionmodel

requiresastaticdescriptionof thepossiblebehaviour of eachparticipantandhow this

is relatedto the behaviour of otherparticipants.If multiple instancesof a particular

behaviour arecreatedat oneparticipant,therelationshipbetweenthoseinstancesand

equivalentinstancesof behaviour atotherparticipantsneedsto beestablishedin anon-

deterministicmanner. At this point,we have not specifieda deterministicmechanism

for linking suchparallelinstancesof behaviour acrossparticipants.

Given that Finesseis alreadya significantimprovementin flexibility andpower

over existing platforms,we do not seethis as a fundamentaldeficiency. In many

senses,therestrictionis appropriatein thesemanticmodelbecauseasingleparticipant

impliesa sequentialorderover theeventsoccurringat thatparticipant.Theproblem

canbe circumventedto someextent by the ability to instantiatea programwith any

numberof participantsfilling agivenrole: multipleparallelinstancesof behaviour be-

comemultiple participantsin theprogram.In this case,introducinga new participant

impliesare-binding,andalthoughnotreportedin this thesis,someinitial specification

andprototypingof dynamicre-bindingcapabilityin Finessehasbegun.

Theunderlyingsemanticproblemis not insoluble,but any solutionintroducesan

additionallevel of complexity into thesemantics.Thesemanticproblemwe describe

hasbeenaddressedto someextentin the $ calculus[94] throughtheability to transfer

channels,andthiswill possiblyinfluencefuturework onFinessein thisarea.It is also

likely that theproblemcanbeaddressedthroughdeterministicrenamingof eventsin

parallelbehaviour instances.

9.2.5 Security

Although not strictly a deficiency in the Finesseapproach,our claim that Finesseis

useful for B2B interactionis only accurateif the implementationprovides security
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mechanismssufficient for suchinteraction.Therearetwo key aspectsof securitythat

mustbeaddressed,anda third thatcanusefullybeaddressed:

1. Participantsin aprogrammustbeidentified(authentication)

2. Theactionsof participantsmustbesuitablycontrolled(authorization)

3. It shouldbe possibleto determineif an actionof a participantwasor wasnot

performed(nonrepudiation)

Interestingly, Finessehascharacteristicsthat are useful in the establishmentof

thesemechanisms.Thestepof instantiatingaprogramrequiresanunambiguousiden-

tification of the partiesinvolved, thus secureauthenticationcan be achieved by se-

curingthis processwith anappropriatemechanism.Thespecificationof theprogram

to be executedby all partiesat instantiationtime and the acceptanceof the partici-

pantsfulfilling rolesdefinesthe permissibleactionsof participants,therebydefining

thenecessaryauthorization.This mappingbetweenthestepsof programinstantiation

and the necessarysecuritycontrolsmakes the implementationof thesecontrolsrel-

atively straightforward. In particular, the fact that eachcopy of the runtimeengine

operatesautonomouslyandunderthecontrolof theparticipantallows a participantto

detectincorrectbehaviour that might violate securitycontrols. For interactionswith

nosinglecontrollingauthoritylikeB2B, this is particularlyimportant.Note,however,

that it is alsonecessaryto ensuretheintegrity of theprograminstantiationprocess,or

in otherwords,ensuringthat theprocessis not beingcircumventedin any way. This

is anissuefor futureresearch.

The implementationof non-repudiationis not yet a standardcomponentin many

distributedsoftwareplatforms.A typical implementationinvolvesnotifying a trusted

third party when any significantactionsoccur. Sinceall externally visible actions

are explicitly definedin a Finesseprogram,it would be straightforward to parsea

programandgeneratean augmentedprogramthat specifiesreliablenotificationto a

non-repudiationrole (a notary) for a set of nominatedevents. Instantiationof the

augmentedprogramwould thenincludeagreementon the identity of the notaryand

theruntimewouldautomaticallyimplementthenecessarynotifications.
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We concludethatalthoughsecurityis not implementedor specifiedin this thesis,

theprograminstantiationandexecutionmodellendsitself naturallyto theimplemen-

tationof securitycontrols.

9.3 RelatedWork

Finessedoesnot solve all distributed systemsproblems,but it providesa consistent

andimplementableframework within whichsolutionsto distributedsystemsproblems

canbedescribedandimplementedin a flexible andre-usablefashion.This is perhaps

themostcompellingargumentin favour of Finesse: thereis no othersystemthatwe

areawareof that providessucha powerful framework. That said,Finessehasmany

similaritieswith existing work both in its detail andits high-level features.The fol-

lowing subsectionscompareaspectsof Finessewith relevantexisting work. We focus

initially on theoreticalmodelsandapproachesthat differ from Finesse, thendiscuss

themoreconcreteprogrammingplatforms.

9.3.1 Models for Parallel and Distrib uted Systems

Thecomparisonof Finessewith existing semanticmodelsfor parallelanddistributed

systemshasbeenaddressedto someextent in chapter4. The key point to be taken

from that chapteris that while many modelsprovide similar expressive power to Fi-

nesse, few are so directly implementableby a set of distributed, asyncronous,and

autonomousruntimeengines.

The nearesttheoreticalmodel is that of event structures[134]. The two models

are quite similar in their descriptionof an executionof a parallel program. Event

structures,however, have remainedlargely in the realmof mathematicaltheoryand

semanticanalysisandhaverarelybeenusedin thespecificationof implementablepro-

grams. Event structures,however, have beenusedasan underlyingsemanticmodel

for Petrinets[97]. Petrinets[99] providea truly concurrentprogrammingmodelbased

onthenotionsof nodes,tokens,andplaces.As with Finesse, it is possibleto distribute

thebehaviour describedby aPetrinetoverasetof distributedparticipants.Thedistri-

bution,however, is subjectto synchronizationconstraintsintrinsic to themodel.Also,
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while Petri netshave found favour in protocolspecification,analysisandsimulation,

it is difficult to mapthePetrinetsemanticsontocommoninteractionmechanismsas-

sociatedwith applicationcomponents.Thishasmeant,for example,thattherearefew

examplesof coordinationlanguagesusingthePetrinetsemanticmodel.

A numberof othermodelsfor parallelanddistributedsystemsbasedoninterleaved

concurrency and sequentialtracesemanticsare popularamongstresearchers.This

includesCSP[59],CCS[93],Lotos[18], andthe $ calculus[94]. Their expressiveness

in describingparallelapplicationsis similar to Finesse. The $ calculusin particularis

ableto describethetransferof “channels”andthusallows thedynamicinstantiationof

parallelbehaviour, adeficiency in Finesse. Thekey advantageof theFinessesemantic

model is its native ability to describetrue parallismandhencethe conflictsthat can

occurin adistributedsystem.Forexample,it isdifficult tocapturethepotentialconflict

that exists when mutually exclusive parallel eventsare executablein an interleaved

concurrency model: oneeventcansimply bechosenmakingtheotherimpossible.In

adistributedenvironment,thischoicerequiressynchronizationbecausetheeventscan

truly occurin parallelandtheFinessemodelmakesthis quiteclear. Over andabove

this theoreticaladvantage,themappingof theFinessesemanticmodeldirectly ontoa

setof distributed,asynchronousruntimeenginesis a significantresultandonethat is

madeeasierandclearerby thenatureof themodel.

9.3.2 Mobile Agent Technology

While onecouldconsidermobileagenttechnology[28] to bea modelfor paralleland

distributedsystems,we addressit separatelybecauseit is perhapsclosestto providing

anequivalentdistributedandimplementablemodelto Finesse. Mobile agenttechnol-

ogy is generallycharacterizedby theuseof a mobile“agent” that includescode,pro-

gramstateandprogramdata.Theagentmigratesbetweenparticipantsin adistributed

programasdefinedby theprogramandthecurrentstateof theagent,performingac-

tionsagainsteachparticipantwhenco-locatedandupdatingits programstateanddata

to reflectthoseactions.By definition,asingleagentcanonly executeasinglethreaded

processor onewith only local parallelism.Most agentlanguagesandsystems,how-

ever, offer theability tosplit or createchild orcloneagentsalongsomesynchronization
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primitivesto coordinatetheiractions.

The expressive power of mobile agenttechnologyis similar to that provided by

Finesse. The issueof which modelbetterhandlesthecomplexity of truly distributed

softwareis opento argument.Thekey advantagesof Finesseover mobileagenttech-

nologycanbesummarizedasfollows:

� Finesseusesa declarative programmingmodel,allowing significantopportuni-

tiesfor optimization.By comparison,theimperative modelof agenttechnology

leaveslittle scopefor optimization.Theneedto transferthewholeprogramstate

anddatawith eachmigrationof theagentcanalsobe a particularlyinefficient

consumerof bandwidth;

� we arenot awareof any modelsfor agenttechnologythatexplicitly distinguish

rolesandallow for multiple participantsto fulfill a role. This makesit consid-

erablymoredifficult to implement,for example,processgroupabstractionsand

othermechanismsfor reliabledistributedcomputing;

� the explicit maintenanceof a view of programstatefor eachparticipantin Fi-

nesseincreasestheautonomyof participantsandis particularlyusefulfor mon-

itoring andsecuringB2B interactions;

� the ability to accesslocal programstateat any time in Finessealsomakesde-

buggingprogramsconsiderablyeasier;

� the modelof executingmethodsagainstthe mobile programstateis goodfor

object-orientedprograms,but doesnot matchwell with streamingdataor other

interactionmodelsrequiringbulk datatransfer.

� the transferof the completeprogram,state,anddatato eachparticipantposes

someuniquesecurityrisksfor agenttechnology[28, 65]. In particular, it is im-

possibleto preventanddifficult to detectparticipantmodificationsto theagent

statethatviolateauthorizationconstraints.

The key advantageof mobile agenttechnologyover Finesseis that the basebe-

havioural modelbuilds on existing object-orientedprogrammingmodels,that is, exe-

cutionof methodson anencapsulatedobject(theagent).This is well understoodby
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mostprogrammersandmakesagenttechnologyaccessiblefrom within existing pro-

grammingframeworks. Weconcludethatwhile this technologyprovidesa usefuland

moreapproachabletechniquefor distributedprogramming,the limitations described

above make theFinesseapproachmoreflexible andpowerful in many circumstances.

Note that thesecommentsarenot directedat theagentcommunicationlanguages

associatedwith intelligentagents[88, 89]. It is alsoworthnotingthatagentcommuni-

cationlanguages,andin particulartheKQML language[88], couldpotentiallyusethe

semanticmodeldescribedin chapter4 asa basisfor executionandthe definition of

new performativesfor interactionbetweenagents.

9.3.3 Coordination and Ar chitecture Description Languages

The Finesselanguageis most closely relatedto a numberof existing coordination

languagesandarchitecturedescriptionlanguages.As discussedin chapter3, thecoor-

dinationcommunitytendsto bedividedbetweentuplespacemodelsandconnection-

orientedmodels. The tuple spacemodelsarederived from the Linda[23] prototype,

andprovidecoordinationthroughasetof well definedoperationsonalogically shared

dataspace.While they provide a basisfor interconnectionof components,the pre-

sentationof thatfunctionalityis quitedifferentfrom Finesse. Theconnection-oriented

modelsareusuallybasedon a languagefor describingthe interconnectionof compo-

nentsandarequitesimilar to Finessein themodelandfeaturesprovided.Quiteclosely

relatedagainarethearchitecturedescriptionlanguages.Theselanguagesareintended

to modelthehigh-level architectureof component-basedsystems,soprovidesemantic

constructsfor describingtheinterconnectionof components.

Theearliestattemptsat distinguishingcoordinationfrom computationwerebased

on Linda[23] anda numberof variantsarestill in active use,indicatingthepower of

the sharedtuple spaceapproach.Thesesystemshave the advantageof a simple,yet

powerful modelof communication.Finesselacksthis simplicity but hasa numberof

advantages,in particulartheability to abstractover communicationin a way thatcan

beoptimized,andtheability to capture coordinationprotocolsandbuild increasingly

high-level abstractionsof that coordination. The sharedtuple spacemodelssuffer

in distributedsystemsbecauseof the implicit synchronizationrequiredto maintaina
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logically consistenttuplespace.

More recently, a numberof coordinationlanguageshave beenbasedon the idea

of building a network of connectionsbetweenportsand/orinterfaces,as is doneby

ConCoord[60] and Manifold[4]. ConCoordin particular haspowerful abstraction

capabilitiesandlanguageindependence.The primary differencebetweentheselan-

guagesandFinesseis that Finessedoesnot useexplicit connectionsbetweeninter-

faces,with the abstractedcausalandparameterrelationshipsallowing the optimiza-

tion of messagingandmessagecontents.Neitherthe connectionbasedlanguagesor

thesharedtuple-spacelanguagessupportreal-timeconstraintsto theextentsupported

by Finesse.

Architecturedescriptionlanguagesaretypically intendedto describethehighlevel

structureof a software systemfor modelling and analysispurposes.They provide

similar abstractionsandexpressive power to theFinesselanguagesyntax,but do not

offer anunderlyingdistributedexecutionmodelor a directmappingto sucha model.

Somekey examplesinclude Darwin[84] which usesa semanticmodel basedon $
calculus,Wright[101] which is basedon CSP, andRapide[80]. Semantically, Finesse

is mostsimilar to Rapide,whosesemanticsis basedon posets(partially orderedsets

of events).Rapideis intendedasa simulationlanguagefor softwareengineering.It is

event-based,with atrueconcurrency modelbasedoncausality, anduseseventpatterns

for abstractionandsynchronization.Rapidealsohasextensive supportfor real-time

constraints.Finessediffers mostfrom Rapidein the way abstractionis handledand

in its datamodel,sinceRapidehasa fixed,structureddatamodel.Work derivedfrom

Darwin[74] is now usedto generateimplementationcodemakingit similar in high-

level functionality, but without thedistribution semantics.

9.3.4 Middlewar e Platforms

Section3.6 of chapter3 providesanoverview of bothresearchandcommercialmid-

dlewareplatformsintendedto provideabasisfor constructingdistributedsystems.As

suggestedin thatdiscussion,middlewareplatformssuffer from thestaticnatureof their

interactionmechanisms:it is not generallypossibleto definenew, higher-level inter-

actionprotocols,and the systemsfocuson building tightly-coupledsoftware where
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all componentsareknown at compile-time.This staticpropertyhasled to the recent

popularityof EAI systems.

9.3.5 EAI Platforms

EAI platformshave grown from a needto integrateenterprise-level componentsin

largecommercialorganizations.While they arebasedon relatively sounddistributed

systemsprinciples,the primary force behindtheir developmentwaslarge consulting

organizationsfacedwith thedifficulty of building suchintegrations.Therearefew, if

any, researchprototypesoffering thefeaturesof anEAI platform. Somekey competi-

tors in theEAI marketplaceincludeVitria with BusinessWare,Tibco with ActiveEn-

terprise,IBM with MQSeriesIntegrator, andBEA with theirWeblogicIntegrator. The

EAI platformshave remarkablysimilar architectures:

� applicationcomponentspublisheventsor requests

� abroker acceptseacheventor request

� a programor programsin thebroker performsoneor moreactionsasa result:

this could be assimpleasforwardingthe event to anotherapplicationcompo-

nent,or could involve the generationof a setof new eventsbasedon a setof

eventtriggersandforwardingtheseto otherapplicationcomponents

� applicationcomponentsalsoperformactionsasa resultof receiving eventsor

requests

Thebrokerprogramsareoftengraphicallydefinedor scriptedandcanincludedata

transformationoperations.Most platformscanalsousea workflow engineto imple-

mentbusinessprocessesthatrequiremonitoringandhumaninteraction.Messagingin

theseplatformsis typically availablein bothreliableandunreliablevariants.Many of

theplatformsarebasedon a transactionalmessaginginfrastructure.

Thesetoolkits offer many featuresandtools thatarenot matchedby Finesse, but

the centralized,broker-basedarchitectureis both a potentialperformancebottleneck

anda singlepoint of failure. Thereis considerablepotentialfor usingFinesseasa

distributedbroker in theseplatforms. The interfacedescriptionsandbroker program

161



semanticsarealsoquite limited in many cases.For example,Vitria’s BusinessWare

productsupportsonly publish/subscribeinteraction.Thesesystemscouldbenefitsig-

nificantly from thewell-structured,well-definedandextensibleapproachusedin Fi-

nesse. Weconcludeby statingthatEAI platformsuseasoundarchitectureandprovide

goodtools,but suffer from ad-hocor inflexible semanticmodelsfor interaction.

9.3.6 B2B Platforms

Therearea numberof existing systemsdesignedto supportthedevelopmentof B2B

systems.Theseincludeinitiativeslike RosettaNet,Hewlett Packard’s E-speakinfras-

tructure,andMicrosoft’s BizTalk server. Thesesystems,however, focuson thedefini-

tion of businessdocumentsandthepoint-to-pointtransferof thosedocuments.There

is little or no supportfor the higher-level definition of the rolesandresponsibilities

capturedin thebusinesscontract.Theseareprimarily left to localprogramming.

The ideaof implementingbusinesscontractsin a distributedsystemhasbeenex-

ploredby anumberof researchers,including[95, 54]. In bothcases,thework focuses

on thehigher-level issuesof establishingcontractsandthey assumethepresenceof an

underlyingexecutionenginefor processesusedfor contractenactment.TheCrossFlow

work in particularusesexistingworkflow technologyandis dependentonacentralized

engineor synchronizeddistributedengines.TheFinesseapproachavoidstheneedfor

acentralizedengineor synchronizeddistributedengines.

9.4 Concluding Remarks

This chapterhaspresenteda critical examinationof Finessewith the goal of high-

lighting its strengthsandweaknesses,andshowing how Finessecompareswith the

capabilitiesof existingsystems.Fromthisdiscussion,we assertthatFinessedoessat-

isfy theneedsof distributedsystemsdefinedby theinitial assertionsof thethesis,and

providesa numberof uniqueadvantagesin theconstructionof distributedsystems.
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Chapter 10

Conclusion

This thesishaspresentedFinesseasa new approachto theconstructionof distributed

systems. The approachdraws togetherboth theory and practicefrom software ar-

chitecture,distributedsystems,parallelsoftwarespecificationlanguages,coordination

languages,and middleware technology. While individual piecesof the Finesseare

significantin themselves,themajorcontribution is thetotality of theapproach.

We beganwith anarchitecturalmodelfor the interconnectionof distributedcom-

ponents.This modelseparatesinterfacefrom interactionandpromotestheinteraction

specificationto first-classstatus. Or in otherwords,we supportthe notion of truly

programmablemiddleware.We thenaddeda behavioural modelbasedon declarative,

causalrelationshipsbetweenevents,anddefinedanexecutablesemanticmodelthatal-

lows theexecutionof aprogramto bedistributedamongstasetof autonomouspartic-

ipants.Thedistributedexecutionof theprogramproceedsin anentirelyasynchronous

manner, with no synchronizationexceptthat explicitly specifiedin theprogram.We

defineda languagesyntaxthatlinks thearchitecturalandbehavioural modelsby spec-

ifying the externally visible behaviour of applicationcomponents(their interfaces)

usingevents,thenlinking thosebehaviours throughan interactionsspecification.We

alsodescribedthe designof a prototypeimplementationof the runtimesystem,thus

showing theimplementabilityof Finesse. We thendemonstratedthepower andflexi-

bility of Finessethroughasetof examplesspanningavarietyof domainsin distributed

systemsprogramming.

In the discussionof chapter9, we showed that Finessecapablymeetsthe goals
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for distributed systemsprogrammingset down in the introductorycomments. Our

critiqueof theapproachidentifiesshortcomingsin Finesseandsuggestshow they can

be addressedby future work. We alsopresenteda comparisonbetweenFinesseand

existing work, demonstratingin the processthat the independentpiecesof Finesse

areusefulinnovationsin themselves. In isolation,thekey innovationsof theFinesse

approachcanbesummarizedasfollows:

� the specificationof behaviour usinga declarative modelbasedon causalrela-

tionships;

� thedefinitionof anexecutablesemanticmodelfor thatbehaviour thatallows a

programtobedistributedamongstasetautonomousparticipantscommunicating

only throughasynchonousmessaging;

� thedefinitionof a simplebut flexible andpowerful programminglanguagesyn-

tax for creatingprogramsusingthedeclarative model;

� thepresentationof a designandprototypeimplementationof a distributedrun-

time enginethatcanexecuteprogramsusingthemodel.

Weemphasize,however, thatalthoughtheseinnovationsaresignificant,thetotality of

theapproachis thekey contribution of thethesis.

This thesisis submittedwith confidencethat theFinessesystemis a novel, prag-

maticandpowerful approachto theconstructionof distributedsystems,andwill pro-

videabasisfor bothongoingresearchandcommercialimplementation.
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Appendix A

FinesseLanguageSyntax

Thefollowing text presentsa BNF specificationof thesyntaxof theFinesselanguage

describedin chapter5. The syntaxhasbeengeneratedfrom a parserdefinition us-

ing theJavaCCsuiteof parsingtools from Sun. All completeexamplespresentedin

this thesishave beensuccessfullyparsedby the prototypeparserthat generatedthis

specification.

BINDING ::= "Binding" <NAME> "{" BINDDEF "}" <EOF>
BINDDEF ::= IMPORTS ROLES INTERACTIONS
IMPORTS ::= ( "Import" <NAME> ( "," <NAME> )* ";" )*
ROLES ::= "Roles" "{" ( ( CARD )? <NAME>

( NAMELIST )?
"{" ( ROLEBEHAVIOUR )? "}" )+ "}"

CARD ::= "[" <CARDVAL> COMPARE <INTEGER>
( ( <AND> | <OR> | <XOR> )

<CARDVAL> COMPARE <INTEGER> )? "]"
ROLEBEHAVIOUR ::= ROLEACTION ( INFIX ROLEACTION )*

ROLEACTION ::= ( GUARD )?
( EVENTSPEC

| <NAME> "{" ROLEBEHAVIOUR "}"
| IMPORTEDACTION )

| LOOPACTION
| "{" ROLEBEHAVIOUR "}"

IMPORTEDACTION ::= <DOTNAME> ( SUBSLIST )?
EVENTSPEC ::= <EVENT> ( PARSET ( PARMREL )? )?

PARSET ::= "(" ( PARSPEC ( "," PARSPEC )* )? ")"
PARSPEC ::= <NAME> ( ":" <NAME> )?

LOOPACTION ::= ( <WHILE> GUARD "{" ROLEBEHAVIOUR "}" )
| ( <LOOP> "{" ROLEBEHAVIOUR "}" )

NAMELIST ::= "(" <NAME> ( "," <NAME> )* ")"
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SUBSLIST ::= "(" ( ( VALUE | PARSET )
( "," ( VALUE | PARSET ) )* )? ")"

INTERACTIONS ::= "Interactions" "{" INTERACTBEHAV "}"
INTERACTBEHAV ::= ( INTERSPEC ( INFIX INTERSPEC )* )?

INTERSPEC ::= ( GUARD )? ( INTERSPECACTION | BINDSPEC )
BINDSPEC ::= <NAME> "(" ( BOUNDNAME | BOUNDNAMELIST )

( "," ( BOUNDNAME | BOUNDNAMELIST ) )* ")"
BOUNDNAMELIST ::= "(" BOUNDNAME ( "," BOUNDNAME )* ")"

INTERSPECACTION ::= ( <DOTNAME> ( PARMREL )? )
| "{" INTERACTBEHAV "}"

PARMREL ::= "{" ( ( ASSIGN ( "," ASSIGN )* )
| NAMEEQUIV ) "}"

ASSIGN ::= <NAME> "=" VALUE
PREVSPEC ::= <PREVPARM> | <DOTNAME>

NAMEEQUIV ::= "*=" ( <PREV> | <DOTNAME> )
GUARD ::= "[" GUARDEXPR "]"

GUARDEXPR ::= GUARDVALUE
( ( <AND> | <OR> | <XOR> )

GUARDVALUE )*
GUARDVALUE ::= ( <NOT> )?

( "(" GUARDEXPR ")"
| ( VALUE ( COMPARE VALUE )? )
| CARDGUARD )

BUILTINGUARD ::= TIMEGUARD | REPLYGUARD | OCCURGUARD
TIMEGUARD ::= ( <TIMELESS> | <TIMEMORE> )

"(" EVENTREF "," VALUE ")"
REPLYGUARD ::= <REPLYTO> "(" EVENTREF "," EVENTREF ")"
OCCURGUARD ::= <OCCUR> "(" EVENTREF ")"
CARDGUARD ::= "#" COMPARE ( VALUE | <ALLCARD> )
EVENTREF ::= <NAME> | <DOTNAME> | <PREV>

VALUE ::= FUNCTION | BUILTINGUARD
| <NAME> | <DOTNAME> | <PREVPARM>
| <REAL> | <INTEGER> | <BOOLEAN>

COMPARE ::= <LESS> | <LESSEQUAL> | <EQUAL>
| <GREATER> | <GREATEREQUAL>

FUNCTION ::= <NAME> "(" ( VALUE ( "," VALUE )* )? ")"
INFIX ::= <AND> | <OR> | <XOR> | <CAUSES>

BOUNDNAME ::= <NAME> | <DOTNAME>
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