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Abstract

Theideaof building softwarethatspansnary computerdasbeena significantdriver
for researclsincetheearliestdaysof computing.Despitethis pasteffort, therearestill
considerableesourcedeingappliedto the problemsof building distributed software
systems.This thesisproposesan alternatve approactto building distributed systems
thatis both pragmaticandhasa soundtheoreticabasis.Theapproachs drivenby the
following key assertions:

1. The constructionof software systemshasbecomean evolutionaryratherthan
revolutionaryprocessNew softwaremustextendor incorporateold software.

2. Distributed applicationsmustoften coordinatethe activities of multiple partic-
ipantswith varying relationships. Static abstractionsike client-serer aretoo
primitive andinflexible to describesuchrelationships.

3. Communicatiometworkscannotconsistenthdeliver high-bandwidthlow-lateng,
low-failure communicationsDistributedsoftwaremustbe ableto dealwith the
degradationor lossof communication.

Giventhis context, this thesisdescribed-inessea systemfor describingandsup-
porting the complex interactionsof componentsn distributed applications. Finesse
usesthe notion of eventrelationshipgo describehevisible behaiour of components
andhow thosebehaioursarecoordinatedo satisfytherequirementsf anapplication.
Therearethreesignificantaspectof Finessegachof which makesa novel contriku-
tion to thebody of research:

1. A semantianodelthatprovidesthetheoreticabasisfor eventrelationships.

2. A programmindanguagdor describingcomponentnterfacesandtherelation-
shipsbetweereventsoccurringon thoseinterfaces.

3. A distributed runtime enginethat managesand mediatescommunicationbe-
tweencomponentdo implementdistributed programsdescribedusing the Fi-
nesseprogramminganguage.

The systemimplies a mediatedcommunicationarchitecture wherea mediating
componentcceptsventsfrom componentand distributesappropriatenotifications
to othercomponentsThis decouplingof componentandthe mediationsemanticsal-
low thenecessaryransformatiorof dataandeventcorrelationto supportegag appli-
cations.Theeventrelationshipsemanticshowever, alsoallow themediatorto befully
distributed and asynchronous.This asynchrow allows us to dealwith high-lateng,
high-failure communicatiometworks. The designof the programminglanguageal-
lows us to develop mediating’components’that can be nestedwithin a higherlevel
mediatoy thusgiving usthe ability to build a flexible library of abstractiongor rela-
tionshipsbetweerparticipatingcomponents.

Thethesisncludesasetof exampleghatdemonstratéheapproactandits strengths.
Throughthe examplesand the agumentsexpressedn the work, this thesisdemon-
strateghe power andutility of the eventrelationshipapproactto building distributed
systems.
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Chapter 1

Intr oduction

This thesisdescribesa new approacho the constructionof distributed systems.The
approachsuggestduilding distributed systemsby declaratiely specifyingthe rela-
tionshipsbetweenthe visible behaiours of participatingcomponentsand executing
this specificatioron a distributed,asynchronousxecutionengine.The approactand
the systemthatimplementsit is calledFinesse Finesseis intendedto dealwith the
realitiesof software constructioranduse:while innovative andtheoreticallysound,it
addressepragmaticconcern®f the softwareengineeringliscipline.

In this introductorytext, a setof assertionsboutthe natureof software construc-
tion and distributed systemsis introduced. After describingFinessein subsequent

chapterf thethesistheapproachwill be evaluatedagainstheseassertions.

1.1 Pervasive Software

Softwarerunningon computerdiasbecomea penasive partof life in our society: The
delivery of fuel andignition timing in acarengineis controlledby software;Banksand
commoditymarketsareentirely dependenbn computerizedransactiorsystemsAnd
mary electricalappliancesn ourhomesarenow controlledby software. Aimostevery
office deskhasa computerandthe proportionof homeswith apersonatomputerand
anlInternetconnections growing rapidly.

Witnessalsothe worldwide flurry of activity associatedvith the millenniumbug.

The significanceof the millennium bug highlights our dependencen software, is a
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reflectionof thelong-termvalueof existing software,andis anindicationthatsoftware
systemsnustbe built to dealwith changingervironments.
Thesetwo facts—thepenasivenessof software and intrinsic value of existing

software—leadusto afirst assertioraboutsoftwareconstruction:

Theconstructionof softwae hasbecomean evolutionaryratherthanrev-
olutionary process. New softwae mustextendor incorporate old soft-

ware.

1.2 The Discipline of Distrib uted Systems

The notion that software canbe built asa setof independenbut cooperatingcompo-
nentsrunningon distinct processorfiasbeena driver for researchHor morethantwo
decadesConsidetheearlywork of Lamport[77 ondistributedclocks,theCambridge
distributedsystem[132 or Gifford’s work onreplication[49. Thisfield of researchs
traditionally known asdistributed systems.Considerableesourcefiave beenapplied
to the mary problemsassociatedavith distributed systemsandtherehave beenmary
successes.

The adoptionof distributed systemsn commercialsettingshasbeensteadilyin-
creasing.Thisis drivenby the steadymigrationof mary businesgunctionsto desktop
computersandthe increasingneedto supportthosebusinessfunctionswith timely
andrelevant informationin widely dispersedorganizations. Therehasalso beena
pushtowardsintegrating once-distinctsystemswithin an organizationto provide a
single,coherenview of theorganizationon the desktopandto usecomputersystems
asthebasisfor cooperatre work betweerphysicallydistributedusers.Theseapplica-
tionsaredistributedby necessityratherthanto satisfyperformancendothertechnical
objectives.

A key featureof infrastructureghat successfullysupportexisting distributed sys-
temsis appropriatebstraction$or connectingsystencomponentsRemoteprocedure
call[15)], distributedtransactions[136 and 3-tier architectures[3Jareall abstractions
thathave beenusedsuccessfully Theseabstractionsendto be static,programmatic,

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

14



multimedia, computersupportedcooperatre work (CSCW), and the integration of
multiple sourcesof information suggesthe needfor more flexible and higherlevel

abstractionsThe secondassertiorof this thesisis thus:

Distributedapplicationsmustcoominatetheactivitiesof multiple partici-
pantswith varyingrelationships Staticabstactionslike client-serverare

too primitive andinflexible to describesud relationships.

1.3 A Plethora of Communication Technologies

While distributed systemshave beenevolving throughthe 90s, communicationand
telephory systemdave beenexploding. Mobile phoneshare becomea ubiquitoustool
of theincreasingly-mobiléusinessvorker, andthe Internethasbecomethe preferred
way of sendingandreceving informationfor both personabndbusinesgurposesA
key aspectof technologiesn theseareasis thatthey areinternational: communica-
tion and cooperatioracrossnationalboundariess nov both commonandrelatively
inexpensve.

Thisexplosionof communicatioriechnologiefiasemphasizedowever, theshort-
comingsof ubiquitousnetworking andcommunicationsWhile theInternetasawhole
is highly reliable,thefailure of a singlenodecanresultin thelossof communication
betweertwo entitiesandsuchfailuresoccurrelatvely often. Thesignificanceof inter
nationalcommunications thatthe lateny of communicatioris theoreticallylimited
by the speedof light in avacuum(c = 3x108m/s): this latengy becomes significant
performancdimitation on synchronousnteractions.For example,a round-tripcom-
municationbetweennodes10,000kmaparthasa lateny of (10,000,000/c) x 2 or
60msif communicatioroccursat the maximumtheoreticalspeed.This time is mary
ordersof magnitudehigherthanthe time taken to executea processoinstructionor
local memoryfetch.

A furthercomplicationis thatthe coverageofferedby mobile communicatiomet-
worksis limited to areasf high-densitypopulationbecaus®f costs,andthatboththe
bandwidthandreliability of suchnetworksis limited. This leadsto athird assertiorof

thisthesis:
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Communicatiometworkscannotconsistentlygeliverhigh-bandwidthlow-
latency low-failure communicationsDistributedsoftwae mustbeableto

dealwith high latencyandthe deggradationor lossof communication.

1.4 Intr oducing Finesse

With the assertion®f the precedingsectiongn mind, this thesisproposeghe Finesse
approacho theconstructiorof distributedsystemsThethesisdescribeshe approach
anda systembuilt to supportthe approachandshaows its utility throughexamples.
Therearethreecomponent®f Finesse eachof which contrilbutesto the body of re-

searchin distributedsystems:

1. A semantianodelthatprovidesthetheoreticabasisfor describingelationships

betweercomponentandexecutingprogramgo realizethoserelationships.

2. A programminglanguagefor describingthe visible behaiour of components
andtherelationshippetweerthebehaioursthatresultsin thedesireddistributed

application.

3. A distributed runtime enginethat managesand mediatescommunicationbe-
tweencomponents$o implementdistributed programsdescribedn the termsof

thesemantianodel.

This approacktanintegrateexisting software,provide a basisfor building flexible
andhigh-level abstractionsandplacesminimal constraintson the infrastructureused
to realizeanapplication.

Thefollowing chapterprovidesanoverview of the Finessesystemto give readers
ahigh-level understandingf the componentsindgoalsof Finesse Chapter3 suneys
relevant literatureto definethe scafolding uponwhich the ideasof this thesisrest.
Chapters4, 5, and 6 describethe executionmodel, programminglanguage andim-
plementatiorof Finesserespecirely. Chapter7 providesanend-to-endorogramming
exampleto illustrate the conceptsin the precedingchaptersand their relationships.

Chaptei8 demonstratethe capabilitiesandwide applicabilityof theapproactihrough
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examplesandassociatediscussionChaptel9 evaluateghe Finessesystemby return-
ing to thekey assertionsf this chapteito shav thatFinesseaddressetheseassertions,
discussinghe strengthsandweaknessesf the approachandshaving the novelty of
Finessethroughcomparisorwith relatedwork. In conclusionthe thesisemphasizes

the contritution of this work to the practiceof distributedsoftwareconstruction.
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Chapter 2

SystemOverview

This chaptergives an informal overview of Finessewith the intention of preparing
readerdor the moredetaileddiscussionsn subsequenthapters.t describeghe pri-
mary influences architecturemodel,andkey component®f the approachjncluding
somesimpleexamplego illustratethe concepts.

Finesseis a platform andan approachor describingandsupportingcomple in-
teractionsbetweerncomponentsn distributed systems.The systemcomprisesan exe-
cutablesemantianodel,programminganguageanda runtimeinfrastructurefor exe-
cuting programs.Finessebeganasan attemptto realizethe architecturaktonceptsof
the A1,/ model[1] in a developmenternvironmentfor distributed systems.The ini-
tial focuswason a prototypelanguagewith the goal of investigatingprogramming
modelsthatallowed descriptionof arbitraryinteractionmechanismsvithin the archi-
tecturalframevork of Al,/. A secondarygoal wasto usea behaioural modelthat
allowed componentso executeautonomouslyvithoutthe needfor a centralmediatoy
sincebothAl,/ andRM-ODPareintendedo supportinteractionghatcrossenterprise
boundariesin thesesituationsa centralmediatoris undesirable.

Througha processf revision andrefinementthe prototypelanguagehasbecome
theFinessdanguageyntaxdescribedn thisthesis.Theunderlyingbehaiouralmodel
wasformalizedafterit wasshavn thatthe languagecould describecomplec interac-
tionsin a flexible and modularfashion. A prototypeimplementationcapturingthe
semanticmodeland the architecturalprinciplesembodiedin the languagewas built

concurrentlywith the formalismto shav the feasibility of the languageand model.
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Thegoalof autonomyfor thedistributedcomponentfiasbeernrealizedthroughcareful
designof thebehaioural model:it allows behaiour to bearbitrarily distributedacross
asetof autonomousuntimeengineommunicatingonly throughasynchronoumes-

saging.

2.1 Influences

2.1.1 The Al,/ Model and RM-ODP

Finessewas developedto supportthe principlesand conceptsof the A1,/ architec-
ture modelfor distributed systems.It directly usesthe notionsof binding, interface
androle definedby the model (describedn section2.2), and early work on the be-
havioural model[102 was performedin conjunctionwith researcherfrom the CRC
for Distributed SystemsTechnologywherethe modelwasdeveloped.

The A1,/ modelhasa strongrelationshipwith the ISO Basic ReferenceModel
of OpenDistributed Processing[63105. The notionsof binding and interface are
stronglyrelatedto similar ODP conceptsalthoughthe A1,/ modeldoesnot usethe
ODP viewpoints. Finessebenefitsfrom the opensystemsapproachn not prescribing
specificdatamodelsor infrastructure althoughthe prototypeimplementatiorusesa

particularlanguageandnetwork infrastructure.

2.1.2 Architecture and Coordination Languages

Finessds alsostronglyinfluencedby work in architecturedescriptionanguagesRe-
searchnto softwarearchitecturd117, 118 supportsamodelof programminghatdis-
tinguishessoftwarecomponentsndtheir connectorsThis modelpromoteseuseand
reduceghe coupling of software componentsanda numberof architecturedescrip-
tion languagesave beendeveloped,for example Wright[45] and Rapide[8(. The
primary differencebetweenFinesseandtheselanguagess that architecturedescrip-
tion languagesretypically orientedtowardssimulationandanalysisof architectures
ratherthanbuilding softwaresystems.

Receneffortsin developingcoordinatiodanguagesndmodels[3] for distributed

systemshave focusedon the needto distinguishcomponentandtheir coupling,and
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incorporatestrongabstractioncapabilitiesin languagegor programmingdistributed
systems.Thesesameprinciplesare usedin Finesse althoughthereare a numberof
differencesbetweenFinesseandthesesystemsgdiscussedurtherin chapter9. These
languagesind modelsare usuallyexecutableandintendedfor building software sys-

tems.

2.2 Architectural Model

The primary conceptin Finesses the binding as definedin the A1,/ model, which
is anentity thatencapsulatethe communicatiorbetweerdistributedcomponentpar
ticipating in an application. A binding is equvalentto the notion of a connectoy a
term commonlyfoundin software architecturditerature[l 117, 106. Bindingsare

describedn termsof thefollowing fundamentatoncepts:

role: abinding hasa setof rolesthat canor mustbe filled by participatingcompo-
nents.Oneor morecomponentganfulfill asinglerole, providing a corvenient

abstractiorfor groupinteraction.

interface: componentéave interfaceshroughwhichthey interactwith theirenviron-
ment. Eachinterfaceis assignedo oneor morerolesin the binding andmust

implementthe behaiour specifiedfor thoseroles.

events: componentgarticipatein a binding (interact) by executing eventsat their
interfaces. Eventsare immutableand have a location (interface), parameters,

andanexecutiontime.

event relationships: event relationshipsspecify the behaiour andinteractionsof a
binding by describingthe relationshipetweereventsoccurringat component

interfaces.

A bindingis instantiatedy nominatinga Finesseprogramor somecompiledform
of thatprogram,anda setof componentso fulfill therolesof thebinding. Theunder
lying distributed infrastructureis requiredto establishan appropriatesetof network

connectiongindsupportingcomponentso implementthe Finessgrogram.A Finesse
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programalso could be usedto generatestubsfor the participatingcomponentsn a
similarmannerto CORBA IDL, meaninghatFinessds somavhatindependenof the

languageusedto build the participatingcomponents.

2.3 Behavioural Model

Eventrelationshipgprovide the basisfor describingbehaiour in bindings. Eventre-
lationshipscapturethe dependenciebetweenevents occurring at the interfacesof
componentgarticipatingin a distributed application. Threedistinct typesof event

relationshipareidentified:
Causalrelationships which describeghe causadependencieletweerevents;

Parameter relationships whichdescribaherelationshipbetweerparametersf causally
relatedevents. Parameterelationshipsspecify the contentof messagepassed

betweerinteractingcomponentsn adeclaratve, application-orientednanner;

Timing relationships whichdescribehereal-timerelationshifbetweerevents.These
relationshipsanbeusedto describefor example timeoutsor quality of service

requirement®f interactions.

The causalrelationshipsbetweeneventsform the basisof the executionmodel
associatedvith a Finesseémplementationandin a givenprogram theserelationships
describethecontrolflow. Parameteandtiming relationshipsieclaratrely specifythe
dataflow andtime-dependerpropertiesof a bindingprogram.

Theseconceptscombinedwith the notionsof binding interfaceandrole, provide
anextremelypowerful technigueor thedescriptionof distributedsystemsnteraction.
For example,it is possibleto succinctlydescribeandeasilyextendremoteprocedure
call, group communication,and streambehaiour. The declaratie specificationof

dataflow alsoprovidesa basisfor optimizationof messaging.

2.4 Language

The Finessdanguageprovidesa syntaxto expressthe structuringandbehaiour of a

binding. The syntaxis notintendedto be the only way of writing suchprogramsput
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providesanillustrationof how the behaioural modelcanberealizedin aspecification
or programminglanguage. It hassomesimilarities with processalgebradike CSP
andLOTOS,but includesmoresignificantfacilitiesfor describingdataandusesatrue

concurreng model.

It is easiesto give a flavour for the Finessdanguageausingsomeexamples.The
following examplesdemonstratéhe basicfeaturesandstructuringof the Finessdan-
guage We usethelanguageo defineRPCinteraction thenextendRPCto implement

multicastRPCwith minimal changes.

2.4.1 ParameterizableRPC

The following binding describesa parameterizabl&PC interactionwith two roles,
client andsener. The Rolessectiondefinesthe behaiour of the participants. The
Interactionssectiondefinestherelationshipbetweerntheroles. A setof requiredmes-

sagesandhenceappropriateetwork connectioncanbederived from the behaiour.

Bi ndi ng RPC {
-- sinple, paraneterizable RPC

Rol es {

-- the client role is paraneterized by a set of input and

-- output val ues

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

}

-- the server role is sinlarly paraneterized

Server (IN, QUT) {
-- the server executes a receive followed by a send
receive?(IN -> send! (QOUT)
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Interactions {
-- the client send causes the server to receive,
-- with paraneters nmatched by nane
Client.send -> Server.receive {*= prev} AND

-- the server send causes the client to receive,
-- with paraneters nmatched by nane
Server.send -> Cient.receive {*= prev}

Thefollowing syntacticelementsareused:

Client(IN, OUT) introducegheclientrole, parameterizely a setof sentvalues

sent(IN) andasetof recevedvalues(OUT).

¢ send(IN) indicatesaneventwheretheclient outputstheIN values

e receiv€(OUT) indicatesaneventwheretheclientacceptshe OUT values

e —> indicatesa causalrelationshipsbetweenevents,thatis A — B specifies

thatA affectsB hencemustoccurbeforeB.

e Clientsendrefersto the executionof theclient sendevent.

e x= prev indicateshatthe parametersf the currenteventshouldbe setequalto

parameterdaving thesamenamein thepreviousevent(i.e. nameequialence).

2.4.2 Example: File AccessusingRPC

Use of this parameterizabl®PC binding is demonstratedn the following binding

definitionfor file 1/0:
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Binding Filel O {
-- read-only file access using RPC

| mport RPC,
Rol es {
-- Cient and Server inplenent open/read/close
Cient {
open { RPC.dient ((nane:string), (fh:handle)) } ->
| oop {

read { RPC.dient ((fh:handle, bytes:int),
(buf: buffer,bytes:int)) }

} o->
close { send! (fh:handle) }
}
Server {
open { RPC Server ((nanme:string), (fh:handle)) } ->
| oop {
read { RPC Server ((fh:handle, bytes:int),
(buf: buffer, bytes:int)) }
} o->
close { receive?(fh:handle) }
}

}

Interactions {
-- Cient operations result in correspondi ng server
-- operations. Operations are performed sequentially.
RPC(C i ent. open, Server.open) ->
RPC(C i ent.read, Server.read) ->
Client.close -> Server.close {*= prev}

Notice thatiterationis only specifiedin therole definitions: this minimizesunneces-
sary specificationand avoids the possibility of conflicting iteration constructdn the

role andinteractionspecifications.

2.4.3 Multicast RPC

The original RPCbinding canbe extendedto supportmulticastRPC.The client and

senerrolesareunmodified allowing the original clientandsener to be used:
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Bi nding Mul ti RPC {
| mport RPC
Rol es {
Client { RPC.dient }
-- the cardinality constraint specifies that there
-- nmust be at |east 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 -> Cient.receive {*= prev}

This example introducescardinality constraintsassociatedvith roles and their be-
haviour. All rolesin a binding can potentially be filled by mary participatingcom-
ponents By default, arole is filled by only oneparticipant. The additionof anappro-
priatecardinalityconstraintallows arole to befilled by multiple participants.Thisuse
of cardinalityconstraintgprovidesa corvenientand powerful mechanisnior describ-

ing groupcommunication.

2.4.4 ReplicatedFile Access

A replicatedfile accesdindingshovs how the multicastRPCbinding canbeused:

Bi nding ReplFilel O{
-- replicated, read-only file access

Inport Multi RPC, FilelQ

Rol es {
-- Cient and Servers inplenent open/read/close
-- operations, as before. Only Server cardinality
-- has changed.
Client { FilelOdient }
[#>=1] Server { FilelQ Server }

}
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Interactions {
-- RPCs by client are nulticast to servers
Mul ti RPC(Cl i ent. open, Server.open) ->
Mul ti RPC(d ient.read, Server.read) ->
Client.close -> [#=all] Server.close {*= prev}

This setof examplesdemonstrateBow abasicinteractionmechanisntanbeextended
to suit new requirementsNoticein particular thatclientsandsenersareunchanged
despitethe changein interactionmechanism.This suggestsignificantpotentialfor

reuseandlegagy applicationintegration.

2.5 Runtime Infrastructur e

The Finesseruntime infrastructureimplementsa fully-distributed and asynchronous
statemachinefor executing Finesseprograms. Eachparticipatingcomponentasa
local runtimeenginethatdeterminesvhenlocal eventscanbe executedandhow they
shouldbe positionedn the statemachine.Chapter6 describeghis behaiour in more
detail. Thedistribution andasynchroy arepossiblebecause¢he semantianodeluses
causalityasthe basisfor defining event dependenciesan event can be executedas
soonasthelocal runtimeenginehasbeennotifiedof all eventsuponwhichit depends.
Thereis no requirementor the enginesto maintaina synchronizedview of system
state.Eachruntimeenginethusmaintainsanincompleteview of the systemstate,and
needonly benotified of remoteeventsthatarerequiredto satisfylocal dependencies.
For example,in theRPCbindingdescribedn the precedingectiontheclientneed
only be informedof the occurrenceof the sener sendevent. While this might seem
obvious, it meanghatthe sener receve eventdoesnot appear(or needto appear)n
the client statemachine.Whatis important,however, is thateventnotificationscarry
sufiicient informationto determinewherein the statemachinethey shouldappear
This is achieved in the runtime engineby using a form of vector clock to capture
causaldependenciesNote that the restrictedcontext createdby a binding andthe

finite natureof binding programsmeanshatthe vectorclocksareboundedn sizein
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mostprograms.This aspecis discussedn moredetailin chapter6.

Programsarestoredin aninternalform asa setof eventtemplateswith decision
treesrepresentinghe dependenciesf eachevent. An eventis executedwhen suffi-
cientcausalpredecessotsave occurredo satisfythe decisiontreeandary parameter
or timing relationships. The currentprototypealso requiresthe participationof the
componentn all local events,however, this requiremenis primarily to simplify im-
plementatiorand canbe removed. Whenan eventis executed,a notificationis sent
to all remotecomponentgpotentially having direct causaldependent®r parameter
relationships.

The key adwantageof an asynchronouspproachbasedon causalrelationships
is that Finesseprogramscan describeand supportapplicationsusing unreliableor
sporadicallyconnectedcomponentsThis is importantin suchlarge scalenetworksas
the Internetandfor mobile computingsystems.

Theruntimeenginealsosupportghetime andparameterelationshipsemantic®f
thelanguageWhile theexamplesabove usenameequivalencespecificatiorof param-
eterrelationshipstheserelationshipscan also explicitly identify only the necessary
relationshipsThis allows theruntimeinfrastructureo sendonly thenecessarparam-
etersof aneventwith eachnotification,which canbe a significantoptimizationwhen
parametersreunuseddy aremotecomponent.

The prototypecurrently supportsonly the Java ervironmentand TCP/IP as the
network infrastructure.The Finessdanguageandruntimedesignarenotin arny way

tied to this platform, however.

2.6 Concluding Remarks

This chapterhasintroducedthe Finessesystemin aninformal manner The system
comprisesthree key components:an executablesemanticmodel basedon the be-
havioural modelinformally describechere,the Finesselanguageanda runtime en-
gine. The simple examplespresentedcherehint at the capabilitiesof the approach.
Subsequerthapterswill describeéhesecomponentin moredetailandfurtherdemon-

stratethe novelty andstrengthof Finesse
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Chapter 3

Literatur e Review

This chaptersuneys theliteratureandtechnologyfrom researchtisciplinesandcom-
mercialproductsthatinfluencethe Finesseapproach.The goalis to provide a histor
ical andtechnologicabasisfor the subsequendescriptionof Finesseandto provide
motivationfor theapproachandfeaturef Finesse

Thechapterfirst suneys researclhin softwarearchitecturg3.1and3.2), coordina-
tionlanguage$3.3),andcomponentmodels(3.4),which provide muchof thearchitec-
tural basisfor the Finesseapproach.The behaioural modelandunderlingexecution
semanticss stronglyinfluencedby existing work in distributed systemsspecifically
interactionmodelsfor distributed software componentsand the underlyingmiddle-
waretechnology Thesetechnologiegresuneyedin section3.5. Theimplementation
of Finessds influencedby distributedsystemsnfrastructureechnologyandthistech-
nologyis describedn section3.6. Finally, CSCWiliteratureis reviewedin section3.7,

sinceit is oneof the key motivatorsfor this work.

3.1 Software Ar chitecture

A significantinfluenceon Finessehasbeenwork in softwarearchitecture Softwarear
chitecturdocusesontheneedfor concisewell-definedabstractionsvhenconstructing
software systems.The study of software architecturen recentyearshashighlighted
the needto describethe configurationand interactionsof software componentsdis-

tributedor otherwisejn away thatdistinguisheshis descriptionfrom thecomponents
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themseles. This separatiordecoupleshe behaiour of interactingobjectsto promote
reuse In distributedsystemsthis distinctspecificatiorof interactionsanresultin sig-
nificant optimizationsof communication[6R Garlanand Shav[118] are pioneersin
theareaandtheirwork hasresultedn anumberof architectue descriptionlanguajes
[116, 1] andotherapproacheto capturingsoftwarearchitecture[4b Typically, archi-
tecturedescriptionlanguagesallow the descriptionof a set of software component
interfacesandthe way theseinterfacesare connected.The semanticof connections

arecaptu redn connectos.

The Unicon[11§ languageprovidesa fixed rangeof connectorsncluding proce-
durecalls,pipesandfilters. In Wright[1], connectorsrespecifiedn alanguageased
on CSP[59].Wright usesmodified CSPtoolsto analyseconnectorandtheinterfaces
they connectensuringthatthe interactionsare, for example,deadlockiree. This ap-
proachis orientedtowardsthe captureof process-orienteddehaiour andusesaninter
leavedconcurreng model.Rapide[8(Q usesaneventbasednodelandposetgpartially
orderedsets)to capturethetrue concurreng of distributedsystemsRapideincludesa
datamodelandhasatoolsetthatsupportsimulationandanalysisof softwarearchitec-
tures.Darwin[84] definesaconfiguratiorlanguagehatusegrocess-orientesemantic
description®f interfacesandconnectionso determinethe correctnessf a configura-

tion of objects.Thiswork hasa formal semantic®asedon the w-calculus[94.

Thesearchitecturedescriptionlanguagesharea commongoal of allowing soft-
wareengineerso accuratelydocumenthe softwarearchitectureThis allows rigorous
analysisat the architecturalevel, reducingthe costof softwaredevelopmentby iden-
tifying potentialproblemsearlyin the softwarelifecycle[11§. Thesetoolsarenot,in
generalaugmentedby toolsto assistin building a softwaresystemusingthe specified

architecture.

A numberof object-orientedmethodologieshave also beendevelopedto cater
for the needsof object-orientedsoftware developers. Examplesare Booch[19 and
Rumbaugh[11R Thesemethodologiehave associatedanguageorientedtowards
non-distriluted software, althoughwork on a methodologyknowvn as UML[104] is
now addressinglistributed systemdssues.As with the work in architecturedescrip-

tion languagesthesemethodologiesecognizethe needto explicitly modeltherela-
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tionshipsbetweercomponentgobjects)althoughthefocushereis on dataratherthan
process-orientecelationships.UML is makingprogresgowardsa formal underpin-
ning, but theseobject-orientesmethodologietack theformalismnecessaryo perform
rigorousanalysisof the describedarchitectureln contrastio the architecturedescrip-
tion languageshowever, thesemethodsdo have tools and infrastructureto support

softwaredevelopmentbasedon the architecturedescription.

3.2 Distrib uted SystemsAr chitecture

The needfor soundsoftware architecturebecomeseven more critical whenthe soft-
wareis distributed, andrecentwork on distributed systemsarchitecturewvasthe pri-
maryinfluencein beginningtheresearchdescribedn this thesis.Distributedsystems
architecturas arelatively new field of researchLiteraturein thefield concentratesn
theneedto abstracbvertheimplementatiordetail of adistributedsystemandcapture
the essentiahigh-level features. This high-level descriptionshouldthenbe mapped
ontolowerlevel softwareandcommunicatiorprotocols.

Researclin distributedsystemsarchitecturehasgrowvn from the needto stepback
fromtheprotocol-level approachiakenin mary earlydistributedsystemsThisprocess
of abstractionallows the designerto concentrateon distributed applicationrequire-
mentsratherthanthe nuts-and-boltof distributed systemsconstruction. It canalso
enhanceportability, with the designnotdependentn a particularunderlyingsystem.

The ANSA architecturamodel[8§ is widely consideredo betheearliestwork in
this field. It introducedthe ideaof having five viewpoints namelyEnterprise Infor-
mation Computationagl Engineeringand Technolagy. Eachviewpoint focusedon a
specificsetof concerngelatedto a distributedapplication.

An ISO standardizatioprocesdor the architectureof OpenDistributed Systems
was establishedandthe ANSA modelwasvery influential in the productionof this
standardThestandardhassincebeenreleasedandis afour-partstandarcentitledThe
BasicRefeenceModelof OpenDistributedProcessinfs3, 105 or RM-ODP The pri-
marygoalof themodelisto provide aframework for building distributedprogramming

ervironmentsthatcapturea setof standardarchitecturaprinciples.
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The CRC for Distributed SystemsTechnology(DSTC) participatedin the RM-
ODP standardizatioprocessaanddevelopedthe A1,/ ArchitectureModel[1]] to fuel
thatparticipationandmeetthe needf their organization.Thefollowing subsections

discusghe A1,/ model,RM-ODP, andrelatedwork in moredetail.

3.2.1 ReferenceModel of Open Distrib uted Processing

Work on RM-ODP[63,105 beganin the late 1980swith the establishmenbf an
ISO/CCITT standardsvorking group. The bulk of the standardizatiorexists in the
definitionof computationabhndengineeringviewpointstakenfrom the ANSA model.
The computationaliewpoint focuseson theinterfacesof objectsandinteractionse-

tweenobjects.Threetypesof interfacesare permitted:

1. opemational interfaceswhich exhibit RPCclient or sener behaiour;
2. streaminterfaceswhich exhibit produceror consumebehaiour;

3. signalinterfaces,which allow the descriptionof any behaiour, andrequirean

explicit bindingobject

Thebehaiour of bindingsbetweeroperationalnterfacesandstreaminterfacesare
prescribedby the standard.Signalinterfacesonly describdocal interfacebehaiour,
allowing interactionbehaiour to bespecifiedn anexplicit bindingobject. An explicit
bindingobjectis equivalentto theconnectorsisedn thesoftwarearchitecturegesearch
discussedh theprevioussection.

The engineeringviewpoint describesa modelfor distributed systemsnfrastruc-
ture, focusingon the creationand maintenancef bindings betweeninterfaces. In
effect, this viewpoint is wherewherethe software architecturés mappedonto a dis-

tributedsystemsnfrastructure.

3.2.2 The Al,/ Architecture Model

TheAl,/ ArchitectureModel[11] departdrom the ANSA viewpointsandfocuseson
two sub-modelsa specificatiormodelandaninfrastructue model. The specification

modelis usedto describeheabstractrchitectureof adistributedsystembasedn the
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conceptf object interfaceandbinding Objectsencapsulatapplicationfunctional-
ity, interfacesdescribethe interactionof an objectwith its environment,andbindings
describethe contet for interactionbetweenobjects. The specificatiormodelis sim-
ilar in mary respectgo the RM-ODP computationamodel, but is moreflexible and
doesnot prescribesemanticgor operationalRPC)or streambehaiour. The explicit
useof bindingsin the specificatiormodelwasinfluentialin the additionof signalin-
terfacesto the RM-ODP—earlyversionsof RM-ODP allowed only operationaland
streaminteractions.

The infrastructuremodeldescribesa generalarchitecturefor distributed systems
infrastructureanda mappingbetweenrspecificatiormodelentitiesandthis infrastruc-
ture. It is quitesimilarto theRM-ODPengineeringnodel,but is lessprescriptve. The
Al,/ modeldoes,however, make explicit statementsiboutthe relationshipbetween
entitiesin theinfrastructureandspecificatiormodels.

In chapter4, this thesisrefinesthe specificationmodel to generatea semantic
model for describingdistributed applications. The semanticmodel focuseson de-
scription of behaiour for bindingsand interfaces. The A1,/ modelhasalso given
rise to otherwork, including an architecturefor resourcediscorery[73], an architec-
turefor businesscontracts[9% atypemodel[2Q andaninfrastructurehatreflectsthe
model[@q.

3.3 Coordination

Coordinationlanguagesndmodelscomplementherecentwork in softwarearchitec-
ture for distributed systems.This researctdisciplinefocuseson the needto program
the interactionbetweensoftware componentsn a way that distinguishecomponent
behaiour from interactionbehaiour. This separatiorof concerngnapsnicely onto
the A1,/ modelconceptf object,interface,andbinding.

Researclnto coordinatiorandcoordinatiodanguage®eganwith Linda[4€. Linda
is alanguagédor parallelanddistributed systemshasedon the notion of a sharedtu-
ple space Linda includesa setof basicoperationso addto andretrieve from the

tuple space.Tuplesto beretrieved are selectedoy regular expressions.The primary
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advantageof Linda arethe cleannessndsimplicity of its modelandthe decoupling

provided by anorymouscommunicationThe primary difficultiesare:

1. Any problemthatrequiresanexplicit locality (e.g. multiple tuple spaces)real-
time constraintspr sortingof tuplesis inherentlydifficult becausef the Linda
model[5 21].

2. Efficientimplementatiorover a distributedsystemis difficult becausef theun-
derlyingsharednemorymodelwhichrequiresreliability[111], andtheinherent

unreliability of alarge network like the Internet.

3. Thecoordinationaspect®f anapplicationwritten usingLindaareembeddedn
theapplication—therés no explicit representatiorhenceit is difficult to reason

aboutapplicationinteractionswithout involving the applicationghemseles[q.

Recentork in coordinatiorlanguagesndsystemsiasmovedin adirectionmore
similar to architecturedescriptionlanguagesandhasbeeninfluencedto someextent

by RM-ODP Relevantexamplesinclude:

e ConCoord[6(, which providesa flexible languageenvironmentfor program-
ming both objectsandtheir coordination. Objectinterfacesare describedby
portsandstateswith an explicit terminationstate. The coordinationlanguage
(CCL) describeghe connectiorof portsandthe datatypegpassedver the con-
nections. It allows the organizationof coordinatorgnto hierarchiesproviding
scalabilityandabstraction.The languagehasa fixed setof datatypes,andap-

pearsorientedtowardspipe/filterarchitectures.

e The CoordinationLanguageFacility (CLF)[3], which usesa process-oriented
languageto coordinateinteractionsbetweenobjectsbasedwith CORBA inter
faces. Thefacilities for coordinationallow intelligent configurationof objects
basedon declaratie rules. It supportsonly RPC-styleinteractionbetweenob-

jects.

e Contracts[58 which is coordinationlanguagentendedfor non-distriluted ob-

ject systems. This languageis one of the earliestexamplesof the separation
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betweercomponentandtheir connectorsbut doesnot addresglistributedsys-

temsissues.

e LAURAJ71], which is an object-orientedvariantof Linda thatimplementsan
offer spacebasedon the RM-ODP Trader andsupportsanorymousoperational

(RPCQ)interactionwith thatoffer space.

All of theseexamples,while adwancingresearchn this arena,are intendedfor
tightly coupledinteraction. They are not generallysuficient to supportthe loosely
coupled,dynamic,andunreliableinteractionghatoccurin large-scalaistributed sys-

tems.

3.4 ComponentSystems

Thenotion of “componentshasrecentlyemegedasthe underlyingarchitecturabb-
stractionfor mary distributed systemsand supportinginfrastructures.The definition
of this abstractionis widely aguedbut capturedwell in [126]. Componensystems
focuson the needto connectpeercomponentdo build large software systemsand
typically go hand-in-handwith object-orientedsystems.A componenis definedby
the setof methodsit offersto its environment,andthe setof methodsit expectsthe
ervironmentto offer in return.

Therearesomesignificantadvantagesssociatedvith componentsThe primary
adwantages thatacomponenis self sufficientexceptfor theexplicitly definednterac-
tionswith its ervironment.Sucha cleardefinitionof dependenciesakescomponents
considerablyeasierto reusethantraditionalobjects which tendto have dependencies
buried deepinsideaninheritancehierarchy Componentalsotendto be self describ-
ing, allowing the ervironmentto askthe componento describdts interfaceandhence
promotedynamiccouplingof components[1(7

The self-suficiengy of componentseflectsthe principlesof the architecturede-
scriptionlanguagesliscussedn section3.1. The key areaof researchn component
systemshowever, is theproblemof interconnectionDirect connectiorof components

usinglocal or remotemethodinvocationis provided by mostervironments[107123.
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While this is suitablefor new, tightly-coupledapplicationsthe connectionof exist-
ing, loosly-coupleccomponentgi.e. legagy componentsjequiresadaptombjectsand
suchservicesas“beanboxes’[123. Adoptionof the notionof connectos from archi-
tecturedescriptionlanguagess not yet a widely supportedechnique althoughsome
researcherbave addressetheissues[58 Distributedsupportfor connectorss mini-
mal or non-&istant.

A furtherkey deficieny of componensystemsds thelack of facilitiesfor decrib-
ing interface semanticsabose and beyond methodsignatures.It is not possible,for
example,to describeheimplicit relationshipbetweendataelementsn streamingoe-

haviour: only amethodto accepia dataelemenicanbe described.

3.5 Interaction Paradigmsfor Distrib uted Systems

Researchinto distributed systemshasbeencarriedout for several decades.Litera-
turein the field encompassedetaileddiscussiorof low-level protocols the designof
infrastructureservicesto supportdistributed systemsand appropriatdanguagesnd
interactionparadigmdor programmingdistributedapplications.

A key contritution of this thesisis the emphasist placeson supportingdiffer-
entinteractionprotocolsand paradigmsn distributed systems. The following sub-
sectionsdiscussthe interactionparadigmsand programmingabstractionghat have
emegedfrom distributed systemgesearchanddiscussesheir relative strengthsand
weaknesses.The goal is to emphasizehat thereis no single interactionmodel or

abstractiorthatsatisfiesall needs.

3.5.1 RemoteProcedure Call

Remoteprocedurecall (RPC)[1] is perhapghe mostpopularinteractionprotocolbe-
causeof its similarity to local procedurecall. Useof remoteprocedurecall typically
involves the definition of remote procedureausing an interface definition language
(IDL) andthecreationof programstubsthatapproximatdocal procedurecall seman-
ticsfor theclient (caller)andsener (recever). It is thereforerelatively easyto modify

existing programdor distribution.
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Many flavours of RPC exist, eachproviding different semanticguaranteesnd
datatyping. CORBA remotemethodinvocation[9§, for example,hasa strongobject-
orientedflavour and supportsmultiple programminglanguagebindings,whereDCE
RPC[110]is relatively uniquein its supportfor datapointers.SunRPC[12}lis perhaps
themostwidely usedbecauseeferencéemplementationgrefreely available. SUnRPC
is the basisfor a numberof commondistributedservicesjncludingthe Network File
System(NFS).

While RPCis generallyeasyto use,it is not suitablefor all applicationsln partic-

ular:

e RPCsareinherentlysynchronouswhichlimits opportunitiedor parallelismand

causeperformanceroblemson networksof high lateng.

e RPCimpliesprocedurainteraction,soareunsuitablefor applicationgequiring

streamediata,for example.

e RPCsaredirected in thatthey requireexplicit identificationof the sener by
the client. Anonymousor mediatedcommunicationgives considerablymore

flexibility andopportunityfor reuseof applicationcomponents.

3.5.2 MessagePassing

Messagepassings also quite commonin distributed applicationsand ervironments.
Messagepassingis usedinsteadof RPCwherethe interactionmodelis not strictly
synchronour parallelismin communications required.

PVM[125] is a commonlyuseddistributed environmentbasedon messageass-
ing, with afocuson high-performancearallelprogramming.Reliable,transactional
messageassings provided by ervironmentssuchasIBM’s commercialMQ-series
product[5Q. At anabstractevel, electronicmail (email)is a form of asynchronous
messag@assingandthis hasgainedwide acceptancén bothresearcrandcommer
cial ervironments.

Messagepassingcan also provide a basisfor the streamedcommunicational-

thoughit is morecommonfor stream-orientedommunication$o be provided explic-

37



itly by anenvironment. Messagepassinghassomedravbacksin distributedapplica-

tions, particularly:

o Messagepassingis relatively low-level and provides minimal abstractionfor

higherlevel applicationprotocols.

e As with RPC, messagepassingis directed,requiring explicit identificationof

therecever andconstrainingeuseof applicationcomponents.

3.5.3 Multicast

Multicastcommunicatiorprotocolshave beenanareaof active researctior sometime.
Multicasttypically extendsmessag@assingwith somenotionof distributed,address-
ableprocessr objectgroups.Many protocolsandimplementationgxist, for example
in Isis[13, Psync[100, Electra]83, Horus[13Q and PVM[125]. The focusof most
implementationss on providing reliability throughreplication. Perhapshe mostdif-
ficult aspecbf providing multicastis choosingan appropriatesemanticsthatis, how
the orderinganddelivery of messageis coordinatedy receving objects.It is gener
ally acceptedhatno singlemodelis appropriatdor all applications[1412, 27].
Multicast provides a level of indirection over messaggassing,but mostimple-
mentationsequirethatparticipatingobjectsareexplicitly awareof thecommunication
model. This typically meansthat applicationcomponentsare programmedwith im-
plicit knowledgeof the multicastsemanticandcanbe difficult to reusein a different

communicationgrnvironment.

3.5.4 Streams

Communicatingwith datastreamshastraditionally beenthe realm of telecommuni-
cationsprovidersconnectinghardwaredevices. With therapidincreasdn bandwidth
available for datacommunicationsaudio and video conferencingapplicationslike
VAT[64], VIC[90] and NV[43] have appearedput they have beenprogrammedli-
rectly onthetransportayer

A streamabstractions a necessargomponenbf moderndistributedsystems[17

53], andit is clearthat quality of servicepropertiesmust be supported. Few dis-
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tributed ervironmentsprovide explicit supportfor datastreamsalthoughDCE[11(
hasa functionalimplementatiorwithout quality of servicesupport,andthe RM-ODP

modelexplicitly describestreamcommunication.

3.5.5 Replication

Replicationis acommonlyusediechniquen distributedsystemsTherearemary vari-
ants,particularlyin the way accessgo replicasis synchronized Highly-synchronous,
single-coy equvalentreplicationis ideal, but nearimpossibleto achieve efficiently
over anunreliablenetwork. More practicalimplementationsllow somelevel of di-
vergencebetweerreplicas for exampleCODA[114], Bayou[12§, lazyreplication[76
andProspero[3b

Systemsupportfor replicationusually providesa single semantionodelwith the
betterimplementationsllowing significantconfiguration.Recentresearchn CSCW
[52] suggestshat, aswith multicast,no singlereplicationmodelis appropriatdor all

applications.

3.5.6 Distrib uted Shared Memory

Distributedsharednemoryimplementationsrreanabstractioroverreplicationschemes
thatallow distributedapplicationcomponentso interactthrougha synchronouslog-
ically shared addresspace. The granularityof accesgangesfrom logical program
variablesin PARLOG[32] to a sharedtuple spaceasusedin Linda[4§. Thesetech-
niquesprovide a simple and familiar abstractionfor programmershut do not scale
well or copewith unreliablenetworks becausef the needfor regularsynchronization
to ensurethe consisteng of the memoryspace. More recently the conceptof dis-
tributedsharednmemoryhasbeenpopularizedoy JINI[131], yetit retainstheinherent

limitationsdescribed.

3.5.7 Distributed File Systems

While not strictly aninteractionparadigmdistributedfile systemsanprovide a con-
venientmechanisnfor collaboration.Peopleor applicationgansharedatathroughac-

cesdo filesthatareeitherreplicatedcachedocally, or senedasrequired.Distributed
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file systemsarevery similar to distributed sharedmemory exceptthatthey typically
allow somelevel of divergenceto reducesynchronizatiorrequirements.Sincethey
usea standardile systeminterface,distributedfile systemscanbe usedby existing
applicationdransparently

NFS[113]is the mostcommonimplementationand dueto its statelessarchitec-
tureit is highly resilientto failure. It usesminimal caching,however, andhencere-
quiresreasonablyhigh bandwidthand cannotsupportdisconnecteaperation. SMB
[92] providesa similarimplementatiorwith afocuson PCsratherthanUnix worksta-
tions. AFS[61], CODA[114] andFicus[57 are examplessupportingreplicationand
disconnecteaperation. Althoughit is not strictly a distributed filesystem,the CVS
configurationmanagemensystem[8 usesreplicationand meging to allow multiple
peopleto work with their own copiesof files concurrently

Distributedfile systemsare corvenientmechanismsor interactionbetweenpeo-
ple, but they do not captureor helpmanagehe compleity of thatinteraction,nor do
they supportstream-basethteraction.Theinput/outputoverheadalsotendsto betoo

slow for real-timeaccesdo data,thusrequiringthe additionof cachingsemantics.

3.5.8 Transactions

Consisteng of informationis a key requiremenfor mary businesssystems.In dis-

tributedsystemsthis requirements typically satisfiedoy providing atransactiorsub-

systemwith somelevel of guaranteedonsisteng In centralizedsystemsthe usual

requirements thattransactionsatisfythe ACID properties[24 This canbe provided

in distributed systemsusing two-phasecommit[51], but the costin communications
bandwidth efficiency, andlateng is relatively high.

A widevarietyof methoddor wealeningthe ACID propertiesn acontrolledman-
ner have beendescribed,ncluding several variantsof nestedtransactions[3p lazy
replication[7, transactionalvorkflows[48 andtransactionamessaging[5p Each
have theirrelative strengthandweaknessegndareappropriatdor differentapplica-
tions.

More recently researchin distributed systemshasfocusedon ways of integrat-

ing arbitrarytransactiormodelsinto a unifying framework, including ACTA[30] and
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TSME[47]. Theseframenorks aretypically implementecbver aninteractionmodel

like messag@assingor RPC.

3.5.9 Event-basedinteraction

The useof eventsfor reportingandcontrolis a well-understoodechnique.More re-
cently however, researcherandprogrammer$ave begun usingevent-basednterac-
tion for programmingdistributedapplications Objectsinteractwith theirervironment
by producingand consumingevents,with producedeventsroutedto the requiredset
of consumer$y a mediator

A commonmodelis the publish-subscribenodel[75 87], whereconsumerse-
lect eventsby subscribingto someclassor patternof eventsvia the mediator Any
producedevent that matcheghe patternis deliveredto the consumer This model of
anorymouscommunicatioris very powerful, but it is difficult to capturethe applica-
tion architectureandcommunicatiorpatterndrom a setof subscriptiorrequests.

A morepowerful modelisimplementedn Rapide[8(, wheretheroutingof events
is explicitly specifiedby declaratve rules. Rulesin Rapideare specifiedas trig-
ger/actionpairs,wheretriggersare event patternsghat mustbe matched.The current
implementatiorof Rapidesupportssimulationandanalysisratherthana runtimein-
frastructurgor programs.

Event-basednodelsare highly flexible and promotereusebecausecommunica-
tion betweerpbjectsis directedoy a mediatorratherthanthe objectsthemseles. This
meansthat participatingcomponentsre decoupledrom the routing of communica-
tions, andhencepromotesreuseby allowing componentgo be arbitrarily connected.
Theinherentasynchrog of event-basedystemsalso makesthemmoreamenableo
high-lateng, unreliablenetworks. The primary difficulty with event-basednodelsis
thatthey arelessfamiliar to programmersandhencerequirea changein designand

codinghabits.

3.5.10 Connection-basednteraction

Connection-baseititeractionexplicitly connectdvehaioursspecifiedattheinterfaces

of componentsAs with event-basednteraction,objectsdo not namethe recipientof
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communicationswhich decoupleghe objectsandhencepromotesreuse.The powver
of this approachdependson the rangeand flexibility of connectors. A numberof
systemghatimplementthis approacharedescribedn sections3.1and3.3.
Connection-basenhodelsareparticularlyusefulfor stream-orientedr pipe/filter
architecturesThey aremoreflexible thanmodelsbasedon directedcommunication,
but still suffer from theneedfor strict compatibilityof connectednterfacessincecom-
municationsare not mediated. They are alsolessabstractthan event-basednodels,

providing fewer opportunitiesor optimization.

3.5.11 Intelligent Agents

Intelligent agenttechnology[13} provides tools for defining highly adaptablesoft-
wareagentdo represenpeople organizationspr softwarecomponentsn interactions
with externalparties.In termsof distributed systemsagentshereforepresentan ex-
ternal interface for interactionin a distributed systems. The technologiegypically
includesomeform of agenttommunicatiolanguageor primitivesfor communication
betweerremoteagents A commonlanguagas KQML[88], whichis ahigh-level and
quite flexible languagefor expressingqueriesbetweenintelligentagents.Communi-
cationsarestronglydirected,andthe languagerelieson statically-definednteraction
protocolsspecifiedoutsidethe languagewith a standardsetbasedon existing inter-
actionprotocols.April[89] is anolderlanguagedhatincludesbothagentandcommu-
nicationprimitives,with communicatiorbehaiour describedn termsof messages
messagduffer, andpatternmatchingacrosghathbuffer.

Intelligent agentsystemsare typically single-languagernvironmentsfocusedon
the resolutionof complex problemsusingartificial intelligencetechniques.As such,
they do not provide a genericplatform for distributed systems but the approaches

embodymary usefultechniquedor abstractingagndmanagingcommunications.

3.5.12 Mobile Agents

Mobile agentsbuild on intelligent agenttechnologyand augmentor 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-
containedautonomousmobile softwareobjectsthatcanbe passedetweercooperat-
ing systems[2P Thekey abstractions thatbothdataandcode(informationandoper
ationalsemanticsprepassedetweersystemsthuspreservinghe consisteng of the
data.Thisapproachs very effective in purpose-writterandtightly-coupledsystemslt
suffers,however, from theinherentproblemof requiringsignificanttrustacrossall par
ticipants(you cannever guaranteghat a participantrespectagent‘boundaries”)[28,

andthatall systemsnustpravide a consistenenvironmentfor executionof theagent.

3.6 Distrib uted Systemsinfrastructur e

Distributed systemsinfrastructureor middlevare provides the basisfor implement-
ing the programmingabstractionslescribedn the precedingsection. A numberof
middleware platformsfrom both researchand commercialprojectsare describedn
this section. The previous sectionshaved thatthe setof usefulinteractionmodelsis
quitelargeandgrowing. This sectionhighlightsthefactthatmostexisting middlevare
platformsprovide only a smallsetof staticinteractionmodels.

Early efforts in distributed systemstendedto focus on tightly integratedervi-
ronmentsfor programmingparallel and distributed applications predominantlydis-
tributedoperatingsystemsike Ameoba[12T andV [26] andclosedanguagesnviron-
mentslike Emerald[16, Argus[79 andOrca[7. The closednatureof theseerviron-
mentsmadeit difficult to introducedistributed applicationsnto theregular operating
ervironmentsof computeruser althoughmary significantadvancesesultedirom the
research.

Theincreasingocuson opennes# recentyears,evidencedby strongsupportfor
both de-jureand de-facto standarddike CORBA[98], DCE[11(J and SUnRPC[12}
hasled to a more openapproachthat extendsexisting programmingand operating
ervironments Distributedsysteminfrastructureprovide aprogrammingervironment
andsetof servicesfor building anddeplging distributed applications. The services

andprogrammingervironmentvary widely betweersystemsgependingn thefocus.

This sectiondescribesa numberof distributed systeminfrastructuresrom both
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researctandcommerciabrganizationsTheassertiorfrom sectionl.2 of chapterone
suggestghe needto supportflexible interationparadigms so this assessmeritasa
focuson thatrequirementNote the intentionof the sectionis to provide anoverviev

of availabletechnologiessomary existing systemsarenot described.

3.6.1 Commercial Environments

SunRP(124] from SunMicrosystemsvasthefirst widely usedenvironmentfor dis-
tributedapplicationsandmary applicationdbasedon SunRPCarestill in widespread
use,in particularNFS. As the namesuggestsSunRPCs basedon the remoteproce-
durecall paradigmandincludesanIDL compiler adatadescriptionanguaggXDR),
a rudimentarynamingservice,and hooksfor implementingsecurity It providesno
supportfor messag@assingor otherinteractionprotocols but doesallow selectionof
transportprotocols. The RPC semanticslependon the transportchosen.SunRPCs
intendedfor the C programmindanguageonly.

DCE[110Q] from the OpenSoftware Foundation(OSF)attemptedo addressome
of the deficienciesof SUNRPChy providing a similar RPC-basedystemwith strong
security a distributed nameservice a time service,andsupportfor streaminterfaces.
DCE wasalsodesignedspecificallyfor C languageprogramming. DCE haslargely
beenovertalen by CORBA compliantproductsandMicrosoft's DCOM (a dervative
of DCE) in recentyears.

CORBA[98] from theObjectManagemenGroup(OMG) is aconsortiunstandard
defining an interface definition language remoteobjectinvocationsemanticgbased
on RPC),and multiple languagebindingsto provide languageindependenceA va-
riety of implementationgxist in multiple programminganguagesncludingC, C++,
SmalltalkandJava. In conjunctionwith CORBA, OMG is currentlydefininga num-
ber of standardgor systemservicesjncluding naming,event managementecurity
transactionsand an RM-ODP complianttrading service. CORBA s still limited to
anRPCstyle of interaction,althoughrecentwork on eventservicess addressinghis
deficieny to someextent.

Lotus Noteg85] is a systemthat supportsdistributed applicationsthrougha file

replicationandworkflows. The ernvironmentprovides minimal facilities for building
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distributed applications but is significantbecausef its wide acceptancendusein
commercialorganizations.

Tuxedd?2] is oneof severaltransaction-orientedistributedcommerciatistributed
ervironments. It is primarily concernedwith building so-called3-tier applications,
wherea database-orienteclient applicationis shieldedfrom the detailsof database
accesdy amiddle-tierthatencodedusinesgprocesses/ruleandconsisteng require-
ments. Tuxedoprovidestoolsfor building the middle tier, including supportfor dis-
tributedtransactionsisingtwo phasecommit,a publish/subscribenediatoy andtrans-

actionalmessagingTransard&ncina[119] providesasimilarinfrastructure.

3.6.2 Reseach Prototypes

Amoebd127] is a distributed operatingsystemfrom the Vrije Universiteit, Amster
dam.Althoughnot supportinganopensystemsnodel,ideasfrom Amoebahave been
veryinfluentialin distributedsystemgesearchlts facilitiesincludea distributed pro-
gramminganguagédrca[7 basedndistributedsharednemory transactionalilesys-
temaccesaisingoptimisticconcurreng control,andhigh-performanceieliablemul-
ticast.Its interactionmodelatthe programmindevel is predominantlypasedon RPC.
TheV distributedoperatingsystem[26 provided similar facilities.

Isis[13] andHorus[130] areresearctprototypesrom Cornell University provid-
ing toolkitsfor distributedsystems$asednreliablemulticastandvirtual synchrog[14].
Isis hasbeendevelopedinto a commercialprototype,with Horus beingusedasthe
vehiclefor morerecentresearchiesults.Horusprovidesaselectiorof possibleseman-
tics for multicast,eachaimedat differentapplications.Both systemsprovide only a
groupcommunicatiorabstractionyhich limits theirusefulnes$or generabistributed
systemgonstruction.Theorderingguaranteeassociategvith themulticastsemantics
malke thesesystemsexcellentfor high-availability applicationsn alocal-areanetwork,
but canimposeserereperformancgenaltiesn low-lateng, unreliablenetworks. Sim-
ilar facilitiesarealsoprovidedby anumberof othertoolkits, includingElectra[83 and
it's commerciaderivative iBus[83.

ILU (interlanguageunification)[6§ is a distributed systemgoolkit from Xerox

Parc aimed at providing language-indepeedt developmentof distributed applica-
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tions. It is basedon the RPCinteractionparadigm,andis similar in mary respects
to CORBA. It caninteroperatavith CORBA applicationsput providesstrongercom-
patibility guaranteethanCORBA throughstaticcheckingof stronglytypedinterfaces.

PVM (parallelvirtual machineprovidesalibrary andservicedor building parallel
programsover a network of workstations.It providesmessaggassingand multicast
communicationanda numberof high-level primitivesfor managingconsisteng and
supportingparallelapplications Librariesfor Fortran,C andC++ areavailable. PVM
is widely usedin parallelprogrammingsinceit is efficient andfreely available. The
PVM protocolsare tamettedat high-speedocal areanetworks andassuch,it is not
generallysuitablefor high-lateng, unreliablenetworkslik e the Internet.

Hector[6] is an ervironmentsupportingthe principlesof the A1,/ model. Arbi-
trary interactionprotocolsaresupportedy having componeninterfacesconnectedby
bindings. Interfacesareimplementedasparallelstatemachineswith bindingseman-
tics (interactionprotocols)supportedy passingnessagebetweerthe statemachines
of distinctinterfaces.Arbitrary transportprotocolscanbe pluggedin to supportreli-
ability andotherconstraints.The ervironmentis written in Python[8] andat present

requireshand-codingf statemachinesandinteractionprotocols.

3.7 Computer Supported Cooperative Work

A final influenceon the work reportedin this thesishasbeenrecentresearchinto
systemsupportingcooperatre work, otherwiseknown asCSCWsystemsThesesys-
temstendto putheary demand®n distributedsystemsnfrastructureandresearchers
in this field areopenly critical of existing distributed systemsjn particular the lack
of flexibility andprogrammabilityin the interactionmodelsprovided[17. Their criti-
cismsprovide motivationanddirectionfor thethesis.

Researchnto computersupportedcooperatre work (CSCW)is carriedout by an
eclecticmix of researcherfom variousfieldsincludingcomputerscience sociology
ethnographyand education. The primary aim of CSCW applicationsis to support
cooperatiorbetweenpeoplethroughcomputerhardware and software. Most CSCW

applicationsalso aim to supportphysically distantcooperatiorand hencerequirea
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distributedsystemsnfrastructure Thefollowing subsectiongiscuss<CSCWiliterature
relevant to the constructionof distributed systemsnfrastructurefor CSCW applica-

tions.

3.7.1 CSCW Systemsand SociologicalTheory

Therehasbeena significantevolution of CSCW systemsn the lastfive years.Early
systemsattemptedto formalize work practicesin static, rigid ervironments. To a
large extent, thesesystemswere unsuccessfubecauseof their inflexibility. CSCW
researcherbooked for theoriesandmodelsthat could guidethe constructiorof more
flexible andworkablesystems Speechacttheory[133 wasembodiedn a numberof
implementationsfor example, CorversationBuilder[69 and ActionWorkFloa[91].
While more flexible thanthe previous attempts thesewere still relatively unusable
becausehey relied on the ability to formalizework processes.

The sociologicaltheory of Strauss[12P suggestghat work processesireinher
ently driven by continuouslyevolving social structures. Contingenciesare also the
rule ratherthanthe exception,suggestingCSCWsystemshatdo not supportcontinu-
ousevolution of thework processreunlikely to besuccessfulThetheoriesof Strauss
aresupportedy experiencewith CSCWsystems[6.

CSCW systemsare now beginning to take theseissuesinto account,and focus
on providing toolsto facilitateinteractionratherthantools that constraininteraction,
or in otherwords, providing tailorablemechanismsot policy. Approachesasedon
interactionthroughsharedworkspacesike wOrlds[43, DIVA[120], POLITeam[72],
TeamRooms[10%and MASSIVE[53] supporttheseprinciples. A key issuein these
systemdhasbeentheimplementatiorof avarenessnechanismsallowing participants
to beawareof eachothers actions.

A weaknessn shared-wrkspacemodelsis that they constraininteractionto a
virtual spaceanddo not adequatelycapturethe socialaspectof work. Recentwork
reportedn [41] and[56] suggestshatthesespatialmodelsneedto bereplacedr over-
laid with modelsthat capturethe overlappingsocialgroupingsthatexist independent
of location. Orbit[68] is a researchprototypethat provides non-spatiaimechanisms

allowing usergo participateén mary socialgroupsconcurrentlybut continuingto use

47



aspatialtechniquego grouprelatedresources.

3.7.2 CSCW Toolkits

CSCWrtoolkits provide librariesandtools thatimplementprogrammingabstractions
suitablefor constructingCSCW applications. Thesetoolkits are often equivalentto
distributedsystemsnfrastructureshut with afocusoninteractionmechanismsaeeded
for CSCWapplicationsncludingmulticast,replication floor controlmechanismsand
event-basedwarenessnechanisms.GroupKit[10§, Intermezzo[38§ COAST[115]
andHabanero[9pareexamples.Thefactthatthesetoolkits exist suggestshat exist-
ing distributed systemsdnfrastructuregio not provide appropriatesupportfor CSCW
applications Evencustom-liilt CSCWtoolkits suffer, however, from rigidnessof im-
plementatiorthat makesit difficult to customizethemto supportthe requirement®of

varyingapplicationsaandwork practices[36

3.7.3 CSCW Criticism of Existing Distrib uted Systems

CSCWo researchersire openly critical of the supportfor CSCW provided by exist-
ing distributed systems. Paul Dourishin his PhD thesis[36 promotesthe principle
of Openlmplementation[7Ppfor CSCW systems.This principle suggestshattoolkit
implementationsindinfrastructureshouldbe accessibldor configurationand mod-
ification througha meta-objectprotocol. Dourish notesthat althoughhe could exert
considerablecontrol over local objectaccessn the CLOS languagesrvironment,he
hadno controlwhatsoger overthecommunicationgfrastructuraisedo interactwith
remoteobjects.

Similarly, in a critique of the wOrlds prototype[67, it was notedthat although
CORBA andrelatedOMG technologieprovideda seamlesslistributedprogramming
environment,they have afixedinteractionmodelthatdid not scaleor copewith unre-
liable communications.

GreenhalglandBenford[53 in theirimplementatiorof auramanagemerin MAS-
SIVE found that the directedand synchronousatureof RPC was inappropriatefor
mary aspectof their application. As a result, they suggesthat distributed systems

needa “richer communicationsnodel” to adequatelysupportCSCWapplications.
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Blair andRodden[17, in their discussiorof the useof RM-ODP for CSCWsys-
tems,point out substantiatieficienciesn thatmodel,particularlyin supportfor group
work in the areasof transactionssecurityand managementThey alsohighlight the
needto avoid “overly prescriptve” viewpointlanguagespecificationsandthe needto
supportmultimedia,multiparty communications.

Theseand otherexperiencegnale it clearthata key requiremenfor distributed
systemsnfrastructurén CSCWsystemss to provide flexibility andopenness defin-

ing communicatiorandinteractionmodels.

3.7.4 Languagesfor Describing Collaboration

To overcomethe lack of flexibility in infrastructureimplementationsa numberof
systemdhave experimentedvith theideaof programmingcollaborationmechanisms.
Thesesystemsarequite similar to the coordinationanguageslescribedn section3.3.

DWCPL[33]is acustom-lilt languagdor building synchronousollaboratve ap-
plicationsby programminghe interactionsbetweerobjects.Thelanguageprovidesa
relatively high-level abstractiorof collaborationandhasgoodfacilities for structur
ing andreuse.Its usefulnesss limited by its focuson synchronouspplicationsthus
makingit difficult to usefor asynchronougroupwork.

Trellis[44] is alanguagebasedon petri-netsemanticandis usedto describecol-
laborationprotocols.lts primaryaimis to supportlexible collaboratiorprotocolswith
agraphicallyorientedtool, allowing modificationby users.Theimplementatioris po-
tentially usefulfor simpleworkflows and collaborationprotocols,but sufers from a
numberof limitations, including a staticsetof statesanda lack of facilities for struc-
turing andabstraction.

Introspect[129 is a processspecificationand execution ervironment basedon
SmalltalkandwOrlds[43. It usesa graphicalnotationbasedon Harel statecharts[55
to describeprocessesor collaboration. The notationincludeshierarchicalstructur
ing anda reflectve architectureallowing on-the-flymodificationof behaiour. It also
attemptsto capturethe Strauss[12Pnotion of trajectoriesthat spanworkspacesind
socialgroups. The systemusesa centralizedsener architecture however, makingit

difficult to operatdén anunreliablenetwork.
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3.8 A Scafblding supporting Finesse

This chapterhasdescribedesearcrandtechnologyin distributed systemdo provide
atechnologicabasisandmotivation for the Finesseapproach.Fromthis discussion,
we suggesthat the suneyed technologiesio not addresghe assertionspecifiedin

chapterd. In particular:

e Coordinatiorlanguagesyhile supportinghenecessarftexibility in component
relationshipsarenotableto dealwith highlateny andnetwork failure,thusthe

assertiorof 1.3is notsatisfied.

e Existing distributed infrastructurescan deal with lateny and network failure,
but fail to provide thenecessarflexibility of interactionor theability to capture
interactionparadigmatasuficiently highlevel of abstractionthustheassertion

of 1.2is not satisfied.

e CSCWapplicationsandtoolkits aretypically built on the platformsaborve and

inherittheir restrictions.

Thework on softwarearchitectureandarchitecturedescriptionanguagesuggests
the path forward: flexible definition and programmingof interactionsemanticsor
distributedcomponentsDistributed componensystemgyo someway towardsrealis-
ing the goalthroughthe explicit captureof dependenciem interfaces.Thefollowing
chaptersof this thesisdescribehow the Finessesystemextendstheseapproacheso

satisfythekey assertion®f chapterl
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Chapter 4

Semanticsof Behavioural Model

Chapter2 gave a high-level overview of the Finessesystem.In this chaptet, the exe-
cutablesemantianodelassociateavith bindingbehaiour is specifiedfirstinformally
andthenformally usingthe Z specificationlanguage.The focusin this chapteris on
the model of behaiour associatedvith the Finessesystem,thatis, realisingcausal,
parameteandtiming relationshipsetweenevents. The binding/interace/ple struc-
turing describedn the chapter2 is of minimal significance andthe semanticomodel
describederecouldquiteconcevably beusedwithin adifferentarchitecturatontext.
The semanticmodel presentechasemeged from the examinationof distributed
systemsarchitectureandthe realizationthat static, end-to-endmodelsof interaction
like remoteprocedurecall malke it difficult to interconnecsystems.Early influences
includethe ISO BasicReferenceModel of OpenDistributed Processing63] andthe
Al,/ model[11, 102, in particularthe the notion of a “binding object”. The Finesse
languagentroducedin chapter2 wasdevisedto programbinding objects,andduring
this effort it wasrealizedthat a distributed, asynchronougxecutionmodelwasboth
possibleanddesirable Investigatiorof similarwork in coordinatiorlanguageshaved
that mostexecutionmodelswerebasedeitheron relatively staticconnectiong4, 60|
or requireda sharedglobal stateabstractionfor examplesystemsasedon the Linda
tuple-spacanodel [23, 22, 34]. Architecturedescriptionlanguagegrovided some

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

1This chapteris an extendedversionof a paperpublishedat the Fifth InternationalSymposiumon
AutonomousDecentralizedystems[1D
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executionsemanticsSimulationsof architecturegrecertainlypossible but againrely

on acentralizechotion of state.

The key distinguishingfeatureof the modelis in describinga distributed, asyn-
chronousexecution semanticsfor binding behaiour. The underlying behaioural
modelbearsa strongresemblanceo event structureqd134], but no existing work ad-
dresseshe executionof thesesemanticsn anasynchronouslistributedervironment.
It could also be arguedthat Petri nets[99 provide an equivalent executionmodel.
While a Petri net specificationcanbe executedin a distributed manney the Petrinet
abstractionmposesconstraintsorcing the co-locationor synchronizatiorof certain
subsetof behaiour. In addition, the mappingbetweena Petri net abstractionand
typical programmingconstructss non-trvial. This is evidencedby the factthatno
widely known coordinationanguageor architecturadescriptionlanguagaisesa Petri
net semanticmodel. The model presentedn this chapteris more approachabland
avoidstheseconstraints.

In describingthe Finessesemanticmodel, we begin by describinga model for
concurrentprogramsthenapply it, with somemodification,to distributed programs.
Thekey featureof themodelis thatwith minor constraintsdistributedparticipantan
proceedentirely asynchronouslgxceptwheresynchronizatioris explicitly specified
by the program.In otherwords,the executionmodelprovidesa semanticbasisfor an
asynchronouslistributed statemachine. The following sectionsinformally describe
this modelin more detail, discussingits properties,strengths,and weaknesses A

moreformal descriptionis givenbeginningin section4.8.

4.1 BaseExecution Model

The semanticmodelis basedon the executionof event templatesto createevents.
Eventtemplatesdescribecausal parameteandtiming relationshipsetweenevents.
An executionof aprogramexecuteghesetemplatesn amannerconsistentvith there-
lationships.Theresultingprogramexecutionis representedly agraphwith eachnode
in thegraphrepresentingnevent,andeacharcrepresenting causaldependencand

henceorderingrelationshipbetweerthesourceanddestinatiorevents.Concurreng is
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capturedoy branchingin thegraph.A simpleprogramexecutionis depictedn figure
4.1. As suggestegbreviously, this modelof concurrentcomputations closelyrelated

to thatmodeledby eventstructures[13}

e3 e5

e4 e’

time

Figure4.1: EventExecutionGraph

The graphin figure 4.1 represents historical view of an execution, thatis, it
representsn executionthathasoccurred.Eacheventin the graphdescribesa single
occurrenceor action. It hasa setof causalpredecessorahich are the sourcesof
incomingarcsin the executiongraph,anda setof causalsuccessorsywhich arethe
talgetsof outgoingarcsin the executiongraph.

An eventalsohasa setof attributes. Theseattributesrepresentnformationasso-
ciatedwith the occurrenceof the event, for example,the time at which it occurred,
or programmaticatageneratedby its occurrence The eventattributesandits causal
predecessomreimmutable:they cannotbe changedncetheeventhasoccurred.The
combinationof eventorderingandattributesis usedto describea programexecution.

The precedingmodelis only ableto describethe completedexecutionof a pro-
gram. To enablethe descriptionof executableprogramsusingthis basemodel, we
introducea notion of eventtemplatesanda history Eventtemplatesiefinethe possi-
ble future eventsthancanoccur andthe history definesthe graphof eventsthathave
occurred Figure4.2depictsthis model,with thedottedlinesbetweereventsin the his-
tory andtemplategepresentingffers of dependencfrom eventsto templates.These
offers canbe understoodisprogramsequencingnstructionsandwill be explainedin
moredetailin subsequerdgections.

A programexecutesby choosingtemplatesthat are enabledby the history and

executingthem. The resultingevents are addedto the history with incoming arcs
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Figure4.2: ExecutionStatewith Templates

reflectingonthe offerschoserwhenthetemplates executed.For example,if template

E4 from figure4.2is executedthe new stateof the executionis shavn in figure4.3.

time
—_—

Figure4.3: EventE, Executedrom Template

4.2 TemplatesdescribePrograms

Templatesllow usto describgprogramsoy capturingbothorderingandattribute con-
straintsfor the eventsthat constitutea programexecution, without being tied to a
particularoccurrence If we allow for conditionalexecutionof templatesa template
mustalsocapturethe guardsrepresentingprogramconditions.A programis thusaset
of templatesIn chapter5, alanguagés presentedhatmapslanguageprimitivesto a
setof suchtemplates.

A programexecutedby instantiatingan empty history thenexecutingthoseevent
templateshat areinitially enabledwhich enablesurther templatesandsoon. It-

erationis possiblethroughthe re-enablementf a templateby subsequentemplate
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execution. In a programexecution,a templatecan be executedwhena setof causal
predecessorsatisfiedts incomingorderingconstraintsandary guards.Thetemplate
mustthereforecontaina descriptionof the necessargausalpredecessorand guard

conditions.

In orderfor a programto executean event, it mustalso assignattributesto the
event. Thetemplatecanconstrainthe valuesof thoseattributes. Typically, suchcon-
straintswill allow the programto deterministicallyassigna setof valuesto event at-
tributes,or in otherwords, the templatewill specifyvaluesfor attributes. Theseat-
tribute specificationsanincludereferencego attributesof causalpredecessorshus

decribingtheflow of databetweerevents.

It is importantto note that templatespecificationamust be independenbf spe-
cific events. Guardsandattribute constraintsn a templatecanthereforeonly referto
templates.To mapthesetemplatereferenceso eventinstancesndtheir attribute val-
ues,eventsmustcapturetheir associatiowith atemplate andthe guardsandattribute
constrainton atemplatemustbe satisfiedby the eventsoffering their causalityto the

templateat executiontime.

In a sequentiaprogram,this would be sufficient informationfor programexecu-
tion becaus@ventsexecutein atotal order The presencef concurreng requireshat
we allow the executionto splitinto concurrenexecutionthreads We describethis by
having eachtemplatedescribethe finite setof possibleimmediatecausalsuccessors.
Whentheeventis executedthesebecomehe unterminate@rcsandcanbethoughtof
asoffers from the eventto future events. The offers canbe usedto satisfythe causal
predecessaelationshipof templatesandthusallow the executionof thosetemplates.
The setof causalpredecessorandsuccessorassociateavith atemplatecaninvolve
choicesandbe non-deterministicfor example,logical AND, OR and XOR relation-
shipsbetweenthe possiblepredecessorand successorsThis canresultin mutually
exclusive predecessaelationshipsandmostimportantly mutuallyexclusive offersto
successorskigure4.4illustratesthe logical conditionsthat might exist acrosscausal
successorer predecessorsn this casepothe3 ande4 mustfollow €2, only oneof e6

ande7 cancausallysucceead, ande6 canbe enabledby eitheror bothof e5 anded.

The combinedspecificatiorof causalpredecessorgausakuccessorgjuardsand
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Figure4.4: Non-deterministiexecution

attribute constraintully describesa template. A programis describedby a setof
templateswhereall containedreferencego othertemplatesare satisfiedby the set.
The causalpredecessorand causalsuccessorsapturecausalrelationshipsbetween
events, while the guardsand attribute constraintscapturethe timing and parameter

relationships.

4.3 Program Execution

As previously suggesteda programexecutionbegins by instantiatingan empty his-
tory andexecutingary templateghatareinitially enabled.Theseenablesubsequent

templateexecutionsandsoon. A templatecanbe executedt:

1. it hassuficient offersfrom eventsin the historyto satisfyits causabpredecessor

set;
2. thetemplateguardis satisfied knowing the choiceof predecessorsind

3. theexecutionof thetemplatewill notinvalidatethe causaluccessoconstraints

of ary offers thatareused.

Whenexecutingthe template the executionenginemustaddan eventto the his-
tory with appropriatearcsto eventpredecessorandfuture templatessetthe value of
the event attributesusing the constraintsassociatedvith the templateandary other
influences(e.g. resultsof local computations)and updatethe offers of predecessor

eventsin the historyto reflectthe acceptancef an offer by this event. A key issueis
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that when executingeventsconcurrently caremustbe taken to ensurethat mutually
exclusive offersmadeby aneventarenotaccepteaoncurrently
Theusualpropertiesof concurrenexecutionarerelatively straightforvard to cap-

turein this model,specifically:

¢ A programcanterminatewhenthesetof terminatecutgoingarcsfor eachevent
(accepteffers)satisfiegshecausakuccessorsonstrainof theassociatedvent

template.

¢ A programis deadlo&edwhennotemplatecanbeexecutechow orin thefuture,

but the programcannotterminate.

e A programis livelocked whenoneor moretemplatesvhoseexecutionis neces-
saryfor terminationcannotbe executednow or in thefuture,yet otherinfinitely

executablebehaiour is possible.

4.4 Parameters

Theexecutionmodelhasthusfarfocusedonthebasiccontrolflow associateavith pro-
gramexecution.With controlflow appropriatelydefined we cannow addressheissue
of dataflow. Dataflow in thesemantianodelis specifiedby definingtherelationships
betweenevent parametersThe value of an eventparameters setby evaluatingsuch
relationshipsor assigninga literal or local, environment-suppéd value. To simplify
definition of theserelationshipsand make themfeasible,we requirethatary events
referencedn a parameterelationshipbe causalpredecessorgyr in otherwords, pa-
rameterrelationshipsare definedat the successoevent and canonly refer to events
connectedo the successoby the causalitygraph. This is intuitively correct,sincea

parameterelationshipmpliesa causarelationship.

4.4.1 Defining Parameter Relationships

Thegeneraform of aparameterelationshigs X € F(Q), thatis, theparameteX must
be assigned valuefrom the setreturnedby afunctionF appliedto asetof valuesQ.

Thevaluescanbe expressedsreferenceso parametersf causallyprecedingevents,
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literal values,or ervironmentsuppliedvalues.While we allow non-determinisnin the
valueof X by choosingfrom the setof valuesreturnedby F, mostimplementations
(includingtheonedescribedn thefollowing chapter)would mostlikely insistthatthe
functionF returnasinglevalue. Therearenumberof adwvantagesn this approactthat
shouldbe highlighted:

e A programexplicitly capturesdatadependencies a declaratre manner The
transferof datafrom onelocationto anothercanthusbe optimized. In partic-
ular, it is not necessaryor all parameter®f an eventto be transmittedwhen
notification of the eventis transmitted. Referringbackto figure 4.5, event 2
might have parametersgx, y), but if €3 refersonly toy, only y mustbetransmit-
ted whennotifying sitel of evente2. It is alsointerestingto notethata value
expressioncanbe evaluatedat ary location, thusallowing a runtime engineor

compilerto determinghe mostefficient placeto performthe evaluation.

e Datamismatchedetweeneventattributescanbe handledwithout the involve-
mentof componentgonnectedy a program.For example,arequeseventthat
outputsa dateas a string can be deliveredto a receving componenthat ex-
presses dateasa numberof secondssincean epoch,provided an appropriate

mappingfunctionis defined.

o Wherethecontrolflow indicateghatparametersf multiple eventsfrom asingle
locationarerequiredto evaluatea relationshipexpressionthe eventnotification
canbedelayeduntil all requirediocal eventshave beenexecutedandthe notifi-

cationscombined.

4.4.2 ldentifying Event Parameters

A key difficulty inimplementingeventparameterelationshipss identifyingtheevents
whoseparameterareto be used. A programis expressedn termsof templatesand
eventreferencesanonly usetemplatenamedo identify otherevents.Giventhepres-
enceof iterationand dynamicrenamingof templatesin the control flow semantics,
rules for mappingtemplatenamesto event instancesmust be implemented. Since

theserulesdo not changethe model of parameterelationshipgpresentedbove they
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canbeimplementation-dependenThe following rules,howvever, area usefulstarting

point.

1. In the presenceof iteration, the most recentcausalpredecessomatchingthe

specifiedeventtemplatenameshouldaiwaysbe used.

2. Wherearoleis takenby multipleinterfaceqwith theimplied dynamicrenaming
of templates)animplementatiorshouldeitherprovide a default rule to choose
asingleeventfrom oneof theinterfaces(e.qg. earliest),or allow all eventrefer
encedo indicatea setof events,and provide functionsfor manipulatingevent
sets. Note that this rule canbe implementedat a languagedevel provided the

underlyingimplementatiorsupportseferenceso eventsets.

4.5 Guards and Timing Constraints

Guardsin the semantianodelarearbitrarybooleanexpressionghat mustevaluateto
TRUE for aneventto be executed.The generafform of a guardis G(Q) whereG is a
booleanvaluedexpressiorover a setof valuesQ. Thevaluesin Q arespecifiedn the
samemannersthoseusedin parameterelationshipsthatis, they canbereferenceso
parametersf causallyprecedingevents,literal values,or local, ervironment-supplie
values.Timeis considereaneof thelocal ervironment-supplid values.

Eacheventin thehistoryhasatimestampttribute thatidentifiesthetime atwhich
the eventoccurred. The semantianodelalsorequiresthatthe local ervironmentcan
supplythecurrenttime on requestandthattime alwaysmovesforward. Thesetimes,
however, arerelatve only to a referencepoint determinedat programinstantiation
time. Guardscanincludeexpressionghatconstrainthe elapsedime sincea previous
eventor awell-knowvn epoch put constraint®nabsolutdime cannotbeusedn guards.
For guardevaluation, the semanticgequiresthat the currenttime sincethe agreed
epochis anervironmentsuppliedvalue.

Theuseof time andeventreference#n guardshassomeinterestingconsequences,

particularly:

e Guardshave atime dimensionmeaningthata guardthatis FALSE ata certain

time cansubsequentipecomel RUE dueto the passagef time only;
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e Guardsareunresolable whencontainedeventreferencesareunresolable un-
lesstheguardcanberesolhedwithoutevaluatingthetermsincludingthoserefer
encegqi.e. short-circuitevaluation).For simplicity, we consideranunresolable

guardto be FALSE.

e An eventtemplatecanbecomampossiblg(i.e. cannever be executed)f amax-
imum time limit expires(subjectto short-circuitevaluation)or a necessaryre-

decessowithdraws its offer of causality

Implementationgnusttake thesepropertiesnto account,n particular animple-
mentationmight needto maintaintimersto manageguardsnvolving time constraints.
Althoughabsolutdgimeis notusedthesemantienodelassumeaglobalclockfor time
comparisonsln practice this meanghatanimplementatiormusttake stepsto ensure
time synchronizatiormndtake synchronizatioraccurag into accountwhenevaluating
time constraintsNo particularrepresentatioof time is mandatedexceptthata literal
valuerepresentatioof timeintervalsandafunctionto returnthetime interval between

two time valuesmustbe supported.

4.6 Distributing the Execution

Theexecutionmodeldescribedn the precedingsectiondoesnot offer ary significant
enhancementis expressienessover otherprogrammingandexecutionmodelsbased
on true concurreng, for example,Petrinets[99]. The uniquefeatureof the model,
however, is that with someconstraints,programsexpressedn this mannercan be
executedby a setof distributed statemachineswith no syndironizationexceptthat
explicitly required by the application-level relationshipsspecifiedn the program An
implementatiorof sucha distributed statemachineis describedn chapter6. While
it is possibleto distribute the behaiour describedoy a Petri net, the partitioning of
behaiour mustrespecthesynchronizatioonstraintsmposedy the Petrinetmodel.
No suchconstraintareimposedby this model.

The executionof a programin the modeldescribedn the precedingsectionsin-
volvesmodifying andreasoningaboutan executionhistory If we wereto requireall

participantsin a distributed executionof the programto operateon a single, consis-
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tentview of the history programexecutionwould be limited by the communication
requiredto synchronizethe history eachtime an eventis executed. Our goal is to
avoid this synchronizatiorsinceit is impracticalfor Internet-scaleapplicationsthat
must toleratenetwork failure and potentially high latenciesin communication. We
mustthereforeallow participantsto operateon a local and possiblyincompleteview

of theexecutionhistory

|
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Figure4.5: DistributedExecutionState

Considerthe exampledepictedin figure 4.5. In this example, Sitel is aware of
the executionof eventse;, e, and e;, while Site is awareof ¢, e, andey. The
templateEs is apparentlyenabledat Sitel becauséts only causalpredecessofe;) is
known to have beenexecuted.Similarly, templateE; is apparentlyenabledat Site2. In
thefollowing discussionwe definethe necessargonditionsfor thesetemplateso be
executedagainstanincompleteview of state.

We bagin by examiningthe requirementdor event executionspecifiedin section
4.3. Thefirst requiremenivasthata templatehave suficient offers fromeventsin the
history to satisfyits causalpredecessoset In otherwords,thelocal view of history
mustcontaina setof eventsthatoffer their causalityto atemplateandsatisfyits causal
predecessaet. While notificationof remoteeventsmightberequired thisnotification

canbe asychronousOncesuchnotificationshave occurred the rule canbe correctly
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evaluatedagainstalocal view of the history

Thesecondequirements thattheguad is satisfied knowingthe choiceof prede-
cessos. This canbe evaluatedagainsta local view of the history provided that view
includesall eventsreferencedby theguard.Similarly, references$o causallypreceding
eventsin the parameterelationshipspecificatiormustbe satisfiedby the history We
addresghis problemby addinga requirementhataneventreferencempliesthatthe
eventreferenceds a mandatorymemberof the causalpredecessasetfor this event,
andthatthe eventreferencednustmake an offer of causalityto this event. Note that
the runtime systemdescribedsubsequentlyn chapter6 treatstheseoffers somavhat
differently to explicit causalityrelationshipsbecausat maintainsa more complete
causahistorythanstrictly required.

Thethird requirements thatthe executionof the templatewill notinvalidatethe
causalsuccessoconstaints of any offers that are used This requirements difficult
to ensuresinceit implies that we must prevent concurrentacceptancef mutually
exclusive offers madeby an event. For example,the programdepictedin figure 4.4
allowed only oneof e6 or €7 to succeed, someform of distributed decisionmust
be madeacrossthe sitesto choosethe successor There are a numberof possible

solutions:

1. Forcesynchronizatiorio chooseoneof the mutually exclusive potentialsucces-

sorswhensuchconditionsexist;

2. Nominateasingleparticipanto deterministicallychoosea correctsetof succes-

sorsatrun-time (autocraticchoice);

3. Requirethat non-determinisntan be locally resohed by mutually exclusive

guardsor runtimecheckson templatesvhererer conflictsexist; or

4. Allow optimistic executionandraisean exceptionwheninconsistenbehaiour

is detected.

This is the key difficulty in distributing a concurrentprogram,andthe following
subsectiongliscussthe possibilitiesin more detail. In summary however, we con-

cludethatthe first and secondoptionsabove requiresignificantsynchronizatiorand
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arethusexcluded.The preferredsolutionis to requirethatnon-determinisnielocally
resohed (3), but programghat cannotsatisfythis requirementanbe executedusing
the optimisticmethod.A programthatpermitslocal resolutionof non-determinisnis
calleda safeprogram.

Note that the chosenapproachmovesthe problemto the programminglanguage
level, meaningthatthe applicationprogrammenr languagédools canresole thenon-

determinismn a mannetthatis mostefficientandappropriatdor theapplication.

4.6.1 Synchronization

Synchronizatiorcan be usedto allow choice of non-deterministicsuccessors.The
choicecould be implementedfor example,througha voting algorithm. While such
algorithmsarerefinedandwell-understooda numberof round-tripmessagemustbe
exchangedy participantsin anunreliable high-lateng ervironmentik ethelInternet,

this canimposea significantoverheadsothis solutionis not consideredeasible.

4.6.2 Autocratic Choice

Nominatinga single participantto make an autocraticchoiceof the setof successors
is possible but requiresreliablecommunicatiorto ensurethat the chosensuccessors
are explicitly aware of the predecessorlt alsorequirescompleteknowledgeof the
executioncontect of the chosensuccessor® ensurethatary guardsaresatisfiedand
thusavoid deadlock.In otherwords,the choosemusthave knowledgeof all prede-
cessorrventsfor the chosersuccessorto ensurghattheir guardsaresatisfied.In the
worst case theserequirementsneanthatthe choosemusthave a completeview of
the history Sinceour goalis to avoid the needfor sucha view, this solutionis not

consideredeasible.

4.6.3 SafePrograms

We usethe adjectie safeto describeprogramswhereall non-determinismin offers
madeby eventscanbe locally resolhed. The following conditionsin a programcan

resolhe the non-determinism;
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e Conflictingsuccessorsf aneventhave mutually exclusive guards;or

e Conflicting successorsf aneventexecutelocally, thusallowing the local state

machineto safelychoosea singlesuccessormpr

e Conflicting successorsf an event have othermutually exclusive predecessors,

andary non-determinisnacrosghosepredecessorsanbelocally resohed.

This problemis one of resolvingdistributed predicatesusing local knowledge.
A deeperanalysisof distributed predicatesandtheir resolutionis given by Charron-
Bostet al in [25]. In our case,the key problemin ensuringthat a programis safe
is that guardscan refer to the parametewaluesof precedingeventsthat are bound
at runtime,and hencemutualexclusionis difficult to recognizein a static parseof a
program. It is important,however, to reflecton the typesof programconstructghat
canleadto mutually exclusie offers. Suchconstraintsaareimposedby exclusve OR
relationshipsacrosssuccessorgypically foundin programsasif-then-elseconstructs
or caseblocks. It is usualfor theseconstructdo includeor imply mutually exclusive
guards. In figure 4.4, for example, a choice betweenthe executionof E6 and E7
mustthereforebe protectedby an if-then-elseconstructwherethe guardexpression
canberesohedindependentlypy bothsites.In the generalcase distributedexclusive
OR-relationshipsvithout mutuallyexclusive guardsamply non-deterministitanguage
semanticgi.e. the systemmustmale a choice). No commonly-usegrogramming
languagéhasconstructghatallow suchnon-determinism.

We concludethat while the model candescribebehaiour that cannotsafely be
distributed amongstasynchronouslistributed statemachinesijt is unlikely that pro-
gramminglanguagesvould allow the expressionof suchbehaiour. Languageshat
canexpresssuchbehaiour musteitherdo so in a controlledmanneror be consid-
eredunsafe As discussedn theintroductorycommentsdeferringthe problemto the

languagdevel in this manneris the preferredsolution.

4.6.4 Optimistic Execution

As briefly describedabore, we canallow asynchronousxecutionby ignoring poten-

tially inconsistentbehaiour andraisingan exceptionif suchbehaiour is detected.
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While this might seemcomputationallyjunsoundstaticanalysisof programscanflag
potentialnon-determinisnandgive the programmemlanopportunityto dealwith it. In

particular:

¢ theprogrammecanselectvely remove non-determinisnthroughguardsor more

explicit programming;

¢ the useof exceptionscould allow programmeispecifiedrecorery whenincon-

sistentbehaiour is detectedandthis is often preferableto synchronization;

e thereareanumberof situationsvherenon-determinisnwill beresohedatrun-
time throughnaotificationsof eventexecution. For example,wheretwo succes-

sorshave additional,co-locatedenablingeventsthataremutually exclusve.

The key adwantageof an optimistic approachis thatit gives control to the pro-
grammersothatpossiblyinconsistenbehaiour canbe selectvely allowedif the pro-
grammerdeemsit benignor sufiiciently unlikely. Thisis alsoa disadwantage since
with controlcomesthe needto understandhe sourceof the non-determinisnandthe
potentialproblemsof allowing inconsistenbehaiour. A further disadwantageis the
factthatit will notalwaysbe possibleto detectincorrectexecutionat run-time. Incon-
sistentboehaiour canonly bedetectedvhenknowledgeof the executionof conflicting
eventsis availablein onelocation. Giventhetruly concurrennatureof the execution,
this cannotbe guaranteed.

In subsequendiscussiorof the semantianodel, we assumehat mutually exclu-
sive offerscanbelocally resolhed, or in otherwords,only safebehaiour is possible.
It is expectedthatimplementation®f the semantianodelwill usethe optimistic ap-
proachandrely on programminganguagesndtoolsto avoid unsafebehaiour. The

executioncanthereforeproceecdentirelyon alocal view of executionhistory

4.7 The Significanceof Location

Themodeldescribedibore doesnot associateventtemplatesvith ary particularsite
or location. If asingleeventtemplatecanbe executedat multiple locations,we must

eitherallow anoffer to beacceptedy multiple executionsof atemplate or explicitly
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associate templatewith alocation. The semanticf allowing multiple acceptances
of anoffer is neitherintuitive nor easyto implementandcanleadto unsafebehaiour
similar to that discussedn the previous section. We thereforerequirethe program
executionto associatanexplicit locationwith eachtemplate.

Assigninga singlelocationto eachtemplatemight soundhighly restrictve, butin

practice,it reflectscommonprogrammingnodels.Considerthefollowing:

e The associatiorof a templatewith a location can and usually will happenat

programinstantiation;

e The conceptsof role and interface introducedin chapter2 give flexible co-
location constraintsfor event templatesin a programdefinition. At program
instantiationtime, a programrole canbe associateavith eachcomponentnter
face,andthe setof templatesn therole behaiour canberenamedr annotated
with the interfaceidentifier to distinguishtheir location. Note that this method
alsoworkswhenmultiple interfacesimplementthe samerole (e.g. for replica-

tion or procesgroups).

Throughensuringhattemplatesdentifiersincludelocation,we canguarante¢hat
an enabledtemplatecanonly be executedat one location andthus avoid additional

non-determinism.

4.8 Formal Specification

Theprecedingectionhave describedhe Finessesemantianodelinformally, with the
key areaof distributed control flow exploredin somedetail. The following sections
formalize this modelusingthe Z specificationanguage.The focusin thesesections
is on control flow, sincethe parameteandguardsemanticsaredefinedin a rigorous
fashionin previoussections.
Z is usedin arelatvely simpleandaxiomaticfashionthatshouldbe accessibléo

ary reademwith abasicunderstandingf logic anddiscretemathematicsZ waschosen
for two reasonsfirstly becausaxiomaticZ specificationsave no underlyingexecu-

tion semanticandwe thusavoid ary implicationsof suchsemanticsand secondly
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becausef familiarity with the languageon the part of the author To assistin read-
ing the specification this sectionpresentsa brief introductionto the Z specification

languageFurtherdetailcanbefoundin [121].

4.9 Intr oducingZ

Z is aset-basedpecificatiorlanguagewith themajority of its operatorandconstructs
usedto describesetsandrelations.Typesin Z aresetsandaretypically definedeither
asbasetypesor schemasA basetype definesa setof raw elementswith no defined
subordinatestructure andis namedby corventionwith anuppercaseword andintro-
ducedby placingit in squarebracesfor example[MYTYPE. Schemaslefinetypesof
entitiesthat have multiple parts,usecapitalizedwordsasnamesandareintroduced

usingthefollowing notation:

—_MySdema
name: NAME
age: N

Y'm, my : MySdiemae nmy.name= my.name=- my = My

In otherwords,the type MySchemahastwo attributes: namefrom the setNAME
andage, a naturalnumber(indicatedby the predefinedype N). The portion belov
theline splitting the box constrainsor defineshe memberof the set,andin this case
specifieghatmembersf the setMySdiemaareuniquelynamed.LHS = RHSin the
constraintcanbereadas“if LHS thenRHS”. Anothersimilar andoften usedlogical
operatolis LHS < RHSwhich canbereadas“LHS if andonly if RHS”.

Z alsomalkesextensve useof binaryrelations. Thetype of arelationbetweerthe
setsX andY is specifiedasX x Y andmeanghesetof all possiblepairingsof elements
from the setsX andY. The elementsof the setX are knovn asthe domainof the
relation,specifiedasdomR, andtheelement®f Y areknown astherangeandspecified
asranR. Infix notationcanbe usedto specifymembershipf arelation,for example,
xRy saysthatthe pair (x,y) is in therelationR. Z alsoprovidesdomainandrange
restrictionoperatorso extract subsetsrom arelation. {xi, Xz, .., X} < R specifies

the setof pairsfrom therelationR whosedomainelements in theset{x;, X, . ., X}
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Rangerestrictionis similar, for exampleR > {x;, Xo, . ., X5} restrictsR to the setof
pairswhoserangeelementsin {x;, Xz, . ., X}

A commonlyusedrestrictedrelationis a function, specifiedasX — Y, whichis
arelationwhereeachelementof the setX is pairedwith exactly one elementof the
setY. Z alsodefinesa partialfunction X + Y, wherethefunctionis only definedfor
somesubsef X (i.e. thefunctiondomainis a subsebf X).

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

axiomsaretypically usedo definefunctionsor relationswith constraintsfor example:

‘ Identity: X — X

‘ V(X1 — X9) : Identitye x; = Xo

This definesan identity function over the type X. The upperportion definesthe
nameandtype of theaxiom,with thelower portiondefiningthe constraintsNote that
the— operatotis usedto definepairingsof elementsn arelation.

Z definesa numberof commontypes. The setof naturalnumbersis denotedN
andthe setof real numbers(not formally part of Z but commonlyused)is denoted
R. Z alsodefinessequencesf arbitrarytypes,denotedsegX. Formally, this definesa
relationbetweematuralnumbersandthe elementf thesetX, thatis, {1 — x;,2 —
X2,..,N — X} where{x;, x,..,x3} C X. Thehead tail andlast operatorsarealso
definedfor sequences.

A finalimportantaspecbf typespecificationn Z isthepowersetdenoted® SOMETYPE
This definesthe setof all possiblesubset®f the set SOMETYPE Whenan attribute
is giventhe type P SOMETYPEthis saysthat the attribute is a setof elementsfrom
SOMETYPHi.e. asubseibf SOMETYPE).The usualmathematicasymbolsfor set

andlogical compositionoperationsareusedin Z.

4.10 BasicBehaviour Description

Causaldependenciebetweeneventsform the basisof the semanticmodel, thuswe
first definea modelfor executionof eventsin a programbasedourely on thesecausal

dependenciesAs previously describeda behaiour is a directed,agyclic graphof
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events. The executionof a programmustthereforeresultin sucha graph. We base
the executionsemanticon the notion of an initially empty history which definesa
graphof eventsthathave occurred a setof eventtemplateshatdefinepossiblefuture
eventsandtheir relationshipsanda transitionfunctionthatrelatesa historyandsetof
templatego a new history containingoneor moreadditionalevents.A programspec-
ification is thusa setof eventtemplatesandan execution“unrolls” thatspecification
to generata behaiour. Notethatiterative behaiour is capturedoy allowing multiple
executionsof atemplate thusa programneednot containdistincttemplatedor every
possibleevent. The formal executionmodelwill definethe notionsof event, event

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

4.10.1 BaseTypes

We first introducethe types [EVENT], [TEMPLATE], [GUARD and [PARAMREL.
Thesecanbeinterpretedassetsof identifiersfor schemashatdefinethe attributesof
events,eventtemplatesguardsandparameterelationshipgespecirely. We usethis
approachboth to defer specificationof someentities,andbecauseZ doesnot allow
recursve schemashusrequiringreferenceypes.NotethatZ is casesensitve, sowe
usethe samenameto referto the relatedschematypes,but with only the first letter
capitalized.

Eventshave parametershut for the purpose®f the semantianodel,the structure
of suchparameterss unimportantandit is sufficient to simply asserthe existenceof
asetof parameteraluesVALUE], anda setof namegNAME] usedto distinguishthe
parametersf anevent.

Time semanticsn Finessearerelative, thatis, it is not necessaryo supportabso-
lute time. We thereforerepresentime valuesasreal numberdndicatinga numberof
secondssincean agreedreferencepoint in time. For readability we definethe alias
TIME == R. Notethatwe do notdistinguishtime by location,or in otherwords,we
assumehe existenceof clock synchronizatioracrosphysicallocations.In animple-
mentationit will benecessaryo considerclock skew whenevaluatingtime semantics.
Whereabsolutdime is necessarapplicationgnustintroducean explicit clock.

The applicationstructurein the Finesselanguageare not part of the semantic
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model,however, we asserthatall modelledbehaiour occursattheinterfacesof com-

ponentsandwe capturethe notionof locationby introducinga type [LOCATION].

4.10.2 Eventsand Event Templates

An Eventis animmutableentity with asetof parametersatime, andaneventtemplate

from which it wasexecuted:

—_Event
event: EVENT
params: NAME -+ VALUE
time: TIME
template: TEMPLATE

Ve: Evente
d, er: EVENTe eevent= er

TheschemaonditionassertshateachEventis uniquelyassociateevith anEVENT,
or in otherwords,uniquereferencesemanticsAlthoughthis conditionensuresheref-
erencesemanticswe definea functionto mapbetweerEVENT referencesndEvens

to assistin furtherspecification:

‘ EventRef. EVENT -+ Event

Ve: Evente
Jer: EVENTe er — e € EventRef

Eventtemplatesapturethe necessarpropertieof eventsexecutedirom thetem-
plateandtheinformationrequiredto establishrelationshipsetweenevents. A setof
templateghusdefinesa program. Therecanbe considerableon-determinismn the
relationshipspecifiedn aprogram typically introducedby logical OR andexclusive
OR constructs.Ratherthanattemptto directly representhe decisiontreesresulting
from suchnon-determinismwe representhe non-determinisnthrough setsof sets
(denotedP P X). Eachcomponensetrepresent®ne possibleresolutionof the non-
determinism. This approachhastwo key adwantages:it simplifiesthe specification
throughabstractionandavoids ary suggestiorof how suchnon-determinisnshould

berepresenteth aprogramminganguage.
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An eventtemplateis thusdefinedby:

__Template
template: TEMPLATE
guads: PP GUARD
requires: PP TEMPLATE
offers: PPTEMPLATE
params: NAME - P PARAMREL

Vt: Templates
3, tr : TEMPLATE e t.template= tr

Theguards area setof possiblecombinationsof simpleguardexpressionghat, if
true,make thewholeguardexpressiortrue. Therequiresattribute defineshepossible
combinationsof causallyprecedingeventsthat make this event templateexecutable,
andtheoffers attribute defineshepossiblecombination®f causallysucceedingvents
thatan eventfrom this templatecanenable. The significanceof thesewasdiscussed
previously in sections4.1 and4.2. The paramsattribute introducesa partial function
mappingthe setof parametenamesgo specification®f relationshipswith otherevent
parametergaind ervironmentsuppliedvalues. We do not describetheserelationships
ary furtherbecauseéhey arecapturedappropriatelyin section4.4. Notethattime and
locationconstraint@arespecifiedn guardshencetheseaventattributesarenotdirectly

referenced.

Similarto the Eventspecificationye defineafunctionto maptemplatereferences

to schemanstances:

‘ TempRef TEMPLATE -+ Template

Vt: Templatee
3tr : TEMPLATE e tr — t € TempRef

4.10.3 Causality Graphs

The behaiour graphrepresentindghe historyis arelationacrossa setof events,with
eachelementof therelationanexplicit (i.e. required)causarelationshipbetweerthe
pairedevents.Notethatby definition, causalityis transitve, but our executionseman-

tics requiresa direct representatiomof the graphand the transitvity canbe implied
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from thegraph.Thetype of aneventgraphis thus:

—_Graph
events: P Event
causes Eventx Event

domcausesJ rancausesC events

A separateventssetis necessaryo allow for eventsthat have no causalrela-
tionships(i.e. not connectedo ary othereventshby the graph). To assistin further
constraininghe graphsemanticsyve definethe notion of pathsthroughthe graph. A
pathis definedasa sequencef two or moreeventsconnectedlirectly or transitvely

by thegraphrelation.

paths: Graph — segEvent

Vg: Graph path: segevente
path € pathgg) <
#path= 2 A (headpath+— lastpath) € g.causesv
#path > 2 A tail path € pathsa
(headpath— headtail path)) € g

Causalityis alsoirreflexive, sothe graphcannotcontaincycles. Given our defini-
tion of paths,we thuscompletethe definition by addingan acyclic restrictionto the

basicGraph

CausalGaph== {g: Graph| #ip : pathgg) e headp = lastp}

4.10.4 Guards and Time Semantics

Guardson atemplatemustbe evaluatedn the contet of a setof eventsoffering their
causalityto the templateanda time of occurrence We thereforedefinea functionto

representhis guardsemantics:
satisfied: (GUARD x PEventx TIME) — B
At this level, we do not needto reasoraboutthe actualguardsemanticsjust note
thatit is possibleto evaluatea guardin the contet of theseeventsat the giventime.
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4.10.5 CorrectExecution

We first definethe notion of a program:

__Program
templates P TEMPLATE
roots: PP TEMPLATE

(JrootsC templates

Thetemplateslefinethe possiblesventsof a programexecutionandtheir relation-
ships. Therootsdefinea setof possibleexecutiongraphroots. A programexecution
is definedby a causalitygraphrepresentingts history anda programfrom which it
wasexecuted. We make the setof templatesn the programanexplicit attribute of the

schemao simplify subsequergpecifications.

__Execution
history: CausalGaph
program: Program
templates P TEMPLATE

templates= programtemplates
Y e: historyeventse etemplatec templates

A correctexecutionis onewhereall eventsin the history satisfytherequiresand
offers andguards attributesassociatedvith their respectre templatesandthe setof
graphrootsmatchesneof the setsspecifiedoy programroots The rootsattribute of
aprogramallows usto prohibitanemptyhistory exceptwhereexplicitly allowedby a

program.

To helpusin specificatiorof theseconstraintsa numberof supportingdefinitions
areuseful. First an enablesrelationdefinesif a setof eventsprovidesthe necessary
causalityto satisfythe requires attribute of a potentialsuccessoevent, andthatthe
successoevent guardis satisfiedby this setof predecessorsNote that we include
the constraintthatthe time of the new eventmustbe greaterthanary of its enabling

predecessors.
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enables P Eventx Event

Veset: PEvente: Evente esetenableg <
{t: Template| 3 € : esete t = TempRef€.template}
€ TempRefe.template.requires A
Ve : esete g.time < etime
Ve, e : esete e .template£ e;.templaten
Jgset: etemplateguards e
Vg : gsete satisfiedg, esete.time)

It is usefulto definea stableexecutionstate thatis, onewhich is incomplete but
doesnot violate ary templateconstraints. A stableexecutionstateis thereforeone
thatis consistentvith the programsemanticspecifiecdby thetemplatedefinitions.To
supportthis, we specifyanallowsrelation,which defineswhenaneventin the history

of anexecutionallows a subsequergventto useits causality

allows: (Eventx CausalGaph) x Event

Ve enav: Event g: CausalGaphe e — gallowsenav <
Jtset: P Templatee
tset= {t : Template| € : ran(g.causes< {e}) o
TempRefe .templatg = t} A
TempRefenav.templatg ¢ tsetA
Joffer : TempRefe.templatg.offers e
tsetu {TempRefenav.templaté C offer

This specifiesthat only a single event from a specifictemplatecan usean offer
(sinceiterationallows multiple executionsof a template),andthat acceptingthe of-
fer doesnot invalidatethe offers constraintassociatedvith templateof the preceding
event. The existentially quantifiedtset attribute representshe setof offers taken by

othersuccessoeventsin thegraph.

A stableexecutionis thusdefinedasfollows:

StableExecutior-=
{ex : Execution| Y e: ex.historyeventse
dom(ex.history.causes> {e}) enable® A
V€ : dom(ex.history.causes> {e}) e € — exhistoryallows e}

In otherwords, a stableexecutionis onein which all eventsin the executionare

correctlyenabledandin which the setof acceptedffers associatedvith eachevent
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doesnotviolatethe offers attribute of their template.

To defineacorrectexecution we needo defineterminationsemanticsTheterminates
relationis similarto allows exceptthatit definesf asetof eventsactuallysatisfieghe

offers attributesof anevent’s template:

‘ terminates P Eventx Event

Veset: PEvent e: Evente eseterminate® <
{t: Template| € : esete t = TempRefe.templatg}
€ TempRefe.templatg.offers

The setof correctexecutionss thusdefinedasfollows:

CorrectExecution==
{ex: StableExecutiof
Ve: exhistory.eventse ran({e} < ex history.causegtemminaese A
{t : Template| Fe: (ex.historyevents— ranex.history.causs) e
TempRefe.templat¢ = t} € ex.programroots;

In otherwords, the setof correctexecutionsare the stableexecutionswhereall
eventsin the history arealsocorrectlyterminated andthe whererootsof the history
graphsatisfythe programrootsspecification.Note thatthis doesnot guarantee¢hata
programwill terminatejustthatif it doesterminatein a statethatsatisfieghe axiom,
thenthe executionis correct.A non-terminatingorogramcanthusnever have acorrect

execution,but canhave a stableexecution.

4.10.6 Transition Semantics

We definea transitionrelationover executionsthat specifieshe valid transitionsthat
canoccurin programexecution. Informally, a transitionrepresentshe additionof a
setof eventsandarcsto agraphto yield anew graph.Executingtransitionghatsatisfy
this relationensureghat eachstepof the executionis a StableExecutignor in other

words, it satisfieghe programsemanticencodedn thetemplatedefinitions.

We bggin by specifyinga graphtransitionrelation:
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GraphTansition: CausalGaph x CausalGeaph

Vg,d : Graphe g — ¢ € GraphTansition<
g-eventsC d'.eventsA
Jeset: PEvents| eset= ¢'.events— g.events
V(e — &) : d.causes- g.causes e, ¢ esetA e, € esetA
Ve, e : esete e .template£ e,.template
Ve: esete 3 preds: P g.events| preds= ¢'.causes> e
predsenables A
V€ : predse € — ¢ allowse

This stateghatthetransitioncanonly addrelations(arcs)to thegraphandall arcs
addedmustbe from old eventsto new events. This guaranteeshat eachtransition
makes progressandthat extant causalrelationshipsbetweenevents(or lack thereof)
areimmutable. The subsequenpredicatesspecify that only one eventfrom a given
templatemay be executedin a singletransition,thateachnev eventmustbe enabled
by the eventsthatimmediatelyprecedeghemin the new graph,andthatthenew graph
mustallow eachnew eventto acceptcausalityfrom thosepredecessors.

The existentially quantifiedesetattribute definesthe setof eventsaddedto the
graph.This useof a setof eventsmodelstrue concurreng, wheremultiple eventscan
executeindependentlyand concurrently We do not constrainthe executiontime of
theseevents,meaningthat the eventscanbelogically concurrentandhenceexecuted
atary time, notingthatwe do notallow causakelationshipswvithin the set.

Therestrictionpreventingmultiple eventsfrom the sametemplateexecutingcon-
currentlyallows usto specifysuccessorasingtemplatenamesandalsosimplifiesthe
definitionof programmindanguagesemanticsaswill be seenn subsequenthapters

of thethesis.

A transitionfrom oneExecutiorto anotheiin aprogramis thusdefinedasfollows:

‘ Transition: Executionx Execution

Vex, exe : Executione (ex; — eXy) € Transition&
€x;.program = exy.program
(ex; .history — ex.history) € GraphTansition

We proposethat ary valid Transition from a StableExecutioeadsto another

StableExecutian
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Proof. giventhe definition of StableExecutiofin section4.10.5the proposition

canonly fail if:

1. thereexists an evente in the rangeof the causeselationthatis not correctly

enabledpr

2. thereexists anevent e in the rangeof the causegelationfor which the setof

enablingeventsdoesnotallow e.

If we begin with a stableexecution,the first conditionis impossibledue to the
(predsenable®) constrainton all eventsaddedby a GraphTansition Similarly, the
seconcconditionis madeimpossibleby the (¢ — ¢ allowse) constraint.

It is notpossibleto guarante¢éerminationof all programsthusa CorrectExecution
cannotbe guaranteedThe executionof a sequencef valid Transitionasdefinedby
the axiom abore, howvever, ensureghat the programis being executedin a manner
consistentvith the programspecificationlf finite terminationis alwayspossiblefor a
givenprogram thencontinuedexecutionof valid Transitionswill eventuallyleadto a

CorrectExecution

4.11 Formalising Distrib ution

The precedingsectionshave formalizedthe executionof programsbasedon the Fi-
nessebehaioural model. Our informal descriptionof the distribution semanticgle-
scribegheconditionsunderwhichtheexecutionof aprogramcanbedistributedacross
asetof participants.This sectionformalizesthedistribution of this execution,shaving
thatsubjectto someprogramconstraintsdistributedparticipantsancorrectlyexecute
locally enabledTransitionsagainst partial view of the executionhistory
Thefundamentahspecof thedistributedsemanticss thenotionof location.Each
statemachineparticipatingin the distributed executionof a programhasa uniquelo-
cationand maintainsa view of the executionhistory The executionhistory of each
machineis populatedwith all locally executedeventsandary remoteeventsabout
which it hasbeennotified throughdirect or indirect communication.As previously

specified,a valid transitioninvolves the addition (execution)of a setof eventsto the
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history graph. A valid transitionmustalso ensurethat the relevant allows and offers
relationshipsare satisfied andthatonly a single eventfrom ary templateis involved
in atransition.If we shav thatthe executionof a causallyunrelatedlogically concur
rent) remoteeventcannotinvalidatethe executionof alocally enabledevent, thenthe
local eventcanbe executedregardlesf any concurrentemotebehaiour. Notehere
that“concurrent”meansall behaiour thatoccursat eachremotelocationbeforethe
next eventnotificationfrom thatremotelocation. Thefollowing subsectiongormally

capturethis approach.

4.11.1 Templatesand Locations

We first definea distributedprogramasonethatassociatethe templateof a program
with specificlocations:
__DistProgram

program: Program
roles: Template LOCATION

programtemplates= domroles

A distributedexecutionthathasa setof executionsof the program(participants,
eachboundto a location, and constrainsall programtemplatesto that sameset of

locations:

__DistExecution
participants: P Execution
dprogram: DistProgram
interfaces: Execution+ LOCATION

participants= dominterfacesA
ran(interface$ = ran(dprogramroles A
V p : participantse p.program = dprogramprogram

Thebinding of templatego locationsallows the participatingexecutionsto assert
that an event associatedvith a templatecannotbe executedconcurrentlyin another
locations thuspreventingary attemptdo executemultiple eventsfrom the sametem-

platein a singletransition. The binding of templateto locationcanbe performedat
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programinitialization, althoughfor tractabilityit would be usualfor the co-locationof
eventsto be staticallydefined. This co-locationof eventsis typically associatedvith
thenotionof aninterface Notethatit is alsopossiblefor asetof participantdo exhibit
similar behaiour by copying andrenaminga setof templatesanddistinguishingtheir
locationat initialization time or even at run time basedon a statically definedset of
locationsfor anominatedbehaiour. This correspondsicelyto thenotionof ashared

role or procesgyroupin adistributedcomputation.

4.11.2 Initialization

The key requirementfor distributed executionis that all participantsstartfrom the

samestate:

InitialState== {d : DistExecution V p : d.participantse p.history= &}

4.11.3 Distrib uted State

We now needa definition for the stateof a distributed execution. This is definedas
the executionof the sharedorogramwith the history definedasthe union of thelocal

executionhistories.We first definethe meige of a setof CausalGaphstructures:

GraphMepe : P CausalGaph + CausalGaph

Vgset: P CausalGeaph g : CausalGephe GraphMege(gse) = g <
g.events= | J{eset: PEvent| 3g: gsete eset= g.eventg A
g.causes= | {erel : P(Eventx Even) | 3g: gsete erel = g.cause$

Usingthis definition,we definethedistributedstate:

DistState: DistExecution+ Execution

Vd : DistExecutionex : Executione DistStatéd) = ex <
ex.history = GraphMepe
({g: CausalGaph| Jex : d.participantse ex'.history = g})

Thedistributed stateaxiom captureghe notionthatthe stateof a distributedexecution

is the executionstateformedby the meige of the local statesn the execution.
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4.11.4 Distributed Transitions

We definea distributedtransitionfunction asa setof local transitionswith the execu-
tion of ary templaterestrictedo theparticipantwith thesamdocationasthattemplate.

Formally:

DistTransition: DistExecutionx DistExecution

Vd,d : DistExecutione d — d' € DistTransition<
d.dprogram = d'.dprogram A
Jex— | : diinterfacesex — I’ : d'.interfacese
| =1" A ex— eX € TransitionA
Vp: d.participantse 3 p' : d'.participantse
p=pV
(d.locationgp) = d'.locationgp’) A
p+— p € TransitionA
Ve: (p'.historyevents— p.history.eveni e
d'.dprogramrolege.templae) = d'.interfacesp’))

Notethatthe specificatiorincludesthe constrainthatatleastonelocal transitionmust
have occurredthusensuringorogresss made.

To shaw thevalidity of a distributedexecution,we mustshaw thatif we startfrom
aDistStatethatsatisfieghe StableExecutioaxiom,avalid DistTransitionresultsin a
DistStatethat alsosatisfiesStableExecutianThis canbe provenif we shav thatary
local Transitionof a participantExecutionis alsoa valid Transitionof the distributed
executionstate. Reiteratingthe agumentgivenin section4.10.6,the propositioncan

only fail if, afteralocaltransition:

1. thereexistsanevente in therangeof the causegelationof the DistStatethatis

not correctlyenabledpr

2. thereexists an event e in the rangeof the causesrelation of the DistStatefor

which the setof enablingeventsdoesnot allow e.

The first conditionis a constraintover the setof enablingarcsfor the evente in
the distributed state. The locationconstrainton templateexecutionin DistTransition
ensureghatonly one participantwill adde to its history henceonly that participant

will addenablingarcsfor eto thegraph.Thus,if thelocal executioncorrectlysatisfies
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the (esetenable®) constraintof a Transition the constraintwill be satisfiedin the
distributed statesincethe esetassociatedvith e cannotbe modified by the meige of
participanthistories.

The secondconditioncannotbe satisfiedin the samemanner:it is quite possible
that distinct eventsat different participantswill usean offer from a single enabling
eventandthiscouldviolatetheallowsconditionontheenablingeventin thedistributed
state but doesnot necessarilyiolatethe allows conditiononthelocal state.

A distributed programhasan allows conflict if ary two setsof possibleoffers
a templatecan make have mutually exclusve membersthat are not co-located. As
discussedn the informal descriptionof this problemin section4.6, we addresghis
issueby definingthe setof safe programsasthosethat do not have this conflict, or
have guardsto ensurethat suchconflictscannever occurin a distributed execution.

More formally:

SafePogram: P DistProgram

Vp: DistPrograme p € SafePogram <
v d : DistExecution d.dprogram=p e
DistStatéd) € StableExecutiom
Je: DistStatéd).history.events e
Jtset, tset : e.offers, ty, ty : Templates
p.roleqt;) # p.rolegts)
t; € tset Aty & tset A
to € tseb A t; € tseb
= Jeset, eses : P DistStatéd).history.events, e, , &; : Evente
e .template= t; A es.template=t; A
eceset Neceset A
esef enable®; A esej enables,

This specifications someavhat comple, but essentiallysaysthatif a conflict ex-
istsin anexecutionof a programbecausef mutually exclusive offers from an event
e, thentherecannotbe setsof enablingeventsin the executionstateincluding e that
enablethosemutually exclusive events.Basedon the definitionof theenablegelation
in section4.10.5this implies that either the guardson thoseeventscannotbe satis-
fied by thatsetof enablingeventsor the offer cannotbe in the requiressetof oneof
the events. In general,we expectthat the safetyof programswill be guaranteedy

ensuringmutually exclusive eventshave similarly exclusive guardconditions.
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Returningto the discussionof the satishction of our allows constraint,we can
guaranteehis constraintif the distributed programis a SafePogram, andthus, ary
valid local transitionin a distributed executionwill resultin a StableExecutiostate.
Fromthiswe asserthatary DistTransitionagainst DistExecutionn a StableExcution

statewill resultin anotherStableExecutiostate.

4.11.5 History Updates

Oneof the issuesnot addressedh the abore discussions the updatingof local ex-
ecutionhistoriesto reflectremoteeventsin the distributed executionstate. Without
this, remoteeventswill never bevisible in local historiesandhencelocal eventswith
dependenciesn thoseremoteeventscannotbe executed. We definehistory updates

formally asfollows:

HistoryUpdate: DistExecutionx DistExecution

Vdy, dy : DistExecutione (d;, ds) € HistoryUpdates
DistStaté¢d; ) = DistStatédy) A
d;.dprogram = d,.dprogram A
Vp; : di.participantsps : do.participantse
d;.locationgp; ) = dq.locationgp:) =
p: -history.eventsC pe.history.eventsA
p; -history.causesC po.historycausesa
Ip; : dy.participantspe : de.participantse
d;.locationgp; ) = dy.locationgps) A
p: -history.eventsC po.history.events

A key aspecbf this specificatiorarethatthe distributed stateis unchangedonly
the local executionhistoriesare updatedwith eventsfrom remoteparticipants. This
meanghattheHistoryUpdatdransitioncannotinfluencethe StableExecutioproperty
of a distributed execution. We alsorequirethat at leastone history is updatedn the

transition.

4.11.6 Propertiesof Transitions

The DistTransitionandHistoryUpdatetransitionsdefinethe possiblestatechangesn
the executionof a distributed programand guarantedhat, given an initially empty

executionhistory anda safeprogram,all reachablestatesare StableExecutiostates.
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Therearesomekey propertief this specificatiorthatareworth noting:

1. Thetransitionsemanticsloesnotrequirethateachlocalexecutionis a StableExecutign
thuslocal historiescanbe sparseviews of thedistributedstateprovidedall tran-

sitionssatisfythe DistTransitionandHistoryUpdatespecifications.

2. TheDistTransitionandHistoryUpdateare,by definition,mutuallyexclusive be-
causethe former explicitly modifiesthe DistStateandthe otherexplicitly does
not modify DistState Thus,for ary distributed executiontheremustbe a logi-

cally serializedsetof DistTransitionandHistoryUpdatetransitions.

3. Despitethe needfor logical serializationthe DistTransitionandHistoryUpdate
are both specifiedas independentransitionsacrossa set of local executions.
Thisvery nicely captureghelogical concurreng of thesystem:providing there
are no intervening HistoryUpdatetransitions,ary setof transitionsfrom each
participantindividually satisfyingthe DistTransitionspecificationcanbe com-
binedinto asingle,logically concurrentiransition.Similarly for localHistoryUpdate

transitions.

We have now formally definedthe Finesseexecutionsemanticsfirst for a cen-
tralizedexecutionandthenfor a distributed execution. This specificatiorcaptureghe

necessarpropertief suchexecutionsandtheir programs.

4.12 Concluding Remarks

The informal and formal descriptionspresentedn this chapterdefinea distributed,
asynchronougxecutionmodelfor parallel programs. As discussedn the introduc-
tion to this chapterthereis no otherequivalent,executablemodelin widely published
literature, so this resultis quite significantin itself. Petri netscan provide a simi-
lar semanticdut imposeadditionalsynchronizatiorrequirementsand provide a less
approachablerogrammingmodel.

Subsequerthaptersisethis modelin thecontet of thebinding,role andinterface
architecturakonceptantroducedin chapter2, but this executionmodelstandsalone

andcanbeusedin mary parallelor distributed programmingcontexts.
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Chapter 5
Language

5.1 Intr oduction

The precedingchapterprovided a semantianodelfor the executionof asynchronous
distributed programs. This chaptet describeghe Finesselanguage which canuse
the semanticmodel asthe basisfor execution. The Finesselanguagewhile not the
only possibleapplicationof this model, provided the impetusfor developmentof the
semantianodelandis an exampleof how the semanticnodelcanbe presentedn a
usefullanguage.

The Finessdanguagds perhapdestdescribedasa coordinationlanguageanda
descriptionof the languagehaspreviously beenpublishedin thatresearchsphere[).
The syntaxand structuringconceptsof the languagehowever, have growvn from the
needsof opendistributed processingndin particular the A1,/ model[1]. Thelan-
guageis intendedto describehe behaiour andcoordinationof autonomousoftware
componentsn an open,distributed ervironment. As such,it bearsonly a minimal
resemblancéo existing programminganguagesyntax,including interfacedefinition
languagedike CORBA IDL.

While Finesseprovides similar structuringand high-level functionality to other

coordinationanguagesit alsodiffersin mary ways.In particular:

1. Finessabstract®vercommunicationallowing transformatiorof dataandcom-

1This chapteiis derived from a paperpresentedt the Symposiunof Applied Computingin February
1998[9
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piler or run-timeoptimizationof messag@assingoetweercomponents.

2. Finesseincludesa representationf time, allowing the specificationof quality

of serviceproperties;

3. Finesseis independenbf the languageusedfor programmingthe distributed
components.It is similar in conceptto CORBA IDL, for example,wherethe
programis compiledto produceinterface stubsfor componentsn the chosen

language(s);

In this chapter we presentthe syntaxof Finesseanddescribethe relationshipof
the syntacticconstructgo the semantianodeldescribedn the precedingchapter We
build on the languageovervien of chapter2 andthe semanticomodel, so a basicun-
derstandingf the conceptgresentedn thosechapterss assumedIn particular we
assumehat the key conceptsof binding role, interfaceand eventrelationshipsare

understoodA BNF specificatiorof thelanguagesyntaxis givenin appendixA.

5.2 BasicSyntaxand Structure

5.2.1 Structure of a Finesse Program

A Finesseprogramalsocalledabindinghasanouterscopantroducedby thekeyword
Binding andthe nameof thebinding. This outerscopedefineshe programboundary:
all behaiour presenin the bindingmustbe describedn this scope.A setof Import
statementsnay appeamt the beginningof this scope.An Import statemenidentifies
anotheibinding programwhoserole andinteractiondefinitionsmaybereferencednd
re-usedn this binding.

This openingis followed by two sectionsdefining roles and interactions. The
Rolessectiondefinestherequiredbehaiour of participatingcomponentsandthe In-
teractions sectiondefinesthe relationshipbetweeneventsat differentroles. Braces
({. . . }) areusedto delimit the scopeof definitions. Note thatin the following ex-
amples.ellipses(. . . ) areusedto avoid including unnecessargetailandarenot a

syntacticconstruct.The basicstructureis thus:
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Bi ndi ng Exanpl e {

| mport
Rol es {

}

Interactions {

}

5.2.2 Describing Roles

A bindinghasoneor morerole definitions,introducedby a role name.A role defini-
tion canbe prefixed with a cardinalityconstraintenclosedn squarebraceq ] , which
constrainghe numberof componentghat canfill arole in singlea bindinginstance
(programexecution). The place-holde# representshe actualcardinality Whereno
cardinalityconstraints given,the default cardinalityis exactly one,for example:
Rol es {
Cient { ... }

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

This specifieghattherearetwo roles,Client and Serverandthatthereis exactly one
ClientandatleastoneServerin the binding.

Behaviour describedwithin a role takesthe form of event relationshipspecifica-
tions. In termsof the semanticmodel, thesespecificationgake the form of event
templatedefinitionsconnecteddy a numberof relationshipoperatorsand modifiers.
Theseoperatorsand modifiersare discussedurtherin subsequensections. Events
executedfrom the event templateswithin a role specificationare requiredto be co-
located.Wheremultiple interfacescanfulfill therole, eachinterfaceexecuteshede-
scribedbehaiour independentlyi.e. alogical AND of the behaiours) exceptwhere

linked by specificationsn the Interactions section.

5.2.3 Describing Interactions

The Interactions specificationdefinesrelationshipshetweenevent templatesoccur

ring in the roles. In this section,event templatesare referredto by the role name,
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followed by a period’.” andthe event templatename. This referenceto an event
templatecanalsohave a cardinality constraintto dealwith situationswheremultiple
componentdill therole. For example:

Bi ndi ng Exanpl e {

I nport ...;
Rol es {

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

}

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

}
}

The place-holde# in the Interactions specificationrefersto the numberof compo-
nentsexecutingthe eventtemplate while the place-holderl | refersto the number
of componentdilling therole. In theabove example,theclient role executesasend
event followed by all seners executingthe r ecei ve event. In otherwords, this
bindingis ahigh-level descriptionof reliablemulticast.Behaviour describedn thein-
teractionsectioncannotintroducenewn eventtemplatesit canonly useeventtemplate

namegdefinedin therolessection.

5.2.4 Event Templates

Thebehaiour within rolesandinteractionds definedby eventtemplatesandtheir re-
lationships.An eventtemplatés introducedn therolessectionby aname adirection

indicator anda parametelist, for example:

el (x:tl, y:t2)

wheree is the eventtemplatename,! indicatesthatit is an outputevent, x, y are
the event parametersandt 1, t 2 arethe datatypesof the parameters.Eventsare
uni-directional thatis, they canbeinput eventsor outputeventsbut not both. The ?
characteiis usedin placeof the! to indicatean input event. Input and outputare
relative to therole, thatis, an outputeventimplies thatthe componenfilling therole

is providing parameteralues,while aninput eventimplies thatprogramexecutionis
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providing parametewvalues. In termsof the semanticmodel, the directionindicator
is unnecessarpecausall eventsimply synchronizatiorbetweerthe interfaceimple-
mentinga role andthe programexecution. Direction indicatorsare includedin the
languagehowever, becauséhereis typically a cleardistinctionbetweennput events
andoutputeventsin componenimplementationsfor example,the input and output

associateavith amethodcall.

The directionindicatorandparametelist areonly includedin thefirst definition
of aneventtemplate. This meansthey may only appeaiin role definitions. Wherea
templatenameappearsnorethanoncein arole definition, only the first caninclude

theseannotations.

5.2.5 NamedBehaviours

Rolescancontainnamedbehaiours that grouptogethera setof eventtemplatesand
allow the Interactions sectionto referto somesubsebf the role whendefininginter

actionbehaiour, for example:

Bi ndi ng {
Rol es {
Cient {
read { send! -> receive? } ->
wite { send! -> receive? }

}

Interactions {
Client.read ...
}

}

Namedbehaiours definea scopefor event templatenames,allowing the role def-
initions to re-usetemplatenamesin a different namedbehaiour whenappropriate.
Referenceo sucheventtemplatesn theinteractionssectionmustincludetherole and

ary scopenameseg.g.usingtheexampleabore Cl i ent . r ead. send.
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5.3 Describing Behaviour

Theconstructof the precedingsubsectionsave hintedathow behaiour is described
in Finessebut areprimarily aimedatdescribingorogramstructureandeventattributes.
In this section,we describehow the operatorsand modifiersof Finesseallow usto

describeaventrelationshipsn termsof the semantianodelpresentedn 4.

5.3.1 Intr oducingthe Causality Operator

Causalitybetweereventtemplatess introducedusingthe — operator The statement
el — e2 hasimplicationsfor boththeleft handandright handtemplatesin terms

of the executionsemantics:

el >e2=
el € e2.requiresA
€2 € el.offers

In otherwords,the statemenimplies thatthe templatee2 requiresan offer from an
el eventbeforeit canbe executed,andthatanel eventoffersits causalityto ane2
template. This definesthe causalityoperatorin its simplestform wherethereis no
non-determinismandthe templatese1l ande?2 referto single occurrence®f events
(cardinalityof exactly one).

Instance®f suchcausatelationshipspecificationganbechainedthatis, el —>
e2 —> e3 withoutany changdo thesemanticsConsiderablynorecomplex expres-
sionscanbe usedon eitherside of the operator however. In subsequendiscussion,
wewill referto theLHSandRHSmeaninghe expressiorto theleft andto theright of

the operatorespecirely.

5.3.2 Complex Expressions

Expressionsn eithersideof the causalityoperatorcanreferto a graphof events,for
example,asa resultof usingnamedbehaiours. In otherwords,the LHS of the —>

operatorcouldbethegraph:
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-> e2
el

-> e3

In this case,the operatorappliesto eachleaf templateof the graph,thatis, e2 and
e3 in this case. Similarly, if the RHS of the operatoris a graphwith multiple root
templatestheoperatorappliesto eachroots. Wheretherearemultiplerootsandleaves,
the operatorappliesto the productof leavesandroots(i.e. eachpossiblepairing),for

example,if we usetheabove graphasour LHS andour RHSwere:

e4
\
-> eb
/
e5
We have:
LHS — RHS=
2 —>edA
e —>eh A
e3 >ed A
e3 > eb A

5.3.3 Logical AND

The logical AND of two behaiours, LHS AND RHS, implies that both behaiours
mustoccurfor correctexecutionof the program.Wherethereareno common fully-
gualifiedtemplatenamesn the LHS andRHS behaiours, the two behaioursarein-
dependentthereareno causarelationshipsandthey canexecuteconcurrently Where
ary templatenamesnatch,theLHS andRHS mustsynchronizeonthe matchingevent
templatesor in otherwords,commoneventtemplategoin thetwo behaiours. For ex-

ample:

el -> e2 -> e3
AND

el’ ->e2 -> ed’
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implies:

el -> e3
\ /
-> e2 -
/ \
el’ -> ed

In termsof the offersandrequiresjt implies:

{el,el’'} C e2.requirsA
€2 € el.offers A

€2 € el’.offers A

€2 € e3.requiresA

€2 € e3'.requiresA
{e3,e3'} C e2.offers

5.3.4 Logical OR

The logical OR of two behaiours LHS OR RHS, implies that either or both be-
haviourscanoccur As with AND, thebehaiours mustsynchronizeon commonevent
templatenamesthatis:
el -> e2 -> e3
R

el’ ->e2 -> ed’

implies:
el -> e3
\ /
OR->e2 -OR
/ \
el’ -> el

In termsof offersandrequires:

(el ORel’) € e2.requiresA
€2 € el.offers A

€2 € el’.offers A

€2 € ed.requiresA

€2 € e3'.requiresA

(e3 ORe3') € e2.offers

92



It becomesclear from this examplethat the requires and offers associatedvith an
eventtemplatearedecisiontrees,asdescribedn the executionsemantics Any level

of nestingof suchlogical expressionss possible.

5.3.5 Exclusive OR

Theexclusive OR of two behaioursLHS XOR RHS, impliesthatoneor otherof the
two behaiours mustoccurbut not both. Sincethe behaiours aremutually exclusive,

no synchronizations possibleor necessaryusing our sameexample:

el -> e2 -> e3
XOR

el’” ->e2 -> ed’

implies:

(el XORe2) € e2.requiresA
€2 € el.offers A

€2 € el’.offers A

€2 € ed.requiresA

€2 € e3’.requiresA

(e3 XORe3') € e2.offers

The XOR operatorcanalsobe usedto captureoptionalbehaiour, thatis:

el — e2 XORel =
el € e2.requiresA
(e2 XOR®) € el.offers
el — e2 XORe2 =
(el XOR@) € e2.requiresA
€2 € el.offers

5.3.6 Combining Logical Operators and Complex Expressions

In the precedingsubsectionsve have describedogical operatorsandcomplec expres-
sionsin isolation. Fromthe discussionit is clearthatthe non-determinisnin prede-
cessorandsuccessoeventtemplatescausedy logical OR and XOR operatoranust

becapturedn therequiresandoffers of aneventtemplate.ln the presencef comple
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expressionsit follows thatary non-determinisninvolving leaf nodesof a LHS must
be capturedn therequiresof the RHSroot nodesandary non-determinisninvolving

theRHSrootnodesmustbe capturedn theoffers of the LHS leaf nodes For example,

if we have:
-> e2
/
LHS == el XOR
\
-> e3
ed
\
RHS == OR -> eb6
/
e5
We get:
LHS — RHS=

(e2 XORe3) € ed.requiresA
(e2 XORe3) € e5.requiresA
(e4 ORe5) € e2.offers
(e4 ORe€5) € e3.offers

The notion of the leaf or root nodeis essentiallyreplacedwith the notion of a leaf or
root expressionwheneer thereis non-determinisnintroducedby OR or XOR across

nodes.

5.3.7 The Logic of Cardinality Constraints

Cardinality constraintsspecifiedin interactionspecificationsmply a “subsetchoice”
semanticsa correctbehaiour executesa subsebf the possibleeventswherethe sub-

setsatisfieghe specifiedcardinalityconstraint.Suchspecificationsake theform:
Rl.el -> [# > n] R2.e2

where# refersto the numberof componentnterfacesin role R2 thatactuallyexecute

€2, > isanumericcomparisoroperatof(i.e. it couldbea <, = etc),andn is anumeric
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value. Thecardinalityconstrainimposesa logical relationover the distincttemplates
thatcould be executedat eachof theinterfacesfilling theroles.

Theeffectof thecardinalityconstrainis equialentto alogical XOR of all possible
subsetghatsatisfythe cardinalityconstraint.For example,if we have threeinterfaces

11, 12 andl3 in role R2 andthe cardinalityconstraints [# = 2], we have:

(11.e2 AND 12.62) XOR(I2.62 AND 13.62) XOR(I1.62 AND 13.€2)

Thiscanbeconsidere@rewriting rule overtheoriginalexpressionthustheexpression

becomes:

Rl.el ->11.e2 Rl.el ->12.e2 Rl.el -> 11.e2
AND XOR AND XOR AND

Rl.el ->12.e2 Rl.el ->13.e2 Rl.el -> 13.e2

Thesemantic®f thesdogical operatorspecifiedn theprecedingectioncanthenbe
applied. Theusualmathematicateductionand/orsimplificationof logical expressions
involving AND, ORandXOR canbeapplied.Note herethateventtemplatespecified
in role and interactiondefinitions must be annotatedwith an interface identifier at
bindinginstantiationto distinguishthemin the programexecutiongraph,asdiscussed
in section4.7 of theprevious chapter

Theimplicationsof cardinalityconstraintgor non-determinisnaresignificantand
it is worth noting thatthis exampleandotherscanpotentiallycauseproblemsfor im-
plementation.By definition, the behaiour associatedvith a setof interfacesimple-
mentingrolesis distributed. Cardinality constraintsappliedto a role cantherefore
resultin distributed,mutually exclusive successor® anevent. Suchmutualexclusion
occurswheneer a maximumecardinality lessthanthe numberof interfacesfilling a
role is specifiedon the RHS of the causalityoperator Considerthe exampleabore:
a distributed decisionmustbe madeto excludeeitherl1.€2, 12.€2 or 13.€2 to ensure
thatthe constraints satisfied.This problemis discussedt somelengthin section4.6
of the precedingchapter The recommendedolutionis to requirethateventtemplate
guardon ary RHS expressiorguaranteethe necessarynutualexclusion.

TheFinessdanguagespecificatiordoesnotimplementhisrecommendatiothrough
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its syntax,however, compilersshouldflag ary programconstructhatcouldpotentially
lead to suchproblems. In the caseof cardinality constraintsthereare also builtin
booleanfunctions(discussedn subsequensections)that canbe usedto guardsuch

behaiour.

5.4 Control Flow

Theprecedingsectionprovidedabasisfor describingeventrelationshipsisinganum-
berof operatorsin this sectionwe introducecontrolflow constructsandin particular

constructdor guardsanditeration.

5.4.1 Roles,Interactions and Iteration

Weknow intrinsically thatiteratve behaiour mustbeimplementedy thecomponents
participatingin a distributed program. Connectingthe iteratve behaiour of distinct
componentén awell-definedandclearspecificatioris difficult atbest.In Finessewe
try to minimizethis compleity by allowing iterationconstructonly in role specifica-
tions: theinteractionssectionof a specificatiorcanthusonly be usedto “connect’the
iterative behaiours andnot introduceary new iteration. Thisis in keepingwith the
goal of beinga languageaimedat connectingcomponents As canbe seenfrom the
previous and subsequengxampleprograms this keepsthe interactionspecifications
relatively simple,andloseslittle or no expressie power.

Revisiting the semanticof the —> operator we addthe assertiorthatin the in-
teractionsspecification,the expressionLHS —> RHS implies that any instanceof
the LHS behaiour is followed by a distinctinstanceof the RHS behaiour, subjectto
ary non-determinisnintroducedby logical operatorsThis meanghattherelationship
appliesdistinctly to ary iteratedinstance®f the LHS andRHS behaiours.

In the Finesselanguage we do not allow paralleliteration within a role. This
avoidstheinherentproblemof connectingelatedparallelbehaioursacrosgoles,but
preventsa role from creatingindependenthreads. Parallel instancesf a behaiour
canbe introducedby allowing multiple instancesf a role: this explicitly identifies

eachinstanceandthe connectiondetweerthesebehaiours andothers.lt canalsobe
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introducedby usingexplicitly andstaticallynamedcopiesof animportedbehaiour.
While it would be possibleto extendthe semantianodelandlanguageo includepar
allel iterationwithin arole, mary programscanbe expressedvithoutsuchiterationas
is demonstrateth chapter8. Futureversionsof thelanguagemightallow thedynamic
creationof subordinatébindingsto addresghis problemandavoid the issuesrelated

to connectingparallelbehaioursacrossoles.

5.4.2 lIteration
Iterationis introducedoy awhi | e construct:

while [guard] { LHS }

-> RHS

Thisis equialentto:

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

[ NOT guard] RHS

We require,however, thatexpression®f theform LHS — LHS arenotpermittedin
Finesse This is a syntacticrestrictionaimedat clearly distinguishingiterationfrom
sequentiabehaiour and avoiding ambiguitywhenan expressionappearsnorethan
oncein a specification. It makeslittle differenceto the languagesemanticsassug-
gestedby our definition of thewhile constructsemanticabore.

We alsoallow anunguardedterationconstruct:

loop { LHS} -> RHS

Thisis equialentto:

LHS -> { LHS XOR RHS }
XOR

RHS
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In otherwords,this constructallows the LHS behaiour to be executedzeroor more
times,but the RHS behaiour canbe choserat the endof ary iteration. The choiceof
the RHS behaiour terminategheloop, andthe RHS behaiour mustbeimmediately

distinguishabldrom the LHS behaiour.

5.5 ResolvingEvent References

Throughouta Finesseprogramit is necessaryo make referenceso othereventsthat
have occurred. The natureof role/interactionbehaiour specificationds suchthat
while thesereferencesdentify a singleeventtemplatedefinitionfrom arole, they can
identify multiple eventinstances.This is duebothto iteration(multiple instancesof
the eventexecutedby a singleparticipant)androleswith greaterthanoneparticipant
(multiple instancef the event executedby different participants). The syntaxalso
allows a prev keyword for referencingthe immediatelyprecedingevent. In orderto
definethe languagesyntax, we must specify how theseevent referencegesole to
particularevents.

Within arole specificationall referencesesole to thenearestausallypreceding,
co-locatedeventthatmatcheghereference Theterm“nearest’meanghatthereis no
othercausallysucceedingventwith the samename.Reference role specifications
shouldnotincludearole name.Sincerole behaiour cannotinclude paralleliteration,
this rule ensureghatthe referencecanonly resole to a singleevent. The prev ref-
erencealwaysidentifiesthe event specifiedimmediatelyto the left of the current- >
operator The prev keyword is invalid wherethe LHS is an expressionwith multiple
tail events.

Within aninteractionspecification the referenceresohesto the nearestausally
precedingevent that matchesthe reference. Where multiple concurrenteventsare
identified by this rule (i.e. thereis no single matchingevent that is causallyafter
all other matchingevents), a co-locatedevent is given preferencethenan eventis
randomlychosen.The prev referencesdentifiesthe event specifiedimmediatelyto
theleft of the current- > operatorIf thisreferencas of theform Rol e. event with

acardinalitygreatethanone,thenasingleeventcanberandomlychoserfrom theset.
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Theprev keywordis invalid wherethe LHS is anexpressiorwith multiple distincttail
events.

Notethatthis interpretatiorof eventreferencess languagespecific. The semantic
modeldescribedn the precedingchapteris quite ableto accommodatan alternatve

syntaxthatuseseventreferenceso identify setsof events,for example.

5.6 Guards

A guardis alogical expressiorthatmustbe satisfiedoeforean eventcanbe executed.
Thisis in additionto ary cardinalityor causalpredecessaconstraintsIn the Finesse
languageguardscorrespondxactly to the guardsemanticgpresentedn the previous

chapter They areintroducedusingthefollowing syntax:

[guard] LHS

whereguar d is alogical expressiorand LHS is any behaiour expression.As with
the RHS of our behaioural operatorsthe guardappliesacrossall root nodesof the
expression. Wherean event templatehasboth a guardand a cardinality constraint,
they mustbe containedwithin the samesquarebracesandjoined by a logical AND
operator While this is slightly inconsistensemanticallyit makesconsiderablesense
syntacticallysincethecardinalityis arestrictionthatmustbe satisfiedvhenexecuting
asetof events.

A namedexpressionmight appearin several partsof a specification,requiring
synchronizatiorof all instancesDistinct guardscanbe appliedto ary instanceof the
expressionwith theresultbeingthelogical AND of all guardexpressions.

We deferthe detailedsyntaxof guardexpressiongo the implementation since
it will dependon the setof functionsand operatorsapplicableto the supporteddata
types. It is required,however, thatall implementationsupporta functionalguardof
theform f(x1, x2, ...) andthelogical operatorsAND, OR, XOR andNOT. A numberof
explicit guardfunctionsassociatedavith time andorderingconstraintsaarespecifiedn
the following subsectionsNote that the syntaxof cardinality constraintss specified

previouslyin 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
referenceand a real-\alued expression(which could itself be a function). timeless
evaluatesto true if the numberof secondssincethereferencedventis lessthanthe
suppliedvalue.Conversely timemore evaluatedo trueif thenumberof secondsince

thereferencedkventis equalto or greaterthanthe suppliedvalue.For example:

el!() -> [tineless(el, 10.0)] e2?()

This specifieghattheevente2 mustoccurwithin 10.0second®f el. As specifiedn

the semantianodel,guardsinvolving time areonly permittedto compardime deltas.
Literal time deltasarerepresente@dsa real numberindicatinga numberof seconds.
Implementation®f Finesseshouldallow for clock skew whenevaluatingtime guards

involving eventsat differentlocations.

5.6.2 Event Causality Guards

A setof guardsaresuppliedfor ensuringappropriatecausalityexists betweerevents.
Therearethreeguardfunctionsin this catgyory, namelybefore, occur, andreplyto.
Thebefore functionacceptiwo eventreferenceandreturnstrueif thefirstreferenced
eventis causallybeforethe second.The occur functiontakesan eventreferenceand
returngrueif aneventmatchingthatreferencesxistsin thecausahistoryof thecurrent
event. Thereplyto functiontakestwo eventreferencegndreturnstrueif the second
eventreferenceds causallyprecededy thefirst. In additionthefirst eventreference
is restrictecto eventsco-locatedwith the guardecevent.

The use of before and occur functionsis fairly self-explanatory however, the
replyto guarddeseres further discussion. This guardis usedin contexts wherea
particularevent canonly be executedif the matchingcausaldependent{the second
parameter)s generatedsa resultof a specificprecedingevent. This allows us, for

example,to filter out strayrepliesto multicastrequestshatshouldbe discarded.The
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reply guardalsosenesto supportaninternaloptimizationin implementationsin asit-
uationwheretherearemultiple clientsin an RPCinteractionmodel, the default (and
correct)behaiour would beto sendthe RPCreply to all clientseventhoughonly a
singleclient madethe request.This guardallows the sener(s)to determinethatonly

asingleclientcanusethereply, thereforeonly onereply needbesent.

5.7 Parameter Relationships

An eventtemplatespecificationcaninclude a specificationof its parameterelation-

ships.The specificatiordefinesthe valuesof the parametersfFor example:

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

Parameterelationshipspecificationsanreferto ary identifiable,causallypreceding
eventusingthe eventreferencesemanticglefinedin section5.5. Thereis no require-
mentthatall parametersf ary outputeventmustbe consumedy aninputevent,and
the parameter®f an outputevent canbe usedmary times. Parameterelationships
are functional, allowing for transformationof data. For all parameterrelationships,
the function or operatorusedmustbe well-definedfor the datatypesof the parame-
ters. Thismeansfor example thatequality(=) canbeusedfor parametersf different
typesprovided it is well definedin the context of the binding. Due to its common
usein remoteprocedurecall, Finessehasshorthandsyntaxfor nameequialenceof

parameterghatis:

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

Thisspecifiesaall parametersf e2 with namesnatchingparameters el areassigned
the value of that same-nameg@arameterThereis no requirementhatall parameters
in eitherel or e2 beassignedy theoperator Notethatasdescribedn thediscussion
of eventreferencesemanticsthekeyword prev canbeusedto referto theimmediately

precedingeventin the currentspecificatiorcontext.
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5.8 Reuseand Generics

TheImport keyword allows role andbinding definitionsto be re-usedn the current
Finesseprogram.lt is followed by the nameof a Finesseprogramto import. Therole
andinteractiondefinitionscontainedn thatprogramarethenableto beusedwithin the
currentprogram.For roles,they canbereferredio usingPr ogr anNane. Rol eNane
syntaxin arole definitiononly. This syntaxsimply copiestheidentifiedrole definition
from theimportedprograminto thecurrentprogram.If therole definitionis to beused
multiple times,a namescopemustbe definedto distinguishtheinstances.

Theinteractiondefinition containedwithin the programcanbereusednly within
the interactionspecification.It canbe referencedusingonly the programname,but
mustbe parameterizethy a setof namedrole behaiours that matchthe rolesof the
importedbinding. Thesemantic®f this referencas to copy theinteractionbehaiour
from the referencedprogramwith the role namein ary Rol e. event specification
replacedoy thefully-qualified behaiour name(i.e. Local r ol e. behav. event .

In the simplecase fole andbinding definitionsarere-usedwithout parameteriza-
tion, for example:

Bi ndi ng Message {
Rol es {

Sender {send!(x:t1)}

Recei ver {receive?(x:tl1)}
}
Interactions {

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

}

Bi ndi ng UseMessage {
| nport Message;
Rol es {
Send2 {sendl {Message. Sender}
-> send2 {Message. Sender}}
Recv2 {recvl {Message. Receiver}
-> recv2 {Message. Recei ver}}
}
Interactions {
Message(sendl, recvl) AND
Message(send2, recv2)
}
}
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Therolesof the Message bindingareusedto definetwo actionseachin the Sendzand
Recv2rolesrespeciiely. Theinteractionssectionof the UseMessge binding simply
bindsthoseactionstogethewusingthe Messae binding. While thisis useful theability
to parameterizeoleswith arbitraryparametetists give moreflexibility. Thisrequires
anincompletebinding programdefinition with placeholdergor parametetfists, used

asfollows:

Bi ndi ng Message {
Rol es {
Sender (MSG {send! (MG}
Recei ver (M5G {receive?( MG}
}
I nteractions {
Sender.send -> Receiver.receive {*=Sender. send}
}
}

Bi ndi ng UseMessage {
| mport Message;
Rol es {
Send2 {sendl {Message. Sender(x:t1)}
-> send2 {Message. Sender(y:t2)} }
Recv2 {recvl {Message. Receiver(x:tl)}
-> recv2 {Message. Receiver(y:t2)} }

}

Interactions {
Message(sendl, recvl) AND
Message(send2, recv2)

}
}

Wherever a placeholdemameis encounteredn the importedbinding definition, it is
replacedwith the parametetist providedin theinstantiation.This allows usto reuse
the interactionbehaiour with differentevent parametetists, allowing definition of
bindingssuchasgenericRPCor multicast. Note in this casethe usefulnes®f name-

equialencefor parameterelationshipspecifications.

5.9 Concluding Remarks

Thischaptehasdescribedhe Finessdanguagea coordinationanguagdor opendis-

tributedsystemsA Finesserogramor bindingdescribesherolesof componentén a
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distributedapplicationandtheinteractionsdetweerthoseroles. Rolesandinteraction
aredescribedusingeventrelationshipsjn particular causality(ordering),parameter
andtiming relationships. Finessehas strong supportfor group communicationand
providesabstractiorthroughstructuringandcompositionfeatures.

Finessehasa numberof featuresthat are novel in coordinationlanguages. Its
key adwantageis the ability to be executedover the distributed, asynchronougxecu-
tion modeldefinedin chapter4. Also of particularinterestis the abstractionthat it
providesover messagingMessagings implied by declaratie relationshipsetween
events,meaningthata compileror interpretercanoptimizethe numberandcontentof
messagegansferreetweercomponentsTheuseof explicit, but abstractparameter
relationshipsallow parameterso beignoredif notused.Theuseof causalityrelation-
shipsallows parametergrom multiple eventsto be combinedinto a single message
from a particularinterfacewhereappropriate.

Opennesandflexibility isenhancedby allowing arbitraryparameterelationships.
This canallow, for example,a DCE RPCclient to call a CORBA sener, provided
the appropriateénfrastructureandtransformatiorfunctionsarein place. The Finesse
languagehasno structuralknowvledge of datatypes,freeingit from the confinesof
a specificdatamodel. The useof functional relationshipsbetweenparameterslso
providesgoodsupportfor including legagy components&indapplicationsn a Finesse
binding.

The inclusionof time constraintds both novel andvery useful. Suchconstraints
can be usedto explicitly specify timeoutsand associatedehaiour, or to describe
quality of serviceconstrainton, for example,the delivery of multimediastreams.

It shouldbe emphasizedhatthe Finessdanguagds an exampleof how the exe-
cutionmodeldescribedn the precedingchaptercanbe used.Othersyntaxdefinitions
are possibleandin particular a graphicalprogramminglanguagemight be particu-
larly appropriaten a coordinationcontet. The definition of sucha languages not

addressedy thisthesis.
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Chapter 6

Runtime Engine

6.1 Overview

This chapterdescribeghe designof a distributed runtime engineimplementingthe
Finessesemanticslefinedin chapter4 andproviding arun-timetargetfor the Finesse
languageadescribedn the previous chapter A Finesseprogramis capturedoy a setof
eventtemplateghat describethe possiblepartial orderingsof events,their parameter
relationshipsandguardexpressiongor eventswhich canincludetiming constraints.
A correctexecutionof a programis a partialorderof eventexecutionthatmatchesone
of the partialordersdescribedy the program with eacheventsatisfyingtherequired
parameterelationshipsaandary guards.

Theruntimeengineexecutesa Finesseprogramby executingenabledevents. The
initial stateof theprogramis representelly thesetof eventsthathave nopredecessors,
hencecanbe executedat ary time provided their respectre guardsaresatisfied. The
executionof aneventpotentiallyenable®thereventswhich aresubsequentlgxecuted
andsoon.

A Finesseprogramis executedby a setof distributed participants.Eachdistinct
eventis executedby a distinct participantin the program. The runtimeenginehence
operatesas a setof distributed runtime engines,one for eachparticipant. The par
ticipantenginesmaintaina graphof occurredand pendingevents. Pendingeventsto
be executedlocally canbe fired by a participantwhenall requiredpredecessorare

known to have occurred(it hassuficient offers), and whenthe event guardexpres-

105



sion, if ary, is satisfied.Whenaneventis executeda notificationof thateventis sent
to thoseparticipantswith potentially succeedingvents,thatis, eventsto which this
eventmakesan offer of causality The graphmaintainedby eachparticipantis a par
tial view of the systemstatebecauseemotelyexecutedeventsmight not bevisible in
the graphat ary giventime. In general,no single participantwill havea complete
view of systenstate The participantruntimeengineis thusresponsibldor maintain-
ing the graphof occurredandpendingevents,executinglocal enabledevents,andfor
delivering notificationsof executedeventsto local software componentsand remote

participants.

This designhasbeenimplementedn a prototypewritten in the Java language.
The prototypedoesnot fully implementthe semanticgdescribechere,but is ableto
correctly executemostvalid programs.The limitations of the prototypeare notedin

theappropriatesections.

Although not strictly required,the implementedsemanticsncludesexplicit sup-
portfor someelement®f thelanguageln particular it useghestructuringconceptof
role andinterface wherearole definesco-locatechehaiour andaninterfaceprovides
a specificlocationfor role behaiour. Theimplementatiorallows multiple interfaces
to fill arole, meaningthat the eventtemplatesdescribingthe role needto be distin-
guishedby interface namein orderto meetthe semanticmodel requirementfor an

explicit associatiorbetweeraneventtemplateandalocation.

Theimplementatioralso provides causaltimestampsemanticgor eventnotifica-
tions. This allows eachparticipantto deterministicallybuild a consistentausalhis-
tory graphto resole eventreferencesndenforceary orderingconstraintsmplied by
guards. While thesesemanticanbe implementedat compile-timeby other more-
specificmechanismspur approachallows usto easilyaddadditionalguardsemantics

andalsoprovidesa moreusefulplatformfor deluggingprograms.

Thefollowing sectiongpresenthe designof the runtimeengineandits prototype,
including the internal representatiomf programsthe managementf enablingrela-

tionships building a causahistorygraph,anda numberof ancilliary issues.
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6.2 RepresentingPrograms

Eachparticipantrequiresa copy of the programto be executedat initialization. This
executablaepresentationf the programdescribeshe setof eventtemplateghatform
the program.Eachtemplateis assignedo arole, anddefinesthe predecessarequire-
ments,successorequirementsguardexpressionandparameterelationshipexpres-
sion. It alsoincludesa set of forward parametereferencesallowing the runtime
engineto determinewhereeachparametewvalue might be required.For internalpro-
cessingefficiengy, local successoraredistinguishedrom remotesuccessors.
Thesyntaxof thisinternalform is a setof well-definedS-expressionsWhile nota
high-level languagethis form canbe written by handwith minimal effort or couldbe
thetargetof a Finessdanguageompiler A parseifor thesesxpressionfiasbeenbuilt
to supportthe prototypeimplementation.The parsereturnsthe setof eventtemplate
objectsasdefinedby the S-expressionsteadyfor executionby theruntimeengine.
Theassociatiorof interfacesandrolesis performedatinitialization time, sofrom
the perspectie of the semantianodel,this associatiorforms partof the programdefi-
nition. The enginedistinguishedbetweeneventstemplatesexecutedat differentinter
faceshaving the samerole at run-time. Sincethe Finessdanguagehasbeendesigned
with multiply-filled rolesin mind, this is not especiallydifficult andthe implementa-

tion is discussedh alatersectionof thedocument.

6.3 Initialising a Program Execution

The executionsemanticgequiresthat all participantsin a distributed executionbe-
gin with a copy of the programandaninitially emptyexecutionhistory The Finesse
languageaddsthe ability to associaténterfaces(locations)with roles(co-locatedbe-
haviour) atinitialization time. The approachaken to satisfytheserequirementss as

follows:

1. A binderis instantiatedwvith a Finesseprogramin the internalform. It parses

therole definitionsandwaitsfor offersto fill rolesfrom participants.
2. Eachparticipantengineis instantiatedvith the nameof arole thatthey areable
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to implementandthe locationof the binder The participantengineadviseshe
binderthatit is ableto fill the namedrole and nhominatesa communications

endpoint(in this casea TCPaddressjor participationin the program.

3. Whenthebinderhassuficient participantoffersto instantiatethe binding (gov-
ernedby therole cardinalityconstraints)it distributesthe programanda list of
participantgo eachparticipantandwaitsfor anacceptancef thatprogramfrom

them.

4. Oncethe participantshave acceptedhe program,a confirmationis sentto each

of themandthe programcanbegin.
Therearea numberof importantpointsto noteaboutthis behaiour:

e Thebinderis consideredo be a distinctentity, thereforeallowing programin-

stantiationby eitheroneof the participantsor a distinctcontrolling entity.

e Eachparticipantadwertisesonly their ability to fill a namedrole. They do not
nominatea specificprogram. This allows, for example,a participantwith an
RPCclientinterfaceto operateunmodifiedin botha unicastandmulticastRPC

binding.

e It is quite possiblefor the adwertising and acceptancef a programoffer by
aparticipantto be madesomevhatseparatérom the executionof the program,
for example theadvertisingandacceptancef aprogrammightbeperformecdby
asecurednanagemerdpplicationthatcheckghecredential®of the participants

prior to establishinghebinding.

Thesefeaturesallow the implementationof functional behaiour to be entirely
separatedrom the administratve tasksassociatedvith creatinga programinstance.
This is of particularinterestfor cross-enterpriseteraction,for exampleelectronic-
commercepplicationsIf you considetheprogramto reflectthecontractbetweerthe
partiesfulfilling theroles,it is quitelikely thatthe contractegotiationwill becomple
andoftendifferentfor eachprograminstance.Theseparatiorof concerngrovidedby

theinitialization approachmakesthis quitefeasibleto implement.You could also,for
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example have distinctbindingprocessefor internalandexternalinteractionsvithout

modifying thefunctionalbehaiour.

6.4 Executinga Program

Eachparticipantenginehasa copy of the programcurrentlybeingexecutedandmain-
tainsa graphrepresentinghe currentsystemstate,as seenby that participant. The
graphmaintainecdby eachparticipantis built by addingeventscreatedrom eventtem-
platesto a pendingportion of thegraphwhenary of theirimmediatepredecessorare
known to have occurredor immediatelyif they have no directpredecessorshis por
tion of the graphis known asthefront Theinformationaboutthe orderingof events
requiredfor this additionis containedin the templates. Whenall predecessorare
known to have occurredandthe guardis satisfied the event canbe executedby the
engine.Whenexecuted the eventis moved from the pendingportion of the graphto
thehistorywhich containgnformationaboutexecutedevents.Notethatanenginecan
only executeeventsassociatedvith its role.

The graphthereforecontainsboth eventsthat have occurredand eventsthat are
expectedto occur Wheneer a local eventis fired or knowledgeof a remoteevent
occurrences receved,theeventis placedin thehistoryandary immediatelysucceed-
ing eventsareaddedto thefront if notalreadypresentEacheventin thefrontis then
evaluatedio determinef it canbeexecuted.

Whenaneventis executedby aparticipant,informationassociateavith thatevent
is transmittedo all otherparticipantghathave immediatelysucceedingventsin the
Finessgrogram have parameterelationshipsith the executedavent, or have guards
that referencethe executedevent. This transmissiorcarriesa causaltimestampfor
the event, identifying recenteventsin the history of the senderand allowing other
participantsto correctly updatetheir view of the systemstate. The executionof a
Finesseprogramcontinuesn this fashionuntil no furthereventscanbe enabledor an
erroroccurs.

The following subsectionsutline the detailsof execution,including the enable-

mentof events,evaluatingguardsmaintainingthe history andimplementingoarame-
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terrelationships.

6.4.1 CausalEnablement

The causalenablingrelationshipsbetweeneventscan be quite complex because-i-
nesseprogramscanspecifya considerabléevel of non-determinisnin the partial or-
deringof events. The successorand predecessorsf an event canbe groupedwith
logical AND, OR, or subsetchoicerelationshipsasdescribedn the precedingchap-
ters. Thesubsethoicerelationshigs equivalentto anORwith acardinalityconstraint.
Theserelationshipsanbe nestedto an arbitrary depth,so the runtime enginerepre-
sentshemasdecisiontrees.

Eachevent (pendingor not) requiresdistinct decisiontreesfor predecessorand
successorbecausehe decisiontreesfor enablementf eventsarenot symmetric:the
informationcontainedn the successodecisiontree of an eventincludesknowledge
of all possiblysucceedingvents.Suchinformationis not requiredor usedby ary in-
dividual successorSimilarly, the predecessareeof aneventincludesknowvledgeof
all possiblepredecessorandthis informationis not requiredor usedby ary individ-
ual predecessorThis separatiorcorrespondso the distinct notionsof the offers and
requiressetsin thesemantianodel.

A predecessareeddo evaluateits successotreeaftereachacceptancef anoffer
to determineif it cancontinueto offer its causalityto othersuccessorsSimilarly, a
pendingsuccessoneedsto evaluateits predecessaireeto determineif it continues
to requirethe causalityof a predecessoWhenpossiblecausalrelationshipsetween
predecessaandsuccessoarebroken, the edgecanberemovedfrom the graph.Note
theimplicationthatedgesn the graphbetweeneventsin the historyandeventsin the
front aretentatve and only becomefully fledgededgeswhenboth eventsarein the

history (i.e. bothhave beenexecuted).

6.4.2 Guards and Timing Relationships

The generaform of a guardexpressioris a setof boolean-aluedlogical expressions
connectecby AND, OR, andXOR operators.Theseexpressionsanbe nested.Ex-

pressionsn guardscanreferencehe parameterandtimestampof causallypreceding
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events. The generalform of theseexpressionss a booleanvaluedJava method,or
for numericvalues,the usualcomparisoroperatorsanbe used.Eventreferencesre
resohed usingthe causalityinformationsuppliedin the causalityvectordescribedn
section6.4.4belon. Non-boolearvalueswithin expressionsanbe definedasliterals
(wheresupported)direct referencego event parametersor Java methods. Method
parametersanbe expressedisingtheabove valueexpressions.

Onceaneventhassuficient offersto be causallyenabledit shouldalwaysbepos-
sible to evaluatethe guardandary eventreferenceshatit containswith oneexcep-
tion: shortcircuit evaluationcanin somecasesavoid resolvinga parametereference.
In mostcaseshowever, this shouldnot be necessary

Timing relationshipsn guardsrequirespecialhandling. Thereareexplicit Time-
Lessand TimeMok guardsthat definea time relationshipbetweenthe currentevent
anda causallyprecedingevent. The semanticof thesehave beendefinedin chapter
5. Any synchronizatiorof time acrosddistributed componentss subjectto an accu-
ragy error, and shouldbe taken into accountwhen evaluatingtime constraints. The
prototypeimplementationdoesnot deal with this issue: it assumeshat timestamps
provided by an appropriateime synchronizatioralgorithm(e.g. NTP) are sufiicient
for mostpurposesFutureversionshowever, might attemptto determinecommunica-
tionslateny andestimatea boundontheerror The errorboundcanthenbe applied

to theedgesf thetime bandsassociateavith eachevent.

6.4.3 Enabling an Event

Theenablemenof a pendingeventrequireshe satisactionof bothcausaknablement
requirementandtheeventguard.Theguard however, canonly beevaluatedcorrectly
relative to a specificsetof causallyenablingevents.We addresshis issueby through
the pendingevent mechanism:a setof offers from predecessoris provisionally ac-
ceptedby the pendingevent asknowledge of thosepredecessorts available. When
the eventis causallyenabledtheguardis evaluatedagainsthe setof enablingevents.
If theguardfails, alternatve offer setsareevaluatedto seeif any canenablethe event.
Thesearclspaceof offer setsis typically smallbut potentiallyquitelarge. Whena

guardfails, it is oftenbecausanalternatve pathhasbeenchoserthatdoesnotinclude
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the currentevent. Therearea numberof identifyablecircumstancedhowever, where

alternatve offer setscanenabletheguard:

e whenmultiple reply eventsare generatedut only a singlereply is used(e.g.
the multicastRPCexample),offers from the otherreplieswill be passedo the
next reply acceptancevent. With areply guardin place theseoffers cannotbe

acceptedandamorerecentreply mustbechosen.

e whenastreanof eventsmustbedeliveredin orderbut someeventscancorrectly
bedroppede.g.anaudiostream)anattemptcouldbemadeto deliveradropped
eventout-of-order An orderingguardwould make the offer from this out-of-

ordereventinvalid.

¢ in anRPCbindingwith multiple instanceof theclientrole, areply guardmight
be usedto ensurethatareply is only usedby the requestingclientinstance.If
repliesare sentto all clients(the default behaiour associatedvith roles),the

clientmustdistinguishbetweerrepliesto its own requestandotherreplies.

Notethatin all caseghe problemexistsbecaus¢herearemultiple eventswith the
sametemplatename,eitherthroughiteration or multiply-implementedoles. While
othercircumstancesanleadto alternatve offer setswe believe thisis themostlikely.
We leave theefficient searchingf this offer spaceo futureresearchintelligentevalu-
ationof guardlogic shouldin mostcase$eableto minimize searchingThe prototype
implementatiordoesnot implementsearchingf the offer spaceat all. If theinitially
chosersetof offersdoesnot satisfythe guard,the eventbecomesmpossible A num-
berof heuristicsareusedto avoid someof the specificsituationsdescribedabore and

the prototypethusallows correctprogramgo executein mostcircumstances.

6.4.4 Managing the Event History

Oneof theimplementatiorieaturess thatthegraphbuilt by theruntimeengineof each
participantin a programexecutionproperlyreflectsthe causalrelationshipsetween
events.Thekey issueis thatwe canonly guarante¢hata participanis awareof events

it hasexecutedocally, andarny remoteeventscanonly be correctlypositionedin the

112



graphif theirrelationshipwith local eventsis capturedInformationabouteventsexe-
cutedby a remoteparticipantthereforeidentify the nearestausallyprecedingavents
atthelocal participant.

To clarify this problem,considerthe following example:

1. ParticipantP sequentiallyexecutesoutputeventsAl andA2. Thesearetrans-
mitted to participantQ. P is expectingQ to executean outputeventin reply to

eachof Al andA2.
2. ParticipantQ executesventsB1 andCl1 in reply to Al andA2 respectiely.
3. Knowledgeof B1 andC1 isreceivedatP in asinglemessage.
4. How canP determineéhow to matchtherequestandreplies?

In theexampleabore, the problemmustbe solved by having P supplyanidentifier
that must be carriedby ary replies. Sincewe are alreadynamingeventsto allow
usto maintaina graph,it seemsappropriateo usethe event name. The situationis
complicatedby the fact that therecan be an arbitrary numberof intervening events
executedby ary of the participants,and the reply could generatedy an eventat a
differentremoteparticipantthat hasreceved a subsequentequestfrom Q. Request
delegationis anexampleof this. A furthercomplicationis introducedwhena remote
eventjoins two distinctbrancheof a local computation:it mustcarry identifiersfor
bothlocal eventssincethey arecausallyindependent.

Knowledgeof an eventis hencetransmittedwith a vector of eventnamesiden-
tifying the nearestcausalpredecessoref eachparticipant. By definition, an event
executedfrom a particulartemplatewill causallysucceedrevious occurrencesxe-
cutedfrom thattemplate.Sincetheresolutionof eventreferencess themostcommon
useof this information, we includeincludethe mostrecentoccurrenceof a causally
precedingeventfrom eacheventtemplateat thatparticipant.While this potentiallyin-
creaseshesizeof thevector it allows simpleandfastsearchesf thevectorto resolhe
eventreferencesWhenan eventis executed theidentitiesof all eventsthatcausally
enabledthis eventareincludedin the vector alongwith the meiger of their vectors.
Any redundantntriesin the new vectorareremoved (i.e. only the mostrecentof two

same-namedventsneedto beincluded).
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Theprimaryimplicationof theneedto carryeventidentifiersis thatthe sizeof this
event causalityvector canbecomesignificant. It is importantto note, however, that
the sizeof the vectoris boundedoy the sumof the numberof uniquetemplatenames
in eachrole multiplied by the cardinality of thatrole in a programinstance.In most
casestheimplicit andexplicit parallelismin theprogramspecificatiorwill ensurehat
thelikely sizeremainswell belaw this theoreticabound. This is particularlythe case
for multiply-implementedoles,sinceeachinstanceof therole is executedin parallel
with others. Note that our useof causalityvectorsis somevhat differentfrom the
generalndunboundedaseof vectorclocks[40] becauseve have aboundechumber
of participants.

Thereareotheropportunitiedor optimization.As mentionedn theintroductionto
this chapterthe needfor causalityvectorscanbe removed by intelligentcompilation.
Guardconstraintghatimply orderingcanbe replacedwith explicit requesidentifiers
or countersaandguardghatcheckthosevalues.Thisavoidsary overheador programs
andprogramfragmentghatdo notrequireorderingconstraintslt would alsobepossi-
ble to build animplementatiorof the semantianodelthatexplicitly requiredall event
referenceso beresoled by the setof offersmadedirectly to thereferringevent. This
modelcanimplementthe eventreferencesemantic®f thelanguageby generatingad-
ditional offer requirementsit compilation-time pr theeventreferencesemanticgould

be modifiedapplytherestrictiondirectly.

6.4.5 Parameter Relationships

A relatvely simpleapproachto parameterelationshipss emplg/edin theimplemen-
tation of Finesse The datatype associatedvith a parameteiis definedas a string
identifying the Java classof the datatype. Therearefour possiblevaysof definingthe

valueof a parameter:

o if left undefinedijt is expectedhatthehostprogramwill provide avaluefor the

parametewheninitiating the event.
e if thedatais astring,integeror realvalue,aliteral valuecanbeused
e by adirectreferenceo a parameteof a precedingeventwith the sametype
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e asa Java constructoror methodthat yields a value of the correcttype. The
parametersf this methodcanbe expressedusingliterals, directparameteref-

erencespr nestedmnethodcalls.

Referencedo precedingevent parametersreresohed by searchinghe causality
vectorassociatedvith the currentevent. By definition, the mostrecentcausallypre-
cedingeventof agivennamewill existin thevector A correctprogramcannotinclude
parametereferenceso eventsthatarenotpresentn thevectorbecausa parametere-
lationshipmustbesupportedy acausalelationship.Wheremultiple matchingevents
from differentparticipantsexist, preferencas givento a local event. Otherwise the

first locatedmatchis used.

6.5 LanguageBinding

Theapproacho languagéindingusedn theimplementatiorof the Finessesnginere-
quiresthatthehostprogram(thatis, the programparticipatingin thebinding)synchro-
nizewith theengineon every eventexecuted.Thisis arelatively low-level mechanism,
but providessignificantflexibility andpower.

Therearetwo calls madeto the engine. Thefirst call readylér indicatesthatthe
hostprogramis readyto executea particularevent,andprovidesary parametevalues
requiredfor that event execution. An event executionhandleis returnedby the call.
This call returnsimmediatelywithout waiting for the eventto occur The secondcall
waitFor accept@anarrayof eventexecutionhandlesandreturnswhenary of theevents
indicatedby thosehandleshasbeenexecuted por whenary of thenominatedeventshas
becomempossiblethroughguardfailure. An objectcontainingthe eventhandleand
all eventparameterss returnedby this call.

Higherlevel mechanismganbe easilybuilt on top of this mechanism.It would
berelatively simpleto implementfor example,anobjectoffering a numberof remote
procedurecalls, eachpossibly having exceptions. The call from the host program
wouldresultin areadyfer call for therequeseventandary possiblesxceptionevents,
thena waitFor to ensurethe call is made,followed by a readyfer call for the reply

eventandary possibleexceptionevents,thenawaitFor to collectthereply. Theex-
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ceptioneventscanbe deliveredthroughJava exceptionhandlingmechanismd they
occur or themethodcouldreturnnormallywhenthereply eventis executed.In mary
casessuchawrappercouldbeautomaticallygeneratedrom theFinessdanguagepro-
gram,but thelowerlevel mechanisnis availablefor unusuakcaseshatrequirespecial

handling.

6.6 Other Designlssues

Thefollowing subsectionsliscusssomeadditionaldesignfeatureghathave not been

implementedbut mightbeusedin amoreadvancedmplementation.

6.6.1 GarbageCollection

At ary pointin the execution,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. Therule for garbagecol-
lectioncanbe easilydefinedasfollows: eventsin the historycanbe garbagecollected
whenno further offers from that event canbe usedby a local successorandit is not

possiblefor ary local eventto referencehis eventin aguardor parametereference.

6.6.2 Error Detectionand Handling

The prototypeimplementatiordoesnot implementerror detectionor handling. This
sectionindicateshowever, thetypesof errorsthatcanbedetectecdaindhow they should
be handled. Thereare only two possibletypesof errorsthat canbe detectedby the

runtimeengine:

1. Incorrectbehaiour of a participatingcomponent

2. Theinability to continueexecutiondueto a programmingerror

Incorrectbehaiour of acomponents alocal issueandshouldnot affect the other
participantsunlessit leadsto aninability 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 the local componentandpropagatedo othercomponents.

Theruntimeenginemakesno assumptioraboutcommunicationseliability. When
aneventis executedocally, it sendsa messageontainingthe detailsof the eventto
thosethat requireit, but doesnot in ary way attemptto determineif the message
arrivessuccessfullyor within afixedtime frame. If the Finesseprogramassumeshat
aparticularcommunicatiorwill besuccessfulthenthisis aprogrammingerrorandthe
enginewill raiseanexceptionif thecommunications unsuccessfuandit is detected.

This approachmight seemdraconian,however, it placesthe error handlingre-
sponsibility squarelyon the shouldersof the programmer It is inherentlydangerous
to assumehe reliability of communicatiorin a distributed system particularlythose
intendedor Internet-scal@etworks. It is reasonabléhowever, to assumehatcommu-
nicationwill oftenbesuccessfulPre-packagesdolutionsthatprovide generichandling
of communicationg$ailure canbe codedasFinessemodules.This avoidstheassump-
tion thatreliablecommunicationss alwaysdesirableln mobilecomputing for exam-
ple, acomponents only occasionallyconnected Usingthe CORBA request/timeout
approachin suchsituationsis undesirable. The Finesseenginethus provides flexi-
bility sothatthe programmeicanwrite their own communicationgrror handlingin
situationgthathave specialcircumstances.

It is expectedthatanintelligentcompilerfor Finessewould analysethe codeand
pinpointpotentialproblemsjncludingassumptionsf communicationseliability, pos-

sibledeadlocksandpossibldivelocks.

6.6.3 Reliable Communication

Thereis an interestingpossibility for future researchinto making the engineauto-
matically supportreliable computing. We could add a conditionthat the executorof
an eventis responsibl€or ensuringthat all remoteparticipantsthat have immediate
causakuccessorsr thatreferencehe parametersf the eventareawareof the event.
Thisimpliesthattheeventmustbemaintainedattheexecutoruntil it recevesacknavl-
edgmenthatthe eventdatahasbeenreceved at all of theseotherparticipants.This

acknavledgmentcould rely on causalityvectorsor piggy-bacled acknavliedgements
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transmittedvith subsequergventsfrom thoseparticipants Usingthisapproachthere
is potentialfor developingintelligentcompilersor run-timeengineghatdeterminehe

mostefficientacknavledgmentstratgy basecn applicationsemantics.

6.7 Concluding Remarks

This chaptethasoutlinedthe designof a distributedruntimeengineto supportthe se-
manticmodelandlanguagedefinedin the precedingchapters.The chapterpresented
the designof the runtimeengineandits prototype,including the internalrepresenta-
tion of programsthe managemendf enablingrelationshipsbuilding a causahistory
graph,anda numberof ancilliary issues.

The prototypeimplementationrdemonstratethe feasibility of the designandthe
underlyingsemanticmodel. While thereare someefficiengy andresourceusageis-
suesin the prototypethat desere further attention,the designis sound,matcheghe
semantianodelquite closely andprovidesa solid basisfor furtherresearclandinves-

tigation.
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Chapter 7

End-to-End Example

This chaptercaptureghe conceptof the precedingchaptersn anend-to-endexample
of theFinessesystem.We definea simpleremoteprocedurecall exampleanddescribe
thecompilation,instantiation andexecutionof the program.Theintentis to provide a
high-level understandingf theway the piecesof the Finessesystentit togetherrein-
forceunderstandingf the executionmodel,andestablisha context for understanding

morecomplex examples.

7.1 Example Program

The following example programdescribesa simple remote procedurecall as a se-
guenceof events:clientsend,senerreceve, sener sendthenclientreceve. A single

parameters sentwith therequestanda singleparameters includedin thereply.
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Bi ndi ng Si npl eRPC {

Rol es {
Client {
send! (x: T1) -> receive?(y: T2)
}
Server {
recei ve?(x: T1) -> send!(y:T2)
}

}

Interactions {
Client.send -> Server.receive {X
Server.send -> Cient.receive {y

Client.send. x} AND
Server. send. y}

7.2 Compilation

As discussedn precedingsections,the compilationof the exampleresultsin a set
of eventtemplateghat definethe potentialcausalsuccessofoffers) and predecessor
(requireg relationshipsary eventguards,andary parameterelationshipsbetween
events.We will describethe compilationin two passesvith thefirst passcreatingthe
baseeventtemplatesrom the Rol e specificationandthe secondpassaddingaddi-

tional constraintsandinformationfrom thel nt er act i ons specification.

For easeof understandingthe binding and event templatedatais presentedn
subsequentectionsas a descriptionlist ratherthanthe S-expressionsyntaxusedby

the prototypeimplementation.

7.2.1 RolesCompilation

Therolescompilationresultsin the captureof the role namestheir cardinalityanda

setof baseeventtemplates:
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Roles Client, cardinality1l
Sener, cardinality1

Client send Role: dient
Eventname: send
Guard: true

Parameters: (x: T1)

Requires: ()
Offers: (dient.receive)
Client receie Role: dient

Eventname: receive
Guard: true

Parameters: (y: T2)

Requires: (dient. send)
Offers: ()
Selwer receve 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

The compilationof theinteractionsspecificatioraddsremotepredecessaandsucces-
sorrelationshipsandthe necessarparameterelationshipslt canalsopotentiallyadd
guardexpressions.For both guardsand parameterrelationshipsthe new termsare

addedwith alogical AND.
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Roles

Client, cardinalityl
Sener, cardinality1

Client send

Client receve

Serwer receve

Serwer send

Role:
Eventname:
Guard:

Parameters:

Requires:
Offers:
Role:
Eventname:
Guard:

Parameters:
Requires:

Offers:
Role:
Eventname:
Guard:

Parameters:
Requires:

Offers:
Role:
Eventname:
Guard:

Parameters:
Requires:

Offers:

dient

send

true

(x:T1)

()

(dient.receive)

dient

recei ve

true

(y:T2) (y = Server.send.y)
(Aient.send AND Server. send)
()

Server

recei ve

true

(x:T1) (x = dient.send.Xx)
(dient.send)

(Server. send)

Server

send

true

(y: T2)

(Server.receive)
(Aient.receive)

7.3 Participant Behaviour

Thecompiledprogramdescribeshedistributedexecutionbehaiour associatedvith a
simpleremoteprocedurecall. It is importantto rememberhowever, thatthe program
only definesthe visible behaiour of the participantprogramsand not the internal
behaiour of the participantghemseles. In orderto executethe program,we require
two participantghathave externallyvisible behaiour compatiblewith the Clientand
Sener rolesrespectiiely. We do not prescribeary particularnotion of compatibility:
if a participantattemptgo executeincorrectbehaiour, theruntimeenginewill throw
an exceptionbackto the participant. As describedn the precedingchapter a Java
APl is definedfor participantgo interactwith theruntimeengine.This API allows the
participantto synchronizewith the engineon locally executedevents,including the

transferof parametewraluesinto andout of aninstanceof the Finesseengine.
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In this case,the Cl i ent participantmust synchronizewith the engineon the
send eventand provide an appropriatevaluefor the parametetX, thensynchronize
with theengineonther ecei ve eventto retrieve the Y parameteraluereturnedby
theremoteprocedurecall. TheSer ver participantmustsynchronizewith theengine
onther ecei ve eventandretrieve the X parametewaluesuppliedby the client, then
synchronizewith the engineon the send eventandprovide anappropriatevaluefor

theY parameteto returnto theclient.

7.4 Instantiation

On startup,eachparticipantor a manageiprocessfor the participantcreatesan in-
stanceof the Finesseengineto executethe distributed program. The responsibility
for instantiatinga binding acrossthe participantenginescan be taken by ary party,
including both participantsandthird parties. The prototypeervironmentusesa sepa-
ratebinderprocesghatwaits for suficient offers from participantso fulfill theroles
in a predefinedbinding. Every participantidentifiesa communicationsaddressor
theirengine.This processs arbitrary however, andmechanic®f bindingcreationare
somevhat orthogonalto binding executionexceptthat on instantiation,eachengine
mustknow thebinding programbeingexecutedthe setof participantsandtherole of

eachpatrticipant.

7.5 Execution

Oncethe binding hasbeeninstantiatedeachengineparseshe binding programand
builds a setof eventtemplatesand two datastructures:a history anda front The
historycontainsventsthatareknowvn to have beenexecutedandis initially empty The
front containsthe setof eventsthat are awaiting executionandis initially populated
with thoseeventswith no mandatorycausapredecessors.

Thefollowing descriptionslescribehe executionof theexamplebindingprogram
in termsof the enablingof events,their execution,andthe subsequemotificationof

otherparticipants.
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7.5.1 Initial Client State

Theclientrole involvestemplatedor thesend andr ecei ve eventswith thesend

eventinitially in thefront andenabledsinceit hasno predecessomndatrueguard.

We depictthe stategraphicallyfollows:

|
l
| send
I
|
l
history now front

- —

Figure7.1: Initial stateof client

7.5.2 Initial Sewer State

The senerrole alsohastwo eventtemplatedor ther ecei ve andsend events,but

neitheris initially in thefront.

7.5.3 Client ExecutesSend

Theonly eventinitially enableds theclientsend eventandthis eventis executedas

follows:

1. theenginesynchronizesvith the participantonthe event,obtainsavaluefor the

X parameterandbindsotherernvironmentvalues(e.g.time) appropriately;
2. thesendeventfrom thefrontis movedto the history;

3. thelocal successoof the event(r ecei ve) is addedto the front with an offer

of causalityfrom thesend event;

4. the participantexecutingthe Ser ver . r ecei ve eventis notified of the event

occurrence.
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The stateof the clientengineis now:

I

I

I

| .
send receive

[ >8]

I

I

I

1

history now front

- —=

Figure7.2: Client stateaftersend

Note thatther ecei ve eventin the front still requiresa Ser ver . send event

beforeit become®nabled.

7.5.4 Sewer RecevesClient SendNotification

Onreceiptofthed i ent . send notificationthefollowing stepsareperformedn the

senerengine:

1. thed i ent . send eventis addedo thehistory;

2. theSer ver. r ecei ve successoeventis createcandaddedto the front with

anoffer of causalityfrom thatclient event.

The stateof the sener engineis now:

I
I
I
. | .
Client.send | receive
I
I
I
I
1

history now front
- E——

Figure7.3: Sener stateafterreceving client notification
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7.5.5 Sewver ExecutesReceve

Thesenerenginenow hasitsr ecei ve eventenabledandavaluefor the X parameter

Theengineexecuteghefollowing steps:

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

parameteandotherernvironmentvaluesboundappropriately;
2. thereceve eventin thefront is movedto thehistory;

3. thelocal succesoevent(send) is addedto the front with an offer of causality

fromther ecei ve event.

Thestateof the sener engineis now:

I

I

I

. I
receive | send

I

Client.send |

I

1

history now front
- E——

Figure7.4: Sener stateafterreceve

7.5.6 Sewver ExecutesSend

After performingappropriate@pplication-specifiprocessinghesener participanigen-
eratesa valuefor thereturnvalueY andthe following stepsare performedin the en-

gine:

1. theenginesynchronizesvith the participanton the sendevent, obtainsa value

for theY parameterandbindsotherervironmentvaluesappropriately;
2. thesendeventin thefrontis movedto the history;

3. the participantexecutingthe d i ent . r ecei ve eventis notified of the event

occurrence.
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The stateof the sener engineis now:

I

I

I

. 1
receive send

I

Client.send |
I

1

history now front
- e

Figure7.5: Sener stateaftersend

The sener enginecandeterminefrom the binding programthat no further events

arepossibleatthe sener participantandit canthereforeterminate.

7.5.7 Client RecevesSewer SendNotification

On receiptof the Ser ver . send event notification, the client engineperformsthe

following steps:

1. theSer ver . send eventis addedo thehistory;

2. thecausalelationshipbetweertheC i ent . send andSer ver . send events
is recordedpotingthatasdiscussedh theprecedinghaptercausatelationship

informationis transferredvith eventnotificationsin the prototype;

3. an appropriatecausalityoffer from the Ser ver . send eventis addedto the

r ecei ve eventin thefront.
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The stateof the clientengineis now:

|

send !

| receive
39

s |
Server.send :
1

history now front
- e

Figure7.6: Client stateafterreceving sener notification

7.5.8 Client ExecutesReceve

The receiptof the notification has addedthe causalityoffer requiredfor execution
of ther ecei ve eventat the client participant. The client enginethus performsthe

following steps:

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

parameteandotherervironmentvaluesboundappropriately;
2. ther ecei ve eventis movedfrom thefront to the history

The stateof the clientengineis now:

I
send !

Lo
‘Qi receive
|
|
|
|
|
I

Server.send

history now front
- R

Figure7.7: Client stateafterreceve

The client enginecandeterminefrom the binding programthat no further events

arepossibleat the sener participantandit canthereforeterminate.
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7.6 Concluding Remarks

This chaptetasdescribedhe compilation,instantiationandexecutionof asimplere-
moteprocedurecall programmingexamplein the Finessesystem.In working through
this end-to-endexample,we have shavn how the piecesof the Finessesystemwork
togetheanddescribedheexecutionflow of asimpleprogram.While theexamplepre-
sentedexcludessomeof the featuresof the language gxecutionmodel, andruntime
enginethe exampleestablishes contet for understandingnore comple program-

ming examples.
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Chapter 8

Examples

This chapterusesa setof examplesto shavcasethe powver andflexibility of the pro-
grammingmodel and languagedescribedn the precedingchapters. The examples

addresdour distinctapplicationsof Finesse

1. Programmablegzomponent-orientechiddlevare
2. Enterpriseapplicationintegration(EAI)
3. Businesdo businessnteraction(B2B)

4. Computersupporteccooperatre work (CSCW)

Throughthevarietyin theexamplespresentedwe will demonstratéheflexibility,
utility, andpower of theFinesseapproachThisvarietyalsosuggestshatthesemantics
andstructureusedby the Finesseapproachs suitablefor agenerapurposelistributed
software platform, or in otherwords,an appropriaté'virtual machine”for execution
for distributedsoftware.

The examplesare presentedn the Finesselanguagesyntaxwith commentaryto
describethe exampleandits significance.The mappingfrom the Finessesyntaxonto
thesemantianodelandthustheruntimeenginecanbeinferredfrom thelanguagelef-
inition presentedn chapters. All exampleshave beenparseddy aprototypelanguage

parserusingthegrammardefinedin appendixA.
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8.1 Programmable,Component-Oriented Middlewar e

Oneof thekey advantage®f Finessds theability to “program” the middlevare. This
programmabilityandtheimport semantic®f the Finessdanguageallows the produc-
tion of modularandre-usabldnteractioncomponentsThe examplespresentedn the
overview of chapter2 have alreadyhintedat the possibilitiesfor a programmablelis-
tributed systemamiddleware. In this section,we definea setof additionalexamples

thatcomplementheRPCexamplesandfurtherdemonstratéheutility of theapproach.

Thekey pointin theseexamplesis thatthe middlevareplatform canprovide both
a runtime engineusing the Finesseexecution model and a set of pre-programmed
library modulesto implementcommondistributed systemsnteractionprotocols. A
programmercanchooseto usethe provided modulesor implementa customsolution
where thosemodulesdo not meetthe applicationrequirements. The modulescan
encapsulat@roven solutions,thus minimising the likelyhoodof lowerlevel protocol

errorsandallowing the applicationdeveloperto focuson the application-lgel issues.

8.1.1 Reliable Multicast

Multicastprotocolsareusefulfor procesgroupabstractionsindimplementinghighly-
available services.While the Finessdanguagehasa corvenientabstractiorfor mul-
ticastthroughrolesthat canbe filled by multiple participantsthis doesnot provide
ary guaranteesf delivery. We have two choicesin providing reliablemulticast:build
aruntimeengineon a messagingnfrastructurethatguaranteeslelivery, or provide a
modulefor reliablemulticast. Theformeris likely to beinefficientin mary situations,

thuswe demonstraté¢helatterin thefollowing example.
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Bi nding Rel Mul ticast {
Rol es {
[#=1] Sender (MsG TI MEQUT) {
send! (M@ ->
| oop {
[occur(resend) AND tinel ess(resend, TIMEQUT)
XOR NOT(occur(resend) AND tinel ess(send, TIMEQUT)) ]
resend! ( M5G
} -> done?
}
[#>=1] Receiver (MG {
recei ve?(Ms@ -> loop { ack! }

}
}
Interactions {
Sender.send -> [#<=all] Receiver.receive {*= prev}
AND Sender.resend ->
[#<=all AND NOT occur (Receiver.receive)]
Recei ver.receive {*= prev}
AND Sender.resend ->
[#<=all AND NOT replyto(Receiver.ack, Sender.resend)]
Recei ver. ack
AND [#=al ] Receiver.ack -> Sender. done
}

}

Notethe useof ther epl yt o guard: this guardis true if aneventreferencedy the
first parameteis causallybeforethe eventreferencedy the secondoarameterin this
case,this guardspecifiesthat the engineneedonly resendto thoserecevers whose

acknavledgementsverenotvisible at the sendemwhenresending.

While thisexamplepresentsasimplereliablemulticastwith potentiallyunbounded
retries,it is relatively straightforvardto extendtheexamplefor amorecomplecimple-
mentation.For example,a morecomples timeoutcould be usedwith a exponentially

increasingimeoutup to someconfiguredimit.

8.1.2 Two-phaseCommit

The availability of reliable multicastmalkesthe specificationof a two-phasecommit

protocolsomavhateasier We demonstrat¢his in thefollowing specification:
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Bi ndi ng TWOPC {
I mport Rel Multicast;
Rol es {
Manager {
begin { Rel Milticast.Sender((), 5) } ->
prepare { Rel Multicast.Sender((), 5) } ->
commit { RelMulticast.Sender((), 5) }
XOR [tinesince(prepare) > 60]
rol | back { Rel Multicast. Sender((), 5) }
}
Resource {
begin { Rel Multicast.Receiver(()) } ->
prepare { Rel Multicast.Receiver(()) } AND
prepare.receive ->
| oop { [occur(ready) AND tinesince(ready) > 5
XOR NOT occur(ready)] ready!() } ->
conmmit { Rel Multicast.Receiver(()) }
XOR rol I back { Rel Multicast.Receiver(()) }
XOR | oop { [occur(abort) AND tinmesince(abort) > 5
XOR NOT occur(abort)] abort!() }
XOR rol | back { Rel Multicast. Receiver(()) }

}
}

Interactions {
Rel Mul ti cast (Manager . begi n, Resource. begi n) AND
Rel Mul ti cast (Manager . prepare, Resource. prepare) AND
Rel Mul ti cast (Manager.commit, Resource.comit) AND
Rel Mul ti cast (Manager. rol | back, Resource.rollback) AND
[#=al|] Resource.ready ->
Rel Mul ti cast (Manager.conmmit, Resource.conmit)
XOR [#>=1] Resource. abort ->
Rel Mul ti cast (Manager.rol | back, Resource.roll back)

It is usefulto notethatanintelligentcompilercould determinghatthe acknavliedge-
mentsrequiredfor the preparemulticastcanbe piggybacled with notificationsof the
ready or abort actionsof the resourcerole. We could remove the acknavledge-
mentsof the pr epar e eventby explicitly specifyinga reliablemulticastpr epar e
RPCwith eitherareadyor abortoutcome,but the currentspecification's somavhat
simpler

Notethatthis exampleonly describesheinteractiondbetweermanageandresources:

it doesnot addresshe necessarpehaiour of the manageandtheresourceso guar
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anteethe protocol, thatis, the needfor resourcego hold ary locks from the time a
r eady responsas returnedto the manageuntil the transactioris eithercommitted
or aborted andtheneedfor thetransactiormanageto write thedecisionto commitor
abortto stablestorageandallow the decisionto berecoreredif required. The Finesse
languages notintendecdto addresshesessues.

Remembethat this two-phasecommit programis a modulethat canbe usedin
other programs,with the behaiour being synchronizedwith applicationbehaiour

throughappropriatespecificationsFor example:

Bi ndi ng StoreX {
| mport TWOPC,
| mport Rel Multicast;
Rol es {
Cient {
mgr { TWOPC. Manager } AND
ngr . begin
-> store { Rel Multicast. Sender((x:Data)) }
-> nyr.prepare
}
[#>=1] Server {
res { TWOPC. Resource} AND
store { Rel Multicast.Receiver((x:Data)) }
}
}

Interactions {
TWOPC(C ient.nmgr, Server.res) AND
Rel Multicast(Client.store, Server.store)

}

Theonly necessargynchronizations to executethetransactioomanagebegi n mul-
ticastbeforestoring,thenexecutethetransactiormanagepr epar e andby implica-

tion, thecommitprotocol,after storing.

8.1.3 StreamingData

Thetransmissiomf streaminglatais becomingacommonform of interactionbetween
distributed participants. In this subsectionwe first describea basicstreamingdata

interactionandits usein an example. We then extendthe moduleto provide lossy
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streaminglatathatcouldbeused for example,in astreamingaudioapplicationwhere
occasionalpaclet loss is acceptable. We similarly extend the basestreamingdata
moduleto definea datastreamwith minimumlateng constraints.

In all casesthe endpointrole definitionsremainunchanged.The examplethus
demonstratetheability of Finessdo describeavariety of interationprotocolsinclud-
ing quality of serviceconstraintsandthe flexibility thatcomesfrom clearly distin-
guishingrole andinteractionbehaiour.

We bagin by definingthe basicstreamingdatainteraction:

Bi ndi ng Basi cStream {
Rol es {
[#=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] Consumner (DATA) {
whi l e [ NOT occur(stop)] {
consune?(seqnr, DATA)
XOR st op?
}
}
}

Interactions {
Producer. produce ->
{ [#=all AND occur(consune) AND
produce. seqnr = add(consune. seqnr, 1)]
Consuner. consune {*= prev}
XOR [#=al | AND NOT occur (consune)
AND produce. seqnr = 0]
Consunmer . consunme {*=prev}} AND
Producer.stop -> [#=all] Consuner. stop

}
}

This definesan interactionwith a single producerand one or more consumers.
The rolesin this binding are parameterizedby a list of dataitemsincludedin each

datapaclet. Remembefrom section5.7 thatthe“* = pr ev” parameterelationship

136



statemenindicateghatall parametersf theeventareassignedrom same-namega-
rametersn the precedingavent. An explicit sequencaumberparameters introduced
to specifythat paclets mustbe deliveredin order Notethattheconsune. seqnr

referencan the guardon the Consun®er . consunme eventrefersto the causallypre-
cedingoccurrenceof the event. The producersignalsthe endof the datastreamby

executinga stopevent.

This modulecould be used,for example,to describea video broadcastith both

audioandvideostreams:

Bi ndi ng Broadcast Vi deo {
| mport Basi cStream

Rol es {

[#=1] Broadcaster {
vi deo {Basi cStream producer ((vidframe: Pi cture))} AND
audi o {Basi cStream producer ((audFrane: SoundByte))} AND
video.stop -> [tineless(prev,0.1)] audio.stop

}

[#>=1] Receiver {
vi deo {Basi cStream consuner ((vidframe: Pi cture))} AND
audi o {Basi cSt ream consuner ((audFrane: SoundByte))}

}
}

Interactions {
Basi cSt ream( Broadcast er. vi deo, Recei ver.vi deo) AND
Basi cSt r ean( Broadcast er. audi o, Recei ver. audi 0)

}

Theuseof thestreanmmodulein thisexampleis relatively straightforvard, with the
exceptionof the stopinteraction. We have addeda requirementhat the broadcaster
audiost op eventoccurswithin 0.1 second®f thevideost op event. Note,however,

thatwe haven't specifiedary othersynchronizatiomequirementsicrosghe streams.

We now extendtheinitial streamto allow thelossof paclets:
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Bi ndi ng LossyStream {
Rol es {
[#=1] Producer (DATA) {
Basi ¢St r eam Pr oducer ( DATA)
}

[#>=1] Consuner (DATA) {
Basi ¢St r eam Consuner ( DATA)
}
}

Interactions {
Producer. produce ->
{ [#=all AND occur(consune) AND
subtract (produce. seqgnr, consune.seqnr) <= 2]
Consuner. consune {*= prev}
XOR [#=al ]l AND NOT occur (consune)
AND produce. seqnr <= 1]
Consuner. consune {*= prev}} AND
Producer.stop -> [#=all] Consuner. stop
}
}

This is a lossy paclet streamallowing at mostonein every two pacletsto be
lost. Note thata morecomple specificationof paclet lossconstraintscould be im-
plementedby introducinga | ost packet eventthatrecordsthe sequencewumber
of thelastlost paclet andplacingconstrainton the “distance”betweerlost paclets.
While it is clearthatsuchan eventneednot involve the consumingcomponentit re-
quiresamodificationto theconsumerole becaus¢he eventbecomegpartof thatrole.
A future versionof the languagecould allow for anorymouseventsin arole thatdo
not requireparticipationfrom the component.Suchal ost packet eventcouldbe
implementedusingthis mechanismandthus make the role compatiblewith the Ba-
si ¢St ream Consurmer role. While the underlyingsemantianodelis unchanged,
this would alsorequirea modificationto the engineimplementatiorsinceit currently

requiressynchronizatiorwith the componenbn all events.

A further extensionof the streaminteractioncould imposelateng constrainton

thedelivery of paclets:
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Bi ndi ng Fast Stream {
| nport Sinpl eStream

Rol es {
[#=1] Producer (DATA) {
Si npl eSt r eam Pr oducer ( DATA)
}
[#>=1] Consuner (DATA) {
Si npl eSt r eam Consumer ( DATA)
}
}
Interactions {
Si npl eSt rean( Producer, Consumner) AND
Pr oducer. produce ->
[#=all AND tineless(prev,0.1)] Consumer.consumne

This addsa timing constraintto the relationshipbetweenpr oduce andcon-
sumne events,requiringthat the consumptioreventsoccurwithin 0.1 secondsf the
produceevent. Note thatthe executionof this specificatiorrequiresclosely synchro-
nizedclockssincethe produceand consumeaventsoccurat differentlocations. The
AND of thetwo behaioursin thel nt er act i ons sectionforcessynchronizatioron
same-namedaventsandthe appropriataneiging of their guardexpressionsNotethat
amorecomple interactionspecificatiorcouldincludealternatve behaiour if thela-
teng constraintis not met. A similar extensioncould be appliedto the previously

definedlossystream:

Bi ndi ng LossyFast Stream {
| mport LossyStream
Rol es {
[#=1] Producer (DATA) {
LossySt ream Producer ( DATA)
}
[#>=1] Consumner (DATA) {
LossySt ream Consuner ( DATA)
}
}
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Interactions {
LossySt ream( Producer, Consumer) AND
Producer. produce ->
[#=all AND tineless(prev,0.1)] Consumner.consumne

It is easyto imaginemore comple behaiours that definebandwidthconstraints
andotherquality of serviceattributeson theinteraction.Note, howvever, thattherun-
time enginecan only enforcethoseconstraints:thereis no mechanismn placeto
choosea communicatiormediumat initialization time that ensuregheseconstraints
will bemet.

As suggestedn the sectionintroduction,thesestreamingdataexamplesdemon-
stratethe useof the languagefor building modulesto supportnon-trivial interaction
protocolsinvolving quality of serviceconstraintsThefactthatall of theabove stream-
ing datamodulesusecompatiblerole specificationshawvs thatthe useof configurable
interactionmechanismdo connectrelatively staticcomponentss both feasibleand
useful. We do notethe restrictionon introducingnewn eventsfor control purposes,
however, this is syntaxandimplementationssueratherthana fundamentaproblem

in thesemantianodel.

8.2 Enterprise Application Integration

The useof enterpriseapplicationintegration (EAI) toolkits to defineandmanagehe
integrationof enterprise-ieel componentss becomingprevalent. Thereareanumber
of suchtoolkits in the commerciakoftware marketplace with large vendordike IBM

andTibco having a significantpresence While thesetoolkits allow the definition of
integrationin a similar mannerto the Finessdanguagethey all requiretheintroduc-
tion of a centralizedoroker processo manageeachintegration. It is clearthat this
centralizedbroker becomedoth a single point of failure and a performancebottle-
neck. Finesseallows the centralizedoroker to be removed andreplacedwith a setof
asyncronouslistributedruntimeengineghatareco-locatedwith the componentsWe

thusremove the bottleneckandsinglepoint of failure.
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The following example demonstrateshe ability of Finesseto replacean EAI
toolkit in the integration process. We usethe processof creatinga nev customer
for atelecommunicationprovider asour exampleproblem. The procesdypically in-
volves a front-end applicationimplementingcustomemanagemento interactwith
the customer(eitherdirectly throughthe Internetor througha customeiservicerepre-
sentatve), with the customeffirst having a creditcheck,thenappropriatedetailsbeing
forwardedto a billing systemanda provisioning system.As afinal step,the customer
managemergystenis notifiedwhentheprocesss completesothatawelcomingletter

canbesentto thecustomer

Bi ndi ng NewCust onmer {
Rol es {
Cust Mgr {
newCust! (dat a: Cust Order) -> wel conelLetter! (letter: PDF)
}

Provi si oni ng {
newSer vi ce?(dat a: Servi ceSpec) -> ready!

}
Biller {
newAccount ?( dat a: Account Spec) -> ready!
-> activate?
}
Credit {
checkCredi t ?( person: PersonSpec) -> creditK!
}

Print Service {
print?(letter: Postscript, address: Address)
}

}

Interactions {
Cust Myr . newCust - >
Credit.checkCredit {person = personCt (newCust.data)}
AND Credit.creditK ->
Bi | | er. newAccount {data = account O (newCust. data)}
AND Credit.creditOX ->
Provi si oni ng. newServi ce {data = servi ceOf (newCust . data)}
AND Bill er.ready -> Cust Myr.wel conelLetter
AND Provi si oni ng. ready -> Cust Myr. wel conelLetter
AND Provisioning.ready -> Billing.activate
AND Cust Mgr. wel conelLetter ->
PrintService.print {letter=PDF2PostScript(prev.letter),
addr ess=adddr essOf (newCust . data) }
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8.3 Businesso Businessnteraction

A key processn almostall businessess the purchasingof goods,andthe following
exampledescribesa purchasingprocesgo be implementedoy Finesse The impor
tanceof B2B interactionis reflectedby the fact that a numberof existing research
prototypesand productsalreadyaddresghe problem. This existing researclandthe

advantage®f usingFinessearediscussedn chapterO.

Thepurchasingrocesslescribedy this bindinginvolvesa purchasersupplier a
transpororganizationandabank. The processs begunwith theissuingof apurchase
order andconcludesith the paymentor the orderthroughthebank. We will assume
in this binding that the purchaseand supplieroperatein different countries,so an
exchangeratecalculationis necessaryThe programdescribedxplicitly captureghe
detailof whena purchasés consideredo be delivered,whenthepaymenis expected,

andthe dateusedfor calculationof theexchangerate.

Bi ndi ng Purchase {
Rol es {
Pur chaser {
| ocal e! (I ocal e: Local e) ->
pur chase! (order: Order) -> quote?(anount:Real) ->
{ accept!() -> pay!()
XOR reject! () }

}
Supplier {
| ocal e! (I ocal e: Local e) ->
request ?(order: Order) -> quote! (amount: Real) ->
{ accepted?() -> ready! ()
XOR rejected?() }
}
Banker {

| oop {
exchange?(currA: Currency, currB: Currency, date) ->
rate! (rate: Real)
} AND
accepted?() -> paynent?(anount: Real )
XOR rejected?()
}
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Freighter {
accepted?() ->
pi ckup?(from Address, to:Address) ->
del i very! (dat e: Dat e)
XOR rejected?()

}
}

Interactions {
-- establish a basic exchange rate for quoting
{Purchaser.| ocal e AND Supplier.locale} ->
Banker . exchange{ curr A=currencyO ( Purchaser. | ocal e),
currB=currency™ (Supplier.locale),
dat e=t oday} AND

-- purchase order and quote
Pur chaser. pur chase ->
Supplier.request {order = prev.order} AND
{Supplier.quote AND Banker.rate}->
Pur chaser. quot e
{amount =
di v(Suppl i er.quote. anobunt. Banker.rate.rate)} AND

-- quote accepted or rejected

Pur chaser. accept -> {Supplier.accepted AND
Frei ghter. accepted AND Banker. accepted} AND

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

-- deliver and pay
Supplier.ready ->
Frei ghter. pi ckup {from=Supplier.|ocal e. addr ess,
t o=Pur chaser. | ocal e. address} AND
Freighter.delivery ->
{ Banker . exchange {currA=currencyd (Purchaser. | ocal e),
currB=currencyX (Supplier.locale),
dat e=prev. date} AND
Pur chaser. pay} AND

-- purchaser accepts risk of exchange rate
-- variation since quote
Pur chaser. pay ->
Banker . payment
{amount =
di v(Suppl i er. quot e. anbunt, Banker.rate.rate)}

Thereis an additionalpoint to notein this exampleandthe previous exampleof
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EAIl interaction.In both examplesthehigh level interactionsaredescribedwith little
or no allowancefor communicationgroblems,andin particular the lossof notifica-
tions. The existing prototypemalkesno guaranteesf communicationseliability, and
would fail to executethe binding (throughunboundedlocking)if ary messagesar
rying eventnotificationsarelost. Thisis notanintrinsic problemwith themodelor the
implementationwe caneasilyaddresghe problemby replacingthe communications
layer in the prototypewith an alternatve mechanisnthat guaranteeseliability, for
example,transactionamessaging.Productssupportingtransactionamessagingare
readily availableandwould be the obvioustametfor animplementatiorof the model

andlanguageaimedat supportingeAl or B2B interactions.

8.4 Computer Supported Cooperative Work

Oneof the early motivating influencesn this work wasthe needto provide a flexible
platformuponwhichto build computersupporteccooperatre work (CSCW)erviron-
ments.Thekey criticism aimedat existing middlevare platformswasthelack of flex-
ibility in interactionmodels,sinceCSCWapplicationsoftenrequirea combinationof
highly synchronousnteraction,streamingdata,looselyreplicatedservicesandasyn-
chronousnteraction.In thefollowing example we describea CSCW*“w orkspace’for
ateachingscenariausingsuchavariedsetof interactionmechanismsWhile were-use
our prior examplesasmuchaspossible we alsoassumehe existenceof a numberof

othermodulessupportingadditionalinteractiontypes.

The classroomexamplehasa teachera mediator studentswith video capability
andstudentswvith only audiocapability Theclassinteractionconsistf anaudioand
video broadcasta slide presentationa whiteboardfor ad-hocdescriptionsanda text
“chat” channeffor studentquestions.The SlideShav andWhiteBoardbindingshave
anexplicit mediatorrole to allow a pointerto be “handed’to studentsvhenquestions
arebeingdiscussedWe expectthatthe mediatorwould be a third-partywho manages
theinteractionbetweenstudentsandthe teacherhowever, thereis no reasonwhy the

persontakingonthe Teacher role couldnotalsotake onthe Medi at or role.
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Bi ndi ng d assroom {
| nport Broadcast Vi deo;
| mport SlideShow;
| mport Wit eBoard;
| mport Chat;
| nport Term nation;

Rol es {
Teacher {
{ video { Broadcast Vi deo. Broadcaster } AND
slides { SlideShow Presenter } AND
whi t eboard { WiteBoard. User } AND
chat { Chat.Reader } }
->term{ Termnation.lnitiator }
}
Medi at or {
{ slides { SlideShow. Mediator } AND
whi t eboard { Wi teBoard. Medi ator } AND
chat { Chat.Reader } }
->term{ Ternination.Participant }
}
[#>=0] Vi dStudents {
{ video { Broadcast Vi deo. Receiver } AND
slides { SlideShow Watcher } AND
whi t eboard { Wi teBoard. User } AND
chat { Chat.ReaderWiter } }
->term{ Ternination.Participant }
}
[#>=0] AudStudents {
{ audi o { Broadcast Vi deo. Recei ver. audi o } AND
slides { SlideShow Watcher } AND
whi t eboard { WhiteBoard. User } AND
chat { Chat.ReaderWiter } }
->term{ Termination.Participant }
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Interactions {
Br oadCast Vi deo (Teacher, Vi dStudents) AND
Basi cStream ( Teacher. vi deo. audi o,
AudSt udent s. audi 0) AND
Wi t eBoard (Medi at or. whi t eboard,
(Teacher. whi t eboard,
Vi dSt udent s. whi t eboar d,
AudSt udent s. whi t eboard)) AND
Sl i deShow ( Teacher. sl ides, Mediator.slides,
(Vi dStudents. slides,
AudSt udent s. slides)) AND
Chat ((Vi dStudents.chat, AudStudents.chat),
(Teacher.chat, Mediator.chat)) AND
Term nation (Teacher.term
(Mediator.term VidStudents.term
AudSt udents.term)

This examplehighlightsa numberof interestingfeaturesof thelanguage:

e subordinatenodulescanintegratecommonbehaiour of distinctroles,for ex-

ample theteachemndstudentsarepeersin the Wi t eBoar d interaction.

e the conjunctionof behaiours implies that same-nametbehaiours in distinct
operand®f the conjunctionarethe samebehaiour. Thisallows abehaiour to

beboundin morethanoneinteractionspecification.

¢ theaudio-onlystudentsareboundto the audiocomponenof the video broad-
cast: the ability to referencecomponentbehaiours of rolesmakes a separate

audio-onlybehaiour for theteacheunnecessary

While this examplehasnot explicitly specifiedthe detail of the SlideShav, White-
Board and Chatinteractions,it clearly demonstrate®ion a framework for building
CSCWprogramscouldbeprovidedin aconsistentashionusingthe Finesseplatform.
Fromthis platformit shouldbe relatively straightforvard, for example,to provide a
visual programmingervironmentbasedon a setof commonCSCW  Finessemodules
for interconnectingusersanda setof GUI widgetsproviding userinterfacesfor the

rolesin thosemodules.
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8.5 Concluding Remarks

This chapterhaspresentedh setof examplesto shavcasethe power and flexibility
of the programmingmodel and languagedescribedn the precedingchapters. The

examplesaddresgour distinctapplicationof Finesse

1. Programmablegzomponent-orientechiddlevare
2. Enterpriseapplicationintegration(EAI)
3. Businesdo businessnteraction(B2B)

4. Computersupporteccooperatre work (CSCW)

Thewide varietyin the examplespresentedghaws theflexibility, utility andpower
of the Finesseapproach.This variety alsodemonstratethat the semanticsandstruc-
tureusedby theFinesseapproachs suitablefor agenerapurposelistributedsoftware
platform. It is worthwhile to emphasizehatall of the programscanbe executedby
anaynchronousdistributed, runtime enginewith no centralizedview of the program
state. The only synchronizations thatexplicitly specifiedin the programs.Thisis a
significantfeatureof the approactthatdistinguishest from existing distributed pro-
grammingenvironments. This combinationof capabilitiessuggestghat the Finesse
semanticglefinesan appropriate'virtual machine”for executionfor distributed soft-

ware.
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Chapter 9

Discussionand RelatedWork

This chapterdiscussethe Finesseplatformpresentedhroughspecificatiorandexam-
plesin the precedingchapters.In particular it describeshow Finesseaddressethe
assertionf the thesisintroduction, highlights the strengthsand weaknessesf the
approachandimplementationand compared-inessewith relatedwork from a num-
ber of researchdisciplines. We concludethat Finesseprovides a numberof unique

advantagesn the constructiorof distributedsystems.

9.1 Doesit Satisfy?

The introductionto this thesismadethree assertionsaaboutthe needsof distributed
software constructionand claimedthat the Finesseapproachpresentedn this thesis
addressethoseassertionsHaving now describedrinessdn detail, we returnto those
assertionsndshav thatthey areaddressed.

Thefirst assertiorstatedthat:

Theconstructionof softwae hasbecomean evolutionaryratherthanrev-
olutionary process. New softwae mustextendor incorporate old soft-

ware.

Thekey featureof Finesseghataddressethis requirements theseparatiorof interface
(role) andinteraction. The interfacedefinition specifieshov a componengxpectsto

interactwith its ervironmentwithout tying that componento explicit externalcom-
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ponents.An existing softwarecomponentanbe integratedwith nev componentdy
providing an interfacedefiningthe behaiour thatis to be exposed. The interaction
specificatiorcanthendefinetherelationshipbetweerthe componentsTheindividual
componentsiave no needto explicitly referencethercomponentsthisis doneby the
interactionspecificationwhich canbereplacedor refinedwhen&er nev components
areaddedand/orold componentsemoved. It is alsofeasible for example,to support
migrationfrom anold implementatiorto a new oneby including both componentsn
theintegratedsystemuntil the new implementatioris proven.

This approacthasbeenpromotedby researchin coordinationandarchitecturale-
scription languagesandits effectivenessis evidencedby the recentuptale of EAI
toolkits in industry As discussedothin precedingchaptersandin subsequensec-
tions,Finesseenhancetheexistingapproachethroughits powerful andflexible declar
ative descriptionof behaiour, andthroughtheability to fully distributetheinteraction
behaiour.

Thesecondassertiorstatedthat:

Distributedapplicationsmustcoodinatetheactivitiesof multiple partici-
pantswith varyingrelationships Staticabstactionslike client-serverare

too primitive andinflexible to describesud relationships.

The examplespresentedn the previous chapterdemonstratehe ability of Finesse
to supportmultiple participantsand varying relationshipsetweenparticipants.lIt is
worth emphasizinghowever, thatthe majority of currentmiddlevare platformspro-
vide asmallsetof staticinteractionmodels:typically, they provide somecombination
of remoteprocedurecall, messagingand publish/subscribénteraction. Someplat-
forms also provide stream-basedupport. Higherlevel interactionmodelscannotbe
capturedbr componentizeasis doneby Finessemodules EAI toolkits do provide an
additionallayer above the middlewvare platformto assistin supportingmorecomple
interactionsput arehamperedy limited semantianodelsfor describingnterfaceand
interactionbehaiour.

Thethird assertiorstatecthat:

Communicatiometworkscannotconsistentlyleliverhigh-bandwidthjow-
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latency low-failure communicationsDistributedsoftwae mustbeableto

dealwith thedegradationor lossof communication.

Thebandwidth]ateny andreliability of communicatiometworksareof mostconcern
whensynchronousehaiour is requiredby a setof cooperatingapplicationcompo-
nents.In asynchronougnteraction,a componentannotcontinueuntil anappropriate
reply is recevedfrom oneor moreremotecomponentsUnlessthe network quality of
servicecanbeguaranteedhis causesignificantperformanceseliability andusability
degradation While it is not possibleto avoid all synchronizationn distributedapplica-
tions, mostdistributed software platformsimposeadditionalsynchronizatiomequire-
ments eitherthroughforcingcomponent$o useasynchronougteractionrmodelor by
requiringsynchronizatiorio maintaininternalstate.Finesseshavsthatit is possibleto
avoid imposingsynchronizatiomequirementén thedistributedsoftwareplatform. We
believe it is uniquein doingsoamongsimplementedlistributedsoftwareplatforms.
In additionto providing a platformwith no runtimesynchronizatiomequirements,
theFinesseapproactof declaratrely specifyingeventdependenciesncouragea pro-
grammingethic that avoids unnecessargpplication-lgel synchronizatiorand pro-
videssignificantopportunitiedor optimisingthe sizeandfrequeng of messagindpe-

tweendistributedcomponents.

9.2 A Critical Examination

The majority of the discussiorwithin and aroundthe previous chaptershasfocused
on thekey strengthsof Finesse While we believe Finesseto be both refinedand ex-

tremelyuseful,thereareanumberof deficienciesThefollowing subsectionslescribe
thosedeficienciesand where possible,suggestfuture work that could addresghose

deficiencies.

9.2.1 Complexity

The Finesseapproachaddressethe intrinsically difficult problemof distributed pro-
gramming.Thekey difficulty in Finesses in describingparallelbehaiours andtheir

synchronizationWhile the declaratie, event-relationshimpproachs relatvely easy
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to usewhererelationshipsare simple, comple relationshipscanintroducesynchro-
nization requirementghat are quite difficult to understandand detug. Traditional
semanticmodelslike thoseusedin CSP[59], Lotos[19 and other parallel specifi-
cation languagesely on an underlyingsequentiaimodelto simplify reasoningand
reducecomplity. Middleware platformslike CORBA[98] rely on static and often
synchronousnteractionmodelsthathide muchof the compleity associateavith dis-
tributedinteraction.We have demonstratethatthe Finesseapproactis moreflexible
andpowerful, but thesecomeat the expenseof complexity.
Theamgumentagainsemorecomplex modelis thatprogrammershouldbeshielded

from the complity asmuchaspossible.Considerthe exampleof our CSCWclass-
roomprogram:modulesareusedto hide theintrinsic compleity associatedavith the
interactions,but someonehasto write, delug and understandhosemodules. We
countetthatit is possibleto provide thatshieldthroughuseof amodularand/orobject-
orientedlanguagethat allows a programmetto abstractover the compleity in most
casesbut alsoallows anexperiencegrogrammeto accesshepower andflexibility of
theunderlyingmodelwhennecessaryThis algumentis consistentvith theassertions
of a numberof researcheré languageand programmingtechnology in particular
theideaof Openlmplementationintroducedby Kiczales[7(Q andfurther promotedoy
Dourishin his PhD thesis[3§. Openlmplementationsuggestghat complity can
be hiddenby languaganechanismshut the underlyingcompleity shouldbeaccessi-
ble andmodifyablein a semanticallyconsistentnanner DouglLea[7§ alsocomesout
stronglyin favour of thisapproactandbackshis assertionsvith experiencen building
distributed, object-orientedsoftware. In Finesse the compleity of distributedinter-
actioncanbehiddenthroughits modulesandasshavn in the examplesof chapter8,

thosemodulescanbe extendedor modifiedto suitchangingrequirements.

9.2.2 FinesselLanguageSyntax

TheFinessdanguagesyntaxhasbeenavehiclefor demonstratinghe power andflex-
ibility of the Finesseapproachlt remainshowever, a prototypelanguageandassuch
hasa numberof deficiencies.In particular the Finesselanguagesyntaxis only par

tially ableto maskthe compleity of distributed programmingthroughits notion of
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modules Werecognizehis deficiengy andsuggesthatfuturework onthe Finesseap-
proachshouldinclude both visual and object-orientecbrogramminganguage$ased
onthesameunderlyingsemantianodel.

Theuseof guardsratherthanmoretraditionalcontrol constructdikei f - t hen-
el se is a questionableaspecibf the languagesyntax. Guardscanbe moresuccinct
andhave amoredirectrelationshipwith thesemantienodelbut areoftencumbersome,
especiallywherea guardis expressinghe negationof a guardon analternatve event
path. Futureversionsof the syntaxor alternatve syntaxmight include explicit i f -

t hen- el se constructsalthoughguardscouldberetainedfor generality

9.2.3 Quality of Sewice

A significantissuein the Finesseapproachs highlightedby the streamingdataexam-
ple from chaptei8: specifyingquality of serviceconstraintghroughtheexplicit intro-
ductionof sequenc@umbersaanddependenguardsover individual eventsis cumber
someanddifficult to understandThe needto introduceexplicit “aggregation” events
to keeptrack of lost paclets, for example,is undesirable.While theseissuescanbe
addressedlo someextent by syntacticconstructstherearemorefundamentalssues.
For example,it is quitedifficult to infer quality of serviceconstraintgleterministically
from the guardson an event-basedpecificationthus makingit difficult to establish
communication®f quality sufiicient to meetthe constraintsat programinstantiation
time. A higherlevel semanticmodelfor describingquality of serviceconstraintds
necessaryo supportthesefeatures.

A relatedproblemis thatof “lip-sync”. Considerthe streamexampleof chapter8:
we do not specifythe synchronizatiorof thevideoandaudiostreamsFor multimedia
applicationsthis synchronizations very important.While it is possibleio achieve this
throughguardsover sequenceumbersassociatedvith events,it is againdifficult to
infer the quality of servicerequiremenfrom the event-level specification.

Theissueof supportingguality of serviceconstraintsequiredurtherresearctand
shouldbe directedby the significantbody of work in this area. A possibleapproach
would be to introducelanguage-keel constructsthat generateboth a deterministic

quality requiremenspecificationfor useat programinstantiationtime andan event-
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level specificatiorthatenforceshe quality requirementst run-time.

9.2.4 Dynamic Behaviour Instantiation

The Finessesemanticmodel and languagehave no facility for the dynamiccreation
of behaiour instances.An implication of this restrictionis that paralleliterationis
not possiblewithin the currentmodel. The key difficulty is thatthe executionmodel
requiresa staticdescriptionof the possiblebehaiour of eachparticipantandhow this
is relatedto the behaiour of otherparticipants.If multiple instanceof a particular
behaiour arecreatedat oneparticipantthe relationshipbetweenhoseinstancesand
equialentinstance®f behaiour atotherparticipanteedgo beestablishedh anon-
deterministiomanner At this point, we have not specifieda deterministicnechanism
for linking suchparallelinstance®f behaiour acrosgarticipants.

Given that Finesseis alreadya significantimprovementin flexibility and power
over existing platforms, we do not seethis as a fundamentaldeficieng. In mary
sensegtherestrictionis appropriatén thesemantianodelbecausasingleparticipant
implies a sequentiabrderover the eventsoccurringat that participant. The problem
canbe circumwentedto someextent by the ability to instantiatea programwith ary
numberof participantdilling agivenrole: multiple parallelinstance®f behaiour be-
comemultiple participantsn the program.In this case jntroducinga new participant
impliesare-binding,andalthoughnotreportedn this thesis someinitial specification
andprototypingof dynamicre-bindingcapabilityin Finessehasbegun.

Theunderlyingsemantigoroblemis notinsoluble,but ary solutionintroducesan
additionallevel of compleity into the semantics The semantigoroblemwe describe
hasbeenaddressetb someextentin the 7 calculus[94 throughtheability to transfer
channelsandthiswill possiblyinfluencefuturework on Finessén thisarea.lt is also
likely thatthe problemcanbe addressethroughdeterministicrenamingof eventsin

parallelbehaiour instances.

9.2.5 Security

Although not strictly a deficieng in the Finesseapproachour claim that Finesseis

usefulfor B2B interactionis only accurateif the implementationprovides security
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mechanismsuficient for suchinteraction. Therearetwo key aspect®f securitythat

mustbeaddressedandathird thatcanusefullybe addressed:

1. Participantsn aprogrammustbeidentified(authentication)
2. Theactionsof participantamustbe suitablycontrolled(authorization)

3. It shouldbe possibleto determinef anactionof a participantwas or was not

performed(nonrepudiation)

Interestingly Finessehas characteristicghat are useful in the establishmenof
thesemechanismsT he stepof instantiatinga programrequiresan unambiguougden-
tification of the partiesinvolved, thus secureauthenticatiorcan be achieved by se-
curing this processwith an appropriatanechanism.The specificatiorof the program
to be executedby all partiesat instantiationtime and the acceptancef the partici-
pantsfulfilling rolesdefinesthe permissibleactionsof participantstherebydefining
the necessanauthorization.This mappingbetweerthe stepsof programinstantiation
andthe necessangecuritycontrolsmakes the implementatiorof thesecontrolsrel-
atively straightforvard. In particular the fact that eachcopy of the runtime engine
operatesautonomoushandunderthe control of the participantallows a participantto
detectincorrectbehaiour that might violate securitycontrols. For interactionswith
no singlecontrollingauthoritylike B2B, thisis particularlyimportant.Note, however,
thatit is alsonecessaryo ensurethe integrity of the programinstantiationprocessor
in otherwords,ensuringthatthe processs not beingcircumwentedin ary way. This
is anissuefor futureresearch.

Theimplementatiorof non-repudiations not yet a standarccomponenin mary
distributed software platforms. A typical implementatiorinvolves notifying a trusted
third party whenary significantactionsoccur Sinceall externally visible actions
are explicitly definedin a Finesseprogram,it would be straightforvard to parsea
programand generatean augmentegrogramthat specifiesreliable notificationto a
non-repudiatiorrole (a notary) for a setof nominatedevents. Instantiationof the
augmentegrogramwould theninclude agreemenbn the identity of the notaryand

theruntimewould automaticallyimplementthe necessaryotifications.
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We concludethatalthoughsecurityis not implementedr specifiedin this thesis,
the programinstantiationandexecutionmodellendsitself naturallyto the implemen-

tationof securitycontrols.

9.3 RelatedWork

Finessedoesnot solve all distributed systemsproblems,but it providesa consistent
andimplementabldramevork within which solutionsto distributedsystemsgroblems
canbedescribedandimplementedn aflexible andre-usablgashion.Thisis perhaps
the mostcompellingamgumentin favour of Finesse thereis no othersystemthatwe
areaware of that provides sucha powerful framewvork. Thatsaid, Finessehasmary
similaritieswith existing work bothin its detail andits high-level features.The fol-
lowing subsectionsompareaspect®f Finessewith relevantexisting work. We focus
initially on theoreticalmodelsand approacheshat differ from Finesse thendiscuss

themoreconcreteprogrammingplatforms.

9.3.1 Modelsfor Parallel and Distrib uted Systems

The comparisorof Finessewith existing semantionodelsfor parallelanddistributed
systemshasbeenaddressedo someextentin chapter4. The key point to be taken
from that chapteris that while mary modelsprovide similar expressie power to Fi-
nesse few are so directly implementableby a set of distributed, asyncronousand
autonomousuntimeengines.

The nearesttheoreticalmodelis that of event structures[13§} The two models
are quite similar in their descriptionof an executionof a parallel program. Event
structureshowever, have remainedargely in the realmof mathematicatheory and
semanti@nalysisandhave rarelybeenusedin the specificatiorof implementablgro-
grams. Event structureshowever, have beenusedas an underlyingsemanticnodel
for Petrinets[97. Petrinets[99 provide atruly concurrenprogrammingmodelbased
onthenotionsof nodestokens,andplaces.As with Finesseit is possibleto distribute
thebehaiour describedy a Petrinetover a setof distributedparticipants Thedistri-

bution, however, is subjectto synchronizatiorconstraintsntrinsic to themodel. Also,
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while Petrinetshave found favour in protocolspecification analysisandsimulation,
it is difficult to mapthe Petrinetsemantic®nto commoninteractionmechanismss-
sociatedwith applicationcomponentsThis hasmeant for example thattherearefew
examplesof coordinationlanguagesisingthe Petrinetsemantianodel.

A numberof othermodelsfor parallelanddistributedsystemsasedninterleaved
concurreng and sequentiakrace semanticsare popularamongstresearchers.This
includesCSP[59],CCS[93],Lotos[1], andthe 7 calculus[94. Their expressieness
in describingparallelapplicationds similarto Finesse Ther calculusin particularis
ableto describehetransferof “channels”andthusallows thedynamicinstantiationof
parallelbehaiour, adeficieny in Finesse Thekey adwantageof the Finessesemantic
modelis its native ability to describetrue parallismandhencethe conflictsthat can
occurin adistributedsystem For example,it is difficult to capturethepotentialconflict
that exists when mutually exclusive parallel eventsare executablein an interleaved
concurreng model: oneeventcansimply be chosemrmakingthe otherimpossible.In
adistributedernvironment,this choicerequiressynchronizatiorbecauséhe eventscan
truly occurin parallelandthe Finessemodelmakesthis quite clear Over andabove
this theoreticaladvantagethe mappingof the Finessesemantianodeldirectly ontoa
setof distributed,asynchronousuntimeenginess asignificantresultandonethatis

madeeasierandclearerby the natureof themodel.

9.3.2 Mobile Agent Technology

While onecould considemobile agenttechnology[28 to be a modelfor paralleland
distributedsystemsye addresst separatelypecausdt is perhapslosesto providing
anequialentdistributedandimplementablenodelto Finesse Mobile agenttechnol-
ogy is generallycharacterizedby the useof a mobile “agent” thatincludescode,pro-
gramstateandprogramdata. The agentmigratesbetweerparticipantsn adistributed
programasdefinedby the programandthe currentstateof the agent,performingac-
tionsagainsieachparticipantwhenco-locatecandupdatingits programstateanddata
toreflectthoseactions.By definition,asingleagentcanonly executeasinglethreaded
processor onewith only local parallelism. Most agentlanguagesnd systemshow-

ever, offer theability to splitor createchild or cloneagentsalongsomesynchronization
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primitivesto coordinateheir actions.

The expressie power of mobile agenttechnologyis similar to that provided by
Finesse Theissueof which modelbetterhandleshe compleity of truly distributed
softwareis opento agument. The key adwvantageof Finesseover mobile agenttech-

nology canbe summarizedsfollows:

e Finesseusesadeclaratre programmingmodel,allowing significantopportuni-
tiesfor optimization.By comparisontheimperatve modelof agenttechnology
leaveslittle scopeor optimization.Theneedto transferthewholeprogramstate
anddatawith eachmigrationof the agentcanalsobe a particularlyinefficient

consumenpf bandwidth;

e we arenotawareof ary modelsfor agenttechnologythatexplicitly distinguish
rolesandallow for multiple participantsto fulfill arole. This makesit consid-
erablymoredifficult to implement for example,procesgroupabstractionaind

othermechanismsor reliabledistributedcomputing;

¢ theexplicit maintenancef a view of programstatefor eachparticipantin Fi-
nessancreaseshe autonomyof participantsandis particularlyusefulfor mon-

itoring andsecuringB2B interactions;

o the ability to accesdocal programstateat ary time in Finessealsomakesde-

buggingprogramsconsiderablyeasier;

o the modelof executingmethodsagainstthe mobile programstateis good for
object-orientegprogramsput doesnot matchwell with streamingdataor other

interactionmodelsrequiringbulk datatransfer

¢ thetransferof the completeprogram,state,and datato eachparticipantposes
someuniquesecurityrisksfor agenttechnology[2865]. In particular it is im-
possibleto preventanddifficult to detectparticipantmodificationsto the agent

statethatviolate authorizatiorconstraints.

The key advantageof mobile agenttechnologyover Finesseis that the basebe-
havioural modelbuilds on existing object-orientegprogrammingmodels thatis, exe-

cution of methodson an encapsulatedbject(the agent). This is well understoody
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mostprogrammersand makes agenttechnologyaccessibldrom within existing pro-
grammingframevorks. We concludethatwhile this technologyprovidesa usefuland
more approachabléechniquefor distributed programming the limitations described
abore male the Finesseapproachmoreflexible andpowerful in mary circumstances.
Note thatthesecommentsarenot directedat the agentcommunicatioanguages
associatedvith intelligentagents[8889). It is alsoworth noting thatagentcommuni-
cationlanguagesandin particularthe KQML language[88 could potentiallyusethe
semanticmodeldescribedn chapter4 asa basisfor executionandthe definition of

new performativedor interactionbetweeragents.

9.3.3 Coordination and Ar chitecture Description Languages

The Finesselanguageis most closely relatedto a numberof existing coordination
languagesndarchitecturedescriptionanguagesAs discussedn chapter3, the coor
dinationcommunitytendsto be divided betweentuple spacemodelsandconnection-
orientedmodels. The tuple spacemodelsare derived from the Linda[23 prototype,
andprovide coordinatiorthrougha setof well definedoperation®nalogically shared
dataspace. While they provide a basisfor interconnectiorof componentsthe pre-
sentatiorof thatfunctionalityis quitedifferentfrom Finesse The connection-orienté
modelsareusuallybasedon a languagdor describingthe interconnectiorof compo-
nentsandarequitesimilarto Finessen themodelandfeaturegprovided. Quiteclosely
relatedagainarethe architecturedescriptionanguagesThesdanguagesreintended
to modelthehigh-level architectureof component-baseslystemssoprovide semantic
constructdor describingtheinterconnectiorof components.

Theearliestattemptsat distinguishingcoordinationfrom computationwerebased
on Linda[23 anda numberof variantsarestill in active use,indicatingthe power of
the shareduple spaceapproach.Thesesystemshave the advantageof a simple,yet
powerful modelof communication Finessdacksthis simplicity but hasa numberof
adwantagesin particularthe ability to abstracbver communicatiorin away thatcan
be optimized,andthe ability to captue coordinationprotocolsandbuild increasingly
high-level abstractionf that coordination. The sharedtuple spacemodelssuffer

in distributed systemsbecausef theimplicit synchronizatiommequiredto maintaina
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logically consistentuple space.

More recently a numberof coordinationlanguage$ave beenbasedon the idea
of building a network of connectiondbetweenports and/orinterfaces,asis doneby
ConCoord[60 and Manifold[4]. ConCoordin particular has powerful abstraction
capabilitiesand languageindependenceThe primary differencebetweentheselan-
guagesand Finesseis that Finessedoesnot useexplicit connectiondbetweeninter-
faces,with the abstractedcausaland parameterelationshipsallowing the optimiza-
tion of messagingand messageontents.Neitherthe connectionbasedanguage®r
the shareduple-spacéanguagesupportreal-timeconstraintgo the extentsupported
by Finesse

Architecturedescriptionlanguagesretypically intendedo describehehighlevel
structureof a software systemfor modelling and analysispurposes. They provide
similar abstractionandexpressie power to the Finessdanguagesyntax,but do not
offer anunderlyingdistributed executionmodelor a direct mappingto sucha model.
Somekey examplesinclude Darwin[84] which usesa semanticmodel basedon 7
calculus Wright[10]] whichis basedon CSE andRapide[8(. SemanticallyFinesse
is mostsimilar to Rapide, whosesemanticss basedon posetdpartially orderedsets
of events).Rapideis intendedasa simulationlanguagdor softwareengineeringlt is
event-basedyith atrueconcurreng modelbasedn causalityanduseseventpatterns
for abstractiorand synchronization.Rapidealso hasextensve supportfor real-time
constraints.Finessediffers mostfrom Rapidein the way abstractions handledand
in its datamodel,sinceRapidehasa fixed, structureddatamodel. Work derived from
Darwin[74 is now usedto generatamplementationcodemakingit similar in high-

level functionality but without thedistribution semantics.

9.3.4 Middlewar e Platforms

Section3.6 of chapter3 providesanoverviev of bothresearcrandcommercialmid-
dlewareplatformsintendedo provide a basisfor constructinglistributedsystemsAs
suggesteih thatdiscussionmiddlevareplatformssuffer from thestaticnatureof their
interactionmechanismsit is not generallypossibleto definenew, higherlevel inter

action protocols,and the systemsfocus on building tightly-coupledsoftware where
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all componentareknown at compile-time. This static propertyhasled to therecent

popularityof EAI systems.

9.3.5 EAI Platforms

EAI platformshave grovn from a needto integrate enterprise-keel componentsn

large commercialorganizations.While they arebasedon relatvely sounddistributed
systemsprinciples,the primary force behindtheir developmentwaslarge consulting
organizationdacedwith the difficulty of building suchintegrations.Therearefew, if

ary, researclprototypesoffering thefeaturesof anEAI platform. Somekey competi-
torsin the EAI marlketplaceincludeVitria with Business\dre, Tibco with ActiveEn-
terprise IBM with MQSeriedntegrator andBEA with their Weblogiclntegrator The

EAI platformshave remarkablysimilar architectures:

¢ applicationcomponentpublisheventsor requests
e abrokeraccepteacheventor request

e aprogramor programsn the broker performsone or moreactionsasa result:
this could be as simple asforwardingthe event to anotherapplicationcompo-
nent, or could involve the generatiorof a setof nev eventsbasedon a setof

eventtriggersandforwardingtheseto otherapplicationcomponents

¢ applicationcomponentslso performactionsasa resultof receving eventsor

requests

Thebroker programsareoftengraphicallydefinedor scriptedandcanincludedata
transformatioroperations.Most platformscanalsousea workflow engineto imple-
mentbusinesgprocessethatrequiremonitoringandhumaninteraction.Messagingn
theseplatformsis typically availablein bothreliableandunreliablevariants.Many of
the platformsarebasedn atransactionaimessagingnfrastructure.

Thesetoolkits offer mary featuresandtools thatarenot matchedby Finesse but
the centralized broker-basedarchitecturds both a potentialperformancebottleneck
anda single point of failure. Thereis considerablgotentialfor using Finesseas a

distributed broker in theseplatforms. The interfacedescriptionsandbroker program

161



semanticsare alsoquite limited in mary cases.For example,Vitria’s Business\Vdre
productsupportsonly publish/subscribénteraction. Thesesystemscould benefitsig-
nificantly from the well-structured well-definedand extensibleapproachusedin Fi-
nesse We concludeby statingthatEAI platformsuseasoundarchitecturendprovide

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

9.3.6 B2B Platforms

Therearea numberof existing systemsdesignedo supportthe developmentof B2B
systems.Theseincludeinitiativeslike RosettaNetHewlett Packards E-speakinfras-
tructure,andMicrosoft’s BizTalk sener. Thesesystemshowever, focuson the defini-
tion of businesslocumentsandthe point-to-pointtransferof thosedocumentsThere
is little or no supportfor the higherlevel definition of the rolesand responsibilities
capturedn thebusinessontract.Theseareprimarily left to local programming.
Theideaof implementingbusinesscontractsn a distributed systemhasbeenex-
ploredby a numberof researchersncluding[95, 54]. In bothcasesthework focuses
onthehigherlevel issuesf establishingontractsandthey assumehe presencef an
underlyingexecutionenginefor processeasedfor contractenactmentTheCrossFlov
work in particularusesxisting workflow technologyandis dependenvnacentralized
engineor synchronizedlistributedengines.The Finesseapproactavoidsthe needfor

acentralizecengineor synchronizedlistributedengines.

9.4 Concluding Remarks

This chapterhaspresented critical examinationof Finessewith the goal of high-
lighting its strengthsand weaknessesand shaving how Finessecompareswith the
capabilitiesof existing systemsFromthis discussionyve asserthatFinessedoessat-
isfy the need=f distributedsystemdalefinedby theinitial assertion®f thethesis,and

providesa numberof uniqgueadvantagesn the constructiorof distributedsystems.
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Chapter 10

Conclusion

This thesishaspresentedrinesseasa new approacho the constructiorof distributed
systems. The approachdraws togetherboth theory and practicefrom software ar-
chitecturedistributedsystemsparallelsoftwarespecificatiorfanguagesgoordination
languagesand middlevare technology While individual piecesof the Finesseare
significantin themseles,the majorcontritution is the totality of theapproach.

We beganwith anarchitecturamodelfor the interconnectiorof distributed com-
ponents.This modelseparatemterfacefrom interactionandpromotegheinteraction
specificationto first-classstatus. Or in otherwords, we supportthe notion of truly
programmableniddlevare. We thenaddeda behaioural modelbasedon declaratie,
causalelationshipbetweerevents,anddefinedanexecutablesemantianodelthatal-
lows the executionof a programto be distributedamongst setof autonomoupartic-
ipants.Thedistributedexecutionof the programproceedsn anentirelyasynchronous
manney with no synchronizatiorexceptthat explicitly specifiedin the program.We
definedalanguagesyntaxthatlinks the architecturabndbehaioural modelsby spec-
ifying the externally visible behaiour of applicationcomponentgtheir interfaces)
usingevents,thenlinking thosebehaiours throughan interactionsspecification.We
alsodescribedhe designof a prototypeimplementatiorof the runtime system,thus
shaving theimplementabilityof Finesse We thendemonstratethe powver andflexi-
bility of Finessehrougha setof examplesspanningavarietyof domainsn distributed
systemgprogramming.

In the discussionof chapter9, we shaved that Finessecapablymeetsthe goals
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for distributed systemsprogrammingset down in the introductory comments. Our
critique of theapproachdentifiesshortcomingsn Finesseandsuggestfiow they can
be addressedby future work. We also presentedh comparisorbetweenFinesseand
existing work, demonstratingn the processthat the independenpiecesof Finesse
areusefulinnovationsin themseles. In isolation,the key innovationsof the Finesse

approacttanbe summarizedsfollows:

the specificationof behaiour usinga declaratte modelbasedon causalrela-

tionships;

o the definition of an executablesemantianodelfor thatbehaiour thatallows a
programto bedistributedamongstsetautonomougarticipantcommunicating

only throughasynchonoumessaging;

o thedefinitionof a simplebut flexible andpowerful programminganguagesyn-

tax for creatingprogramsausingthe declaratie model;

¢ thepresentatiorof a designandprototypeimplementatiorof a distributedrun-

time enginethatcanexecuteprogramausingthe model.

We emphasizehowever, thatalthoughthesennovationsaresignificant,the totality of
theapproachs thekey contritution of thethesis.

This thesisis submittedwith confidencdahatthe Finessesystemis a novel, prag-
matic andpowerful approactto the constructionof distributed systemsandwill pro-

vide a basisfor bothongoingresearclandcommerciaimplementation.
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Appendix A

FinesselLanguageSyntax

Thefollowing text presents BNF specificatiorof the syntaxof the Finessdanguage
describedn chapter5. The syntaxhasbeengeneratedrom a parserdefinition us-
ing the JavaCC suite of parsingtools from Sun. All completeexamplespresentedn

this thesishave beensuccessfullyparsedby the prototypeparserthat generatedhis

specification.
BI NDI NG :: = "Binding" <NAME> "{" BI NDDEF "}" <EOF>
Bl NDDEF :: = | MPORTS RCLES | NTERACTI ONS
I MPORTS ::= ( "lnmport" <NAME> ( "," <NAME> )* ";" )*
ROLES ::= "Roles" "{" ( ( CARD)? <NAMVE>
( NAMELI ST )?
“{" ( ROLEBEHAVIOUR )? "}" )+ "}"
CARD ::= "[" <CARDVAL> COVPARE <I NTEGER>

( ( <AND> | <OR> | <XOR> )
<CARDVAL> COVPARE <I NTEGER> )? "]"
ROLEACTI ON (| NFI X ROLEACTI ON ) *
( GUARD )?
( EVENTSPEC
| <NAVE> "{" ROLEBEHAVI OUR "}"
| | MPORTEDACTI ON )
| LOOPACTI ON
| "{" ROLEBEHAVI OUR "}"
<DOTNAME> ( SUBSLI ST ) ?

RCLEBEHAVI OUR : :
ROLEACTI ON ::

| MPORTEDACTI ON : :

EVENTSPEC :: = <EVENT> ( PARSET ( PARMREL )? )?
PARSET ::= "(" ( PARSPEC ( "," PARSPEC )* )? ")"
PARSPEC ::= <NAME> ( ":" <NAME> )?
LOOPACTION ::= ( <WH LE> GUARD "{" ROLEBEHAVIOUR "}" )
| ( <LOOP> "{" ROLEBEHAVIOUR "}" )
NAMELI ST ::= "(" <NAME> ( "," <NAME> )* ")"
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SUBSLI ST ::= "(" ( ( VALUE | PARSET )
( "," ( VALUE | PARSET ) )* )? ")"
| NTERACTI ONS ::= "Interactions" "{" | NTERACTBEHAV "}"
| NTERACTBEHAV : : = ( | NTERSPEC ( | NFI X | NTERSPEC )* )?
I NTERSPEC ::= ( GUARD )? ( | NTERSPECACTI ON | BI NDSPEC )
BI NDSPEC : : = <NAME> " (" ( BOUNDNAVE | BOUNDNAMELI ST )
( "," ( BOUNDNAME | BOUNDNAMELIST ) )* ")"
BOUNDNAVELI ST ::= "(" BOUNDNAME ( "," BOUNDNAME )* ")"

| NTERSPECACTI ON : : = ( <DOTNAME> ( PARMREL )? )

| "{" | NTERACTBEHAV "}"

PARVMREL ::= "{" ( ( ASSIGN ( "," ASSIGN)* )
| NAMEEQUIV ) "}"
ASSI GN :: = <NAVE> "=" VALUE
PREVSPEC :: = <PREVPARM> | <DOTNAME>
NAMEEQUIV ::= "*=" ( <PREV> | <DOTNAME> )
GUARD ::= "[" GUARDEXPR "]"
GUARDEXPR : : = GUARDVALUE
( ( <AND> | <OR> | <XOR> )
GUARDVALUE ) *
GUARDVALUE ::= ( <NOT> )?
( "(" GUARDEXPR ")"
| ( VALUE ( COWPARE VALUE )? )
| CARDGUARD )
BUI LTI NGUARD : : = TlI MEGUARD | REPLYGUARD | OCCURGUARD
TI MEGQUARD : := ( <TIMELESS> | <TI MEMORE> )
"“(" EVENTREF "," VALUE ")"
REPLYGUARD :: = <REPLYTO> "(" EVENTREF "," EVENTREF ")"
OCCURGUARD :: = <OCCUR> " (" EVENTREF ")"
CARDGUARD :: = "#" COWARE ( VALUE | <ALLCARD> )
EVENTREF ::= <NAME> | <DOTNAME> | <PREV>
VALUE ::= FUNCTI ON | BUI LTI NGUARD
| <NAME> | <DOTNAME> | <PREVPARM>
| <REAL> | <INTEGER> | <BOCOLEAN>
COWARE ::= <LESS> | <LESSEQUAL> | <EQUAL>
| <GREATER> | <GREATEREQUAL>
FUNCTION ::= <NAME> "(" ( VALUE ( "," VALUE )* )? ")"
INFI X ::= <AND> | <OR> | <XOR> | <CAUSES>
BOUNDNAME : : = <NAVE> | <DOTNAME>
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