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ABSTRACT

This paperpresentgirst aformal developmenimethodologythat
enablesthe validation of formal specificationsas well as pro-

gramcodeswrt client’'srequirementsThemethodologys based
on the two languagedramevork: it advocatesthe joint useof

amodel-orientedspecificatioranda logical language.Second,
the paperdescribeddevelopmentguidelinesfor systemdesign
within the proposedmnethodology Guidelines specificto each
kind of systemcanbedefined.They enablethe specifierto add
progressiely the complity into the systemdesign. Two de-

velopmentprocessesire proposed:the first oneleadsto a tra-

ditional client/serer design;the seconneenablego integrate
fault-tolerancen the design.Both developmentprocessebave

beenappliedon anexampleandproducech Java program.

Keywords: StructuringComplex ConcurrentSystemsJFormal
Development,StepwiseRefinement DevelopmentGuidelines,
SystemDesign,Java.

1. INTRODUCTION

Theengineeringf distributedsystemshouldbebasedn ade-
velopmentmethodologywith a designphaserelying on well-

establisheddesignprinciplesand formal enoughfor a serious
verificationphaseo bedefined.

Formal methodsgtraditionally usea singleformal specifications
languagdor expressinghoththerequiremenspecificationsand
the systemspecifications. When the chosenformal specifica-
tionslanguagés property-orientede.g.,alogicallanguage)the
specificationtask is more difficult, but the verification taskis
reducedo shaving logical implications. Whenthe choserfor-
mal specificationsanguagéds model-orientedspecificationsare
moreeasilyandpowerfully expressedbut theverificationtaskis
difficult andusuallyfollows aninformal way (e.g.,simulation).

In orderto bring a solutionto the problemof the choice be-
tweena model-orientecanda property-orientedormal specifi-
cationslanguagesomemodel-orientedpecificationsanguages
have acquireda property-orientegpecificationsanguage This
is known asthetwolanguagesframevork describedamongoth-
ers,by Pnueliin [14]: alogical languagés usedfor expressing
requirementsandamodel-orientedanguageés usedfor describ-
ing modelsor implementationsln addition,thelogicallanguage
is alsousedfor translatingthe systemspecificatiorinto logical
propertiesandtheverificationtaskis thenrealizedin thelogical
framavork. Amongothersthe VDM '+ [11] languageandthe
temporalPetrinetsof [8] usethis approach.

This papemresentsa formal developmentmethodolgy thatfol-
lows the two languagegramenork. It addressethethreeclas-
sical phasef the developmentprocessof distributedapplica-
tions: theanalysigphasethedesignphaseandtheimplementa-
tion phase.The designphaserelieson the stepwiserefinement
of formal model-orientedpecifications.The correctnessf the
refinemenstepsandthe validationof formal specificationsand
programswrt client'srequirementss verifiedonthebasisof log-
ical formulae.

The proposedmethodologyis generalenoughand can be ap-

pliedto ary model-orientedormalspecificationéanguageThis

paperdescribeghe particularapplicationthathasbeenrealised
for a specialkind of synchronizedPetrinets,calledConcurrent
Object-OrientedPetri Nets (CO-OPN/2)[2]. CO-OPN/2is an

object-orientedormal specificationdanguagethat allows con-

currentsystemso be describedn termsof structuredPetrinets
for the behaior part, and algebraicspecificationdor the data
structuresisedto definevaluesmanagedy the Petrinets. Tem-

porallogic formulaeusedfor therefinemenstepsareexpressed
by meansf the Hennessy-Milnelogic (HML).

This paperdescribesas well developmentguidelinesfor sys-
tem designwithin the proposedmethodology Two develop-
mentprocessesare proposedthefirst oneleadsto a traditional
client/serer design;the secondone enabledo integratefault-

tolerancein the design. Distributivity andimplementatiorcon-
straintsareprogressiely addedduringthedevelopmenfprocess.
Eachstepis formally proved usinglogical formulae. Thus,ev-

ery specificationaswell asthe obtainedprogramsyalidatethe
initial requirements.

Thestructureof this paperis asfollows. Section2 describeshe
formal developmentmethodology and presentsts application
to synchronizedPetri nets. Section3 illustratesthe proposed
formal developmentmethodologyand the use of development
guidelinesduring the designphase. Section4 presentgelated
work.

2. DEVELOPMENT METHODOLOGY

The methodologyproposedn this paperfollows the two lan-
guagesframevork. It addresseshe three classicalphasesof
the developmentprocessof distributed applications:the anal-
ysisphasethedesignphaseandtheimplementatiophase.

After the analysisphasejnformal requirementsiredetermined.
The designphaseconsistof the stepwiserefinemenof model-
oriented specifications. The methodologyadwocatesfor this
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cal formulae. The behaior of a systemis specifiedby means
of model-orientedspecifications.Suchspecificationgprovide a
model of the system,and implicitly definea setof properties
correspondingo thebehaior definedby the specificationDur-
ing a refinementstepit is not always necessaryo presere the
wholebehaior proposedy the specificationTherefore gssen-
tial propertiesxpectedoy thesystemareexplicitly expressedy
meansof a setof logical formulae,calledcontract A contract
doesnotreflectthewholebehaior of thesystemit reflectsonly
the behaior partthat mustbe presered during all subsequent
refinementsteps. A refinements thendefinedas the replace-
mentof anabstrackpecificatiorby a moreconcreteone,which
respectshe contractof the abstracspecificationandtakesinto
accounimplementatiorconstraints.

Finally, theimplementatiorphasds treatedin a similar way as
the designphase. At the end of the designphase,a concrete
model-orientedspecificationis reachedit is implementedand
the obtainedprogramis consideredo be a correctimplementa-
tionif it preseresthecontractof themostconcretespecification.

Figurel shavsthethreephasesOnthebasisof theinformalre-
quirementsan abstractpecificatiorSpec,, is devised. Its con-
tract Contracto formally expresseghe requirements.During
thedesigrphaseseveralrefinemenstepsareperformed|eading
to a concretespecificationSpec,, andits contractContract., .
Theimplementatiorphasehenprovidesthe programProgram
andits contractContract. A refinementstepis correctif the
concretecontractontaintheabstractontracts.

Analysis Informal Requirements

Design Spe(b i Conlra%
Refinement Based on Contradts i | i

Contracé [ Contractl —=  Correct

S| | Contract,
pecl : unracl

v | v Contract . T Contract —  Correct
: n-1= n

Spec | Contract

Pee n

Implementation '
' Contract [ Contract —=  Correct
Implementation Based on Contragts Program - Contract no=

Figure 1. DevelopmentMethodology

The particularityof our methodologywrt traditionalonesusing
thetwo languageg$ramenork is that: first, it goesa stepfurther,
sincethe contractsexplicitly point out the essentiabroperties
to be verified. The specifiercanthenfreely refine the formal
specificationswithout being obliged to keepall the behaior.
Secondthemethodologycoversthewholedevelopmenprocess
sinceit addressealsotheimplementatiorphase.Third, theuse
of contractsenablego formally prove the validation of formal
specification@ndprogramswrt client’s requirements.

General Theory

In orderto formally supportthe methodologydefinedabove, a

generatheoryof refinement&andimplementatiorbasedon con-

tractshasbeendefined[4]. The theoryappliesto ary model-

orientedformal specificationsanguageandary logicallanguage
thatenablego expressformulaeon thesespecifications.

male explicit the useof propertiesin orderto constrainthe re-
finement,we requireevery specificatiornto be linked with a set
of properties. This setof propertiesis calleda contact The
pair formed by a specificationand a contractis called a con-
tractualspecification The contractis actuallya setof formulae,
expressedn the specificationthatis satisfiedoy all modelsof
the specification.

The basicideaof refinementconsistsin replacinga high-level
(abstract)contractuakpecificationby a lower-level (more con-
crete)contractuakpecificationwhosemodelspresere the con-
tractguaranteedy the higherlevel specification.

We do not constrainsyntacticallythe lowerlevel contractual
specificationsvrt the higherlevel onesj.e., syntacticathanges
areallowed. A refinerelationassociateeneor moreelementof
thehigh-level contractuabpecificatiorto elementof thelower
level contractuakpecification. The refinerelation explainsthe
syntacticalevolution of the high-level specificatiortowardsthe
lower-level specification.The useof a refinerelation,allowing
syntacticathangesimpliesthetranslatiorof thehigh-level con-
tractinto a setof formulaeexpressean the lowerlevel specifi-
cation. Thetranslationis performedby the meansof a formula
refinementi.e., a function, univocally definedon the basisof
the refinerelation,which mapsevery high-level propertyof the
contractinto alower-level formula. The formularefinemenex-
plainsthe semanticaévolution of the high-level specificatiorto
the low-level specification,e.g., when a high-level elementis
relatedto several lower-level elementsthe formularefinement
hasto explain how the lower-level elementseplacethe single
higherlevel elementn aformula.

The refinementis then definedas the replacementf a high-

level contractuakpecificatiorby alower-level contractuakpec-
ification whosecontractcontainsthe translatedcontractof the
highekrlevel contractuakpecification.In this way, every model
of the lower-level specificationsatisfiesthe translatedcontract
of thehigherlevel specificationsinceit satisfieghe contractof

thelower-level specification.The lower-level contractmay con-
tainthe”same”formulae(via thetranslation)asthe higherlevel

one. It canalso containmore formulae;the additionalformu-
lae describeadditionalconstraintghathave to be verified by all

furtherrefinemensteps.

Implementation Based on Contracts: A refine-
ment step consistsin replacinga high-level specificationby
a lowerlevel specification both specificationdeing expressed
within the samelanguage.The implementatiorstepreplacesa
specificationby a program, expressedn a programminglan-
guage,which is usually different from the specificationdan-
guage.The implementatiorinks the world of specificationgo
theworld of programsThus,theimplementatiorshares lot of
similaritieswith therefinement.

The basicidea of implementationconsistsin replacinga con-
tractualspecificationby a contractual program whosemodels
presere thecontractof the contractuakpecification A contrac-
tual programis definedlike a contractualspecification,it is a
pair madeof a programanda contract,i.e., a setof properties
thattheprogramguarantees.
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high-level specification Dueto the changeof languagethe gap
betwearthe programandthe specificatioris biggerthanthatbe-

tweentwo specificationsThus,wewill neitherconstrairsyntac-
tically the programwrt the contractuakpecification.An imple-

mentrelationassociateslement®f thecontractuaspecification
to elementf the contractuaprogram.Formulaeof the specifi-
cationsaretranslatedo formulaeexpressean the programsbpy

themeansf afunctioncalledformulaimplementation

Theimplementatioris thendefinedasthereplacemenof a con-
tractualspecificationby a contractualprogramwhosecontract
containsthetranslatedcontractof the contractuabkpecification.

Summary: Figure2 shavsarefinemenprocesgol-
lowed by animplementatiorphase anddepictsthe proofsnec-
essaryto ensureghatthewholeprocesss correct.

The refinementprocessstarts with the pair CSpecoy =<
Speco, o > asthe mostabstractcontractualspecification. A
first refinementeadsto the pair CSpeci =<Speci, ®1>. Re-
lation Ao is therefinerelationon C'Speco andC Spec;, andAg
is theformularefinemenbn contract®.

The refinement process continues and reaches the pair
CSpec, =< Spec,, P, >. Finally, theimplementatiorphase
providesthe contractuaprogramC Prog =<Prog, ¥>. Rela-
tion A is theimplementrelationon C'Spec, andC Prog, and
Alis theformulaimplementatioron contract®,, .

Horizontal proofs ensure that every pair CSpec; =<
Speci, ®;> (0 < 7 < n) obtainedduring the refinementpro-
cesss actuallya contractuabpecificationandthatC Prog =<
Prog, ¥ > is actually a contractualprogram. Therefore,it is
necessaryo shav thata contracts satisfiedby all modelsof the
specification:

Modspec; F ®; (0 <i<mn), andModprog E ¥.

\ertical proofsasserthe correctnessf the refinemensteps by
requestingheinclusionof translatectontracts:

Ai(®:i) C @it (0<i<n-—1).

Finally, implementatiorproof ensureghat the contractuapro-
gramCProg =<Prog, ¥> correctlyimplementshe contrac-
tual specificationC Spec,, =< Spec,, ®, >, andhenceevery
contractuabpecificationC'Spec; (0 < i < n). It requestssim-
ilarly to vertical proof, theinclusionof contracts:

A(®,) C W.

Application of the Theory to CO-OPN/2

We presentherethe applicationof the generatheorydescribed
abose to a model-orientedspecificationslanguagebasedon

Petrinets,calledCO-OPN/2.Formulaeareexpressedisingthe

Hennessy-Milnebranchingime temporallogic.

CO-OPN/2: CO-OPN/2is an object-orientedfor-
mal specificationdanguagg?] thatintegratesPetrinetsusedto
describeconcurrentbehaiors andalgebraicspecification§16]
of structureddataevolving in Petrinets.

Horizontal Proof Refinement Process Vertical Proof

Modgpe, F ®g < Specy, Dy >
)\u\ n ‘Ao <= Ay(D)) C Py

Modgpe, F @ < Specy, @1 >

o Ap_1(®P_1) C Dy
Modsgpe, F @,

Implementation Proof
A - A(0)Cu
Modprog E W

Figure 2. Theory of Refinementand Implementation

An objectis consideredo be an independenentity composed
of aninternalstatewhich providessomeservicedo theexterior.
The only way to interactwith an objectis to invoke oneof its
servicestheinternalstateis thusprotectedagainstuncontrolled
accessesCO-OPN/2definesanobjectasanencapsulatedlge-
braicnetin which placescomposehe internalstateandtransi-
tionsmodeltheconcurreneventsof theobject.A placeconsists
of a multisetof algebraicvalues. Transitionsare divided into
two groups: parameterizetransitions,alsoknowvn asmethods,
andinternaltransitions. The former correspondo the services
providedto the outside while the latterdescribetheinternalbe-
havior of anobject. Unlike methodsjnternaltransitionsarein-
visible to the exterior world andspontaneouéthey arefired as
soonastheir pre-conditionaresatisfied) An objectmethodcan
only be fired if no furtherinternaltransitioncan. A classde-
scribesall the component®f a setof objectsandis considered
to be anobjecttemplate.Thus,all the objectsof oneclasshave
thesamestructure Objectscanbe dynamicallycreated Objects
arealsocalledclassinstances Eachclassinstancehasaniden-
tity, which s alsocalledan objectidentifier, thatcanbe usedas
areference.

When an object requiresa service, it asksto be synchro-
nisedwith the method(parameterizedransition)of the object
provider. The synchronisatiomolicy is expressedy meansof
a synchronisatiorexpressionwhich caninvolve mary partners
joined by threesynchronisatioroperatorgonefor simultaneity
(/ 1), onefor sequencd. . ), and one for alternatie or non-
determinism(+)). For instancean objectmay simultaneously
requestwo differentservicef two differentpartnersfollowed
by a servicerequesto athird object.

Hennessy-Milner Logic: HML formulae are ex-
pressedn CO-OPN/2specificationsAn HML formulais a se-
qguencgor aconjunction(A), or analternatve (+)) of obserable
events.Suchaneventis eitherthefiring of a singlemethodof a
CO-OPN/20bject,or the parallelfiring of several methods.An
HML formulais satisfiecby themodelof a CO-OPN/2specifica-
tion if thesequencef eventsdefinedby theformulacorrespond
to apossiblesequencef eventsof themodelof thespecification.

HML formulae on object-orientedorogramsare definedsimi-
larly to HML formulaeon CO-OPN/2specifications.
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finementand implementationbasedon contractsto the CO-
OPN/2languageandthe Hennessy-Milnelogic, it is necessary
to define: the refinerelationon CO-OPN/2specificationsand
thecorrespondindgormularefinementaswell astheimplement
relation on CO-OPN/2specificationsand object-orientedpro-
grams,and the correspondingormulaimplementation. These
relationsandfunctionsaresuchthat:

o Refinerelation it actslike a function (every abstractle-
mentis relatedto at mostone concreteelement);it is in-
jective (two abstractelementscannotbe relatedwith the
sameconcreteelement);partial (anabstracelementmay
have no correspondingoncreteelement);but total on el-
ementghat appearin the contract (every abstracelement
that appearin the abstractcontractmust be relatedto a
concreteelement).Therefinerelationimposeghe preser
vation of the part of the abstractspecificatiorthatis nec-
essaryfor establishinghe abstractcontract(aswell asits
object-orientedstructure).It allows renamingsaswell as
theremoval or additionof elementof the specification.

e FormulaRefinementit is a simplerewriting of theformu-
lae of the abstractcontract,basedon the renaminggiven
by therefinerelation;

e Implementelatior it is, similarly to therefinerelation,a

simplerenamingof the elementsof a CO-OPN/2specifi-
cationinto elementf anobject-orienteghrogram;

e Formulalmplementationit is a rewriting of HML formu-
lae on specificationsnto HML formulaeon programs.

Example: We considerthe following simpleexam-
ple: computingthe sumof theintegerspresentn amultiset. The
computingof thesumfollows theGammaparadigni1]: achem-
ical reactionremovestwo valuesfrom amultiset,computegheir
sumandinsertstheresultinto the multiset.

ClassDSGammaSystem

new_user(usr) usecexit(usr)

( N L)

usr Integer usr

NS

usr usr

usr “MBInt:Integer™ ;g
i —— I
result(i,usr) i i usetaction(i,usr)

\ ChemicalReaction /

Figure 3. DSGammaSystem

CO-OPN/2specificationaregraphicallynotedin the following
manner:a CO-OPN/2classis depictedasarectanglewith acir-
clefor eachplaceinside,awhiterectangleor eachinternaltran-
sition, and,on its sides,a black rectangl€for eachmethod.La-
belledarrons betweerplacesandinternaltransitionsor between
placesand methodsgive the flow relations(whatis consumed
andwhat is addedto a placewhen an internaltransitionor a
methodis fired).
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erationsare provided: they are specifiedby four CO-OPN/2
methods. Method new_user (usr) enablesa new user
usr to be addedto the systemat ary moment. Method
user _action(i, usr) enablesusr to addintegeri into
the system.Methoduser _exi t (usr) enablesusr to leave
thesystem.Methodr esul t (i, usr) enableusr to seethe
computedesulti .

The internal transition Chemi cal Reacti on actually per
forms the Gammachemicalreactions:it remorestwo integers
from placeMsI nt , sumsthemup, andinsertstheresultinto the
place.

We presenfa contract¢ madeof only two HML formulae: ¢
anda¢s.

Formula¢; stateghatafterthe creationof aDSGammaSystem
DSG, it is possibleto insertafirst userusr,, andaseconduser
usrsq, afterthatusr; insertsinteger: in thesystemausrs inserts
integer j, andusrs canseethecorrectresulti + j.

Formula¢, is similar but usr, leavesthe systembeforeusrs
seegheresult. The exit of usr, doesnot affect the computing
of thesum.

¢1 = <DSG. create><DSG.new_user(usry)>
<DSG.new_user(usrs)><DSG. user_action(z, usry)>
<DSG. user_action(j, usr2)><DSG.result(i + j,usrz)>

¢2 = <DSG. create><DSG. new_user(usry)>
<DSG.new_user(usrs)><DSG. user_action(z, usry)>
<DSG. user_action(j, usr2)><DSG. user_exit(usry)>
<DSQG.result(i + j,usra)> .

Formulaeg: and¢2 actuallyform a contract,sincethey corre-
spondto a possiblerun of the specificationgiven by Figure 3
(transitionChem cal React i on occursin a non obserable
way assoonastwo integersarepresentn placeMsl nt ).

3. SYSTEM DESIGN

This sectiondescribeswo developmentuidelinesithefirst one
enabledo reacha client/serer designithesecondneadepend-
able design. Both guidelinesare illustratedwith an example,
basedon the computingof the sumof integerspresentedn the
previous section. Startingwith the sameabstractcontractual
specificationtwo differentJava programsaredeveloped.

DevelopmentGuidelines

Thetheoryof refinemenandimplementatiorbasedn contracts
providesthe basisto formally prove thata refinementstepand
theimplementatiorphasearecorrect. However, thetheorycan-
not helpthe specifierin establishinga contract,andin choosing
a more concretespecification. Therefore,we suggesthe use
of developmenguidelinesi.e., a sequenc®f refinementsteps
that a specifiershouldfollow whendeveloping an application.
Developmentguidelinesdependon the kind of applicationbe-
ing developed,they helpthe specifierin addressingndsolving
compl problemsprogressiely duringtherefinemenprocess.



w~ilelivJoeiviel I'\PPII\.:CU.IUI L

A client/serer applicationis a distributed applicationwith at
leasttwo entities:a sener processingequestsandoneor more
clientsrequiring servicesfrom the sener. The clientsandthe
sener arephysicallydistributedover a network anda communi-
cationlayer(TCP/IPsoclets,UDP soclets,RPC,etc.) is neces-

sary

Guidelines: Thedevelopmentstepddentifiedin the
caseof client/serer applicationsarethefollowing:

1. asetof informal applications requirementéncludingval-
idationobjectvesis defined;

2. aninitial contractualspecificationbasedon the informal
requirementprovidesan abstractview of the application,
wheretheproblemis neitherdistributednor decentalized
Thecontractreflectsthe functionality of theapplication;

3. afirstrefinemenstepprovidesa decentralizediew of the
application,wherethe data is distributed but not yet the
behaior. The contractakesinto accounthefactthatdata
is distributed,aswell asaddedfeaturesdependingon this
distribution;

4. a secondrefinementstep provides the applicationwith a
client/serverarchitectue whereboth the dataandthe be-
havior are distributed. The contractmust integrate the
client/serer architecture,and ary protocol or algorithm
thatthe specifierappliedwhenthis architecturds used,;

5. a third refinementstep introducesthe communication
layer. In addition, it introducesfeaturesof the program-
minglanguageThis stepleadsto aview closeto the code
i.e.,it takesinto accounthesemantic®f theprogramming
languageThecontracttontainghewholesetof properties
satisfiedby the specification;

6. the last stepproducesthe program directly from the last
refinemenstep.

Example: The applicationto develop is basedon
the computingof the sumsof integersasdescribedoy the DS-
Gammasystemof Figure3. Therefinementprocessaccording
to theguidelinesabove [5] arethefollowing:

1. informal requirements the applicationto develop allows
several usersto insertintegersinto a multisetthatis dis-
tributedacrosgsheWeh Theapplicationcomputeshesum
of integerspresentn thesystem Every usercanseethere-
sult;

2. initial contractual specification the specificationpart is
givenby Figure3. The systemis madeof a singleglobal
multiset. Every userinsertsintegersinto this multiset. The
computingof thesumis realizedontheintegersof themul-
tiset, by repeatedlyor simultaneouslyemaoving two inte-
gersfromthemultiset,andinsertingtheirsuminto themul-
tiset.

The contractcontainsevery formulae ensuringthat the
computingof thesumis correct;

3. first refinement the systemis madeof several multisets
(onefor eachuser). Every userinsertsintegersinto his
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domly removesintegersfrom oneor two multisetsandin-
sertstheir suminto a multiset. Theintegerspresenin the
local multisetof auserwhowantsto leave the systemmust
be properlydispatchedo the otherlocal multisets.
Thecontractextendstheinitial contractwith every formu-
lae necessaryo ensurethe correctnes®f the computing
whenuserdeave the system;

4. secondrefinementthe systemis madeof several applets,
anda sener. Eachuseris mappedto a dedicatedapplet:
theappletis responsibldor maintainingalocal multisetof
integers; andfor allowing the userto insertintegersinto
this multiset. The computingof the sumis realisedn two
steps:first, every appletsendsthe integersmaintainedn
its localmultisetto thesener; secondevery appletcollects
pairsof integersfrom the sener, makesup their sum,and
insertsthe resultinto its local multiset. The applethasto
correctly sendits local multisetof integersto the sener,
oncethe userwantsto leave the system.The appletshave
to avoid a deadlocksituationthat would occurwhenthe
numberof integerspresenin thewholesystemis lessthan
the numberof applets;a timeoutis introducedin orderto
avoid this situation.

The contracttakesinto accountthe client/serer architec-
ture (appletssener) aswell asthe deadlocksituation;

5. third refinement the systemis madeof the applets,the
sener, of TCP/IP basedsoclets betweenthe appletsand
the sener, andall necessaryhreadshandlingthe soclets.
A moresophisticatedjuitting protocolthanthatusedn the
secondefinements neededin orderto avoid thatintegers
arelostbecausg¢hey remainin socletswhena userleaves
the system.Thetimeoutusedto avoid the deadlocksitua-
tion is maintainedIn addition,this stepintegrateshe Java
virtual machinesemantics.

Thecontracttakesinto accounthe TCP/IPsocletsaswell
asthe Javavirtual machinesemantics;

6. implementationthe Java programis simply derived from
thethird refinement.

DependableApplications

By dependablapplicationsve meanapplicationghatareable
to copewith somesoftware or hardware faults. In the partic-
ular caseof dependablelistributedapplicationsa designphase
hasbeenidentifiedwherethedependabilityanddistribution con-
straintsare built accordingto the Coorinated Atomic action
concept.

Coordinated Atomic (CA) action model: It pro-
vides structuringprimitives and supportfor error recovery in
designingsystemscomposedf several concurrentinteracting
entities[17]. Themodeldistinguishedetweercooperatre con-
curreng, whichis expressedisingcornversations[15], andcom-
petitive concurreng, whichis expressedisingtransactiong10].
Conversationsare usedto control cooperatie concurreng and
to implementcoordinatedand disciplinederror recovery while
transaction@re usedto maintainthe consisteng of sharedre-
sourcesn the presencef failuresandcompetitve concurreng.

EachCA actionhasa setof rolesthatareactivatedby actionpar
ticipants(external actwities suchasthreads processes)which
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startswhenall roleshave beenactivatedandfinisheswhenall of
themhave reachedhe CA actionend.

External(transactionalpbjectscanbeusedconcurrentlyby sev-
eral CA actionsin sucha way thatinformationcannotbe smug-
gled amongtheseCA actionsandthatary sequencef opera-
tions on theseobjectsbracletedby the startand completionof
a CA actionhasthe ACID (atomicity, consisteny, isolationand
durability) propertie10] with respecto othersequencesTo
the outsideworld, the executionof a CA actionlooks like an
atomictransaction.

The stateof a CA actionis representedly a setof local objects;
eachCA actiondealswith theseobjectsto guarantedheir state
restorationf errorrecovery is to be provided. Local objectsare
themainmeandor participantgo interactandto coordinateheir
execution(externalobjectscanbeusedaswell).

The CA actionmechanisnalsoprovidesa basicframewvork for
exceptionhandling,which can supporta variety of fault toler
ancemechanismsimedat tolerating both hardware and soft-
warefaults[3, 12].

The useof CA actiondesignmalesit easierto prove formally
thatthesysterrhascertainpropertiessinceeachCA actionguar
anteesa setof properties. Thesecan be usedto constructthe
proofof globalsystemproperties.

Guidelines: The designphaseof dependablelis-
tributed applicationsusing the CA action conceptis as fol-
lows [6]:

1. asetof informal applicationrequirementss stated. It in-
cludesvalidationobjectivesaswell asfault tolerancecon-
straints;

2. aninitial contractuakpecificatioris built. It givesa model
of the application,which is abstractenoughto be as in-
dependenas possibleof implementatiorconstaints i.e.,
distributivity andfault-tolerancerenottakeninto account.
Thecontractrepresentthefunctionalityof theapplication;

3. arefinemenbf theinitial specifications realised.It pro-
videsthe CA action designof the applicationwheredis-
tributivity andfault-toleranceareintegrated. The contract
takesinto accounthe CA actiondesignaswell asthefaults
thattheapplicationis ableto recover;

4. thenext stepprovidesa specificatiorcloseto the codethat
takesinto accountthe semanticof the programmindan-
guage.Thecontractis madeof all formulaesatisfiecby the
specification;

5. finally, theimplementations derived.

Example: This exampleis similar to the example
usedfor the client/serer application. In addition, the system
hasto copewith errorsthat canoccurduring the computingof
thesums.

1. informal requirements the applicationto develop allows
several usersto insertintegersinto a distributed multiset.
Theadditionoperationcanfail, the storageandremoval of
integersinto/from themultisetcanfail;
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contractuakpecificatiorasthe client/serer example.The
systemis madeof a singleglobal multiset,andevery user
insertsintegersdirectly into this multiset. The computing
of the sumis realizedon the integersof the multiset. This
contractuakpecificatiorassumesghatno errorsoccur;

3. firstrefinementthe systemis composeaf asetof partici-
pants(oneperuser)thatmaintainalocal multiset;a setof
CA actions;anda CA actionschedulethathandlesCA ac-
tions. A CA actionis madeof threeroles:two participants
(producersjhatfurnishessachoneintegerfrom theirlocal
multiset, and a participant(consumer}hat collectsthese
two integers,sumpsthemup, andstoresthe resultinto its
localmultiset.Local multisetsof theparticipantsreexter-
nal objects,and canbe accessednly within CA actions.
Therefore consisteng andintegrity areguaranteedby the
CA actionsupport. In the caseof failure of the addition
operation,the consumetkeepsboth integersby inserting
theminto its local multiset,while the producercomplete
the CA actionasif no error had occur The CA action
scheduleis responsibldor receving informationfrom all
participantsaboutary new numberthey have in theirlocal
multiset. It startsa new CA actionwheneer thereareat
leasttwo integersin the local multisets. Therecanbe as
mary CA actionsactive concurrentlyasthereare pairsof
integersin all local multisetsata giventime.

Thecontractntegrateghefailureof theadditionoperation;

4. secondrefinement the systemfollows the sameCA ac-
tion designasthefirst refinementln addition,it integrates
the Java RemoteMethodInvocation(RMI) in orderto dis-
tribute objects. The CA actionschedulelis a remoteob-
ject, participantareremoteapplets CA actionsareobjects
whoserolesaremethods.

Thecontractakesinto accountheRMI communicatioras
well asthe Javavirtual machinesemantics;

5. implementationthe Java programis derived directly from
thesecondefinement.

4. RELATED WORKS

Definitionsof refinemenbf formal specificationgreusuallynot
relatedto animplementatiorphase andnot incorporatednto a
developmentmethodology This sectiondescribedirst, some
definitionsof refinementof formal specificationghat are close
to the definitiongivenin this paper;seconda definition of im-

plementation.

Specifications

Definitions of refinementare all basedon the preseration of
(possiblytranslatedpropertiegeitherimplicitly, or explicitly by
the meansof additionallogical formulae). We presentffirst the
definitionsof the refinemenbf formal specification{VDM ++,
andTimed Petrinets)thataresimilar to our approach.Indeed,
they userefinerelationsand additionalformulaeto verify the
correctnes®f the refinementsteps. However thesedefinitions
differ from our, sincethey arebasedn awholesetof properties
to be presered insteadof a customizedcontract. Secondwe
give thetraditionaldefinitionsof refinemenbf Petrinets.
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guagedueto Lano[11]. The definition of refinementis based
on the following idea: "If D is arefinementof C, it mustnot
be possiblefor a userof the commoninterfaceto be ableto de-
vise an experimentwhich would allow him to deducewhether
hehadaninstanceof C or of D.” Thisimpliesthefollowing: D
mustnot remave functionality or behaior from C, and D can
addnev methodsonly if the behaior of the nev methodscan
be describecasa combinatiorof thebehaior of methodf C.

In orderto formally prove a refinementstep,for eachclassC

alogical RTL (Real Time Logic) languagel¢ is defined,and
atheoryT'c expressingthe semanticof C' in this languagds

given. Similarly for D, atheoryI'p is given. The refinement
is definedon the basisof thesetheories. D refinesC' via are-

trieve function R, from the attributesof D to thoseof C, anda

renamingp of themethodof C, if:

Vi € Lo,To b = Tp b (P[R(v)/u)).

Thisformulameanghatthetranslationin D of every formulas)
thatis truein thetheoryof C leadsto a formulathatis still true
in the theoryof D. The translationof a formulain C' consists
in replacingeachattribute of C' appearingn the formulaby the
correspondingxpressiorof D (built with attributesof D) given
by the retrieve function R, and by renamingthe methodsusing

é.

Timed Petri nets: We presentnon an approach
concerninghe refinementof timed Petri netsbasedon the use
of atemporallogic. TRIO is a linear, first-ordertypedtempo-
ral logic dueto Ghezzietal. [9]. A TRIO axiomatisationdue
to Felderetal. [8], hasbeengivento a kind of timed Petrinets
whereeachtransitionis associateavith afiring timeintenal de-
scribingits earliestandlatestfiring time afterenabling.A tran-
sition consume®xactly onetokenfrom eachplacein its preset,
andproducesxactly onetokeninto eachplacein its postset At
agiventime atransitionmayfire severaltimes.

The TRIO axiomatisatiorof thesetimed Petri netsis basedon

two predicates(1) nFire(v, n) meanghat,atthecurrenttime,

transitionv firesn times,and(2) tokenF (s, 1, p,v, j, d) means
that, at the currenttime, the i firing of transitions produces
atokenthatentersplacep, this tokenis consumedifterd time

units by the 5™ firing of transitionv. Givena net N, a setof

axioms Az(N) is built, thattakesinto accountthe netandits

initial marking. From Az (N) atheoryis derved,notedA\. On

the basisof the two above predicatesand arithmeticoperators,
formulaecanbe expressedver the net. If aformula¢ canbe

derivedfrom thetheoryof N, Fxr ¢, theneveryexecutionof the

netsatisfieshe propertye.

Theimplementatiorrelation,of Felderetal. [7], of anetS by a
netl, is basedon the preservationof observablgroperties.A

netI implementsa net S if the obserable propertiesof S are
alsoobsenrablepropertieof I aftertranslatingheminto I. The
only obserableeventsin a netaretransitionfirings. Therefore,
anobsenrablepropertyg, of anetsS, is aformulaconstructeen

the basisof thefiring predicatenF'ire(v, n) only, andmustbe
dervedfrom S (thetheoryof S): ks ¢.

During arefinementstep,it is possibleto refinea transitionby
several transitions(not just one). An eventfunction, A : Tr —
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may be partial (a transitionof I hasno correspondindransition
in S), hasto be surjectve (every transitionin S musthave at
leastonecorrespondingransitionin I, sothatevery obserable
propertyof S canbetranslatednto anobserablepropertyof I).
The eventfunction may be non-injectie: atransitionin S may
beassociatedb severaltransitionsn I.

Givenaneventfunction A, a propertyfunction,A : § — T is
univocally derived. It translategpropertieof thetheoryS, of S,
to propertiesof thetheoryZ, of I. Thetranslationis basedon
thetranslationof thefiring predicate:

A(nFire(v,n)) =3n1...Ing(n1 +... +ns =
n AnFire(vi,ni) A...
A nFire(vs,ns))

where{vi, ... ,vs} is thesetof all transitionsof I mappedo v
(Mvi) =v,1 < i < s). Thepredicatehatassertshattransition
v firesn timesis translatednto apredicatehatsaysthatthesum
of firings of thetransitionsof I mappedo v is alson.

A net implementsa net S through X iff for eachobserable
formulag of S:

Fs ¢ =tz A(9).

Thismeanghatevery obserableformulaof S is translatednto
anobserableformulaof I.

Petri nets: Thetechniquedor refiningunstructured
Petrinetsarebasecbnthereplacementf atransitionor a place
by a subnet. Thesetechniquediffer in the way the subnetis
embeddednside the initial net. Moreover, we candistinguish
two familiesof refinementechniques:(1) techniquesnsuring
thatthe initial netandits refinementhase the sameproperties
(they areequivalentin somesense)(2) techniquegnsuringhat,
givenanequialencerelation,two equivalentnetsarerefinedto
two equivalent nets. Techniquesof the first family (a netre-
finesto an equivalent net) are usedwhen both the original net
andits refinementhave the samebehaior. Techniquesf the
secondamily (two equivalentnetsrefineto two equivalentnets)
areusedwhentherefinemenintroducesew elementssuchthat
the original netsandtheir respectre refinementhave different
behaiors.

Programs

The verification that a programis correctwrt systemspecifi-
cationsis a problemsimilar to the one of verifying that sys-
temspecificationgsrecorrectwrt therequiremenspecifications.
Thus,theuseof alogicallanguagen additionto a programming
languageshouldhelp the verificationtask. In the lastdecades,
only few attemptshave beenundertakn to considerthe ideaof
integratingassertionsnto programs More recently Meyer [13]
haspromotedthis idea, and even goesa stepfurther Indeed,
he adwocatesthat, in orderto facethe problemof correctness,
every programoperation(instructionor routinebody)shouldbe
systematicallyaccompanietby a pre-anda post-condition.
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This paperpresentsa methodologyfor developing distributed
programsbasedon the stepwiserefinementof formal specifi-
cations. The methodologyadwcatesthe use of specificlogi-

cal propertiesfor guiding and verifying refinementsteps,and
enablesprogressie systemdesignand formal validation wrt

client’s requirements.The paperpresentsaswell development
guidelineghathelpthe specifierto faceproblemsprogressiely,

sinceadditionalcompleity is introducedat eachstep.

Furtherresearctwill consider:

e developmentguidelinesthat addresotherkinds of appli-
cationse.g.,systemslevelopedusingmobile agents;

e developmentguidelinesasrefinementpatterns. Develop-
mentguidelineshouldbeconsidere@sanessentianeans
for developingcorrectsystems;

e automatederification,andconstructiorof contracts;

e theimprovementof the Hennessy-Milnetogic with some
temporaloperatorsor eventhe useof anotherogic in the
framework of CO-OPN/2. Indeed,the Hennessy-Milner
logicis averysimplelogic thatenablego easilybuild tools
for verification. However, it lacks expressvity, sinceary
invariantneedsaninfinite setof formulaeto be described.
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