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We present formal methodfor component-baseslystemspecificatiorandverificationwhichis
basednthenew algebraicspecificatioanguageCafeOBJ, which is amodernsuccessoof OBJ
incorporatingseveralnew developmentsn algebraicspecificatiortheoryandpractice.

We first give anoverview of theoriginsandof the mainfeaturesof CafeOBJ, includingits logical
foundationsandthenwe focuson the behaioural specificatiorparadigmin CafeOBJ, suneying
theobject-orientedCafeOBJ specificatiorandverificationmethodologybasedn behaioural
abstraction.

Thelastpartof this paperfurtherfocuseson a component-baseoehaioural specificatiorand
verificationmethodologywhich featureshigh reusabilityof both specificationcodeandverification
proof scoresThis methodologyconstituteghe basisfor anindustrialstrengthformal method
aroundCafeOBJ.

1. Intr oduction

In this introductionwe will give a brief overview of CafeOBJ, including its origins, its main
featuresandits logical foundations.

1.1. Origins of CafeOBJ

CafeOBJ (whosedefinition is given by (DF98h)is a modernsuccessoof the OBJ language
incorporatingseveral new major developmentsn algebraicspecificatiortheoryandpractice.lt
is aimedto beanindustrialstrengthlanguagesuitablebothfor researcherandfor practitioners.
The origins of OBJ can be tracedbackto Goguens$ gradualrealization,around1970, that
Lawvere’s characterizatiomf the naturalnumbersasa certaininitial algebra(Law64) could be
extendedto otherdatastructuresof interestfor ComputingScience Theinfluenceof Saunders
Mac Lanewas alsoimportantduring that period,leadingto the beginning of the famousADJ
group(Gog89 led by Goguen During the ADJ groupperiod,a mathematicatheoryof abstract
datatypesasinitial algebraswas developed.Togetherwith consideringterm rewriting asthe
computationabide of abstractdatatypes,this constituteshe pillar of the OBJ basicspecifica-
tionslevel. It is importantto mentionthatfrom the very beginningthe designof OBJhadbeen

T Onleave from the Instituteof Mathematicof the RomanianAcademy POBox 1-764,Buchares?0700,ROMANIA.
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emegingdirectly from cleanandelegantmathematicatheoriesthis proceseing(rathersubtle)
reflectedasoneof the mainstrengthof thelanguage.

Anothermajorstepin thedevelopmenbf OBJwastherelativizationof algebraicspecification
over ary logic due to Goguenand Burstall’s institutions (GB92) (cateyorical abstractmodel
theoryfor specificatiorandprogramming)This pushedhetheoryof algebraicspecificatiorinto
amodernage At thebeginninginstitutionsprovidedsupportor developingadvancedstructuring
specificationtechniquegi.e., modulecompositionsystemsjndependenthyof the actuallogical
formalism, as emeping from the researcton Clear (BG80). However, today after nearly two
decadestheir significancehasbeenwidely expanded.For example,institutionssupportin an
essentialvay the designof multi-paradigm(declaratve) systems.

It could be saidthatinitial algebrasemanticsrewriting, andinstitutions,are the conceptual
pillars of the OBJworld. Their developmeniandrefinementanbe easilynoticedif onetakesa
closelook atthe chainof successie versionsof OBJ,culminatingwith OBJ3(GWM ).

Following the vitally importantideaof modulecompositionof Clear, severalattemptsof im-
plementingmodularizedalgebraicspecificationlanguagesvere doneincluding the early pio-
neeringdesignandimplementatiorof HISP languaggFO80. After theseexperiencesthe sta-
bilization of the OBJ design(andits mostprominentimplementatiorat SRI) startedafter the
designand prototypeimplementationof OBJ2 at SRI in 1984 (FGJM8S. It coincideswith
several attemptsto extend OBJ towards other paradigms,most notably constraintlogic pro-
gramming(GM86, Dia94), object-orientedprogramming(GM87). Although, dueto the indis-
putablestrengthof algebraicspecificationall theseattemptsveresuccessfulthe interestof the
OBJ communityhasbeenrecentlyshifting towardsa new languagegeneratiorfocusingmore
on the recentinternaldevelopmentdn algebraicspecificatiorratherthanin integrating power-
ful paradigmsfrom the outsideworld. Two suchexamplesare CafeOBJ (DF980H and Maude
(CELM96). With respecto CafeOBJ, althoughsomeexperimentaldesignandimplementation
weredonein the past(FS92, (DF98H is thefirst definitive definition of thelanguage.

1.2. CafeOBJ mainfeatures

1.2.1. EquationalSpecificatiorandProgramming Thisis inheritedfrom OBJ(GWM , FGJM85
andconstituteghe basisof thelanguagethe otherfeaturesbeingsomehav built ontop of it. As
with OBJ,CafeOBJ is executablgby termrewriting), which givesanelegantdeclaratve way of
functionalprogrammingpftenreferredasalgebraic programming® As with OBJ,CafeOBJ also
permitsequationalspecificationmodulo several equationatheoriessuchas associatiity, com-
mutativity, identity, idempotenceand combinationsbetweenall these.This featureis reflected
attheexecutionlevel by termrewriting modulosuchequationatheories.

1.2.2. Behavioual Specification.Behavioural specification(GD94h GM97, Dia989 provides
anothemovel generalizatiorof ordinaryalgebraicspecificatiorbut in a differentdirection.Be-
havioural specificatiorcharacterizehow objects(andsystemspehavenothow they areimple-
mentedThis new form of abstractiorcanbevery powerful in thespecificatiorandverificationof

1 pleaseoticethatalthoughthis paradignmaybeusedasprogrammingthis aspects still secondaryo its specification
side.
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softwaresystemssinceit naturallyembedwotherusefulparadigmssuchasconcurreng, object-
orientation,constraintspnondeterminismetc. (see(GM97) for details).Behavioural abstraction
is achieved by using specificationwith hiddensortsand a behaioural conceptof satishction
basedon the ideaof indistinguishabilityof statesthat are obsenationallythe same which also
generalizeprocesslgebraandtransitionsystemgsee(GM97)).

CafeOBJ directly supportbehaioural specificatiorandits proof theorythroughspeciallan-
guageconstructssuchas

— hiddensorts(for statesof systems),

— behaioural operationgfor direct“actions” and“obsenations”on statesof systems),

— behaioural coherencaleclarationsor (non-behaioural) operationgwhich might be either
derived(indirect) “obsenations”or “constructors’on statesof systems)and

— behavioural axioms(statingbehaioural satisaction).

The advancedcoinductionproof methodrecevessupportin CafeOBJ via a default (candi-
date)coinductionrelation (denoted=* =). In CafeOBJ, coinductioncanbe usedeitherin the
classicalHSA sense(GM97) for proving behaioural equivalenceof statesof objects,or for
proving behaiouraltransitiongwhich appeawhenapplyingbehaioural abstractiorio RWL).2

Besideslanguageconstructs,CafeOBJ supportsbehaioural specificationand verification
by severalmethodologies.CafeOBJ currentlyhighlightsa methodologyfor concurrenbbject
compositionwhich featureshigh reusabilitynot only of specificationcodebut alsoof verifica-
tions(DF98h IMD 98). Behavioural specificatiorin CafeOBJ might alsobe effectively usedas
an object-orientedstate-orientedalternatve for traditional ADT specificationsSeveral cases
seemto indicatethat an object-orientedstyle of specificationeven of basicdatatypes(suchas
sets lists, etc.)might leadto highersimplicity of codeanddrasticsimplificationof verification
procesgDFI98).

Behavioural specificationis reflectedat the executionlevel by the conceptof behavioual
rewriting (DF98h Dia989 which refinesordinaryrewriting with a conditionensuringthe cor-
rectnes®f the useof behavioural equationsn proving strictequalities.

1.2.3. Rewriting Logic Specification.Rewriting logic specificationin CafeOBJ is basedon a
simplified versionof Meseyuer’s rewriting logic (Mes92 specificationframeawork for concur
rent systemswhich givesa non-trivial extensionof traditional algebraicspecificationtowards
concurreng. RWL incorporatesnary differentmodelsof concurreng in a natural,simple,and
elggantway, thusgiving CafeOBJ awide rangeof applicationsUnlike Maude(CELM96), the
currentCafeOBJ designdoesnotfully supporiabeledRWL which permitsfull reasoningabout
multiple transitionsbetweerstategor systenconfigurations)but providesproof supportfor rea-
soningabouttheexistenceof transitionsbetweerstateqor configurationspf concurrensystems
via abuilt-in predicatgdenoted==>) with dynamicdefinitionencodingooththe prooftheoryof
RWL andtheuserdefinedtransitions(rules)into equationalogic.
Fromamethodologicaperspectie, CafeOBJ developsthe useof RWL transitionsfor speci-

2 However, until thetime this paperwaswritten, the latterhasnot beenyet exploredsuficiently, especiallypractically
3 This is still an openresearchopic, the currentmethodologiesnight be developedfurther and nev methodologies
mightbeaddedn thefuture.
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fying andverifying the propertiesof declamtiveencodingof algorithms(see(DFI98)) aswell as
for specifyingandverifying transitionsystems.

1.2.4. Module System.The principlesof the CafeOBJ modulesystemareinheritedfrom OBJ
which builds on ideasfirst realizedin the languageClear (BG80). CafeOBJ modulesystem
features

— severalkindsof imports,
— sharingfor multiple imports,
— parameterizegrogrammingallowing

— multiple parameters,
— viewsfor parameteinstantiation,
— integrationof CafeOBJ specificationwvith executablecodein alower level language

— moduleexpressions.

However, thetheorysupportinghe CafeOBJ modulesystenrepresentanupdatingof the orig-
inal Clear/OBJonceptdo the moresophisticatedituationof multi-paradigmsystemsnvolving
theory morphismsacrossinstitution embeddinggDia98b, andthe concretedesignof the lan-
guagerevisethe OBJview onimportationmodesandparameter$DF98b.

1.2.5. Type Systenmand Partiality. CafeOBJ hasa type systemthat allows subtypeshasedon
order sortedalgebra (abbreviatedOSA) (GM92, GD9449. This providesa mathematicallyrig-
orousform of runtimetype checkinganderrorhandling,giving CafeOBJ a syntacticflexibility
comparabléo thatof untypedlanguageswhile preservingall theadvantage®f strongtyping.

Sinceatthismomenttherearemary ordersortednestormalismsmary of themverylittle dif-
ferentfrom others,andeachof themhaving its own technicaladvantagesnddisadwantagesnd
beingmostappropriatdor a certainclassof applicationswe decidedo keepthe concreteorder
sortednesformalismopenat leastat the level of the languagedefinition. Insteadwe formulate
somebasicsimpleconditionswhich any concreteCafeOBJ ordersortedformalismshouldobey.
Theseconditionscomecloseto Mesayuers OSAR (Mes99 which is a revisedversionof other
versionsof ordersortednessxistingin theliterature,mostnotablyGoguens OSA (GD943.

CafeOBJ doesnot directly do partial operationsout ratherhandlegshemby usingerror sorts
andasortmembershipredicatdn the style of membeshipequationalogic (abbresiatedMEL )
(Mes998. Thesemantic®f specificationsith partialoperationss givenby MEL.

1.3. TheCafeOBJ specificatiorandverificationernvironment

Although this is rathera featureof the currentsystemratherthan of the languagedueto its
importanceor the effective useof the currentCafeOBJ systemwe briefly suney it here.

The CafeOBJ systemincludesan ernvironmentsupportingspecificationdocumentsith for-
mal contentsover networks and enablingformal verificationsof specificationsThe CafeOBJ
ernvironmenttakesadvantageof currentinterNettechnologiesandcanbe thoughtasconsisting
of four parts:

— Theinterpreterin isolationactsvery muchlik e the OBJ3interpreteby checkingsyntaxand
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evaluating(reducing)terms.In addition,the CafeOBJ interpreterincorporatesan abstract
TRSmachineanda compiler

— The proof assistantextendsthe theoremproving capabilitiesof the interpreterwith more
powerful, dedicategrovers.A proofassistantakinginto accountheparticularsof CafeOBJ
is consideredthis incorporategwo kinds of inductive theoremprovers,onebasedon com-
pletion proceduresandthe otheron explicit structuralinduction.

— Thedocumentmanagertakescareof processingf specificatiordocumentsver networks
by analyzingspecificatiordocumentgor shaving contentgo the user(via browsers editors,
etc.)by extractinginstructionsof evaluationsandproofs,by searchindor suitabledocuments
in libraries,andby managingdocument®ver networks, retrieving, storing,cachingthemas
requested.

— Specificationlibraries focuson several specificproblemdomains,suchas object-oriented
programminggdatabasenanagemeninteractive systemsetc.

1.4. CafeOBJ Logical Foundations

CafeOBJ is adeclaratve languagewith firm mathematicabndlogical foundationdn the same
way asotherOBJ-family language$OBJ,Eqlog(GM86, Dia94), Foops (GM87), Maude(Mes92)
are.Thereferencepaperfor the CafeOBJ mathematicafoundationss (DF983, while thebook
(DF98h givesa somehav lessmathematicakasy-to-readincluding mary examples)presenta-
tion of thesemantic®f CafeOBJ. In this sectionwe give avery brief overview of the CafeOBJ
logical and mathematicafoundationsfor a full understandingf this aspectof CafeOBJ the
readeris referredto (DF989 and(DF98bH.

The mathematicakemanticof CafeOBJ is basedon state-of-the-aralgebraicspecification
conceptsand results,and is strongly basedon categyory theory and the theory of institutions
(GB92 Dia98h DGS93. Thefollowing arethe principlesgoverningthelogical andmathemati-
cal foundationsof CafeOBJ:

P1.there is an underlying logic* in which all basic constructs and features of the lan-
guage can be rigorously explained.

P2.provide an integrated, cohesive, and unitary approach to the semantics of specifica-
tion in-the-small and in-the-large.

P3.develop all ingredients (concepts, results, etc.) at the highest appropriate level of
abstraction.

TheCafeOBJ cube CafeOBJ is a multi-paradigmlanguageEachof the main paradigmsm-
plementedn CafeOBJ is rigorouslybasedon someunderlyinglogic; the paradigmgesulting
from variouscombinationsare basedon the combinationof logics. The following table shavs
the correspondencketweenspecification/programmingaradigmsandlogics asthey appeaiin
theactualversionof CafeOBJ, alsopointingto somebasicreferences.

4 Here*logic” shouldbe understoodn the modernrelatiistic senseof “institution” which provides a mathematical
definitionfor alogic (see(GB92))ratherthanin the moreclassicakense.
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ABBREVIATION LoGIC SPEC/PGM PARADIGM BAsic REF.
MSA mary sorted algebraicspecification (Goga
algebra
OSA ordersorted algebraicspecification (Gogar GM92, GD943
algebra with subtypes
HSA hiddensorted behaiouralconcurrent  (Dia983 GM97, GD94b
algebra specification
HOSA hiddenordersorted behaioural specification (GD94h BD94)
algebra with subtypes
RWL rewriting logic rewriting logic (Mes92
specification
OSRNL ordersorted rewriting logic
rewriting logic specification
with subtypes
HSRWL hiddensorted behavioural rewriting (Dia96bh
rewriting logic logic specification
HOSRWNL hiddenordersorted behaioural rewriting (DF983
rewriting logic logic specification

with subtypes

Thereare someembeddingrelationsbetweentheselogics, which correspondo institution
embeddingqi.e., a strongform of institution morphismsof (GB92 DGS93) and which are
shavn by the following CafeOBJ cube (the orientationof arrows correspondo embedding
“lesscomplex” into “more complex” logics).

HOSA HOSRWL H = hidden
A = algebra
/ / O = order
S = sorted
HSA HSRWL M = many
RWL = rewriting logic
OSA OSRWL

MSA RWL

The mathematicaktructurerepresentedby this cubeis that of a lattice of institution embed-
dings (Dia98h DF983. By employing otherlogical-basedharadigmghe CafeOBJ cubemay
be thoughtasa hypercube(see(DF98a DF98H for details).It is importantto understandhat
th CafeOBJ logical foundationsare basedon the CafeOBJ cuberatherthanon its flattening
representetdy HOSRWVL.®

5 Thereasorfor this is explainedin (DF983 DF98b).
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2. Behavioural Specificationin CafeOBJ

Behavioural specificationmight be the mostdistinctive featureof CafeOBJ within the broad
family of algebraicspecificationanguagesAs mentionedabove, behaioural specificationpa-
radigmis incorporatednto the designof the languagen a ratherdirectway. Also, this para-
digm constituteghe coreof the currentCafeOBJ object-orientedspecificatiorandverification
methodologiesWe devotethis sectionto a methodologicapresentatiorf the behaioural spec-
ification paradigmn CafeOBJ, trying alsoto explain the main conceptdehindthis paradigm.

2.1. Basicbehavioual specification

Basic behaioural specificationis the simplestlevel of behaioural specificationin which the
operationsare either actions or observationson the statesof the objects.Let us consideran
object-orientedor “state-oriented”CafeOBJ specificatiorfor lists:
mod! TRIV+ (X :: TRIV) {
operr: -> ?Elt
}
mod* LIST {
protecting(TRIV+)
#[ List J*
op nil : -> List
bop cons : Elt List-> List -- action
bop car : List -> ?Elt -- obseration
bop cdr : List -> List -- action
vars E E’ : Elt
var L : List
eq car(nil) = err .
eq car(cons(E, L)) = E .
beq cdr(nil) = nil .
beq cdr(cons(E, L)) = L.
}
Thisis quitedifferentfrom the usualdata-orientedpecificatiorof lists. In ourbehaioural spec-
ification, lists aretreatedasobjectswith stateqthe sortof statess the hiddensortList), andthe
usuallist operationgcons andcdr) actonthestatesof thelist objector (car) observahestates.
Actions andobsenationsare specifiedasbehavioual operationsin general,a behaioural op-
erationis calledactioniff its sortis hidden(i.e., statetype),andis calledobservatioriff its sort
is visible (i.e., datatype).Behavioural operationsarerestrictedo have exactlyonehiddensortin
their arity, thismonadicitypropertybeingcharacteristi¢o behaioural operationgeitheractions
or obsenations).Behaioural operationglefinethe behavioual equivalenceelationbetweerthe
statef the object,denotedas~:

s~ ¢ iff c(s)=c(s)

for all visible behavioual contextsc. A behaioural context c is ary string of behavioural oper
ations(this makessensebecausef the monadicitypropertyon hiddensortsof the behaioural
operations)c is visible iff its sortis visible; this is the sameassayingthatc hasanobsenation
atthetop. It is importantto noticethatbehaioural equivalences a semantimotion; this means
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thatwheneer we considera behaioural equivalencerelationwe needto considera model(i.e.,
animplementationfor the specificatiof.

CafeOBJ methodologiesntroducea graphicalnotationextendingthe classicalADJ-diagram
notationfor datatypesfor behaioural specificatiorin which

G1.Sortsare representedy elipsoidal diskswith visible (data) sortsrepresentedn white and
hidden(state)sortsrepresentedn grey, andwith subsortinclusionrepresentedy diskinclu-

sion,and
G2 .Opermtionsare representecy multi-souce arrowswith the monadicpart from the hidden

sortthickennedn caseof behavioual operations.
Thelist specificatiorcanbethereforevizualisedasfollows:

cdr .
car(nil) =err

car(cons(E,L)) = E
cdr(nil) ~ nil
cdr(cons(g,L)) ~ L

Several otheraspect®f this specificationsieedspecialattention.The first one concernghe
dataof this specificatiorandthe errorhandlingaspecbf this methodologyLIST specifiesalist
objectover ary setof elements:Any setof elements’is specifiedby the built-in moduleTRIV
which specifiesone sort (Elt) with loosedenotation(henceits denotationis given by all sets);
thisis usedasa parametenf the specificatiorLIST andcanbeinstantiatedo arny concretedata
type. The error handlingaspecfarisesbecausef the partiality of car. TRIV+ justintroducesa
new errorelement(err). TheerrorsupersorPElt is built-in” anderr is theonly new elemenbe-
longingto [the denotatiorof] ?Elt; thisis ensureddy thefree extensionof [the loosedenotation
of] TRIV whichis specifiedby giving TRIV+ initial denotationlmod!). Noticethatthis style of
error handlingcontrastshe morecomplex data-orientecpproachwhich usesa subsortfor the
non-emptylists and overloadsthe list operationson this subsort.This methodologicakimplifi-
cationis mainly possiblebecausef the loosedenotatiorof behavioural specification(with the
adequatéloose” behaioural equality)which avoidsthe strictnesf theinitial denotatiorof the
data-orientedpproach.

Anotheraspectis given by the useof behaioural equationsin the specificationLIST. Be-
havioural equationgepresenbehviouralequivalencerelationsbetweerstatesratherthan strict
equalitiesThereforeeachmodel(implementationpf LIST doesnotneedo interpretcdr(cons(e,l))

6 Which needsotto beaconcreteone.
7 It is provided by the system.
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asl, whereeis anelementand| is alist®, but ratherasa statebehaioural equivalentto|. For ex-
ample,if oneimplementghelist objectasanarraywith pointer, in this model(implementation)
this equality doesnot hold strictly, but it holdsbehaiourally. Generallyspeakingbehaioural
equalityis the meaningfulequality on hiddensorts,while the strict equalityis the meaningful
equality for the visible (data) sorts.However, there are situationswhen the strict equality on
hiddensortsis also necessaryBehavioural abstractioralso providesa nice way of error han-
dling for hiddensorts,asshavn by the otherbehaioural equation.Thusinsteadof introducing
a (hidden)errorfor cdr(nil), we rathershift the error handlingto the datatype by sayingthis is
behaiourally equivalentto nil.? A finer analysisof the behavioural equivalenceon thelist object
(seethe sectionbelow) tells usthatthe behaioural equalitybetweencdr(nil) andnil is exactly
the samewith sayingthat car (cdr"(nil)) = err for all naturalnumbersn, which is the natural
minimal conditionfor the behaiour of nil.

2.2. Behavioual specificatiorwith hiddenconstructos

Behavioural specificatiorwith hiddenconstructorss amoreadvancedevel of behaioural spec-
ification which relieson theimportantnovel conceptof behavioual coheencefirst definedand
studiedin (DF98h Dia989 andwhich wasfirst realizedby the CafeOBJ languaggDF98b).

At thegeneralevel, a hiddenconstructoris anoperationon hiddensorts® whosesortis also
hiddenandwhichis notdeclarechehaioural. This meanghatsuchoperationdoesnot take part
in thedefinitionof thebehaiioural equivalencerelation.Also (andrelatedto theabove),ahidden
constructomeednot be monadicon the hiddensorts,thusit may admit several hiddensortsin
thearity.

In thedata-orientedpecificatiorof lists thereis a differencen naturebetweercons andcdr,
in thatcons is a“constructor’andcdr is a “destructor”. This differentnatureof cons andcdr
reflectsin the behaioural specificatiorntoo andis formally supportedy the factthat onemay
prove (from the specificatiorLIST) thatfor all lists| andl’,

| ~1" iff car(cdr"(l)) = car(cdr"(l"))

for all naturalnumbera. Technicallythis meanghatfor the purposeof definingthe appropriate
behaiouralequivalencéfor lists, cons doesnotplay ary rdle, therefordt maybespecifiedasan
ordinaryoperationhencecons is a hiddenconstructorConsequentlythe only real behaioural
operationsare the obsenation car andthe actioncdr. This new specificationfor lists canbe
visualizedby thefollowing CafeOBJ diagram:

8 Bettersaid,a stateof thelist object.
9 Recallthatin L1sp cdr(nil) is alsoequalto nil but undera L1sp conceptof equality;it may be worthwhile trying to
think L1sp equalityin behaioural abstractiorterms.
10 which mayalsohave visible sortsin thearity.
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This “neutrality” of cons with respecto the behavioural equivalencemay be understoody
thefactthatcons preserveshebehaioural equivalencedefinedby cdr andcar only. Thisbasic
propertyof hiddenconstructords called coheence(DF98h Dia98g, which in generalmeans
thepreserationof the behaiioural equivalencerelationby the hiddenconstructorsln CafeOBJ
thecoherenceropertyis userspecifiedasanoperationattribute:

op cons : Elt List -> List  {coherent}

The semantiomeaningof a coherencaleclarationis thatthe correspondingpecificationad-
mits only modelsfor which the operationis coherent(i.e., it preseresthe behaioural equia-
lence).For methodologicateason€afeOBJ admitspotentiallynon-coherenpperationgin the
absencef thecoherenceleclaration)howeverin thefinal versionof the specificatiorall hidden
constructorshouldbe declarecoherenbothfor semanticahndoperationateasons.

2.3. Behavioual coheencemethodolgies

In the above list examplethe coherenceof cons canbe proved as a formal property of the
specification*’. This meansthatin ary modelof this specificationthe interpretationof cons
automaticallypreseresthe behaioural equivalence so the classof models(implementations)
of the specificationwith cons not specifiedas coherentcoincideswith its subclasf models
for thecasewhencons is specifiedascoherentSuchconstructorswhich occursfrequentlyand
which arepracticallydesirablearecalledthe conservative

The oppositecaseis representethy the non-conservativeonstructorsyhich correspondso
the situationwhenthe classof modelsfor the casewhenthe operationis specifiedascoherent
is a strict subclas®f the classof modelswhenthe operationis not specifiedascoherentProof-
theoretically this meansthe coherenceropertyof the operationcannotbe formally provedas
a consequenceropertyof the [rest of the] specification Becauseof its semanticabspectthe
methodologyof non-conserative constructorss moreadvancedandsophisticatedhanthecon-
senative one.However it might bevery usefulin dealingwith non-terminatingcomputation&

11 The CafeOBJ proof scorefor this is rathersimple;we leave it asexercisefor thereader
12 This is very similar to the useof commutatiity attribute for operationsin classicalalgebraicspecificationa good
exampleof non-conserative methodologyis givenin (Dia983.
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Proving behavioual coheence We now concentrateéo anexampleillustrating the behaioural
coherencenethodologyof consenrative constructorsConsiderthe following behaiioural speci-

ficationof sets:

E in empty = false
Einadd(E’,S)=(E=FE)or(EinS)

E in (S1US2) = (Ein S1)or (E in S2)
E in (S1&S2) = (Ein S1)and (E in S2)
E in neg(S) = not(Ein S)

This specificatiorhasonly onebehaioural operation hamelythe obsenation _in_. The hidden
constructorsaadd, _U_, _&_, andneg canbe proved coherentoy the following CafeOBJ proof
score:
open .
ops s1s2s1's2' : -> Set . -- arbitrarysetsastemporaryconstants
ops e e’ : -> Elt. -- arbitraryelementsaastemporaryconstants
ceq S1=*=S2 =true if (e in S1) == (e in S2) . -- definition of behaioural equivalence
beq sl =sl'.-- hypothes
beqs2 =s2' . -- hypothes
red add(e, s1) =*=add(e, s1’) . -- behcoherencef add(_) for variableclashat Elt
red add(e’, s1) =*=add(e’, s1’) . -- behcoherencef add(_) for novariableclashat Elt
red (s1 U s2) =*=(s1’Us2'). -- behcoherencef _U_
red (sl & s2) =*=(s1’' & s2’) . -- behcoherencef &
red neg(sl) =*= neg(sl’) . -- behcoherencef neg_
close
Notice the simplicity of this proof scorewhich usesthe built-in default coinductionrelation
=*= which in practiceis oftenly the behaioural equivalence Oncethe coherencef the hidden
constructorgs formally proved,their coherenceleclarationareaddedto the specificationthus
obtainingthe final versionof the specificationunderthe methodologyof consenrative hidden
constructors.

2.4. Behaviounl Verification

One of the greatadvantagef behaioural specificationlies in the simplicity of the verifica-
tion stagewhich sometimesontrastssharplywith the complexity of correspondinglatatype
verifications.Setsareoneof the examplesshawving clearly the greatersimplicity of behaioural
verifications.While the verification of set-theoretiqropertiesin the dataapproachgetsinto a
very comple induction processhehaioural propertiesof setscanbe proved almostimmedi-
ately. Thefollowing is thevery simple CafeOBJ proof scorefor oneof De Morganlaws:

open .
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ope:->Elt.

opssls2s3:-> Set.

ceq S1:Set =*= S2:Set = true if (e in S1) == (e in S2) . -- definitionof behaioural equivalence
red neg(sl U s2) =*= (neg(sl) & neg(s2)) . -- proof of de Morganlaw
close

Behavioual rewriting. Theexecutionof behaiouralspecificationss doneby behaiouralrewrit-
ing, which is a refinemenbf ordinary (term) rewriting thatensureshe correctnessf rewriting
whenusingbehaioural equationsasrewrite rules. The basicconditionof behaioural rewriting
requiregheexistenceof a pathformedby behaioural or coherenpperation®ntop of therede.
Wheninferring strict equalities,it is requiredin additionthatthe top of suchpathis of visible
sort.For example,whenproving the behaioural coherencef add,

red add(e, s1) =*=add(e, s1’).
meansa strict equalityreduction.In this casethefirst behaioural equationof the corresponding
proof scorecannotbe usedasa first rewriting stepsincethe conditionof behaioural rewriting
is not fulfilled. This triggersthe useof the conditionalequationinsteadasa first rewriting step,
and only after this the useof behaioural equationsof the proof scorefall underthe required
condition.

2.5. Behavioual refinement

Objectrefinemenin behaioural specifications a relaxform of behavioural specificatiormor-
phism (see(DF98b for more details). As an examplewe shav how behaioural lists refine
behavioural sets,which correspondso the basicintuition of setsimplementedslists:

empty/nil

soSetfList:

E in L |----> (E == car(L)) or-else
(car(L) =/= err) and-also (E in cdr(L)))

add/cons

For simplicity of presentatiorwe considerechereonly the caseof basicsets,without union,
intersectionand negationt. The refinementof behaioural basicsetsto lists was represented
above by extendingthe graphicalnotationpreviously introducedwith:

G3.Refinemenbf sorts and opemationsis written by _/_ and sharing the samefigure (disk or
arrow) in thediagram

13 Our examplecanbe easilyextendedto unionandintersectionbut not so easilyto negation.



Algebraic Specificatiorin CafeOBJ 13

G4 Newly introducedsortsand operationsare representedy dottedlines.

In this refinementthe hiddensort Set is refinedto the hiddensortList (this meanghatary
stateof the setobjectandbeimplementedy a stateof thelist object),add is refinedto cons.
The list objecthasthe obsenation car andthe actioncdr asnewv behaioural operationsand
alsoaddsthe error handling.The setobjectobsenation _in_ is refinedto a derived obsenation
(usingsomeoperationalersionsof the Booleanconnectves).This refinementtanbe encoded
in CafeOBJ by thefollowing moduleimport:

mod* LIST' { protecting(LIST)

op _in_: Elt List -> Bool {coherent} -- coherencerovablefrom therestof spec
vars EE’ : Elt

var L : List

eq E in L = (E == car(L)) or-else (car(L) =/= err and-also E incdr(L)) . }

Thefollowing is theproofscorefor thefactthatthe mappingdefinedaboveis indeedarefine-
ment,i.e., the propertyof add holdsfor cons:4

open LIST" .

ops e ele2:-> Elt. -- arbitraryelementsastemporaryconstants

op | : -> List. -- arbitrarylist astemporaryconstant

eqgelinl =true . -- thebasiccasewhenthe elemenidoesbelongto thelist

eq e2in | = false . -- thebasiccasewhenthe elementdoesnot belongto thelist

red e in nil == false . -- thenil case

red el in cons(e,l) == true .

red e2 in cons(e,l) == false .

red e in cons(e,l) == true . -- theelementlashcase

close

3. Concurrent Object Compositionin CafeOBJ

In this sectionwe presenthe objectcompositionrmethodof CafeOBJ basedn the behaioural
specificationparadigm.We presenthere a simplified methodwhich doesnot usebehaioural
coherenceWe useUML to represenbbjectcomposition:

Object A

t?

Object B

Object D Object E Object C

! base level objects

14 Thisinvolvesa smallcaseanalysis.
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In theabove UML figure,B is composeaf D andE, A of B andC, andnon-compounebjects
(i.e.,objectswith no componentsarecalledbaselevel objects A compositionin UML is repre-
senteddy line tippedby adiamond,andif necessaryqualifiedby the numbersof componentgl
for oneand* for mary).

Projectionoperationsfrom the hiddensortof the statesof the compoundbjectto the hidden
sortsof the statesof the componenbbjectsconstitutethe maintechnicalconceptunderlyingthe
CafeOBJ compositionmethod;projectionoperationsarerelatedto the lines of UML figures.
Projectionoperationaresubjecto someprecisemathematicatonditions(see(IMD 98, DF98hH
for details),which canbeinformally summarizedsfollows:

— all actionsof thecompoundbjectarerelatedvia the projectionoperationgo actionsin each
of thecomponentand

— eachobsenationof the compoundbjectis relatedvia the projectionoperationgo anobser
vationof somecomponent.

In the compoundobjectswe only definecommunicatiorbetweenthe componentsthis means
that the only equationsat the level of the specificationof the compoundobjectsare the ones
relating the actionsand obsenationsof the compoundobjectsto thoseof the componentsas
describedabove.

3.1. Parallel connection

The component®f a compositeobjectareconnectedunsynchronizedn parallelif thereis no
synchronizatiorbetweenthem. In orderto definethe conceptof synchronizationwe have to
introducethe conceptof actiongroup. Two actionsof a compouncdobjectarein the sameaction
group when they changethe stateof the samecomponentobject via a projection operation.
Synchronizatiorappearsvhen:

— thereexistsanoverlappingbetweernsomeactiongroups,or
— theprojectedstateof the compoundobject(via a projectionoperation)dependsn the state
of adifferent(from the objectcorrespondingo the projectionoperation)component.

Thefirst caseis sometimesalledbroadcastingandthe secondcaseis sometimegalledclient-
servercomputing In the unsynchronizeadase we have full concurreng betweenall the com-
ponentswhich meanshatall the actionsof the compoundobjectcanbe appliedconcurrently
thereforethe componentganbeimplementedasdistributed processesr concurrenfprocesses
with multi-threadwhich arebasedn asynchronousommunications.

For unsynchronizegarallelconnectionywe considera bankaccountsystemexample.Firstly,
we considera very simplebankaccountsystemwhich consistsof a fixed numbersof individual
accountsletsactuallyconsiderthe caseof justtwo account.The specificatiorof anaccountcan
be obtainedust by renamingthe specificationCOUNTERZ1 of a counterobjectwith integersas
follows

mod* ACCOUNTL1 { protecting(COUNTERL1 *{ hsort Counter -> Accountl,

op init-counter -> init-accountl })}
mod* ACCOUNT?2 { protecting(COUNTER1 *{ hsort Counter -> Account2,
op init-counter -> init-account2 })}
whereCOUNTERL1 is representeth CafeOBJ graphicalnotationasfollows:
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init-counter

amount(init-counterl) = 0
amount(add(l, C)) = | + amount(C)

We thencomposehesetwo accountbjectsasin the following doublefigure containingboth
the UML andthe CafeOBJ graphicat® representatioof this composition:

Account Sys

account2

accountl

depositl
deposi t2
W t hdrawl
Wi t hdr aw2

1 1 depositl
deposit2
withdrawl

1 1 withdraw2

Account 1 Account 2

add add °

wheredepositl andwithdrawl aretheactionsfor thefirst accountpalancel is the obsenation
for thefirst account,accountl is the projectionoperationfor the first account,and deposit2,
withdraw2, balance2, andaccount2 arethecorrespondin@ctionsobsenation,andprojection
operatiorfor thesecondaccountTheequationdor this parallelconnectioncomposition)areas
follows:

eq balancel(AS) = amount(account1(AS)) .

eq balance2(AS) = amount(account2(AS)) .

eq accountl(init-account-sys) = init-accountl .

eq accountl(depositl(N, AS)) = add(N, account1(AS)) .

eq accountl(deposit2(N, AS)) = account1(AS) .

eq accountl(withdrawl(N, AS)) = add(-(N), account1(AS)) .

eq accountl(withdraw2(N, AS)) = account1(AS) .

eq account2(init-account-sys) = init-account2 .

eq account2(depositl(N, AS)) = account2(AS) .

eq account2(deposit2(N, AS)) = add(N, account2(AS)) .

eq account2(withdrawl1(N, AS)) = account2(AS) .

eq account2(withdraw2(N, AS)) = add(-(N), account2(AS)) .

Notice thatbesideghe first two equationgelatingthe obsenationson the compoundobject

to thoseon the componentsthe otherequationgelatethe actionsof the accountsystemto the
actionsof the componentsRemarkthat the actionscorrespondingo one componentdo not

balancel
balance2

15 The CafeOBJ graphicalrepresentatiosorrespondso themoduledefiningthis objectcompositiorratherthanto the
“flattened” specificationhencethe operationf the componentsrenotincludedin thefigure.
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changethe stateof the secondcomponent(via the projectionoperation),hencethis composi-
tion is unsynchronizedn facttheseequationsxpressinghe concurreng of compositionneed
not be specifiedby the user in their absencghey may be generatednternally by the system,
thusreducingthe specificationof the compositionto the essentialnformationwhich shouldbe
providedby theuser

3.2. Dynamicconnection

In this subsectionywe extendthe previous bankaccountsystemexampleto supportan arbitrary
numberof accountsTheaccountarecreatedr deleteddynamically sowe call sucharchitecture
patterndynamicconnectiorandwe call the objectsconnectedlynamicallyasdynamicobjects A
dynamicobjecthasanobjectidentifiertypeasthearity of its initial state(whichis quiteanatural
ideathatin object-oriente¢hrogrammindanguagedanguagesystemsautomaticallyproviding a
pointerfor eachobjectwhencreated)We thereforefirstly extendthe specificatiorof thecounter
to adynamicobject

op init-counter : Uld -> Counter
whereUld is a sort for useridentifiers. The structureof the new bankaccountsystemcanbe
representeth UML andCafeOBJ graphicalnotationasfollows:

no-account

deposit

Account Sys

add- account
del - account
deposi t

Wi t hdr aw account

1 add-account

del-account

Account

Account

add

wheretheactionsadd-account anddel-account maintaintheuseraccountsadd-account cre-
atesaccountsvith someinitial balancewhile del-account deletegsheaccountsbothof themare
parameterizetyy the useridentifiersUld. Eachof deposit andwithdraw is alsoparameterized
by the useridentifiers.Most notably, the projectionoperationfor Account is alsoparameterized
by Uld. Theinitial stateof AccountSys hasno accountsoit is mappedo theerror statecalled
no-account. Finally, the equationgelatethe actionsof AccountSys to thoseof Account via
the projectionoperationonly whenthey correspondo the specifieduseraccount.Hereis the
essentiapartof the CafeOBJ codefor the dynamicsystemof accountspecification:

eq account(U, init-account-sys) = no-account .

ceq account(U, add-account(U’, N, A)) = add(N, init-account(U)) ifU==U".

ceq account(U, add-account(U’, N, A)) = account(U, A) ifU=/=U".

ceq account(U, del-account(U’, A)) = no-account ifU==U".

ceq account(U, del-account(U’, A)) = account(U, A) ifUu=/=U".

ceq account(U, deposit(U’, N, A)) = add(N, account(U, A)) ifu==U".

ceq account(U, deposit(U’, N, A)) = account(U, A) ifU=/=U".



Algebraic Specificatiorin CafeOBJ 17

ceq account(U, withdraw(U’, N, A)) = add(-(N), account(U, A)) ifU==U".
ceq account(U, withdraw(U’, N, A)) = account(U, A) ifU=/=U".

3.3. Syntronizedparallel connection

In this subsectionwe adda userdatabas€¢UserDB) to the bankaccountsystemexamplefor
having a more sophisticatedusermanagemeninechanismThis enablesqueryingwhetheran
useralreadyhasanaccounin thebankaccounsystemThefollowingisthe UML andCafeOBJ
graphicalrepresentationf this:

Account Sys
:d‘d— account Wys
el - account
deposi t
Wi t hdr aw user-db account
\\ AccountSys /
1? fl o
1 ’ UserbB: \ Account /
User DB Account "
deposit

add-account
del-account

withdraw

add add

wheretheusergdatabaseis obtainedustby reusing(renamingthesetobjectof Section2.3.The
new accountsystemcompoundobjectcontainsboth synchronizatiorpatternsbroadcastingind
client-senercomputing.add-account is relatedto add of Account by the projectionoperation
for Account andit is alsorelatedto add of UserDB by the projectionoperationfor UserDB.
So,thereis anoverlappingof actiongroups(broadcasting)Also, add-account is relatedto add
of Account by the projectionoperationfor Account usingtheinformationof UserDB (client-
senercomputing).The sameholdsfor del-account.
Thefollowing CafeOBJ coderepresenttheequationgor theprojectionoperatiorfor UserDB:

eq user-db(init-account-sys) = empty .

eq user-db(add-account(U, AS)) = add(U, user-db(AS)) .

eq user-db(del-account(U, AS)) = neg(add(U, empty)) & user-db(AS) .

eq user-db(deposit(U, N, AS)) = user-db(AS) .

eq user-db(withdraw(U, N, AS)) = user-db(AS) .
Thefollowing is the CafeOBJ codefor the equationdor the projectionoperationfor Account,
we skip herethe equationsof deposit and withdraw which are the sameasin the previous
example andwe alsoskiptheequatiorfor del-account whichis similarto thatof add-account:

eq account(U, init-account-sys) = no-account .

ceq account(U, add-account(U’, N, AS)) = add(N, init-account(U))

if U == U’ and not(U in user-db(AS)) .

ceq account(U, add-account(U’, N, AS)) = account(U, AS) if U=/=U’or U in user-db(AS) .
For add-account, we checkwhetherthe useris alreadyregisteredandif not mapit to add. If
theuseris alreadyregisteredn UserDB, thenskip.

It is interestingto mentionthatthe sametest

red balance('u:Uld, add-account ('u, 100, deposit('u, 30, add-account('u, 100, init-account-sys))))
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getsdifferentresultsin the previous accountsystemexampleandin the currentsynchronized
exampledueto thefiner usermanagement thesynchronizedase.

3.4. Compositionalityof verifications

In object-orienteghrogrammingreusabilityof thesourcecodeis importantbutin object-oriented
specificationreusabilityof the proofsis alsovery importantbecausef the verificationprocess.
We call this compositionalityof verificationsof componentsin the CafeOBJ objectcomposi-
tion methodthisis achievedby thefactthatthe behaioural equivalenceonthe compoundbject
is the conjunctionof the behaioural equivalencef the componenbbjects(this is a Theorem
which canbefoundin (IMD 98)). Thereforejn the caseof a hierarchicobjectcompositionthe
behaioural equivalencefor the whole systemis just the conjunctionof the behaiioural equiva-
lencesof the baseevel objects which aregenerallyrathersimple.

For example the beha/ioural equivalencefor the bankaccountsystemis a conjunctionof the
behaioural equivalenceAccount (indexed by the useridentifiers)andUserDB, andthesetwo
arechecled automaticallyby the CafeOBJ system.This meangshatbehaioural proofsfor the
bankaccountsystemarealmostautomatic without having to go throughthe usualcoinduction
process.Thereforethe behaioural equivalence_R[_]. of AccountSys can be definedby the
following CafeOBJ code:

mod BEQ-ACCOUNT-SYSTEM { protecting(ACCOUNT-SYSTEM)

op _R[_]-: AccountSys Uld AccountSys -> Bool
vars AS1 AS2 : AccountSys
var U : Uld
eq AS1 R[U] AS2 = account(U, AS1) =*= account(U, AS2) and
user-db(AS1) =*= user-db(AS2) . }
Notice the useof the parameterizedelationfor handlingthe conjunctionindexed by the user
identifiers.

Now, we will provethetrue concurrenyg of withdrawals of two differentuserswhich canbe
consideredhsa safetypropertyfor this systemof bankaccountsandwhich is formulatedasthe
following commutatvity behaioural property:

withdraw (ul, n1,withdraw (u2,n2,as)) ~ withdraw (u2,n2, withdraw (u1, n1,as))

The following CafeOBJ codebuilds the proof treecontainingall possiblecasesormedby or-
thogonalcombinationsof atomic casesfor the userswith respectto their membershigo the
useraccountdatabase.The basicproof termis TERM. The automaticgeneratiorof the proof
tree (RESULT )is doneby a meta-level encodingin CafeOBJ by usingits rewrite enginefor
one-directionalkconstructionof the proof tree (this processusesthe rewriting logic featureof
CafeOBJ, hencethe useof transitions(trans) ratherthanequations).
mod PROOF-TREE { protecting(BEQ-ACCOUNT-SYSTEM)

ops nln2 :-> Nat -- arbitraryamountsfor withdrawal

ops uulul u2u2' :->Uld --arbitraryuseridentifiers

op as : -> AccountSys -- arbitrarystateof theaccountsystem

eq ulin user-db(as) = true . -- firstuseris in thedatabase

eq u2 in user-db(as) = true . -- seconduseris in the database

eq ul’ in user-db(as) = false . -- first useris notin the database
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eq u2' in user-db(as) = false . -- seconduseris notin thedatabase

vars U U1 U2 : Uld

op TERM : Uld Uld Uld -> Bool -- basicproofterm

trans TERM(U, U1, U2) => withdraw(U1, n1, withdraw(U2, n2, as)) R[U]

withdraw(U2, n2, withdraw(U1, n1, as)) .

op TERM1 : Uld Uld -> Bool

trans TERM1(U, U1) => TERM(U, U1, u2) and TERM(U, U1, u2) .

op TERM2 : Uld -> Bool

trans TERM2(U) => TERM1(U, ul) and TERM1(U, ul’) .

op RESULT : -> Bool -- final proofterm

trans RESULT => TERM2(ul) and TERM2(u1’) and TERM2(u) . }
Theexecutionof the prooftermRESULT givestrue afterthe systemperforms233rewrites.

4. Conclusionsand Futur e Work

In this paperwe presentedhe CafeOBJ object-orientedmethodologyfor component-based
specificatiomandverificationwhichis basedn the CafeOBJ behaioural abstractiorparadigm.
We alsopresentedhebasicbehaioural specificatiormethodologyin CafeOBJ andgave a brief
overview of the CafeOBJ languagesystemandspecificatiorervironment.

Futurework in this areawill further explore andrefinethe currentCafeOBJ methodologies
exposedherewith the aim of creatinganindustrialtool aroundthesemethodologiegontaining
anindustrial-orientedutorial,a GUI interfaceprobablybasednthecurrentCafeOBJ graphical
notation,a graphicalproof ervironment,etc.
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