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1. INTRODUCTION

Abstract

Thereareanumberof reasonsvhy softwareconstructioris aninherently
hardprocesgo master Specificatiorplaysa centralrole here;therefore,
bettermeansof specificationmprove productvity. Oneway of achies-

ing this maybetheuseof formal specificatiolanguageswhich have the
adwantageof beingunambiguousThis thesisproposesandmotivatesa

new formal specificationlanguagecalled AFSL (Almost Formal Spec-
ification Languageor Another Formal SpecificationLanguage). AFSL

is notafull-grown tool thatcanbe usedproductvely in the softwarein-

dustryright away. Rather its developmenthasbeena questfor creatve

ideasthatmayenhanceheapplicabilityof formal specificatiorin thefu-

ture. This introductionexplainswhatformal specificationis andargues
why it is useful,discusseshe historicalbackgroundf AFSL, andgives
anoverview of therestof thethesis.

1.1 SoftwareCrisis

Poorlyfunctioningcomputersoftwareis novadaysprobablythelargestsourceof an-

noyanceaftertraffic jamsandbadweather The mostoften heardcomplaintsabout
softwarearethatit is buggy thatit doesnot functionadequatelythatit is too expen-
sive,andthatit is deliveredlate. Of course pnecanwonderwhetherthesegrievances
arereally very consequentiajudgingfrom thelarge amountof money spenton soft-

ware, apparentlyit is worth it. However, it is clearthat the public expectsbetter
achierementfrom the softwareindustry Many softwareengineeringexpertsbelieve

thedevelopmentof softwareis a hardto controlprocesdor whichthereareno meth-
odsandtechniquesavailable (yet) (Brooks 1987). This stateof affairsis oftenre-

ferredto asthe softwarecrisis.

It is very hardto analyzescientificallywhy it is sodifficult to produceadequate
software. The underlyingmechanismsre hardto obsere andit is not feasibleto
studythe processin a laboratory The reasonggiven in the literatureare, at best,
educatedguesses.McDermid (1991) identifiesfive problemsinherentin software
developmentwhich | think mary expertswill agreewith:
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e Softwareis oftentoo complex to beentirelyunderstoody asingleindividual.
We cantry to manageompl«ity by dividing the systeminto subsystemdyut,
assystemgyrow, theinteractionbetweersubsystemsgicreaseson-linearly

e |t is notoriouslydifficult to establisranadequate@ndstablesetof requirements
for asoftwaresystem.Oftentherearehiddenassumptionghereis no analytic
procedurdor determiningwhenthe usershave told the developerseverything
they needto know, and developersand usersdo not have a commonunder
standingof termsused.

e Theinteractionbetweerthedifferentpartsof a systemmakes changdlifficult.

e Softwareis essentiallythoughtstuff (thatis, the resultof a thoughtprocess)
andmuchof whatis importantaboutsoftwareis not manifestin the programs
themseles(suchasthereasongor makingdesigndecisions).

e A requirementspecificatiorfor a systemcontains perhapdmplicitly, an ap-
plication domainmodel (for example,describingthe rulesof air traffic). De-
velopmentof applicationdomaintheoriess very difficult.

All theseaspectaredirectly relatedto written communicationManagingcomple-
ity dependson an ability to documentthe interfaces(parameterand functionality)
of themodulesnvolved. Requirementareanimportantreferencdor thewhole pro-
cessandshould therefore be unambiguoushandaccessiblydescribedor everyone.
To keeptrackof changest is importantto documenivhatexactly hasbeenchanged.
Software canbe mademorevisible by describingnon-materiahrtifacts,suchasthe
overall designof a program. Domainmodelsshould,just like the requirementsbe
well documented.Thus, software engineeringcan benefitfrom goodtechniquego
describesystemgprogramssubsystemsetc.).

1.2 Specifications

For communicatiorpurposespneis usuallynotinterestedn the internaldetailsof a
system.A specificatioris anabstractlescriptionof a systemwhich focuseson what
it does(or shoulddo) ratherthanhow it doesit. The notion of “specification”is a
relative one;it only indicatesthatit is usedasanabstracescriptionof something.
A systemcanbe specifiedasoneblack box (thatis, only describingthe relationship
betweenthe in- andoutputs),but, duringthe realizationof the systemit may be di-
videdinto mary subsystems/hichcan,in turn,bespecifiedaslittle blackboxes.The
specificatiorof thelittle boxesis, in away, animplementatiorof the big box, which
is muchmoreabstractFor example,ablackbox specificatiorof a bridgeis the state-
ment“an artifactthatenablegpeopleto crosswater” (althoughthat statementvould
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includeboats).A specificatiorat amoredetailedlevel is a constructiordraving of a
bridgewhich describeghe partsthe bridgeis built of (which would excludeboats).
Thedrawing is animplementatiorof theblackbox, but is still anabstractlescription
of arealbridge.

Thus,specificationgcanplay mary differentrolesasa meansof communication
in the software constructionprocess:as contractbetweencustomerand builder, as
documentatiorof designor implementationasworking paperduring requirements
analysisor design,asdefiningdocumentfor evaluationor standardizationasrefer
encefor testingor verification,etc. Writing specificationdiasthe additionaladwan-
tagethatit forcesoneto think very carefully aboutthe functionality of the system,
which leadsto a betterdefinition of the problem.

Thereis generalagreemenamongsoftwareengineerghat specificationshould
be madeduring softwaredevelopment(which doesnot meanthatit is actuallybeing
done). The alternatves are eitherusingno documentatiorat all (usingonly verbal
communication)or using programsourcesas non-abstractlescriptions. The first
option makes the processuncontrollable;the secondoption is not practical since
sourcegontaintoo mary irrelevantdetailsandarehardto readby humans.

1.3 Specification_anguages

Specificationsare oftenwritten in naturallanguage.This may not be the mostsuit-
ableform of notationdueto its extremeambiguityin syntaxandsemanticsin which
peoplecanaddtheir own terminologywithout precisedefinition. Onehasto be ini-
tiatedinto the culture andterminologyof a certaindomainbeforeone canjoin in.
Also, naturallanguageallows only limited automatedool supportandlimited rigor-
ous(mathematicalanalysis.Theadwantageof naturallanguagés thatpeoplealready
know it, which makesit the mostnaturallanguageo use. Thedisadwantagesanbe
easedy usingastructuredorm of naturallanguagevhich s limited to lessambigu-
ousconstructsHowever, this sacrificeghe naturalnessf thelanguage.

Anotheralternatve is the useof mathematicahotation,which is lessambiguous
andallows rigorousanalysis. The disadwantagesof naturallanguagealso hold for
thelanguageof mathematicsalthoughsomevhatlessbecausét is moreprecise.On
the other hand, mathematicahotationis harderto usebecausef the mary exotic
symbols,the often implicit notationalassumptionsand the private enhancements
mary authorsmale.

Software engineerings usingmoreand moregraphicalnotations,suchasflow
diagramsentity-relationshigliagramsandflow charts(see for example the Unified
Modeling Languag€g(Si Alhir 1998)). In principle, graphicallanguagexanhave a
clearand unambiguouslefinition (althoughthey oftendo not). Moreover, graphics
seento appeato mary people;onepicturecanoftensaymorethanathousandvords.
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However, graphicallanguagesisually have limited expressienessandare aimedat
particularaspects.

1.4 Formal Specification

In thisthesisanothettypeof languagés investigateda formal specificatiorlanguage
is aformal languagespeciallydesignedo be usedfor the specificationof software.
A formal languageis an artificial languagewith well-definedsyntax(definingwhat
sentencesre allowed) and semanticqdefining what the meaningis of thesesen-
tences).

The advantage®f formal languagesrethatthey are unambiguousndexplicit
andthatthey canbe supportecby computerandby mathematicalnalysis. But all
this hasits price: staf hasto learnthe language(which mostpeoplefind difficult)
andformal specificationsake moretime to male (preciselybecausehey areunam-
biguousandexplicit). Thereforejndustrialapplicationof formal specificatiorcould
turn out to be too expensve, but thatis hardto tell. Casestudiesare oftennotrep-
resentatie: they areusuallyperformedby personnethatis academicallytrainedin
formal methods,which is not the profile of the averagesoftware engineer Glass
(1999)shaws thatthereis asyet no hard evidencethat formal methodg(or, in fact,
ary other method)are cost effective. No wonderthat at this momentthereis no
consensusnthelevel of formality neededor specificationsWhethercurrentlyeco-
nomicallyusefulor not, formal specificatiordoeshold the promiseof moreeffective
communicatiorwhich malkesit worthwhileto investigatat.

The useof formal specificationlanguagess part of a discipline called formal
methodswhich usesnathematicalechniqueso constructcorrectsoftware. Bowens
web site at archive.comlab.ox.ac.uk/formal-methods.html givesan exten-
sive entryinto theworld of formal methods Not all formal methodsuseformal lan-
guagessomeusemathematicahotation(whichis not a formally definedlanguage).
| distinguishbetweertwo typesof formal methods:straightedge which aimatcom-
pletecorrectnesgroofsof software,and light, which only useformal languagess
an unambiguoudgorm of notation. Thefirst requiresmathematicamanipulationby
the user; the seconddoesnot. Of course,therecan be mixturesbetweenthe two
types.Thework presentedh thisthesisbelonggo the cateyory of light formal meth-
ods.However, asmathematicahnalysisof softwaredepend®n soundspecifications,
straightedgeformal methodamay alsobenefitirom theresearctpresentedhere.

1.5 TheFSAproject

AFSL wasdevelopedas part of the Formal SystemAnalysis (FSA) projectof the
departmenbf ComputingScienceof the University of Groningen.FSA aimedatthe
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useof formalmethoddor theanalysisof openrequirementgdefinedoy Blum (1993)

aspoorly understoocinddynamicrequirements)The projectwasinspiredby expe-

rienceswith the useof formal methodsin the DETER project(Brookhuis& Oude
Egbrink1992). DETERwasconcernedvith the developmentandtestingof systems
thatinfluencedriver behaior by giving feedbackon traffic violations. The formal

specificationanguageCOLD (Feijs, Jonlers & Middelburg 1994)wasusedfor an-

alyzing the requirementsand implementationof the prototypesysteminDETER-1

(SaamanPolitiek & Brookhuis1994,de Waard,Brookhuis,vanderHulst& vander

Laan1994). Oneof the motivationsfor the useof formal specificationvasthe legal

aspectvhich forcedusto bevery precise.

It turned out that INDETER-1 had openrequirementqalthoughwe were not
aware of thatat thetime). Even for relatively simplerules(suchastraffic light vi-
olations)legislationis incompleteor ambiguous Attemptswere madeto producea
formal specificationthesedid not succeedthey did, howvever, improve understand-
ing of the requirementsaind a working systemwasdeliveredin time). Therewere
two mainreasondor this failure. First, COLD wasa difficult languagdo masterfor
which notmuchdocumentatiomr toolswereavailable.Secondlytherewasalack of
(public) guidelineson how a specificatiormustbe madefrom scratchjn particularif
therequirementgareopen.

Basedon theseexperiencesve decidedto develop a specificatiormethodbased
on principlesof object-orientecanalysisandlooked for a formal specificationlan-
guagethatwould suit this method. During the DETER casel startedexperimenting
with my own specificationnotation(which was not a real languageyet). Whenno
languagavasfoundthatmettherequirementsf the FSA project(seeSection2.3),it
wasdecidedio expandthe experimentaiotationto a formal specificationanguage,
which becameAFSL. Althoughtheoriginal ambitionof the projectwasnotrealized,
it led to severalvaluableinsights,which arediscussedh this thesis.

1.6 CaseStudies

During its developmentAFSL wasusedin two major specificatiorcasestudies.The

first project, Formalizationof ANesthesia(FAN), was a cooperationbetweenthe

Departmenbf Anesthesiaf the University Hospitalin Groningenandthe Depart-
ment of ComputingScienceof the University of Groningen. The secondproject,

Minimalist Parser(MP), wasa joint actiity with the Departmenbf Computational
Linguisticsof the University of Groningen.

Prior to FAN, the feasibility of developing decisionsupportsystemshadbeen
investigatedand someprototypeswerebuilt (de Geus& Rotterdam1992,de Geus,
Rotterdamyan Denneheuel & van EmdeBoas1991). This led to the insight that
both the limited degree of exactnessandthe complity of the relatedknowvledge
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domainwere major bottleneckswhich led to this project. FAN produceda formal
specificatiorin AFSL of thedomainknowledgethatis neededo constructadecision
supportsystemfor anesthesiologyGroenboom1997, Groenboom& Renardelde
Lavalette1996).

The Minimalist Programproposedby Chomsk (Chomsly 1992) aims at the
developmenibf atheorywhich explainshow humansonstrucihaturallanguagesen-
tencesA Minimalist Parsetis anaturallanguageparsetbasedn theMinimalist Pro-
gram.A formalspecificatiorof suchaparsetin AFSL wasproducedVeenstrda 998),
which in fact includedthe formalizationof the underlyingMinimalist theory Al-
thoughthis theoryis ratherstructuredandincorporatessomemathematicahotions
(suchastrees),it is nowheredescribedormally (althoughStabler(1992)givesafor-
mal specificatiorof anearliertheoryof Chomsly) andmary detailsareleft implicit
or still open.

Thesetwo casegrovided usefulfeedbackandnew ideasfor the final versionof
AFSL. Somefeatureswereaddedonly afterthe caseswerefinishedand,therefore,
have unfortunatelynotbeentestedn ary sizableapplication.lt hasbheennotedby van
Deursen(1994)thatlanguageandtoolsshouldbe developedsimultaneouslyn order
to benefitfrom theresultinginsightsinto the natureof thelanguageIn parallelwith
the developmentof AFSL, a parsertype checler, and signaturediagramgenerator
wereimplemented As expectedthedesignof AFSL benefitedrom this; thesyntax,
type systemandmodulemechanisnespeciallyimproved.

1.7 Results

AFSL is a casestudyin languagedesignwhich combinesa numberof featureshat
areessentiafor a broadapplicationof formal specificationin a simplelanguage.lt
is the combinationof featureswvhich is importanthere. Too oftenlanguagdeatures
arestudiedin isolationwithout the guarante¢hatthey canbe combined.Thedesign
of AFSL is basedn experiencegainedin thetwo majorcasestudiesn whichit has
beenused(seeprevious section). Importantqualitiesof AFSL arethatit featuresa
simplefirst-orderalgebraidfoundation(all otherfeaturesaredefinedasanextension
of this kernel),that naturallanguagds allowed in informal definitions,andthatim-
plicit functionsmodelsubsortsandinheritance But the maininnovation of AFSL is
the way it modelsnon-functionalfeaturesof operations.Thesearefeatureshat go
beyondthe functionalinput/outputbehaior of operationssuchasexceptions state
changesnondeterminag andcommunicatiorwith theenvironment.Non-functional
featuresaremodeledwithin AFSL in away similar to the useof Monadsin Haslell
(Wadler1993),althoughAFSL is a first-orderlanguage At first, this resultsin con-
siderablenotationaloverheadwhich, however, canbereducedy theuseof amech-
anismcalledapplicationredirectionwhichis introducedn this thesis.
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1.8 ThesisOverview

Chapter2 discusseshe generalprinciplesof formal specificationanguagegwhich
includesrelatedwork) andthe FSA method.Basedonthe needdor the FSA project,
requirementsare formulatedfor a specificationlanguageandit is discussedvhy it
wasdecidedo designanew languageAn overview is givenof thefeaturesof AFSL.
Thesubsequerthaptergjive thedetaileddefinitionof AFSL, demonstratetly mary
examples.Thesechaptercanbereadwithout Chapter2. Chapter3 describesheba-
sic languageChapter4 describegenericmodules(thatis, parameterizednodules),
Chapters describesmplicit functions(thatis, subsortsandinheritance) Chapteré
describeshe modelingof non-functionafeatureqsuchaspartialfunctionsandstate
changes)and Chapter7 describedifting andapplicationredirection(the technique
usedto reducehe notationaloverheadf non-functionafeatures) Finally, Chaptei8
discussethedesignchoiceamadein AFSL, how AFSL meetgheinitial languagee-
quirementof Chapter?, andgivespossibledirectionsfor futureresearch.
All AFSL specificationsncludedin thisthesisareonlineat:

www.eccoo.rug/ Erik/AFSL/Specs
www.eccoo.rug/ Erik/AFSL/Expanded

Thefirst directory containsthe completespecificationsincluding partsthat areleft

outin thethesis.All thesemoduleshave beenchecled by a prototypetype checler

(seeSection8.9). The seconddirectorycontainsthe expandedversionsof the spec-
ifications (although,the origins of nameshave beenomittedin orderto make the
expansiondetterreadable).
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2. AFSL RATIONALE

Abstract

This chaptemotivatesthe designof AFSL. First, relevant propertiesof

formal specificationlanguagesn generalare discussed.Thenan out-

line is givenof the Formal SystemAnalysis(FSA) specificatiormethod.
Basednthediscussiorf languageropertiesandspecificatiormethod,
criteria for a formal specificationlanguageare given. Whenthe FSA
projectstartedtherewasno languagehat satisfiedthesecriteria; there-
fore, a new one was designedwhich becameAFSL. An overview is

givenof its features.

2.1 Aspectsof Formal Specification

In principle ary formal languageprovidedit is expressie enough,canbe usedfor
specification.For example,a simplelogical languagdik e first-orderpredicatdogic
oradeclaratve programmindanguagéik e PrologarepossiblecandidatesHowever,
specifyingin suchnon-specifidanguagewill oftenbe needlesslycomplicatedand
may not fit well into the overall developmentprocess.For example,predicatdogic
is so rudimentarythat specifyingin it is a bit like writing programsin assembler
Thereforetailoredlanguageshouldbe usedinstead.Someaspectshatcanbe dealt
with in a specializedanguageare datastructurestypical software aspectgsuchas
input/output),prototyping,modularity software developmentmethod,tool support,
andcorrectimplementation.

Althoughformalspecificationanguagesarywidely in detail ,theirgeneraktruc-
tureis similar. In this sectiona generaldescriptionis given of theselanguagesn
orderto explain why it was decidedto designa new language. This discussioris
limited in scopeanddoesnot fully appreciatahe individual qualitiesof the differ-
entlanguages.However, it is usefulto view all specificationlanguagesoughly as
aninstanceof the sameunderlyingconcept.Researchasbeendonein formulating
a formal framework of so-calledinstitutionsthat captureghe generalpropertiesof
formal languagegGoguené& Burstall 1992, Tarlecki 1999), but institutionsaretoo
theoreticafor the currentcontext.

A formal specificatioanguagecanroughly be seenasa programminganguage
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module Booleans

imports Layout

exports
sorts BOOL
context-free syntax
true -> BOOL {constructor}
false -> BOOL {constructor}

BOOL and BOOL -> BOOL {left}
BOOL or BOOL -> BOOL {left}
not BOOL -> BOOL
"(" BOOL ")" -> BOOL {bracket}

priorities
not > and > or

variables
P -> BOOL

equations

[1] true or P = true

[2] false or P =P

[3] true and P =P

[4] false and P = false

[6] mnot true = false

[6] not false = true

Fig. 2.1: Specificatiorof booleansn ASF+SDFE
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COMPONENT ARRAY SPECIFICATION
CLASS
SORT Array VAR

FUNC value : Array # Nat -> String VAR

PROC create : -> Array

0UT a

PRE True

SAT NEW Array

POST FORALL n:Nat (value(a,n)”)

PROC update : Array # Nat # String ->
IN a,n,s
PRE True
SAT MOD value(a,n)
POST value(a,n) = s
END

Fig. 2.2: Specificationof arraysof stringsin COLD (assumingNat is the sort of natural
numbersandString of strings).(Theoperation™ denotesindefinednessf aterm.)

in which definitionsof operationgnay not be executablgthatis, cannotbecompiled
or interpreted). Eachformal specificationconsistsof a collection of declarations
which determinewhich nameg(thatis, identifiers)andvariables(thatis, wild cards
thatcanbe usedasplaceholdersn definitions)canbe used,anda collectionof def-
initions, which determinethe propertiesof the names. Examplespecificationsare
given in Figure 2.1, which specifiesbooleansin ASF+SDF (Bemstra, Heering &
Klint 1989,Klint 1993),andFigure2.2,which specifieanutablearraysof stringsin
COLD (Feijsetal. 1994,deBunje1992).

Therestof the currentsectiondiscusseslifferentaspect®of formal specification
languagesthe basicconceptof formal specificationthat canbe foundin (almost)
ary languageyariationsthat apply to somelanguagessemanticsstructuring;and
applicationdomain.

2.1.1 BasicConcepts

SortsandOperations

The collectionof all declaration®f namesn a specifications calledits signature

Thereareatleasttwo kindsof names:sortnameqB00OL andArray in theexamples)

andoperatiomameqtrue, and, value, create, etc.in theexamples).
Nameshave a value Thevalueof a sortnameis a sort which is a collectionof
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objects Heretheterm“object” is usedwithoutary specificobject-orientedneaning.
Thevalueof anoperatiomameis anoperationpwhich, givenanumberof objects(the
algumenty, returnsa result(whichis anobject)anddoes‘something”(for example,
value fails if anarraydoesnot have a valuefor the givenindex, update changes
thecontentof anarray).

Sortsare sometimesalled types. Somelanguagesio not have sorts,which is
equvalentto having just one sort of all objects(suchlanguagesare called single-
sorted asopposedo mary-sorted.

Thenotionof operatiorasusedhereincludestheconcept®f functions attributes,
methodsgtc.thatsomelanguagesiave. Thesecanall be seenasoperationof some
kind. Somelanguagesllow operationghatdo nothave aresult,but thiscanbemim-
icked by returningary arbitraryresultwhich is subsequentlygnored(for example,
a special“void” objectwhich cannotbe usedfor anything). Many languagesave
constantgthatis, objectnames)but thesecanbe mimickedby operatiomameswith
zeroarguments.For example,in Figure2.1 true andfalse arenullary operations
thatreturnaboolearvalue.

In this thesisthe aspectf an operationwhich go beyond simply returninga
resultare called non-functionaffeatures(suchasstatedependeng side-efects,and
raising error conditions). Our definition of “non-functional” is differentfrom the
usualone which refersto propertiesthat are not directly implementedn a system,
suchas reliability, efficiengy, and price. In this thesisnon-functionalfeaturesare
assumedo beformal propertief operationslUsually specificatioanguagesllow
afixednumberof non-functionafeaturessuchaspartialfunctions(Barringer Cheng
& Jonesl984,Chengl986,Chengl990,Jonesl986)andstate-changingperations
in COLD (Feijs & Jonlers1992,Feijset al. 1994). As far asl| know, thereareno
specificationanguagegexceptAFSL) thatallow the userto specifynon-functional
features.

Variables

Variableshave an arbitraryvalue;they areusedin specificationst positionswhere
ary value may be substituted(like variablen in n+0=n). This kind of variablesis
sometimesalled logical variablesin orderto distinguishthemfrom programvari-
ables(foundin imperative programminganguagesjvhosevaluesare storedsome-
whereandcanbereadandupdated.

Terms

Fromoperationsaandvariables termscanbebuilt, which areeithervariablesor oper
ationcalls (with termsasarguments) Givenavaluefor the operationsaandvariables,
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atermhasa valueanddoeshave somenon-functionafeatureqthe accumulatiorof
thenon-functionafeaturesf the operationsn theterm).

Typing

Many-sortedlanguagesre usually typed similar to programminganguages.That
is, every operationhasa so-calledtype (or arity) which determineshe numberof
agumentsthe sortsto which the agumentsmustbelong,andthe sortto which the
resultbelongs.Also, in atypedlanguageevery variablehasa type, which is a sort
that determineghe domainthe value of the variablerangesover. The two example
specificationsn Figures2.1and?2.2 aretyped. For example,and hastwo aguments
of sortBOOL andupdate hasthreeargumentsof sortsArray, Nat, andString. An
operationcall is well-typedif it hasthe correctnumberof well-typedarguments.In
atypedlanguagat is requiredthatall operationcallsarewell typed.

Usually well-typednesanbe checled automaticallyby a type checler sothat
somesemantierrors(suchasaddingstringsto numbersharedetectedasily Another
adwantageof a typedlanguageis that the type of an operationgives a clue about
its meaning. For example,what canwe expectfrom an operation+ that takestwo
numbersasamgumentsandreturnsanumber?A disadwantageof atypedlanguagean
bethatit istoorestrictve. Forexample thelack of polymorphisnin AFSL turnedout
to bealimitation (seeSection8.5). Most specificatioanguagesretyped,although
thereis somediscussioraboutthe necessityof this (Lamport& Paulson1999).

Definitions

Definitions determinethe meaningof the namesdeclaredin the signature. Here
the term “definition” is usedliberally and includesambiguousdefinitions (under
specificatiop andinconsistentdefinitions (overspecificatio. Thatis, definitions
restrictthe possiblemeaningof the namesratherthan determinethem. Thereare
differentwaysin which definitionscanbeformulated.

Themostbasicform of definitionis by usingaxioms whicharelogicalassertions
thathave to be satisfied.For example,in Figure 2.1 the booleanoperatorsor, and,
andnot aredefinedby listing a numberof equationghat mustbe satisfied. COLD
alsoallows axioms,but theseare not usedin the examplegiven here. In principle
the useof axiomsprovidesenoughdefinitionalpower, providedthelanguagehasthe
appropriatdogical primitives. Most languagesllow axiomsin someform, but mary
alsohave otherdefinitionconstructs.

One frequently occurring form of definition is that of attributed declarations
which is a declarationthat also containssomeinformation aboutthe meaningof
thedeclaredhame.In Figure2.1 the attribute constructor denoteghattrue and
false arethe constructorsof the sortBOOL (thatis, the only elementsof BOOL are
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true andfalse). In Figure2.2theattribute VAR denoteghatArray andvalue are
variables(thatis, they arestatedependent) Theseareexamplesof simpleattributes
that consistof only one singularstatement.More complicatedforms canbe found
in the declaration®f create andupdate in Figure2.2wherethe PRE partsarethe
preconditiondor successfuéxecution,theSAT partsindicatethemodificationrights,
andthePOST partsrestrictthe allowed statesafterexecution.

2.1.2 Variations
Functions

An operationis calleda functionif theonly thing it doesis mappingagumentgo a
result(accordingo someinput/outputrelation)withoutary additionalnon-functional
featuresFor example the operationsn the ASF+SDFspecificatiorof Figure2.1are
all functions. A languagen which all operationsare functionsis called functional
(suchasa functionalprogramminganguage).

Predicates

In additionto sort and operationnames,mary specificationlanguagedlistinguish
predicatenames For example,< andordered in the specificationof Figure2.50n
page25 arepredicatenames Lik e functions,a predicatecanbe appliedto a number
of agumentsaanddoesnot have non-functionafeatures But predicateslo notreturn
anobjectasresult;insteadfor givenargumentsa predicatds eithervalid or not. For
example,1 < 2 isvalidand2 < 1 isnot. Beingvalid or notcanbeseerasa logical
value but thatis somethingdifferentthanan object. Logical valuesarenot elements
of asortandcannotbe agumentsof operationsor otherpredicates.

Having logical valuesalsointroduceshe needfor logical operationswhich are
similar to predicatesout have logical valuesas aguments(or a mixture of logical
valuesandobjects).For example therecanbelogical operationdor “or”, “implies”,
and‘if ... then... else... ".

Predicatesnodelrelationsbetweerobjects. Thoseargumentsor which a predi-
cateis valid arerelated;therestis not. For example,1 and2 are<-related,2 and 1
arenot. Predicategreoftencalledrelations but herewe distinguishthe concepttre-
lation” from the mathematicahotion “relation”. Relationsareanimportantconcept
for modelingsoftware. We cannotdo without relations but we cando without pred-
icates.Relationscanalsobe modeledby functionsthatreturnboolearresults where
thebooleansrethe objects‘true” and“false”. For example,if < isaboolean-alued
function,then? < 2 hasvalue“true” and2 < 1 hasvalue“false”. Contraryto log-
ical values booleansareobjectsandcanbe argumentsof operationsThedistinction
betweerpredicatesandboolean-aluedfunctionsmay seemartificial andirrelevant.
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However, it allows functionsandpredicateso betreateddifferentlyin somerespects,
two importantexamplesof which aregivenhere.

First, one canallow partial functionsbut forbid partial predicates. The result
of a partial boolean-aluedfunction may be undefinedwhich introducesa kind of
three-waluedlogic (“true”, “false”, and“undefined”) or even four-valued (Bergstra,
Bethle & Rodenlirg 1994). A three-waluedlogic is not asstraightforvard asa two-
valuedlogic. For example, shouldthe value of “true or undefined”be “true” or
“undefined” (seeCheng(1986)and Astesiano Kreowski & Krieg-Briickner(1999)
for differentapproacheto three-waluedlogic). Evenif boolean-aluedfunctionsare
forbiddento be partial (which would introducea specialclassof functions),thereis
aproblem.Mostlanguagesvith partialfunctionsarestrictin thesensdhattheresult
of a functionis undefinedif one of its agumentsis undefined. Thus, even a total
boolean-aluedfunctionmayhave anundefined-esult.

Secondpnecandefinealanguagesothatby defaultapredicatés notvalid unless
definedotherwise(this is similar to the closedworld assumptiorof Prolog(Sterling
& Shapiro1994)). This allows conciseandinductie definition of predicategCoFI
TaskGroupon LanguageDesign1997). For example,theless-than-equalperation
<= on naturalnumberscanthenbe definedby:

n <=n
n<=m+l <==n < m

Withoutadefaultvaluefor predicate$t mustbestatedexplicitly for whichamguments
<= is not valid. This is not only lessconcise,but somelanguagegfor example,
Prolog)do not evenallow suchanexplicit definition.

Default predicatevaluesis basedninitial semantic§seeSection2.1.3)wherea
predicatep; is smallerthenp, if andonly if p; is valid for feweramgumentghenp,.
Initial semanticsselectsthe smallestpossibleinterpretationof the declarednames
(the initial model) as the interpretation. In orderto guaranteghat suchan initial
modelexists,thekind of definitionsthe languageallows mustberestricted.To illus-
tratethis, considerthe exampledefinitionof predicatep:

P(1) <== Not P(2)
P(2) <== Not P(1)

Hereit is not definedwhetherP (1) andP(2) arevalid or not, but they cannotboth
beinvalid atthe sametime. This makesthe default definition of P (not valid for all
argumentsimpossible.Therefore a languagehat usesdefault valuesshouldforbid
definitionslik e theabore, which couldbetoo muchof acompromise.

Using boolean-aluedfunctionsinsteadof predicatedkeepsa languagesimpler
The syntaxandsemanticglo not have to considerthreedifferentforms of operation
nameg(normaloperationspredicatesandlogical operationslandtwo forms of ex-
pressiongobjectvaluedandlogical valued).Moreover, distinguishingogical values
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usuallymakesa languagdessflexible becausall logical operationsarebuiltin and
cannotbe declaredby the specifier This severely limits the adaptabilityof the lan-
guageandputsa burdenon its definition, sincesuficient logical operationsshould
be builtin.

AdvancedType Systems

Therearedifferenttyping mechanismsThe mostcommonspecialfeaturesarehigh-
erordertyping, polymorphismandsub-sorting.

Higherordertyping allows agumentof operationgo bethemselesoperations.
Thismeanghatoperationsareconsideredo beobjects accompanietly speciakorts
(for example,s; — s, asthesortof operationdrom s; to s2). A languagehatdoes
notallow higherordertypingis calledfirst-order

Polymorphismallows an operationtype to containsortvariablesthat canbe in-
stantiatedby ary arbitrarysort. The term “polymorphism”is sometimeaisedin a
broadersensdor “having morethanonetype”, which includesoverloadingandin-
heritanceln this thesisit only refersto the possibilityto instantiatesortvariables.

Sub-sortingallows onesorts; to bedeclaredcasa subsortof anothersorts,. If an
operatiorexpectsanargumentof s, it is allowedto give anagumentz of thesubsort
sy. Thismechanisnis calledinheritancesinces; inheritsthe possibilitiesof s,. An
implicit conversionfrom s; to s, is appliedto z to maleit fit. For example lists can
beseenmasasubsorof setswherethecornversionfunctiontransformsalist to asetby
puttingall theelement®f thelist in theset. It is possiblethatthe corversionfunction
is theidentity function (thatis, no corversionis necessary)vhichamountgo s; be-
ing asubsebf s,. Dependingnthelanguagehespecifiermayor maynotdefinethe
conversionfunction explicitly. For example, ASF+SDFhasthe possibilityto define
a specialkind of functionfrom s; to sz calledan injection which is an “invisible”
unaryfunction(thatis, it is denotedby anemptyname).Somelanguagesnayputre-
strictionson the definition of the conversionfunctions:for example thatthey should
beinjective. A potentialproblemof inheritancds thatit causesambiguitiesif there
aremultiple waysto corvertanargumentfrom s; to se (multiple inheritance).

Syntax

Somelanguagesiseonly ASCII symbols;othersalsoallow mathematicabymbols
like V and - (for example,in Figures2.4 and 2.5). Mathematicalsymbolsmale
specificationamore readablefor thosewho are usedto thesesymbols. However,
specificationshouldbereadabldy peoplewho arenotmathematicallyrained(such
asprogrammers)}hereforejt maybebetterto usethemoreverbose&orall andNot
instead Moreover, sincemosttext editorsdo not supportmathematicabymbolsthey
have to be enteredusingspecialsymbolslike \forall and\neg. Thisleadsto two
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different presentationsf the samespecification:the ASCII version(the file being
edited)andtheformattedversion,which cancauseconfusion.

The standardhotationfor operationcalls consistsof the operationfollowed by
a list of aguments(thatis, f(z;,...,z,), for operationf andagumentsz,, ...,
x,,). Othercommonnotationswhich arenotsupportedy all languagesarethe infix
notation(z; f zz), prefix notation(f z;), and postfixnotation(z; f). A veryliberal
syntaxfor operationcalls thatis allowed by somelanguagess the mixfix notation
wherethe nameof the operationconsistsof a numberof separateomponentsand
theamgumentsarewritten betweerthesecomponentsAn exampleof mixfix notation
is:

if n>0 then n-1 else 0

in whichif then, else, is theoperatiorandn>0, n-1, and0 arethealguments.

The*fix” notations(in particularthe mixfix notation)allow specificationsvhich
arecloserto thetexts oneis usedto (eitherin mathematic®r someotherlanguage).
However, they caneasilyintroducesyntacticambiguities.Thatis, someexpressions
can be parsedin more than oneway. For example,9+5/2 can be read as both
(9+5)/2 and9+(5/2). Theseambiguitiescan,in mary casesbe solved by user
declaredpriorities andassociatiities. For example,in Figure2.1 and hasa higher
priority thanor (thus,P or Q and R is parsedasP or (Q and R)) andbothare
left associatie (thus,P or Q or Risparsedas(P or Q) or R)).

Overloading

Somelanguagesllow nameoverloading thatis, the samenamemay denotemore
thanonevalue. Overloadingmay leadto ambiguitieswhich areusuallyresohed by
usingcontet information,suchasthe numberandtype of agumentsof anoperation.
Theadwantage®f overloadingarethatit allows oneto give similar thingsthe same
name(intendedoverloading)andthatit is easierto combinespecificationghatwere
written independentlyaccidentaloverloading). The disadwantageis that it canbe
confusingevenif thereis someprocedureo resole ambiguities.

Leanlanguages

A leanlanguages asmalllanguagehatonly hasaminimal setof baseconstructions;
morecomplicatedconcepthave to bedefinedwithin specificationshemseles. Most
algebraidanguagesrelean,mostmodel-orientedanguagegseeSection2.1.3)are
not (I do notknow why). Themainadwantageof aleanlanguages thatits definition
is simpler Also, tools canbe simplerbecauséhey have to considerfewer language
constructions.Moreover, keepinga languagdeanis a goodtestto seewhetherthe
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languages expressie enough A disadantageof aleanlanguagés thatsomethings
have to beformulatedmoreelaborately

Thereis a trade-of betweeneconomyof languagedesignand economyof no-
tation. In orderto avoid verbose unreadablespecificationsa leanlanguageshould
have appropriatefacilities for extendingthe baseconstructionssuchas parameter
izedmodules higherorderoperationstype polymorphismandmixfix notation.For
example higherorderoperationsllow thedefinitionof quantifiersandmixfix notion
malesit possibleto have anif then else construction.

KernelLanguages

Somelanguagesare definedby giving a syntacticaltranslationto a smallerkernel
language For example,COLD-1 is definedby translatingit to the kernel COLD-K
(Feijs, Jonlers,Koymans& Renardelde Lavalette1987). The kernelcanbe a sub-
languagehut canalsobe a completelyindependentanguaggsimilar to translating
a higherprogrammindanguagdo assemblyanguage)A kernellanguagés notthe
sameasa leanlanguage.The derived conceptsaretranslatedo the baseconstructs
of a kernellanguageratherthan definedin termsof the basicconstructsof a lean
language. The translationsare part of the languagedefinition (tools, for example,
needto be awareof that), whereaghe definitionsarepartof a specification Still, the
adwantagesresimilar aslong asthetranslationprocesss keptsimple.

2.1.3 Semantics
Models

A possibleinterpretationof all namesdeclaredin a signaturecan be represented
by an algebra which is a mappingfrom eachdeclarednamez to a mathematical
representatioof theentity y denotedy z. Whatexactlythestructureof y is depends
on the kind of specificationlanguagewe aredealingwith. If z is a sorttheny is
usuallyaset.If z is anoperatiortheny containsa mappingfrom argumentdo results
togethemwith somerepresentationf thenon-functionafeaturef theoperation.For
example,text outputcan be modeledby linking an output string to the resultand
non-determinisntanbe modeledby mappingargumentsto a setof possibleresults
insteadof onesingleresult.

A model is an algebrathat satisfiesall definitionsof a specification. Thus, a
specificationdefinesa classof models,which is whatis actuallybeingspecifiedby
aformal specification:a numberof possibleinterpretationsof declarechames.The
notions“algebra” and“model” are not always explicitly usedin the definition of a
specificationlanguagestill, they areusefulconceptgo explain formal specification
in general.
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Formal specificationcan be seenasa meansof definingterminology As such
it canbe very usefulto supportcommunicatiorduring software development. This
is the way AFSL wasusedin the Minimalist Programcasestudydiscussedn Sec-
tion 1.6. But, a formal specificationcan also specify software and hardware more
directly An algebracanbe seenas an abstractionof an implementation. Thus, a
specificationdefinesa classof correctimplementationgthosecorrespondindo the
modelsof the specification).Thereis no generaldefinition of whatit exactly means
for asystento beanimplementatiorof analgebra.Onehasto agreeonthatbeforea
specificatiorcanbe usedasareferencdor implementationHeretwo commonways
arediscussedh which algebraganrepresensystems.

Thesimplestway to view analgebraasanabstracimplementations usingfunc-
tions as black box descriptionsof a system. For example,a digital switch with n
inputscanbespecifiedby afunctionnameSwitch with n boolearargumentqrepre-
sentingtheinputs)andabooleanoutput(representinghe output). The modelsof the
specificationof Switch determinethe allowed input/outputbehaior of the switch.
A morecomplicatedsystemthatprocesses streamsof digital information (thatis,
the outputdepend®n the completehistory of receved bits, not only the mostrecent
inputs)canbe specifiedby afunctionProcess with n lists of booleansasargument
(representinghe receved bits up to somemomentt) andreturnsasa resultalist of
bits (representinghetransmittedbits up to ¢).

Strictly speakingve have to bemorepreciseaboutthewaytheabstractionsnodel
physicalreality. For example,how do booleangelateto theinput/outputvoltagesof
the switch/processorn mary casesghis is eitherimplicitly understoodengineers
alreadyusethe booleanabstractiorfor digital signals)or not relevant (for example,
whenbuilding the switch/processdirom basicdigital ports). However, thisis apoint
that caneasilybe overlooked. If the relationshipbetweenabstractiorandreality is
notclearaformalspecificatiorwill notbeinterpretectorrectly nomatterhow formal
thelanguageusedis.

A black box specificationdoesnot describethe internal structureof animple-
mentation,only its obserable behaior. Oftenit is necessaryo give a moredirect
descriptiorof the programcodethatimplementsa system:for example,to document
the designof theimplementationln thatcaseanimplementatioris seenasa refine-
mentof analgebra.Detailedtreatmentof refinementanbe foundin van Leeuwen
(1990),McDermid (1991),and Astesiancet al. (1999); hereonly a roughsketchis
given.

A programP is arefinementf analgebraA if for eachobjectof A4 thereis adata
structurein P representinghatobject(for example,anumbercanberepresentetly
asequencef bits) andif for eachoperationf of A thereis aprocedurgor function)
p in P thatfor inputsrepresentingbjectsz,, ... , z, computes datastructurethat
representshe resultof f for agumentszy, ..., z,. Moreover, the non-functional
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featuresnf p shouldbein accordancavith thoseof f. It fully depend®nthe nature
of the non-functionaffeatureswhatthat means.For example,theimplementatiorof
string outputof f could meanthat p shouldoutputa string representatiomo some
buffer.

A notionof “refinement”’canbeformally definedf the programminganguages
itself aformallanguage However, suchadefinitionis not partof thedefinitionof the
specificationlanguaggunlessthe programminganguages partof the specification
language)but belonggo the agreemenaboutthe useof the specificatiorlanguage.

Operational’s Declaratie Semantics

A specificationlanguagewith operationalsemanticds in fact a programminglan-
guage(althoughit may still be designedespeciallyfor specificatiornpurposes) Op-
erationalspecificationglefinedatastructureghatrepresenbbjects;its definitionsof
operationsareprescriptiondor computingthe resultandnon-functionafeaturesor
givenarguments.ln specificationswrittenin alanguagewith declaratie semantics
definitionssomehw describethe valuesof nameswithout determininghow objects
arerepresentedndoperationsarecomputed A specificatiolanguageanhave both
operationabnddeclaratie semanticgsimilar to the programminganguageProlog
(Sterling& Shapiro1994)),but mostspecificationanguage$ave only one.

The adwantageof a languagewith operationalsemanticss that specifications
canbe usedasprototypesin orderto validatedefinitions(do they definewhat they
oughtto). Thereis discussionaboutthe necessityof operationalsemanticysee,
for example,Hayes& Jones(1989)). Executability limits the expressienessof a
languagesincenot all definitionsare executable.For example,the definition of —
by the equation(z — y) + y = z will generallynot be executable(althoughthat
may dependon the clevernessof the interpreter/compiler) In general,executable
specificationsill containdetailsthatareredundanfrom a pure specificationpoint
of view.

Model-Orientedss. Property-Orientedlanguages

Therearetwo typesof declaratie languagesmodel-orientecand property-oriented
(Monahan& Shav 1991,Barwise1989). In a model-orientedanguageobjectsare
definedasstructuresuilt from anumberof givenbasicmathematicastructuregsuch
assets,tuples,andsequencesandthe result(and non-functionalfeatures)of oper
ationsareexplicitly definedin termsof thesestructures.In a property-orientedan-
guagethe internal structureof objectsis not described(they are black boxes)and
operationsareimplicitly definedby listing a numberof propertieqaxioms). An ex-
ampleof a model-orientedspecificatioris the definition of a databaseableasa list
of keylvalue pairs. A property-orientedspecificatiorwould characterizea tablein
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termsof its updateandlookup operations.A model-orientedspecificationis like a
scalemodel, whereasa property-orientedgspecificationis like a constructiondraw-
ing. Examplesof model-orientedspecificationlanguagesare VDM (Jones1986)
andZ (Diller 1994); property-orientedgpecificationanguagesare OBJ (Goguen&
Winkler 1988)andCASL (CoFl TaskGroupon LanguageDesign1999).

Model-orientedspecificationgontainunnecessamepresentatiodetailsthatblur
the view of the propertiesthat are actually being specified. Moreover, thereis the
dangerof implementatiorbias, sincethe modelcanbe usedas a startingpoint for
theimplementationOn the otherhand,model-orientediefinitiongetspropertiesor
free from the basicstructuresbeing used. For example,in a model-orientedspec-
ification it is clearthat addingthe samevalue twice to a table resultsin the same
table,aproperty-orientedpecificatiomeedsextrainformationfor that. Also, model-
orientedspecificationsare more concreteand, therefore,may for somebe easierto
understandl amnot awareof ary researctaboutthe cognitive prosandconsof the
two typesof specification(thatwould indeedbeinterestingresearch).

Initial Semantics

In orderto avoid a multitudeof axiomssomeproperty-orientedanguagesnly allow
initial algebrasasmodels.Thesearealgebrasn which two objectsareequalif-and-
only-if this canbe derived from the axioms,andsortsmay only containobjectsthat
canbe constructedoy the operationsof the signature. That is, therenever canbe
confusionaboutthe equalityof objectsandthereareno ghostobjectsthatcannotbe
named.

The adwantageof initial semanticss thatthe propertiessatisfiedby initial alge-
brasdo not have to be axiomatizedthey hold by default). A complicationof initial
semanticss thataxiomshave to conformto somerestrictionsin orderto guarantee
thatthereexist initial algebraghat satisfythem. For an extendedtreatmentof ini-
tial semanticseevanLeeuwen(1990)andAstesiancetal. (1999). A languagehat
allows ary algebraasa modelis saidto have loosesemantics

2.1.4 StructuringConcepts
Modules

Justlike computeprogramsspecificationganbecomeverylarge (thus,hardto han-
dle) andsharecommoncomponentbetweerprojects(which callsfor reuse).There-
fore, it is worthwhileto split specificationsnto smallermoduleswhich areeasierto
managendreuse Abstractmoduleghatcanbeinstantiatedn differentwaysshould
alsobe possible.The advantage®f modularityandabstractiorfor formal specifica-
tion arenotdiscussedhere;they arethe sameasfor programming(see for example,
McDermid (1991)). Virtually all specificatiodanguage$ave a modulemechanism
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module Sequences

begin
parameters Items
begin
sorts ITEM
functions eq : ITEM # ITEM -> BOOL
end Items
exports
begin
sorts SEQ
functions null : -> SEQ
seq : ITEM # SEQ -> SEQ
. etc ...

end Sequences

module Strings
begin
imports Sequences { renamed by [SEQ -> STRING, nul -> null-string]
Items bound by [ITEM -> CHAR, eq -> eq]
to Characters
}
... etc ...
end Strings

Fig. 2.3: Exampleof a parameterizedpecificationof sequencetn ASF, whereformal pa-
rametersarespecificationstogethemwith an exampleimport that definesstringsas
sequencesf characterslt is assumedharacters is somemodulethat specifies
SOrtCHAR andfunctionegq.

andmostof themhave a form of parametermbstraction.Therearetwo maintypes
of parametemechanismsthe formal parametersre eitherspecificationr names
(thatis, sortsandoperations).

An examplein whichthemoduleparameterarespecificationss thespecification
of stringsassequencesf charactergivenin Figure2.3in ASF, whichis takenfrom
Bemgstraet al. (1989)whereASF is introduced.Note that ASF+SDF, the successor
of ASF, doesnot supportthis parametemechanism.The formal parametef the
moduleSequences is theabstracspecificatiorl tems whichis (within Sequences)
beingextendedwith SEQ, null, andseq.

For somelanguagegfor example ASF) parameterfike Items mayonly contain
declarationspthers(for example, CASL usedin Figure2.5) alsoallow axiomsin
parametersvhich restrictthe actualparametershatcanbe substitutedor theformal
parameterSomelanguagesllow formal parameterso be specifiedwithin the mod-
ule (like Items in theexample);othersuseareferencdo anexternalmodule(like PO
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Bag(E): trait

introduces
{} : — B
insert, delete : E, B - B
- € __ : E, B = Bool
asserts

B generated by { }, insert
B partitioned by delete, €
V b: B, e, e’: E

—|(e€{})
e € insert(e’,b) ==e=¢e’ V e€D
delete(e,{ P ={}
delete(e’,insert(e,b)) == if e = e’

then b

else insert(e,delete(e’,b))

Fig. 2.4: Exampleof a specificationparameterizethy namesn LSL. Bag specifieshe sort
B of bagswith elementsof moduleparameteE. Note that heresortsE andB are
declaredmplicitly by theiroccurrencen otherdeclarations.

in Figure2.5).

Within the moduleStrings theimport of Sequences suppliesCharacters as
actualparametebound to formal parameteftems. Because¢he namesn thesig-
natureof the formal parameteare often differentfrom the correspondinghamesin
the actualparametetthey are beingrenamed.Here ITEM is renamedo CHAR and
eq to (a differentinstanceof) eq. Furtherexplanationaboutthis type of parameter
mechanisntanbefoundin Orejas(1999)andWirsing (1990).

Although the specifications-as-pametes mechanisms the mostcommon(in
particularin theory aboutformal languages)thereis yet anotherform, wherethe
formal parametersf a modulearenamegsorts,operationsetc.). An exampleis the
specificatiorof bagsin theLarchShared.anguag€LSL) givenin Figure2.4,which
is takenfrom Guttag,Horning & Modet(1990). WhenBag is importednameshave
to be suppliedasactualparametersiFor example,a specificationof bagsof integers
canbe (assumingnoduleInteger declareshesortInt):

IntegerBag: trait
includes
Integer, Bag(Int)

Theneteffectof theimportof Bag is thatits declaration@ndaxiomsareincludedin
IntegerBag afterE is replaceddy Int. In LSL Bag(Int) is justshorthandor the
renamingBag(Int for E).

The names-as-parametarsechanisnthusis a corvenientalternatve to renam-
ing. The advantagesarethattheimportsarelessverbosgonly the new nameseed
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to belisted) andrenamingis doneconsistently(the samenamesarealwaysrenamed
andin thesameorder).

CompoundNames

An overloadingproblemoccursif the sameparameterizednoduleis importedmore
thanonce(independenthof the type of parametemechanism)For example,if the
module Sequences of Figure 2.3 is importedtwice, oncewith Characters and
oncewith Integers asactualparametertherewill betwo conflicting declarations
of SEQ. Apartfrom that,thenameSEQ is nota very descriptie onefor eitherlists of
charactersr lists of integers. Thereforejmportsareoftencombinedwith renamings
of importednames For example,in theimportof Sequences thesortSEQ isrenamed
to STRING. An importof Sequences with actualparameteiintegers couldrename
SEQ to INTLIST, thusavoiding overloadingof SEQ andintroducingmoredescriptve
names.

Having mary renamingsanbelaborious.This canpartly beavoidedby allowing
overloadingof operationgusingthetype of their agumentgo resohe overloading).
Sucha mechanisntannot,however, be usedfor sorts(suchasSEQ). Anotherway
to avoid renamingof an overloadednamez is to add the actualparameteiof the
import thatdeclaredz. For example,distinguishtwo instancesof SEQ by writing
SEQ[Character] andSEQ[Integer]. ASF doesnotactuallysupportthis, but, for
example,COLD (Feijsetal. 1994)does.A third wayto avoid renamingf imported
namess theuseof compoundchames.

An exampleof theuseof compoundchamesds the specificatiorof orderedistsin
CASL givenin Figure2.5 taken from Sannella& Wirsing (1999). Here sortname
Elem (declaredin the parameteispecification0P) is an index of compoundnames
List[Elem] andOrdList [Elem]. Theimport:

ORDLIST[NAT fit Elem |-> Nat < _]

) ==

causeghe declarationof sortsList [Nat] andOrdList [Nat], becausehe index
Elem hasbeenreplacedy thecorrespondingnameNat of theactualparameterAn-
otherimport of ORDLIST which, for example, bindsElem to Char would declare
distinctsortsList [Char] andOrdList [Char]. The compoundnamemechanism
is very similar to addingthe formal parameterso importednames.But it is some-
what more selectve, becausene canfreely determinewhich (namesdeclaredin)
parameterareusedasindices.

Hiding
Marny languagesvith moduleshave theoptionto selectvely exportnamedeclarations
(hiding the othernamesfor importing modules). This is motivatedby the ideathat
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spec PO =
type Elem
pred __ < __ : Elem * Elem

vars x,y,z : Elem
axioms x<x ;
x<y A y<x = x=y ;
x<y A y<z = x<Zz
end

spec ORDLIST[PO] =
free type List[Elem] ::= nil | __::__ (hd:7Elem; tl:7List[Elem])
pred ordered : List[Elem]
vars a,b : Elem; 1 : List[Elem]
axioms ordered(mnil) ;
ordered(a::nil) ;
a<b A ordered(b::1) = ordered(a::(b::1))
type OrdList[Elem] = 1 : List[Elem] . ordered(1)
end

Fig. 2.5:Example of a parameterizedspecificationin CASL with compound name
List[Elem] (lists) andOrdList[Elem] (orderedlists). PO specifiespartial order
< andORDLIST orderedists.

modulesthatimport modulem do not needto know arything aboutauxiliary sorts
andoperationf m. Hiding auxiliary namesmakesit easierto changem without
affecting thosemodulesthatimport m. Hiding is a generallyacceptedrinciple in
programmingbecausehe user of a module only needsto know the specification
of the main operationgwhich usually only specifythe interface), not the auxiliary
operationsisedto implementhem.For specificatiodanguagesheneedfor hidingis
lessobvious, sincewithout knowledgeof the auxiliary namest is unknavn whatthe
meaningof the exportednamess. On the otherhand,hiding canbe usefulbecause
having fewer declarechameseduceghe chanceof nameoverloading.

2.1.5 ApplicationDomain
Wide-Spectrunianguages

Althoughalanguageausedfor specificatiormustfit its purposeits applicabilityneed
notbelimited to requirementspecificatioronly andmayextendto all aspect®f soft-
waredevelopmentjncluding requirementsprototyping,design,coding,andtesting.
Suchalanguagsés calledwide-spectrum

Usingdifferentlanguagegor differenttexts within the sameprojectcausesyn-
tacticandsemantiagaps Thatis, similar conceptdhave differentnotationor mean-
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ing; therefore translationshave to be made. For example,if onewantsto validate
aprogramwith respecto its specificationthe programcodeandspecificatiorhave
to betranslatedo onecommonlanguagehatallows correctnesproofs. Translation
is laboriousand error prone;therefore,it obscureghe relationshipbetweendiffer-
entdocumentsin particularif the differencesbetweenlanguagesre subtle. Since
the software developmentprocesss non-lineay translationshave to be mademore
thanonceandpossiblyin bothdirections.For example,requirementgaresometimes
changedecaus®f problemsrevealedduringimplementation.

General-Purposkanguages

General-purpostanguagesanbe usedfor ary type of system,asopposedo Do-
main-specifidanguagesvhich aim at specificapplicationdomains,suchasknow-
ledge-basedystems(for example, KARL (Fensel1995)and (ML)? (van Harme-
len & Balder1992)),concurrenanddistributed systemgfor example,LOTOS (van
Eijk, Vissers& Diaz 1989)),real-timesystemgfor example, TRIO (Ghezzi,Man-
drioli & Morzenti 1990) and others(Heitmeyer & Mandrioli 1996, Abrial, Borger
& Langmaackl996)), or financial products(for example,RISLA in (van Deursen
1994)).

Domain-specifidtanguagesreoptimizedfor a particulardomain,makingit eas-
ier to write andmaintainspecifications.However, its limited group of usersmakes
it moreexpensve to develop a domain-specifitanguagelanguagedefinition, tools,
genericlibraries, staf training, etc.). Moreovery, it is difficult to anticipateall the
possibleusesof a languagegvenwithin a specificdomain. A general-purposkan-
guagecanbe usedby a muchlargergroupof peopleandhasthe possibilityto model
aspectghat at first sight lay outsidethe domain. Thatis the reasonwhy | prefer
general-purposkanguagesprovided they have facilitiesto configuresyntaxandse-
manticsfor arbitrarydomains.

Notethatalthough“wide-spectrum”is not the sameas“general-purpose’facil-
ities for configuringsyntaxandsemanticsnay alsobe usedfor adaptinga language
to differentphase®f softwaredevelopmentratherthanusingdifferenttypesof lan-
guages).

2.2 SpecificatiorMethod

A formal languagenn its own doesnotgive ary clue or supportfor writing specifica-
tions. Therefore,a specificatiolanguageshouldbe part of a specificationrmethod
which shouldinclude techniqueqlanguage mathematicatheory etc.), guidelines
and tools Despitetheir name, most existing formal methodsare not methodsin
this sense Formalmethodgendto be product-orientedthatis, centerednthetech-
niguesfor manipulationof mathematicaértifacts)andunderexposetheprocesgthat
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is, how the artifactsariseandevolve) of softwaredevelopment(Floyd 1995,Fraser
Kumaré& Vaishnai 1994). Most formal methodsgive few guidelineson whenand
how to applytheformaltechniquesvithin thesoftwaredevelopmentprocesgBowen
& Hinchey 1994). Moreover, importantnon-mathematicabsuegsuchasthe inter
actionbetweenteammembersplanning,andthe constantchangeof requirements)
areoverloolked (Floyd 1995,Floyd, Zullighoven,Budde& Keil-Slavik 1992,Jirotka
& Goguenl994,Leith 1990).

Without a supportingmethod,formal techniquesare mainly suitedfor the de-
signof systemsatisfyingclosedrequirementsthatis, with alreadywell-definedand
stablerequirementgBlum 1993, Blum 1994). The requirementdor new systems
(including the FSA casestudies)are often open. Thereforethe main goal of the
FSA projectwasto develop a specificatiormethod.Although this methodis not the
subjectof this thesis,someof its underlyingprinciplesarerelevantfor the choiceof
specificatiodanguagdor the casestudies.Thereforeashortoverview of themethod
is givenhere.

2.2.1 Stepwisd-ormalization

The FSA methodis basedon the ideaof stepwiseformalization Thatis, formal
specificationsreconstructedn threephases:

1. Dictionary: relevantterminologydefinedin naturallanguage.

2. Signature:a conceptuaimodelthat identifiesand structuresrelevant entities
andtheirrelations.

3. Definition: formalizationof the propertiesof the signatureslements.

Thesehreestepgepresenthreemajoraspect®f aspecificationintention structure
anddetail Formaldefinitionsarelessflexible thannaturallanguagelescriptiongthe
interpretationof wordsis easierto bend). At the beginning of a specificationone
shouldconcentraten the broadpictureandexpressdefinitionsin generalterminol-
ogy thatis familiar, concise andleavesroomto delaydetailsuntil alatertime. Next
it is importantto comeup with a suitablestructurefor a specificationwhich arethe
sorts,operationsand modulesneeded).Restructuringat a later stagecan be quite
laboriousif mary formal definitionshave to be changed.Finally the formal details
have to befilled in.

The given orderof stepwiseformalizationdoesnot imply a strict watergll-like
processn which eachstephasto befinishedbeforeonecanmove onto thenext one.
Eachstepmay reveal shortcomingf the previous onewhich have to be repaired.
However, it is assumedhateachstepis completecasmuchaspossiblebeforegoing
ontothenext step.Thisway eachof thethreeaspectsintention,structure anddetail-
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canbehandledatthemostappropriatdevel. Goingto anext steptoo earlyis awaste
of enepy (atleast thatis anassumptiorof the proposednethod).

2.2.2 Stepwisd~ormalizationin Practice

Stepwiseformalizationwas usedin the MP casestudy (seeSectionl.6). It turned
out to be very hardto write comprehense dictionary definitions. In the software
engineerinditeratureit is eithertaken for grantedthat one knows how to write a

definition, or a (semi)formallanguagés used.Many mistalesweremadeinvolving

the useof a conceptnot in accordancevith its definitions(type errors). Therefore,
it wasdecidedto addto eachdictionaryitem restrictionson the useof theterm, for

example:

TERM grandmother

KIND attribute of a mnode

ISA node

DEF The grandmother of node N is the mother of a parent of N.

Lateronit wasdecidednot to adoptthis idea,sinceit led to a large amountof effort
devotedto work thatshouldnot be partof writing adictionary: discussionsiboutthe
exactuseof theKIND andISA information,andmary auxiliary entriesthatwereonly
neededor thedefinitionof otherentries.Moreover, theresultingdictionarywashard
to read. Adding the KIND/ISA partsto a dictionary comesdown to supplyingtype
information;it seemsnoreappropriatd¢o deleyatethatto the signaturepart. Because
of thenon-sequentiatharacteof stepwiseformalization,this typing activity canbe
donein parallelwith makinga dictionary

Signaturerestructuringwasa centralactiity in the specificationprocessgspe-
cially whenthe domainwasnot very structuredyet. However, the price of restruc-
turing (in termsof the time neededo edit the specificationsvasoften so high that
it wasdecidednotto performa sensiblechange We think thatchangesreunavoid-
able,andthe bestthing onecando is to minimize themby delayingformalization
asmuchaspossible.lt would helpto have a theoryof change(thatis, whatkind of
changads usefulin whatsituation)togethemvith toolsto performthechangesvithout
too mucheffort.

Evenif anidealdictionaryandsignaturearegiven, mostpeoplefind it very hard
to translateinformal definitionsinto formal axioms. Automatic or semi-automatic
translationof naturallanguageo formallanguagecanbeaway to avoid problemsof
formalization(for researctonthis subjectsee for example,Ishihara Seki& Kasami
(1992)). However, automatictranslationwill probablydependon having an ideal
dictionarywrittenin arestrictedform of naturallanguagewhichis alreadycloseto a
formallanguagewith mary of the sameproblems.Automatictranslatiorshiftssome
essentiabroblemsof formal specificationto the informal dictionary It seemghat
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ary attemptto be more preciseaboutthe useof naturallanguagds at conflict with
theoriginal intentionof the useof naturallanguagenamelyfreedomof expression.

2.2.3 Object-Oriented/iethods

Althoughthesimplestepwisdormalizationguidelinedoesgive somesupporto writ-
ing formal specificationjt doesnot tell how to discover the relevant, oftenimplicit,
informationneeded Thereforewe hadtheideato combinethe FSA methodwith an
existing methodfor requirementanalysis.Onecouldusea separat@nalysianethod
prior to the formal method. But usingtwo methodswith differentnotationshasthe
drawbackthatthe translationof the specificationdetweenthe two methodss error
prone.lt is thereforebetterto integratethe analysisandspecificatiormethodanduse
onespecificationanguage.

Therearetwo goodreasongo think thatconceptdrom object-orientechnalysis
canhelpin makingformal specificationsFirst, it is claimedthatan object-oriented
methodprovides goodguidelinesfor structuringrequirement@and software design.
Secondthe conceptuamodels(a kind of entity-relationshipmodel)thatarethere-
sult of object-orientedanalysiscansene asthe signatureof a formal specification.
Object-orientednethodsalsotendto be product-orientedpayinga lot of attention
to notation. However, they do give guidelinesfor domainmodeling(althoughmeth-
odsdo not agreeon theseguidelines)andstresshe non-technicalssuesof systems
development.Unfortunatelythereis no scientificproofthatobject-orientednethods
areindeedeffective (Glass1999).

Theessencef object-orientedievelopmentis theidentificationandorganization
of application-domairconceptyRumbaugh Blaha, Premerlani,Eddy & Lorensen
1991). This leadsto an emphasison the descriptionof objectsratherthantheir use,
basedntheassumptiorihatthe specification®f objectsaremuchmorestablethan
the specificationsof operations. It is also thoughtto be “natural” to organizethe
world asa collectionof real-world objectsgroupedin classes.The resultingobject
modelsare structuredby using classification(classesvhich can be specializedn
sub-classesjnheritancgoperationaresharecamongclassebasednthesub-class
relationship),encapsulatior{internal detailsof objectsare hidden), polymorphism
(an operationmay behae differently on differentclasses)and modularity (several
object-orientednethodsprovide somekind of parameterizedhodules).

2.3 Why Yet AnotherLanguage?

Basedon the goalsof the FSA project(Sectionl.5) formal foundationof software
specificationtool development,specificationof opendomains,specificationguide-
lines, educationin formal specification)a numberof requirementsvereformulated
thatshouldbe satisfiedby the specificatiorlanguageusedin the project:
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e Lean,clean,simple,andunambiguousit shouldbe easyto learnanduse,and
it shouldbe simpleto implementtoolsfor it.

e Stepwiseformalization it mustbe possibleto specify signatureswith only
informal definitions.

e Wide-spectrumit mustavoid semantiagyaps.
e Generapurpose it mustallow reuseof methodandspecifications.

e Object-orientedit mustsupportclassificationjnheritanceencapsulatiorand
polymorphism.

e Parameterizedhodules inheritancealoneis not powerful enoughfor structur
ing andreuse.

In particularthe“lean, clean,andsimple” requirementvasimportantfor the FSA
project,sincethelanguagevasintendedo beusedby peoplewith only limited math-
ematicaltrainingandin courseghatdo morethanonly teachinga formal language.
This excludesmostmodel-orientedanguageglike Z andVDM), becausefor some
reasonthey tendto be rathercomplicatedand,in somecasesdo not even have a
formal definition. Unfortunately mostproperty-basedthatis, algebraic)languages
have limited expressienesgnot objectoriented wide spectrumpr generajpurpose).
Moreover, algebraidanguage®sftenshaw their scientificrootsby usingdifficult con-
cepts(suchasspecifications-as-pareetas) which maybeinterestingrom atheoret-
ical point of view, but not easyto useby non computerscientists(althoughthese
conceptanay very well be “lean andclean”). The bestway to guaranteehatalan-
guageis unambiguouss to demanda formal definition (althoughtherearedifferent
levels of formality too).

We thoughtstepwiseformalizationwould benefitfrom the possibility of having
informal definitions;thatis, definitionsin naturallanguagesuchas:

AXIOM {’BitS’ is the sort of bits}
AXIOM ni1+n2 = {the sum of ’n1’ and ’n2’}
AXIOM {’11++12’ is the concatenation of ’11’ and ’12’}

Informaldefinitionsaredifferentfrom commentsincethey replacdormal definitions
insteadof clarifying them.Moreover, informal definitionsmaycontainquotedformal
partswhich have to satisfythewell-formednessulesfor formalterms(suchasbeing
syntacticallycorrectandwell-typed). Informal definitionscanbe usedwheneer full

formalizationis not thatimportant: for example,asdictionarydefinitionsor during
the secondstepof stepwiseformalization. They canalsobe usedasa form of doc-
umentatiorbesideghe formal definitions(similar to comment).We have not found
ary specificationanguageahatsupportinformal definition. However, we couldhave
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worked aroundthis by usingcommentsnstead but thenwe would have missedthe
well-formednessests.

It is hardto saywhatexactly is neededo malke alanguageruly wide spectrum
andgeneraburposebut atleastit shouldhave flexible syntaxandsemanticsin order
to usethe notationandoperationsvhich aremostsuitablefor a giventask. Flexible
syntaxasksfor mixfix notationfor operationcalls. For example,the way this is
implementedn ASF+SDF(Klint 1993) allows the userto freely add notationthat
canbe describedby a contet free grammar Thereare morelanguageghat allow
someform of mixfix notation:for example,CASL (CoFI TaskGroupon Language
Design1999). With respectto flexible semantics] think a specificationlanguage
shouldallow oneto model operationswith non-functionalfeaturesof ary kind (as
long asthey canbedescribedormally, of course) Equallyimportant,it shouldallow
operationon non-functionafeaturegsuchasawhile-do or for-to-do construction),
sinceotherwisethe useris stuckto the builtin vocahulary of the language.As far
as| know thereare no formal specificationlanguageghat allow userdefinednon-
functionalfeaturesand/oroperationsn non-functionafeatures An additionalbene-
fit of flexible syntaxandsemanticss thatit allows aleanedanguagedefinition,since
mostconstructionsanbedefinedwithin thelanguage.

Both object-orientatiorandmodularityarerequiredto supportsystematidevel-
opmentandreuse(seeSection2.2.3). Parameterizednodulesarerequiredbecause
object-orientatiordoesnot supplythis form of abstraction.They are,for example,
neededor specifyingtypedlists (thatis, listsin which all elementsnustbeof agiven
sort).

In orderto keepthe languagesimple it doesnot have to fully formalize some
object-orientednethod.Whatis neededs classificatior(ary languagevith sortswill
do), inheritance(someform of sub-sortsfor example,by usingimplicit functions),
encapsulatiofobjectsareblackboxes),andpolymorphism(thesameoperatiomame
canbeusedfor differentsorts;this canberealizedby allowing arbitraryoverloading).
Thesefeatureswvere considerednoughto technicallyallow anobject-orientedstyle
of modeling. Typical object-orientedeaturesthat were not required: state-based
operationgall commonobject-orientednethodsare state-based]pining a sortand
accompaning operationsinto a “class”, andall kinds of specificterminologylike
“attribute”, “method”, “link”, “association”,"static”, etc.

Whenthe FSA projectstartedwe could not find a languagehat satisfiedall the
requirementsn the way discussedhere(asa matterof fact, at the momentof writ-
ing this thesisl am still not aware of ary languagethat doessatisfy all thesere-
quirements) Languageshatwere considerecare VDM (Jonesl986),COLD (Feijs
etal. 1994),EHDM (Rushby von Henke & Owre 1991),Larch (Guttag& Horning
1993),andOBJ3(GoguenKirchner, Kirchner Mégrelis& Meseuer1988,Goguen
& Winkler 1988). It wasdecidedto designa new language:AFSL. The challenge
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wasto make alanguagehatsatisfiedall wishesatthe sameaime. Languageslo exist
thatsatisfysomeof theindividual requirementsbut thatdoesnot meanthesecanbe
combinedat will. Oneof the mainobstaclesn languagedesignis the interactionof
languagdeatures.

A secondaryargumentfor developing a new languagewas that formal speci-
fication could function asa connectingelementbetweerrelatedresearctwithin our
departmen(in thefield of compilerconstructionformallanguagesprogramcorrect-
nessandsoftwaredevelopmenimethods) For thoserelatedinterestst wasimportant
thatwe usedarelatively simplelanguagenhich could easilybefit to specialneeds.

2.4 Main Featuresf AFSL

AFSL wasinspiredby predicatelogic, COLD (Feijset al. 1994), EHDM (Rushby
etal. 1991),andLSL (Guttaget al. 1990), but hasa numberof typical featuresin
orderto implementthe requirementdistedin the previous section(althoughl do not
claim that theserequirement$ave beensatisfiedcompletely seethe discussiornn
ChapterB). In this sectiona brief overvien of AFSL is given. Subsequenthapters
give anin depthdiscussion.

Formal AFSL is aformal language.The syntaxis definedin a BNF-like notation.
It washarderto give a precise andstill comprehensiblejefinition of the semantics.
Ideally the semanticsof a formal languageshouldalso be formulatedin a special
meta-language Unfortunately thereis no suchmeta-languagevhich is generally
acceptedlike BNF for syntaxdefinitions). Therefore,the semanticsof AFSL is
now basedon a very simple kernelwith obvious semantic§which is more or less
mathematicallydefined). The advancedlanguagdeaturesaredefinedasextensions
of thekernelthatcanbe eliminatedby rewriting rules.

Initially | tried to definethe semanticof AFSL mathematicallybut, mathemat-
ics is not suitablefor the definition of a full languaggthatis, arything biggerthan
idealizedtoy languages)Mathematicss mainly suitedfor deriving propertiesof rel-
atively simplestructuresinsteadof definingcomplex ones.Formalspecificationsre
comple structureswvhich arehardto handlein alanguagewxhich hasno structuring
mechanismtypemechanismer tool support.Moreover, mathematicss itself poorly
defined(every “school” usesits own notation),which makesit hardfor thosewho
needto know the definition of alanguaggusersandtool developerswho areoften
not mathematicallytrained)to readthe definition.

Typed AFSL is typedin orderto avoid semantical'mismatch” errorsandto en-
ableclassification(which is neededo supportobject-orientation The type system
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is keptassimpleaspossibleand,thereforejs first-orderanddoesnot supportpoly-
morphism. Initially sucha type systemseemedpowerful enough,in particularin
combinationwith parameterizechodulesvhichallows akind of parameterizegoly-
morphism.However, duringthedevelopmentof AFSL it turnedoutthathigherorder
conceptsvere neededo modelnon-functionalfeatures(seebelov). At thattime |
did notwantto changethe basisof thelanguagdgwith possiblyfarreachingimplica-
tions). Therefore so-calledunctionrepresentation@vhich areobjectsthatrepresent
functions)wereintroducedasanad-hocsolution.

IndexedNames AFSL hascompoundhamesn orderto avoid overloadingwithout
renaming(seeSection2.1.4).

Implicit Functions Unary functionscanbe declaredto be implicit functions that
canbe usedimplicitly (thatis, without actually writing them down) to corvert an
argumentof afunction. Declaringanimplicit functionfrom s; to s, hastheeffect of
makings; asub-sorbf s, (seeSection2.1.1).

Informal Terms Termscan be descriptionsin naturallanguage. Theseinformal
termsdonothave aformal semanticswhich explainsthenameAlmost FormalSpec-
ification Language Thereareno restrictionson theuseof informallanguag€in fact,
almostary sequencef symbolds allowed). Informaltermsmayincludeformal parts
which aremarked assuch. This allows tool support(for example,typechecking¥or

theformal partsof aninformalterm.

Overloading Becausenameoverloadingis virtually indispensablén somesitua-
tions (for example,a + for differenttypesof numbersor concatenatioroperations
++ for differenttypesof lists), it is allowed in AFSL. Overloadingof operationds

resoled basedon thetype of amgumentsandresult. Thereareno restrictionson the

useof overloadingin orderto keepthe languagesimple. It is, for example,possi-
ble to have multiple instancesf the sameoperationnamewhich all have the same
type (provided theseoperationsaredeclaredn distinctmodules). This mayleadto

confusingsituationsput it is up to the userto make sensibleuseof overloading.

Syntax AFSL allows prefix, postfix, and infix notationfor applications. Mixfix
notationwas consideredoo complicatedto implementin the context of the FSA
project.Also, it is not clearto whatextentmixfix notationconflictswith otherAFSL
featuresUserdefinedprioritiesandassociatiities canbe specified.
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Assertions A distinctionis madebetweenthreekinds of assertiongthatis, logical
statements)axioms,requirementsandlemmas. Axioms play the samerole asin
ary property-basethnguagethey definepossiblevaluesof thedeclarechames Re-
quirementsare usedto put restrictionson future definitionsof hames.Lemmasare
usedfor validationpurposesthey indicatewhatpropertieshouldfollow from theax-
iomsandrequirementsf they areformulatedcorrectly (with respecto theintended
specification).

In languageshathave a specifications-as-paraetes mechanismformal param-
etersof modulescan usually containaxiomsthat restrictthe possiblevaluesof the
actualparametersAFSL usesthe names-as-parametargchanism.ln orderto re-
stricttheseparametersiequirementganbe used.

Requirementganalsobe usedto put restrictionson functionsf thatarenot yet
definedin modulem. Therequirementshenrestrictthe possibledefinitionof f in
modulegthatimport m. Suchf play a similarrole asabstrac{or virtual) methodsn
object-orientegbrogrammingA specificatiorin which all requirementgollow from
the axiomsis saidto be satisfied(thatis, all namesare definedin accordancevith
theirrequirements).

Semantics AFSL is property-orientedand hasloose semantics.Encapsulationis
consideredncompatiblewith model-orientedanguagedecausehey definethein-
ternalstructureof objects(unlessrepresentatiodetailscansomeha behiddenfrom
beingusedin the restof the specification).In this respectanguagesvith initial se-
manticsare also unwanted, sincethey also specify exactly one model. In a way,
languagesvith initial semanticsare model-orientedpbecausehey modelall objects
astrees(in whichthe constructorsisedto make anobjectform thenodesof thetree).
Moreover, initial semanticgestrictsthe kind of axiomsthat areallowed and makes
thedefinitionof thelanguagemorecomplicated.

In particular combininginitial semanticandmodularitycausesomedifficulties
becaussomedefault propertiesareassumedAssumemodulem; declaresorts and
is importedinto modulemg. If in my we wantto addnew constructorgall functions
areconstructorsvith initial semantics!)or equalityaxiomsfor s, someof thedefault
propertiedor s in m; areoverwritten. Thisleadsto aform of non-monotonienodule
import (thatis, notall propertieghathold within the context of m; still holdin my).

| think it is unwantedto have non-monotoniédmportsbecausét canbevery con-
fusingif differentmodulescanoverwritepropertiesatwill (maybeevencontradicting
eachother). Thereforejnitial semanticsequiresghatsomehuv it is forbiddento add
new constructoror equationgo importedsorts. But, this very muchconflictswith
theideathatin a specificationnon-rel&ant information (suchasrepresentatiomle-
tails) is postponedo alater stage(thatis, someimportingmodule).
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Inductive Sorts Sortscanbedefinedinductiely by specifyingwhatits constructors
are. Actually, this featurewas addedto the languagein orderto allow definition
of inductive structuressuchasnumbers|ists, andtrees. This compensatefor the
absencef initial semantics.

Declarationof inductvenesds necessaryasa speciallanguagdeaturebecause
without it it is impossibleto specifyin a first-orderlanguagethat a sort doesnot
containinfinite datastructures. AFSL is not a pure first-orderlanguage function
sortsandlambda-abstractiordo male it possibleto specifyfinitenesswithout using
specialanguageconstructsHowever, this is doneby addinganinductionaxiomfor
eachinductwve sort;whichis rathercumbersome.

Non-Executable Definitionsarenon-eecutable Executabledefinitionsarein form
and expressienessmore restrictve than non-eecutableones,which was thought
to be too much of a limitation. Executabledefinitions,for example,do not allow
implicit definitionslike thedefinitionof — by (z — y) + v = 0. In retrospect| think
it wasa wrongdesigndecisionto make AFSL non-eecutable(seethe discussiorin
Section8.4).

Modules Specificationsreorganizedn moduleswhich canbe parameterizedPa-
rametersare nameg(insteadof specificationspecauseahatis consideredsimplerto
useanddefine(seeSection2.1.4).

Non-FunctionaFeatures All operationsn AFSL aretotal functions(thatis, with-

out non-functionalfeatures). Becausethe languageshould be wide spectrumand
generaburposetherearespecialprovisionsto modeloperationsvith non-functional
features.The treatmenbf non-functionafeatureds basedon the ideathatthey are
not propertiesof the operationbut of the result. An objectthat carriesinformation
abouta non-functionalfeatureis calledan action Actions have to be “performed”
in orderto “release”the non-functionafeatureandreturnthe actualvalue of the op-

eration. For example,the resultof a statemodifying operationis a statemodifying

action,whichwill changethe stateandreturnavaluewhenperformed. A statemod-
ifying actioncanbe modeledby a mappingthatmapstheinitial stateto the modified
stateplustheresultvalue. This might seemanunusuaklway to look atnon-functional
featureshowever Chapters$ and7 shaw thatit canbevery effective.

The advantagesof modeling operationswith non-functionalfeaturesby func-
tions that return actionsover having differenttypesof operationsbuiltin, are that
it is genericand moreflexible. The definition of the languagedoesnot have to be
changedor eachnew type of operation.In factwe only needfunctions,which keeps
the languagesimple. Becauseactionsare ordinary objects,functionsthat handle
non-functionalfeaturescanbe defined. For example,we candefineif-then-elseor
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while-doconstructiongor statemodifications.Thisis not possiblen languagesvith
non-functionafeaturesouiltin to operationsthosewould have only alimited, prefab-
ricated,setof builtin operationgsuchasan“if thenelse”and“while do” operation).

Theuseof actionsin AFSL is inspiredby monadswhich aremathematicastruc-
tures. The notion of “monad” originatesfrom cateyory theoryandwas put forward
by Moggi (1991)asastructureo represenhon-functionafeaturesn functionalpro-
gramming. Becausemonadsare not addressedlirectly in this thesis,we will not
go into detail. The way non-functionalfeaturesare handledin AFSL is similar to
the useof monadsin the functional programminglanguageHaslell (Wadler 1992,
Wadler1995,Bird 1998). However, therearetwo major differenceswhich are ex-
plainedherefor thosereadergamiliar with Haslell.

First, AFSL allows bindingsto beimplicit. Thatis, insteadof

do x <~ y, £(x)

(which first performsaction y, bindsits resultto z, andthenperformsf(z)), one
canwrite simply £ (y) (usingso-calledapplicationredirectionto insertthenecessary
monadoperationsseeSection7.5). This not only saveson notation,but alsoreal-
izesa notationcloserto that of languageshat have builtin non-functionalfeatures.
For example,onecould have ReadNum+4 asan expressionthatfirst readsa number
from someinputandthenaddsfour to it. This contrastswith theapproactfollowed
in Haslell, wherethe operationsassociatedvith a monad(suchasdo) are always
explicitly usedwhich cluttersprograms.

Secondthe actionmechanisnis treateddifferenttechnicallyin AFSL. Haslell
useshigherorder polymorphicfunctionsto modelmonadswhich arenot available
in AFSL (a decisionwhich was madebeforeactionswere consideredasa way to
handlenon-functionalfeatures). The lack of higherorder functionswas solved by
the ad-hocsolution of adding so-calledfunction representationsas builtin objects
to AFSL; polymorphismhasbeensimulatedby the use of parameterizeanodules
(which unfortunatelyleadsto a flood of moduleimports). Although thesesolutions
work, they arenot very eleggantandat conflict with the wish for a simplelanguage
(seethediscussiorin Section8.7).

Predicates Thereareno predicatesbooleanvaluedfunctionsareusedinstead(see
Section2.1.2).

Tools Sometools have beenimplementedor AFSL. A parser/type-cheek is im-
plementedor thefirst versionof AFSL thatwasusedin the FSA casestudies(this
versiondid notsupportapplicationredirectionandhada slightly differentway of re-
solvingambiguities) Also, thereis atool thatgeneratesiagramdrom thesignatures
of modulesof this earlyversionof AFSL. Thesetoolswereimplementedn Standard



2.4. Main Feature®f AFSL 37

ML (Harper McQueen& Milner 1986, Myers, Clack & Poon1993) (error mes-
sagesvereinterfacedwith the editorEmacs)andthediagramsaredravn by daMvinci

(Frohlick & Werner1995). For thefinal versionof AFSL, aspresentedh this thesis,
a prototypetype-checkr is implementedn Haslell (Fasel,Hudak, Peyton-Jones

Wadler1992,Bird 1998),whichis discussedn Section8.9.
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3. THE BASIC LANGUAGE

Abstract

This chapterdefinesthe basic conceptsof the specificationlanguage
AFSL. This includesall languagdeaturesexceptgenericmodules,m-
plicit functions,andimplicit binding,which arediscussedh subsequent
chapters. It is assumedhat the readeris familiar with the conceptof
predicatelogic or algebraicspecification,even thoughthis chapteris
mostly self-contained.

3.1 Example:Bits andLists of Bits

Firsta specificatiorof lists of bitsis given,whichwill serne asanexampleto explain
thebasiccharacteristicef AFSL throughoutherestof the currentchapter

Module Bit1M in Figure 3.1 definesan inductive sort BitS of bits with con-
structorsZero andOne that representhe two bits zeroand one. Furthermorethe
operation* andthe ordering <= are definedfor bits. Definition of other relevant
operationdor bits are omitted from this example (throughoutthis thesisomissions
areindicatedby commentstartedwith %. . .). Becausdhereis no specialsyntactic
catagyory for constantsZero andOne aredeclaredasfunctionswithout aguments.
Sincean emptytuple of aumentsmay be omittedfrom function applicationsthat
is, Zero is shorthandor Zero ()) functionswithoutargumentsanbeusedasif they
aretrue constants.

The attribute INDUCTIVE indicatesthatBitS is aninductive sort, which means
it containspreciselythoseobjectsthat canbe createdby its constructorgwhich are
functionswith attribute CONSTRUCTOR). Thatis, BitS containgxactlyZero andOne.
SeeSection3.13for adetaileddiscussiorof inductive sorts.Both sortsdefinedin the
currentsection(BitS andBitListS) areinductive, however, in generakortsdo not
needto beinductie.

Thefirst axiom, thatstateghatZero is notequalto One definesequalityfor bits.
Thisaxiomis necessaryo excludethepossibilitythatZero andOne denotethesame
object. Thelemmadoesnot affect the actualdefinition of BitS, but givesa different
view on the definition (seeSection3.12). This particularlemmais anexampleof an
informal term,which meanghatit usesnaturallanguageansteadof formal language
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MODULE BitiM

% declaration of variables b, bl, ... that range over BitS
VAR b : BitS

% declaration of sort BitS and constructors Zero and One

SORT BitS (INDUCTIVE)

FUNC Zero : =-> BitS (CONSTRUCTOR)

FUNC One : -> BitS (CONSTRUCTOR)

% equality for bits

AXIOM Zero /= One

% alternative formulation of the definition of BitS

LEMMA {’BitS’ is the sort of bits with two distinct elements
’Zero’ and ’One’}

% declaration and definition of the operation *
FUNC  * : BitS, BitS -> BitS

AXIOM Zero * b = Zero

AXIOM One *b =0>»

% declaration and definition of less-than-equal relation <=
FUNC <= : BitS, BitS -> BoolS

AXIOM Zero <=Db

AXIOM (One <= b) = (b = One)

%... more functions for bits

END MODULE

Fig. 3.1: A specificatiorof bits.
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(seeSection3.11). Naturallanguagecanbe usedeitherin situationswhereaninfor-
mal descriptionis preferredbecausat is easierto write or read(dependingon the
audienceof course)pr asatemporarydescriptionf full detailsarenotyetavailable
orirrelevant(suchaninformal descriptioncanbereplacedoy aformal oneat a later
stage).

The binary function * is definedby two axiomsthat determinethe resultfor all
possiblearguments. Here * is usedas an infix operation,this is allowed for ary
function (seeSection3.8). The axiomsusevariableb to denoteanarbitrarybit. The
declarationof b not only declares to be of typeBit$, but alsoary extensionof b
with anaturalnumber(b0, b1, b24, etc.).

Therelations/= and= arebuiltin functions,which meanghatthey canbe used
without beingdeclared'seeSection3.6). The equalityoperationsareordinaryfunc-
tionswith co-domairBool$, they donothave aspecialstatusasarelation. Thesame
holdsfor logical operationgbooleanargumentsandresult),thesearealsofunctions.
SeeSection2.1.2for a discussionof the reasonsvhy AFSL doesnot distinguish
predicatedut usesboolean-aluedfunctionsinstead.

ModuleBitList1M in Figure 3.2 definesthe inductive sortBitListS of finite
lists of bits, whereconstructoEmpty is theemptylist andconstructo® is the opera-
tion thataddsa bit in front of alist of bits. Thedefinitionof BitS, plusits operations,
is madeavailablewithin BitList 1M throughtheimportof Bit 1M.

Moduleimportis similar to the input constructin IATgX or the modulemech-
anismthat some programminglanguageshave. A modulewith importsis called
a structuredmodule More informationon the import mechanisntanbe foundin
Section3.3. In Chapter4 genericmodulesare discussedwhich are parameterized
modules.

Theimportof LogicM providesthe definitionof logical operationsThereareno
builtin logical operationslf they areneededhey have to bedefinedwithin the speci-
fication. Thisis possiblebecausdogical operationsareordinaryfunctions.Through-
out this thesisthe moduleLogicM, givenin Figure3.3, is usedfor the definition of
logical operationsNotethatLogicM doesnotdefineBoolS asaninductie sort(with
constructordrue andFalse) becaus®oolS$ is abuiltin sortandassuchcannotbe
declaredo beinductive. However, BoolS hasa fixed interpretationjt containsex-
actly the two, distinct, objects“true” and“false”. Bool$ is builtin becausét hasa
specialstatus: all assertiongaxioms,lemmas, andrequirementsjnustbe of type
BoolS. Theinterpretationof all specifiednamesmustbe suchthat the value of all
axiomsis “true”. This guaranteeghatin LogicM the valueof True is “true” andof
False is “false”.

Theimportof moduleNatM (seeFigure5.8on page94) providesthedefinitionof
thesortNat$ of naturalnumbersplusoperationdike +. It is assumedhereis atotal
order<= onlists. Therelation<=is declaredbut notdefinedn BitList1M, it isonly
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MODULE BitListi1M

% declaration of variables b, bl, b2, ... and 1, 11, 12,
VAR b : BitS
VAR 1 : BitListS

% imports

IMPORT BitiM % Fig. 3.1 page 40
IMPORT NatM 7 Fig. 5.8 page 94
IMPORT LogicM % Fig. 3.3 page 43

% definition of the sort of bit-lists

SORT BitListS (INDUCTIVE)

FUNC  Empty : -> BitListS (CONSTRUCTOR)
FUNC & : BitS, BitListS -> BitListS (CONSTRUCTOR)
% definition of inequality of lists

AXIOM b&l /= Empty

AXIOM b1&ll /= b2&l12 <== bl /=b2 O0r 11 /= 12

% declaration and requirements for a total ordering on lists
FUNC <= : BitListS, BitListS -> BoolS$S

REQ 1 <=1

REQ 11 <= 12 And 12 <= 13 ==> 11 <= 13

REQ 11 <= 12 And 12 <=11 ==> 11 = 12

REQ 11 <=12 0Or 12<=11

% definition of the function that returns the length of a list
FUNC Length : BitListS -> NatS

AXIOM Length Empty = 0

AXIOM Length (b&l) = Length 1 + 1

% definition of the function that appends one list to another
FUNC  ++ : BitListS, BitListS -> BitListS

AXIOM 11 ++ 12 = {the concatenation of ’11’ and ’12’}

LEMMA Length (11 ++ 12) = Length 11 + Length 12

%... further operations for lists

END MODULE

Fig. 3.2: A specificatiorof lists of bits.
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MODULE LogicM

VAR b : BoolS

FUNC True : -> BoolS

AXIOM True

FUNC False : -> BoolS

AXIOM False /= True

FUNC Not : BoolS -> BoolS

AXIOM (Not True) = False

AXIOM (Not False) = True

FUNC And : BoolS, BoolS -> BoolS
AXIOM (True And b) =b

AXIOM (False And b) = False

FUNC Or : BoolS, BoolS -> BoolS
AXIOM (True Or b) = True

AXIOM (False Or b) = b

FUNC ==> : BoolS, BoolS -> BoolS
AXIOM (bl ==> b2) = (Not bl Or b2)
FUNC <== : BoolS, BoolS -> BoolS
AXIOM (bl <== b2) = (b2 ==> bl)
FUNC <=> : BoolS, BoolS -> BoolS
AXIOM (bl <=> b2) = ((bl ==> b2) And (bl <== b2))
END MODULE

Fig. 3.3: Definition of the standardogical operations.
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required(indicatedby REQ) that <= will be definedasa total orderin somemodule
thatimportsBitList1M (seeSection3.12for anexplanationof requirements)Fur-
thermore list operationd.ength and++ aredefined.In Bit 1M thelemmafor BitS
is completelyinformal, but assertionganalsobe partly informal. For example,in
thedefinitionof ++ only thepart{the --- 12’} isinformal.
ThemoduleBitList1M is actuallyonly a partof the specificatiorof lists of bits,
sinceit lacksinformationon the meaningof theimportedmodulesLogicM, Bit1M,
andNatM. Therefore,a specificationconsistsof a moduleM plus a setof modules,
which is the contet in which M should be interpreted: for example, the context
of BitList1M consistsof LogicM, Bit1M, and NatM. Within a specificationeach
modulemusthave a uniguenameto ensureaunambiguousgdentificationof modules.

3.2 Lexical Syntax

Thetokensusedin AFSL are(excludingthosesequencethatarekeywords):

e Moduleidentifiers(thenameof amodule) whichis asequencef lettersstart-
ing with a capitalandendingwith anM: for example Bit1M.

e Sortidentifiers(the main part of a sort name),which is a sequencef letters
startingwith a capitalandendingwith ans: for example BitListS.

e Functionidentifiers(the mainpartof afunctionname)which canbe:

— Sequencesf alpha-numericymbolsstartingwith a capitalandnot end-
ing with anM or S: for example,Length or Bit2Nat.

— Non-emptysequencesf the non-lettersymbols:
' #$ & x+-/ . ;<=>7Q0" R

for example,+, ++, =<, or :=,

— Strings which aresequencesf symbolsenclosedy doublequotes:for
example,"Erik" or "John loves Mary".

— Numeralsare definedto be nonemptysequencesf digits, suchas123,
7, or 007. Leadingzerosaresignificantin numeralgwhich is relevant,
for example,in the specificatiorof floatsin Figure5.100on page96).

e Variables which are nonemptysequencesf lowercasecharacteroptionally
followed by a sequencef digits, the so-calledsubscript for example,x, x10
(subscriptt0), or x007 (subscript007).

e Natural language(the building stonesof informal terms, seeSection3.11),
which canbe almostary sequencef symbols,excluding spacetab, %, {, },
and’.
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The formal definition of the (lexical) syntaxwritten in SDF canbe foundin Ap-

pendixA. Notethatstringsandnumeralshave no specialstatusthey areall function
identifiers. Thatis the reasonwhy Zero andOne can be declaredas functionsin

Bit1M. Thetokensandkeywords of a modulemay containcomment which starts
with the symbol¥ or \ andendswith a newline. The reasonthat moduleidenti-
fiers shouldend with an M and sort identifierswith an S is that it helpedto malke
the first parserfor AFSL (this wasa generatedrACC-like parserin SML (Harper
etal. 1986, Myers et al. 1993)). More adwancedparsingtechniguegnight allow a
moreliberal lexical syntax.

3.3 Modules

Thesyntaxfor moduless definedin Figure3.4 (an SDF versionof the AFSL syntax
canbefoundin AppendixA). HereanextendedBNF-notationis usedwhere[z] de-
notesanoptionaloccurrencef z, z* denotessequencef zeroor moreoccurrences
of nonterminak;, and{z y}* denotessequencef zeroor moreoccurrencesf non-
terminalz separatethy theterminaly (thatis,z y z ...y z). A moduleconsistof a
headingandabody The headingof amoduleis formedby the moduleidentifierand
optionally alist of formal parametersThe examplemodulesin the currentchapter
have no formal parametersSeeChapter4 for a discussiornof moduleswith formal
parametersThe bodyof amoduleis asequencef threekindsof specificatioritems
imports(IMPORT followed by a list of actualparameters declarationgSORT, FUNC,
andVAR), andassertion$AXI0M, REQ, andLEMMA).

3.4 NamesandVariables

3.4.1 SortandFunctionNames

Any nameusedin a module must be declaredsomeavherewithin that module or
in animportedmodule(exceptfor the builtin names). Namesusedin declarations
andimportsmustbe declaredbeforethey are used. The definition of the syntaxof
declaration@ndnamess givenin Figure3.4. Theoptionalorigin of anamedenotes
the modulethe namebelongsto (the terminology“origin” is taken from Bemstra
etal. (1989)). Theoptionaltypeinfo of afunctionnamedenotegshe domainandco-
domainof thefunctionit representsUsually origins are omittedfrom declarations,
in which casethe nameof the modulethatcontainsthe declaratioris assumedo be
its origin. In its declarationa function nameis obligedto have typeinfo. A name
declarationmay be concludedby a sequencef attributeswhich specifyadditional
propertiesof thenamedeclaredthe differentattributesareexplainedlateron).
Sortnamesplay a similar role astypesin programminglanguagesexceptthat
sortsare not definedto be equalto sometype expression. Instead,sortsare im-



46 3. TheBasicLanguage

<module>

“MODULE” <module-id> [ <name-list> |
<item> *

“END” “MODULE”

“IMPORT” <module-id> [ <name-list> |
<declaration

<assertiop

“[" {<name> “,” } x “1”

“SORT” <sort> [ <attributes> |

“FUNC” <functior> [ <attributes> ]
“VAR” <variable> “:" <sort>

<item>

<nhame-list>
<declaration

<assertiop <qualifier> <ternt>
<qualifier> == “AXIOM” | “LEMMA” | “REQ”
<term> == ...seeSection3.8
<name> == <sort> | <functior>
<sort> == [<origin>] <sort-id> [ <indexes> |
<functior> := [<origin>] <function-id> [ <indexes> ] [ <type-infa> ]
<origin> = <module-id> “:”
<indexes> == “[" {<name> “,” } x “1”
<type-info> == “:" {<sort>*," } * “->" <sort>
<attributes> === “ (" {<attribute> “,” } x “)”
<attribute> ::= “INDUCTIVE"
| “CONSTRUCTOR”
| “IMPLICIT”
| “APPLICATION"

Fig. 3.4: Syntaxof modules.
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plicitly definedby the functionsthatare definedon them. Functionnamesplay the
samerole as functionsin a functional programminglanguage. Thereare no spe-
cial namedor constantsthey are modeledasfunctionswithout aguments(suchas
Zero : -> Bit9).

The namedeclarationsof a module (including the namedeclarationf its im-
portedmodules)form its so-calledsignature If, given a signature}, sort s is de-
claredwe write ¥ F s. If function f is declaredto be of type s;,...,s,->s, we
write X F f 1 s7,...,8, = s (X F canbeomittedif it is clearwhatX: is).

3.4.2 Indexed Names

An indexed nameis a namethat containsa list of indexes Examplesof indexed
namesare:

ListS[BitS]

Sort[<=]
TableS[StringS,IntS]
ListS[ListS[BitS]]

If thelist of indexesis omittedfrom a nameit is assumedo be empty Within amod-
ule anindexed nameis treatedasan indivisible whole: for example,ListS[BitS]
is treatedasif it werethenon-indeced nameListSBitS. Theimportanceof indexed
namedies in the factthatanindex canbe a formal parametefseeChapter4). For
example,in Figure4.4thesortListS[XS] is declaredwhereXs is aformal param-
eter Whenunfolding a moduleimport, indexes that areformal parametersare re-
placedby their correspondin@ctualparametersfor example, ListS [XS] becomes
ListS[BitS] if Bit$ is suppliedasactualparameteto replacexs.

3.4.3 NameAbbreviations

A namethatincludesall its optional parts (origin and type info) is calleda com-
plete name A namethat lacks someof its optionalcomponentss calleda name
abbrwiation. All the completenamesdeclaredn Bit1M andBitList1M arelisted
in Figure3.5,all namesusedin the examplemodulesareabbreiations. If namen is
an abbreviation of completenamen’, thenn' is calleda completionof n, which is
denotedby n & n'.

Completenamescan be quite long. Therefore,usually the optional parts are
omittedwhena nameis used. This may leadto overloading. A nameabbreiation
is calledoverloadedif it hasmultiple completionsfor example,<= is overloadedn
BitList1M. Whenanoverloadechameis usedasafunctionin afunctionapplication,
thecontet of its usemayresol\e this conflict (seeSection3.8). However, in all other
situationsnameabbre&iations shouldnot be overloaded.Note that completenames
cannotbe overloaded. That is, a completenamealways denotesthe samesort or
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Bit1M:BitS[]
BitiM:Zero[]:->Bit1M:BitS[]
Bit1M:0One[]:->Bit1M:BitS[]
Biti1M:*[]:Bit1M:BitS[],Bit1M:BitS[]->Bit1M:BitS[]
BitiM:<=[]:Bit1M:BitS[],Bit1M:BitS[]->Builtin:BoolS[]
BitList1M:BitListS[]
BitList1M:Empty[]:->BitList1M:BitListS[]
BitList1M:&[]:Bit1M:BitS[],BitList1M:BitListS[]->BitList1M:BitListS[]
BitList1M:<=[]:BitList1M:BitListS[],BitListiM:BitListS[]
->Builtin:BoolS[]
BitList1M:Length[]:BitList1M:BitListS[]->NatM:NatS[]
BitList1M:++[]:BitList1M:BitListS[],BitListiM:BitListS[]
->BitList1M:BitListS[]

Fig. 3.5: Thecompletenamesdeclaredocally in Bit1M andBitList1M.

function, no matterthe contet in which it is used. Becausaloubledeclarationsof
the samenameareconfusing,a declaratiorshoulddeclarea completenamenot yet
declared.

3.4.4 Variables

Variableshave to be declaredocally beforethey areused,variabledeclarationsare
notimported. Togetherthe variabledeclaration®f a module M form the so-called
typecontet of M. Variablesaregivenasortastypein theirdeclarationfor example,
the type of b is BitS. A single variabledeclarationnot only declaregshe variable
mentionedbut alsoary extensionof this variablewith a naturalnumbey calledits

subscript For example,thedeclaratiorVAR b : BitS declareghevariablesb, b1,

b2, etc.,all of typeBitS. If, givenatypecontet I, variablew is of type s we write

' v :s (I' F canbeomittedif it is clearwhatI is)

3.5 Valueof NamesandVariables

The namesdeclaredn a specificationdenotea value Theremaybe mary possible
valuesfor thenamesn asignature A particularassignmenof valuesto the nameof
agivensignatureX: is calleda X:-algebra Onecanthink of analgebraasa possible
interpretationof the namesin a signature.Formally, an algebrais a mappingfrom
namedo values.Therefore the valueof namen for algebraA is denotedby A(n).
A sort s denotesa setof objects.A(s) anda functionf : s;,...s, — s denotesa
mappingA(f) from thetuplesin A(s;) x --- x A(sp) to elementof A(s).

A variableof type s is, givenanalgebraA, a placeholdefor anarbitraryobject
in A(s). Theremay be mary possiblevaluesfor the variablesin a type context. A
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BuiltinM:BoolS

BuiltinM:= : s, s —> BuiltinM:BoolS

BuiltinM:/= : s, s -> BuiltinM:BoolS
BuiltinM:FuncS[s_1,s_2]

BuiltinM:@ : BuiltinM:FuncS[s_1,s_2], s_1 -> s_2

A(BoolS) = {true, false}

true if £1 = x9
false otherwise

A(=)(z1,22) = {
false if x1 = z9
A(/=)(z1,22) =
(/=) (a1, ze) {true otherwise
A(FuncS[s;,s2]) = thesetof totalmappingsfrom A(s;) to A(s2)

A(Q)(f,y) = f(y)

Fig. 3.6: Builtin namesandtheir semantics(Givensignature® andX-algebraA. For sorts
s, 81, and sg, objectsz;, 2 € A(s) andy € A(s;), andtotal mappingf from
./4(51) to .A(SQ))

particularassignmenof valuesto variablesis calleda valuecontet (alsoknown as
valuationor variableassignment) Onecanthink of a valuecontext asa contet in
which eachplaceholdeis filled with a particularvalue. Formally, a valuecontext is
amappingfrom variablesto values.Therefore the valueof variablewv for algebrax
is denoteddy a(v).

3.6 Builtin Names

Somesortsand functionsare builtin, which meansthat they are always part of an
AFSL signature(without declaration). Given a particularinterpretationof the non
builtin names,builtin nameshave a fixed semantics. The builtin namesand their
semanticsrelistedin Figure 3.6 (hameabbreiations are usedin the definition of
thesemantics)BuiltinM is aresered moduleidentifierthatis usedasthe origin of
builtin names Thefunctionidentifiers=, /=, ande@ areoverloadedvhich meanghat
therearedifferentcompletenamedor differentinstance®f s, s;, andss.
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3.6.1 Booleans

ThesortBool$ of truth valuestrue andfalse is builtin becausét is the type of for-
mulas(a particulartype of terms)andthe co-domairtype of theequalityoperations:
and/=, which arethe basicoperationghatallow the specificatiorof new functions.

3.6.2 FunctionRepresentations

In Chapter7 functionsthathave functionsasagumentsareusedto handleso-called
non-functionalfeaturesin a properway. Functionsasargumentsarenot allowedin
afirst-orderlanguagdike AFSL (in which argumentanustbe objects functionsare
no first-orderobjects). Therefore,a trick is used: for all sortss; and sy thereis
a builtin function sort FuncS[s;,s2] of total mappingsfrom s; to s,. Note that
FuncS[s;,s2] isnotthesameass; —>s,, theformeris a sort,thelatteris afunction
type. However, they both representhe samecollection of mappings! In orderto
emphasiz¢hedistinctionbetweerthefunctionsortandthefunctiontype,anelement
of afunctionsortis calleda function representationFor termst; : FuncS[sy , s2]
andty : s; thefunction-applicatiort; (t2) is notalegal term. Therefore thereis a
builtin functione suchthatt; @ ¢, denotegheapplicationof themappingdenotedoy
t; to theobjectdenoteddy tz.

Functionsorts may seeman ad-hocextensionof an otherwisefirst-orderlan-
guage.Themainreasorwhy AFSL is not extendedo afull higherorderlanguages
thatit would complicatethe languageoo muchin the currentsetting. Still, it is very
well possiblethatthelanguagevould benefitfrom having realhigherorderfeatures,
seeSection8.1for afurtherdiscussiorof this subject.

Functionrepresentationsereaddedo AFSL in orderto facilitatenon-functional
featuresbut they canalsobe usedfor otherpurposes.For example,somequanti-
fiersthatoperateon representationsf booleanvaluedfunctions(thatis, elementof
FuncS[s,BoolS]) arespecifiedin the parameterizednoduleQuantifiersM (Fig-
ure 3.7). The lambdaabstractionausedhereare introducedin Section3.8. Note
thatthe useof the quantifiersspecifiedn QuantifiersM requiresa separatémport
for eachdomainthat needsto be quantifiedover. This could leadto considerable
overheadwhich canbe avoidedif polymorphismwould be addedto thetype system
(seethe discussiornin Section8.5). Preliminaryversionsof AFSL hadbuiltin con-
structsfor universalandexistentialquantification.Thesewereremovedwhenlambda
abstractionsvereaddedo thelanguage.

3.7 Literals

The given builtin namesare suficient to specify the standarddata structuresfor
strings, naturalnumbers,integers, and floating points. However, it is not possible
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MODULE QuantifiersM [XS]

VAR X : XS
VAR pred : FuncS[XS,BoolS]

SORT XS
IMPORT LogicM % Fig. 3.3 page 43

FUNC Forall : FuncS[XS,BoolS] -> BoolS
AXIOM Forall pred = (pred = (x| True))

FUNC Exists : FuncS[XS,BoolS] -> BoolS
AXIOM Exists pred = (pred /= (x| False))
LEMMA Exists pred = (Not Forall (x| Not pred@x))

%... other quantifiers

END MODULE

Fig. 3.7: Specificatiorof quantifiers.

to usethe standarddenotationdor thesedatastructureqso-calledliterals), suchas
"Paul and Mary", 380, -213, and 3.815. Insteadmore complicatedtermsare
neededo denotethesevalues,suchasSucc (Succ (... (0))) (380 timesSucc, the
successofunctionfor naturalnumbersjnsteadof 380), which leadsto unreadable
specifications.

Therefore two typesof literals aretreatedasbuiltin names:stringsandnumer
als. Stringsaresequencesf symbolsenclosedoy double-quotesind numeralsare
sequencesf digits. Thesebuiltin literals, togethemwith the correspondingortsand
somebasicoperationsarelistedin Figure 3.8 andtheir semanticsaregivenin Fig-
ure3.8. Stringsandnumeralsareinterpretedn ary algebraasthemseles(thatis why
they arecalled“literals”). Becausef possibleleadingzeros,numeralsaredifferent
from naturalnumbers:for example, 001 is notthe sameas 1. Leadingzerosare
significantif a numeralis usedin thefractionalpartof afloating point number Nu-
meralscanbe usedto denotenaturalnumbersoy defininganimplicit functionfrom
numeralgo the non-tuiltin sortNat$ of naturalnumbergseeChapters for implicit
functions). The minus-notatiorcanberealizedby defining- asa unaryfunctionon
numbersandthe dot-notatiorfor realscanberealizedby defining. (dot) asabinary
operationon numeralgseeSection5.5).

Thebuiltin literalsandtheir operationsareaddedfor corveniencelt depend®on
theapplicationsf alanguagevhatis corvenient.For example,if efficientexecution
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BuiltinM:String$S

BuiltinM:s : => BuiltinM:StringS

BuiltinM:Concat : BuiltinM:StringS, BuiltinM:StringS
-> BuiltinM:String$S

BuiltinM:NumeralS

BuiltinM:Null : => BuiltinM:NumeralS

BuiltinM:n : => BuiltinM:NumeralS

BuiltinM:Concat : BuiltinM:NumeralS, BuiltinM:NumeralS
-> BuiltinM:NumeralS

A(StringS) = setof all strings
A(s)() = s
A(Concat)(sy, s2) = theconcatenationf s; andss
A(NumeralS) = setof finite sequencesf digits
A(Null)() =th eemptysequence
An)() =
A(Concat)(ns,ng) = econcatenationfnl andny

Fig. 3.8:Builtin literals plus operationsand their semantics. (Given signatureX and X-
algebraA. For stringss, sz, andse anddigit sequences, n;, andn,.)
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<ternm>

<term> = <variable-
| <ams> <function> <amgs>
| “(" <variable> [“:" <sort>] “|” <term> “)”
| <informal-term>
<ags> = (" {<term>*," }x )"
|
|

<informal-term>
<informat>

“{” <informalb> x “}"
<natural-language
“2" <npame> “?”

T <term> 47

Fig. 3.9: Syntaxof terms.

of specificationss anissuedifferentkinds of numbersshouldbe a builtin together
with a large collectionof efficient operations.Also, it could be usefulto have lists

ashuiltin datatypes,including a speciallist-notation. Since AFSL is a prototype
languageijts collectionof builtin namesis very limited, only to avoid the roughest
notationaledges.

3.8 Terms

A termis eithera variable v, a function applicationa; fas, a lambdaabstraction
(v:slt), oraninformalterm (seeFigure3.9). A singleterm¢ asfunctionagument
is shorthandor (¢) andno agumentis equivalentto the emptyargument(). The
sorts in alambdaabstractions optional,it maybeomittedprovided v is declaredas
avariableof types.

All function applicationsin AFSL are actualinfix applications. But, because
empty agumentsare allowed, both prefix and postfix notationis possible. The
syntax also allows less usualforms of function application,suchas (z,y)f and
z f(y,z). Thesecondform enablesa kind of object-orientechotationwherethe
recever (first agument)is written in front of a messagéfunctionplustherestof the
arguments). Section3.9 discuseshow ambiguoudunction applicationsare parsed.
Because(t;, ... )f( ... ,t,) isequivalentto f (¢;, ... ,t,), thediscussiorof
functionapplicationswill useonly thesecondmorefamiliar andsimpler notation.

A termthatcontainsabbreiatednamess calledan abbreiatedterm, otherwise
it is a completeterm. A term that containsoverloadedfunctionsis calledan over
loadedterm. Eachcompletionof anoverloadedfunction canhave a differentvalue.
Therefore|t is in generaot possibleto associate valuewith anoverloadederm,
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v —>vU

faef
ty >ty oty b
Ftraeesta) = f1(th . th)

s s
t -t
(v:s|t) —» (v:s'|t)

!/ !/
e — eyt ep e

{er...en} > {€ef...e}}

nm & nm' t—t'

nl — nl ‘nm?’ — *nm"’ 140 2t

Fig. 3.10:Rulesfor abbreviation expansion.(Givena signature.For variablev; sortss and
s'; functionsf andf’; termst, ¢/, t1, t}, ... tn, t; informalsey, ... ey; natural
languagenl; andnamesnm andnm'.)
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<priorities> := “PRIORITIES” <group> * “END” “PRIORIES”
<group> == “GROUP” { <operator “,” }x
<operator := <function-id> [ <associatiity > |
<associatiity> = “(LEFT)” | “(RIGHT)”

Fig. 3.11: Syntaxof apriority section.

unlessall overloadedunctionsarereplacedoy completiondirst. Givena signature,
term ¢’ is a expansionof t (denotedby ¢t — t') if andonly if # canbe obtained
from ¢ by replacingall its abbreiations by completenameswhich is formally de-
finedin Figure3.10. Heree — ¢’ denoteghatthe informal e (naturallanguageor
guotedname/termyanbe expandedo e’. Thenotion“expansion”will be extended
in Section5.8.

3.9 Priorities

The syntaxof termsis ambiguousbecausearmgumentsare optionaland parentheses
may be omittedif anargumentis a singleterm. For example,how shouldf g & be
parsedfor functionsf, g, andk? To enableunambiguougparsingof termswithout
using mary parenthesesa relative priority andan associatiity (“left”, “right”, or
“none”) is associatedvith eachfunction. By default, all functionshave the same
priority andareright-associatie, thiscauseg ¢ h tobeparsedasf(g(h)), or actually
0/(0g(0R0))-

Non-defwult priorities and associatiities can be declaredin a priority section
the syntaxof which is definedin Figure 3.11. Eachspecificationhasexactly one
priority section.Theoneusedthroughouthis thesisis givenin Figure3.12. A prior-
ity sectiondeclareghe parsinginformationof functionidentifiers,not of functions.
Therefore all functionswith the sameidentifier have the samepriority andassocia-
tivity. This preventsambiguougarsinginformationfor functionnameabbreiations.
Non-dehultprioritiesarealwayswealerthanthedefault, identifierswithin onegroup
have the samepriority, andgroupsarelistedin orderof decreasingpriority. Notethat
a functioncanonly really be usedinfix or postfixif it hasa non-de&ult priority. If
not, for example,1+2 would be parsedas1 (+(2)) insteadof (1)+(2) (1 and2 are
functionstoo!). Termsthat cannotbe parseduniquelybasedon the priority section
areconsideredll-formed andhencedisalloved. In AFSL functiontypesplay norole
atall in the parsingof terms(contraryto, for example ASF+SDF).

Theversionof AFSL usedin the casestudiesdid not usea priority section. In-
steadfunctionnamescould be declaredwith priority attributesPRIORITY =, LEFT,
andRIGHT, wheren is a naturalnumberindicatingthe absolutepriority of the func-
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PRIORITIES

GROUP ., E

GROUP @ (LEFT), # (LEFT)

GROUP & (RIGHT), ++ (LEFT)

GROUP * (LEFT), / (LEFT), Div (LEFT), Mod (LEFT)

GROUP + (LEFT), - (LEFT)

GROUP :=

GROUP >>= (LEFT), =<< (RIGHT), +<< (RIGHT), ++<< (RIGHT),
>> (RIGHT), << (LEFT)

GROUP =, /=, <, >, <=, >=, ==, [==

GROUP Not

GROUP And (RIGHT), Or (RIGHT)

GROUP <=>, ==> (RIGHT), <== (LEFT)

END PRIORITIES

Fig. 3.12: Prioritiesusedthroughouthis thesis.

tion. This mechanismhad someseriousdravbacks. If priorities are declaredin
attributes scatteredll over the specification thereis no clearview on the mutual
relationsin the priority hierarchy Declaringabsolutepriorities makesit difficult to
insertan operationin the priority hierarchywithout renumberingthe priorities of
functionsalreadydeclared.Thepriority of anameabbreiation canbecomeambigu-
ousif prioritiesarelinked to completenames.Finally, the useof priority attributes
makesit harderto parsea module,sinceall importedmoduleshave to beparsedirst
in orderto collectall parsinginformation.

3.10 TypeandSemantic®f Terms

Given a signatureX. anda type contet I", a completeterm ¢ canhave a sort s as
its type, which is denotedby 3, T'F ¢ : s (orjustt : s if it is clearwhatX andT
are). The rulesfor determiningthe type of a termaregivenin Figure 3.13. Here
thenotationI'[v — s] is usedfor the assignmenbf sort s to variablew in type con-
text T' (leaving thetype of all othervariablesunchanged).SeeSection3.11for an
explanationof thetyping rule for informalterms.

Termsthathave atype accordingto theserulesarecalledwell-typed the others
arecalledill-typed. A formulais a non-oserloadedterm of type BoolS. Formulas
aretreatedasordinarytermsasa consequencef the choiceto modelrelationsby
functions(seeSection2.1.2).

GivenanalgebraA anda valuecontet «, acompletetermt : s hasa valuein
A(s), which is denotedby [¢] .4, (orjust[¢] if it is clearwhat. A and« are). The
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Yks I'Fwv:s
Y. I'Fov:s

YEfisyoe,8, = 8 .ty :s; -+ BT Ft,:s,
X, Eflty,...,ty) : s

Sk S, T[vws si]bt:se
N, ' (v:s;|t) : FuncS[s;,s2]

Y TF{es...ep}:s

Fig. 3.13:Typing rulesfor non-abbreiatedterms. (Given signatureX andtype contet T'.

For ary variablev; completesortss, s, - .. , s,; completefunction f; complete
termst, t4, ... , t,; andinformalsey, . . . e, suchthatquotedtermshaveaunique
type.)

[v]ae = a(v)

[[f(tl P ,tn)]]A,a = A(f)([tl]]A,a’ SRR |[tn]].A,a)
[(visID]aa(z) = [t]aa[wse

Fig. 3.14: Semanticof terms. For ary algebraA, value contet «, variablewv, function f,
termst, t;, ... , tn, SOrts, andvaluez € A(s).
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definitionof [ ] is givenin Figure3.14. Thevalueof avariableis takendirectly from

the value context. The value of a function applicationis obtainedby applyingthe
mappingdenotedoy thefunctionnameto the valuesof its aguments Thevalueof a
lambdaabstractions the mappingthatmapsary possiblevalueof its boundvariable
to the value of its body (which may containoccurrence®f the boundvariableand,
therefore,is dependenbn its value). Note that [(v:s|t)].4, IS @ mappingand,
therefore,canbe appliedto an objectz. Thenotationa[v — z] is usedto denote
theassignmenbf valuez to variablev in « (leaving the valueof all othervariables
unchangedbut possiblyoverwriting the previous value of « for v). The value of

an informal termis undefined,which is dueto the fact that naturallanguagedoes
not have aformal semanticsln Section3.11theinformal valueof informal termsis

discussed.

3.10.1 Formula

A formulais acompletetermof typeBoolS. Eachassertiory ¢ (with qualifier ¢ and
term¢) in a specificationmustbe suchthat ¢ hasexactly one expansiong thatis a
formula(thatis, ¢ is theonly formulasuchthatt — ¢). This guaranteeghat,for a
givenalgebraandvaluecontet, all assertiongn aspecificatiorhave anunambiguous
booleanvalue.

A formula¢ is calledsatisfiedby analgebraA if andonly if the (informal) value
of ¢ for A is true for ary arbitraryvalue contet. If M hasno imports, thenan
algebraA is calleda model of M if andonly if all expandedassertion®f M are
satisfiedoy A. If M doeshave imports,thenA is amodelof M if andonlyif Aisa
modelof theunfoldingof M (seeSection3.14). A formula¢ is calleda consequence
of M if andonly if all themodelsof M satisfy¢.

3.11 Informal Terms

An informal termis atermthat containsnaturallanguageandassuchhasno formal
semanticsThis explainsthenameAlmost Formal SpecificatiorLanguagelnformal
termscanbe usedif the exactformulationof anassertioris notthatimportant,or as
aninformal explanationbesidesaformal assertion Examplesof the useof informal
termscanbefoundin bothBitiM andBitList1M:

LEMMA {’BitS’ is the sort of bits with two distinct elements
’Zero’ and ’One’.}
AXIOM 11 ++ 12 = {the concatenation of ’11’ and ’12’}
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3.11.1 Syntax

An informal termis a sequencdenclosedby braclets) of naturallanguage(which
canbe almostary sequencef symbols,seeSection3.2), quotednames(a name
enclosedby ’), and quotedterms (a term enclosedby ’). Examplesof informal
termsare:

{’BitS’ is the sort of bits}
{the concatenation of ’11’ and ’12’}
{’11++12’ is the concatenation of ’11’ and ’12’}

Quotednamesandtermsallow toolsto recognizeheformal partsof aninformalterm
andcheckwhetherthey arewell-formed. A quotedfunctionnamef is considerech
guotednameratherthana quotedterm (f is a namebut alsoan alternatve notation
for theterm O f Q).

3.11.2 TypeandSemantics

Dueto its informal natureit is impossibleto associata formal typewith aninformal
term. Therefore aninformaltermcanhave ary type, providedits quotednamesare
non-overloadedandits quotedtermshave exactly one well-typed expansion. This
explainsthe last typing rule in Figure 3.13. Quotedtermsmusthave uniquewell-
typedexpansionsecauseaheir context doesnot provide ary informationto resohe
overloading.

An informal term ¢ alsodoesnot have aformal value[¢] 4. However, acom-
pleteinformaltermt : s doeshave aninformal value whichis the naturalinterpre-
tationof ¢ in s. Thismeanghat¢ shouldbeinterpretedaccordingto the “common”
meaningof thenaturallanguagen ¢ andtheformal meaningof thequotednamesand
termswithin ¢. If ¢ doesnothave anaturalinterpretatiorin s, thentheinformalvalue
of ¢ is arbitrary Someexamplesof naturalinterpretatioraregivenin Figure3.15.

3.11.3 Informal Termsvs. Comment

Informal termsaredifferentfrom commentsFirst thereis a differencein use.Com-
mentsare usedfor documentatioronly, they do not contrikute to the definition of
the namesdeclaredn a specification.Informal terms,however, areusedto put re-
strictionson the definitionsof names.They cannotbe left out without changingthe
informal meaningof a specification. Secondly thereis a syntacticdifference: an
informal term canbe usedinsteadof a formal term, whereascommentcanonly be
addedto a specification.Finally, the typing rulesextendto the quotedtermswithin
informal terms,whereasothingpreventscommentrom containingill-typed terms.
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[{*1+2 a0
=3

[{’BitS’ is the sort of bits}]4.

) true if A(BitS) isthesortof bits
~ |jalse  otherwise

[{the concatenation of ’11’ and ’12’}|4.
= theconcatenationf a(11) anda(12)

[{’11++12° is the concatenation of ’11’ and ’12°}] 4,
true if A(++)(a(11),a(12)) is theconcatenation
= of [11] 4, and[12] 4o
false otherwise

Fig. 3.15:The informal value of someexampleinformal terms. (For given algebra4 and
valuecontet a.)
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3.12 Assertions

Therearethreekinds of assertions:axioms (indicatedby the qualifier AXIOM), re-
guirementsindicatedby REQ), and lemmas(indicatedby LEMMA). All threeforms
canbefoundin theexamplemoduleBitList1M. Thereis no differencebetweerthe
threekindsof assertiongn syntax,typing, or semanticsThedifferentkindsof asser
tion areusedfor differentpurposesindarethereforequalifiedassuch.lt is the same
distinctionthatis commonin mathematicatheoriesthat usually containdefinitions
(axioms),assumptiongrequirements)andconclusionglemmas).

The threekinds of assertiongyive rise to threedifferentclassesof models: the
axiommodelsthatsatisfyall axioms,the lemmamodelsthatsatisfyall lemmasand
the requirementnodelsthatsatisfyall requirements.

Axioms are usedto do the actual specification(that is, definition of sortsand
functions). If oneis only interestedn whatis specifiedby a module,lemmasand
requirementganbeignored.

Requirementsare usedwheneer actualspecificationof a namez declaredin
module M is not yet possibleor desirablein M, but somerestrictionsneedto be
put on future specificationof z in any modulethatimports M. A moduleis called
satisfiedif andonly if all its requirementsrea consequencef its axioms(thatis,
theclassof requiremenmodelsincludestheclassof axiommodels).For example,in
moduleBitList1M of Figure3.2therelation<= is declaredwvithout a definition, but
with therequirementhat<= mustbeatotal order;amodulethatimportsBitList 1M
inheritsthis requirement.This exampleis someavhatartificial. However, supposean
orderingon lists of bits is neededor efficient searchingn a databasef lists, then
theactualorderingis irrelevant, aslong asit is a total order Requirementarealso
usedto restrictthe possiblevaluesof formal parametergseeChapterd).

Lemmasareprimarily intendedor validationpurposega specificatioradequate-
ly modelssomesystem).A moduleis saidto bevalid if andonly if all its lemmasare
aconsequencef its axiomsandrequirementgthatis, the classof lemmamodelsin-
cludestheintersectiorof theclasse®f axiomandrequiremenmodels).Lemmascan
alsobe seenasa way of documentinga specification sincelemmasgive a different
view onwhatis specifiedoy theaxiomsandrequirements.

Why canlemmasandrequirementsot all be changednto axioms?In factthey
can,but thatconcealghe factthat definitionsshouldbe consistenivith the lemmas
andrequirementswhich thenarenot recognizableas sucharnymore. Of courseall
definitionsshouldbe consistenwith otheraxioms;but proving validity of lemmas
andsatisfictionof requirementss lesswork thanproving consisteng of all axioms,
andprobablymorerelevant. Anotheradwantageof separatingaxiomsfrom lemmas
andrequirementss thatthelatterarenot partof the actualspecificationIf a specifi-
cationis usedasthebasisof therealizationof a systemthelemmasandrequirements
areignored.
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Module validation (proving it is valid) and verification (proving it is satisfied)
canin principle be doneby formal proof, possiblysupportedy an automaticproof
assistantHowever, formal proof rulesfor AFSL areoutsidethe scopeof this thesis,
which is primary focusedon the expressienessof formal specificationlanguages
ratherthantheir mathematicaproperties.

A minor disadantageof theuseof requirementsnsteadof axioms,for thespec-
ification a namez is that the eventualdefinition of z often needsto replicatethe
requirementaisaxioms.If therequirementsverereplacedy axioms,the specifica-
tion only needgo be extendedto completethe definition. It is unlikely thatthisis a
realdisadwantagesinceit is clearerto have a self containeddefinitionanyhow.

3.13 Inductive Sorts

A sortcanbedeclaredto be inductively defined,which meansthatall its elements
canbe constructedy usinga finite numberof so-calledconstructors An inductive

sortis a sortwith the attribute INDUCTIVE. A constructorof aninductive sort s is a

functionwith co-domains andattribute CONSTRUCTOR. Constructor®f s have to be

declaredn the samemoduleas s in orderto guaranteg¢he monotonicityof module
import. Thatis, if module M ; imports M » thenall derived propertiesof M, also
hold for M. It is allowed for the domainof a constructotto containnon-inductve

sorts.

In theexamplemodulesBitS andBitListS areinductive sortsandZero, One,
Empty, and& areconstructors.No non-inductve sortsaredeclaredn the example,
but in generalmodulesmay containnon-inductve sorts. Freesortsoccurin partic-
ular asformal parametergseeSection3.3). For example,in Figure 4.4 a general
specificationof lists is given wherethe type XS of the elementsn thelists is a for-
mal parameteland as sucha non-inductve sort. But also non-parametersan be
non-inductve sorts,for example,if asortcannotbefully specified(yet).

The role of inductive sortsis similar to that of algebraicdatatypesin func-
tional programming.For example,the specificationof the inductive sortsBitS and
BitListS$ is similar to the following definitionsof algebraicdatatypesin the pro-
gramminglanguageHaslell (Bird 1998) (the identifiersZero, One, and & are not
allowedasfunctionsin Haslell and,thereforearereplacedy Zero, One, andAdd):

Zero | One
Empty | Add BitS BitListS

data BitS
data BitListS

Contraryto Haslell, in AFSL inductvenes®f asorts doesnotimply thatelementof
s thatareconstructedvith differentconstructorarenot equal.For example without
theinequalityaxiomin Bit 1M, it is not prohibitedthatZero is equalto One.
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3.13.1 FormalDefinition of Inductveness

Someauxiliary definitionsare neededn orderto definewhat it exactly meansfor
a sortto beinductive. Given a signatureandtype context, a semigroundterm is
a term that consistsof constructorsaand variablesof non-inductve sorts. Given a
signature:, analgebraA is minimal if andonly if for eachsorts in ¥ andobjectz €
A(s) thereexist atype contet I, valuecontet «, andsemigroundterm¢ : s such
thatz = [t] .4, (thatis, ¢ represents). Note thateachnon-inductve sortsatisfies
this condition by definition. In a minimal algebraall elementsof inductive sorts
canbe constructedy a finite numberof constructorgandmaybesomevariablesas
placeholdefor objectsof non-inductve sorts).A semigroundtermis similarto what
is known asa groundtermin thetheoryof initial semanticgor algebraidanguages,
exceptthat a groundterm may containary function (all functionsare considered
constructors)and no variablesof non-inductve sorts(all sortsare inductive with
initial semantics).

All modelsof an AFSL specificationrmustbe minimal, which limits the possi-
ble interpretationof inductive sorts. For example, the only elementsof BitS are
(thevaluesof) Zero andOne, sincethesearethe only semigroundtermsfor BitS.
A semigroundterm for BitList$ is of the form Empty or ¢;&: - - &t,&Empty for
termstys,...,t, € {“Zero”, “One” }). So,BitListS containsthe emptylist and
lists with a finite numberof elementsof Bit$S. In theseexamplesall relevant sorts
areinductive, no variablesare possiblein the semigroundtermsof eitherBitS or
BitListS. In the parameterizednoduleList1M (Figure 4.4) the formal parameter
XS, thesortof theelementf thelist, is noninductive. Therethe semigroundterms
of ListS[XS] areof the form Empty or v;&: - - &v,&Empty for sometype context
thatdeclareghe variablesvy, ... , v, to be of typeXS. Now, ListS[XS] still con-
tainsthe emptylist andlists with afinite numberof elementof XS, but thevariables
in the semigroundtermfunctionasplaceholdergor arbitraryelementof XS.

3.14 Modulelmport

Theimport of amodulehasthe effect of includingthe body of theimportedmodule.
Theprocesf recursvely replacingeachimportin a module M by the body of the
importedmodauleis calledunfolding For example theunfoldingof thespecification
of lists of bitsBitList1Mis givenin Figure3.16.With respecto theexpressieness
of the languagethe import mechanismis redundantsincea modulecanalwaysbe
replacedby its unfoldedversion. The import mechanisnis, however, animportant
tool for structuringandreuseof specifications.

By definition, the signatureof a structuredmoduleis the signatureof its unfold-
ing, astructurednoduleis well-formedif its unfoldingis well-formed. Thesemantics
of a structurednoduleequalsthe meaningof the unfoldedversion.
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MODULE BitListiM
VAR x : BitS

SORT Bit1M:BitS (INDUCTIVE)

FUNC BitlM:Zero : -> BitS (CONSTRUCTOR)

FUNC BitiM:One : -> BitS (CONSTRUCTOR)

LEMMA {’BitS’ is the sort of bits with two distinct elements
’Zero’ and ’One’.}

AXIOM Zero /= One

FUNC BitiM:* : BitS, BitS -> BitS
AXIOM Zero * x = Zero
AXIOM One * x X

%... unfolding rest of BitlM, unfolding of LogicM and NatM

VAR b : BitS
VAR 1 : BitListS

SORT  BitListS (INDUCTIVE)

FUNC Empty : -> BitListS (CONSTRUCTOR)
FUNC & : BitS, BitListS -> BitListS (CONSTRUCTOR)
AXIOM b&l /= Empty

AXIOM bi1&l1l /= b2&12 <== bl /= b2 Or 11 /= 12

%... rest of the body of BitList1M

END MODULE

Fig. 3.16:Unfolding moduleBitList1M of Figure3.2.
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Unfolding involvesa bit morethanjust copying the bodiesof importedmodules.
Somechangedave to be madein the bodiesof theimportedmodulesto ensurehat
theunfoldedmodulehastheright signatureandassertions:

e All occurencesf namesn the importedmodulemustbe completed.This is
necessarpecaus¢heunfoldedmodulehasalargersignaturghantheimported
module. This may leadto an overloadingin the includedbody which cannot
beresohedin the contet of theimporting moduleor will beresohed differ-
ently. Completionalsoavoidsthatnamesdeclaredn theimportedmoduleget
the nameof the importing moduleastheir origin (thatis, BitList1M: Zero
insteadof Bit1M:Zero). Completionof namesin assertionsnvolves over-
loadingexpansion,implicit functionsexpansion(seeChapters), andimplicit
binding expansion(SeeChapter7).

o If animportedmodule M is parameterize@seeChapter4) all occurrencesf
formal parameterén the body of M arereplacedoy the correspondingctual
parametebeforethebodyof M is copiedto theimportingmodule.

e [f, afterunfolding, the samenamedeclarationoccursmultiple times,thenall
but the first areremoved. Multiple declarationoccursif the samemoduleis
importedmultiple times or becausdormal parametersire replacedby actual
parameters.

o If necessaryariablesof the importedmodulearerenamedo avoid multiple
declarationsof the samevariable. This is the reasonwhy the variableb of
Bit1Misrenamedo x in Figure3.16.

Theresultof unfolding of amodule M depend®nthespecificationvhich M is
partof. The bodiesof importedmodulesare obtainedfrom that specification.If an
importedmodulecannotbe foundin the specificationM is ill-formed.

Unfolding would resultin aninfinite bodyif a moduleimportsitself directly or
throughintermediatenodule.Therefore circularimportsarenot allowed.

Completionof namesand expansionof assertionsnay leadto a syntacticex-
plosion of importedmodules. For example,the completespecificationof BitS in
Figure3.16shouldreally be:
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SORT BitiM:BitS (INDUCTIVE)

FUNC BitiM:Zero : -> Bit1M:BitS (CONSTRUCTOR)

FUNC BitiM:One : -> Bit1M:BitS (CONSTRUCTOR)

LEMMA {’Bith:BitS’ is the sort of bits with two distinct
elements ’BitlM:Zero:->Bit1M:BitS’ and
’Bith:One:—>Bit1M:BitS’.}

AXIOM BitilM:Zero:->Bit1M:BitS
BuiltinM:/=:Bit1M:BitS,Bit1M:BitS->BuiltinM:BoolS
Bit1M:0One:->Bit1M:BitS

To reducethe syntacticoverheadunfoldedmodulesmay be simplified (by usingab-
breviations,implicit functions,andimplicit bindings)provided the simplified mod-
ule hasthe sameexpansionasthe non-simplifiedversion. The examplesof unfolded
modulesin this thesiswill alwaysbe simplified. Notethatit is a non-trivial exercise
to automatesucha simplificationtask.
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Abstract

A genericmoduleis a parameterizeanodule, that is, a module with
a non-emptylist of formal parameters.Module parameterare names
that have to be declaredsomeavhere within the module. The imports
of a genericmodule must be suppliedwith namesas actual parame-
ters. Whenunfoldingthe import of a genericmoduleall occurrencesf
its formal parameterare replacedby the correspondingactualparam-
etersbeforeit is copiedto the importing module. This includesoccur
rencesof formal parameterin namegasindexesor aspartof function
types). This causegshesenamesto behae like a kind of polymorphic
sorts/functions.

Theparametemechanisnof AFSL is significantlydifferentfrom thatof

mostotherspecificationanguagesThe pro’s andconsof the different
kinds of genericmodulesare discussedn Section2.1.4. This chapter
gives a numberof examplesof different usesof genericmodulesand
discussesestrictiongthatapplyto parameters.

4.1 Example:GenericAssertions

A simpleuseof a genericmoduleis to collectassertiongor a parameterizethiame
z in a separatebuilding block, which canbe usedmary timeswith different sub-
stitutionsfor z. An exampleof sucha collection of genericassertionss given in
Figure 4.1, whereit is requiredthat the parameterizedelationR is a total order
(XS is an auxiliary formal parametemeededio passthe domaintype of R). Mod-
ule TotalOrderM is usedin Figure4.2 for the specificationof lists of bits whereit
replaceghefour requirementgor <= of BitList 1M in Figure3.2. The unfolding of
this new versionof BitList2M (givenin Figure4.3)is equivalentto BitList1M.

Theeffect of replacingformal parameterby actualparametergluringunfolding
is similarto renaming(seeSection2.1.4). AFSL doesnothave arenamingconstruct,
but a hypotheticalextensionof the languagecould allow animport with renaming
like:
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MODULE TotalOrderM [XS, RI]
VAR x : XS

IMPORT LogicM % Fig. 3.3 page 43

SORT XS

FUNC R : XS, XS -> BoolS

REQ x R x

REQ x1 R x2 And x2 R x1 ==> x1 = x2
REQ x1 R x2 And x2 R x3 ==> x1 R x3
REQ x1 R x2 Or x2 R x1

END MODULE

Fig. 4.1: Specificatiorof a total ordering.

MODULE BitList2M

VAR b : BitS
VAR 1 : BitListS

IMPORT BitiM % Fig. 3.1 page 40

SORT BitListS
%... definition of BitListS

FUNC <= : BitListS, BitListS -> BoolS

IMPORT TotalOrderM [BitListS, BitList2M:<=] % Fig. 4.1 page 68

%... definition of operations on lists

END MODULE

Fig. 4.2: Reformulationof the specificatiorof lists of bits of Figure3.2,now usinga generic
modulefor the requirementn <=. Note that the import argument<= needsits

origin becausét is overloadedthereis alsoonefor BitS.
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MODULE BitListM

VAR b
VAR 1:
YA

Y
SORT

Y
FUNC <=
VAR b4
REQ X
REQ x1
REQ x1
REQ x1
Y

END MODULE

: BitS

BitListS

unfolding of BitM
unfolding of SystemM

BitListS
definition of BitListS

: BitListS, BitListS -> BoolS

: BitS

<= x

<= x2 And x2 <= x3 ==> x1 <= x3
<= x2 And x2 <=x1 ==> x1 = x2
<= x2 O0Or x2 <= x1

definition of operations on lists

Fig. 4.3: Unfolding of moduleBitList2M of Figure4.2.
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IMPORT TotalOrderM RENAMING XS TO BitListS
s R TO BitList2M:<=
END

as an alternatve for the import statemenf TotalOrderM (the parametedist in
TotalOrderM canthenbe omitted). A renamingconstructis moreflexible thanthe
parametemechanisnbecausét is not fixed which nameshave to be renamed.On
theotherhand,importswith actualparameterbave lesssyntacticoverheadsincethe
nameghathave to bereplaceddo not have to be mentioned.

Parametereplacemendiffersfrom renamingn a subtleway: formal parameters
arereplacedby existing names.The actualparametersf animport mustbe names
thatare declaredoeforethe import. Thatis why declarationof formal parameters
areremoved from the importedmoduleduring unfolding: the replacementsire al-
readydeclaredseeSection3.14). Renamingdoesonly changethe syntaxof names
declaredn theimportedmodule.Thedeclaration®f thenameghatarerenamedhre
not affectedin any way. For example,if theimportof TotalOrderM in BitList2M
werereplacedby the abore mentionedmport with renaming thenthe unfolding of
BitList2M would containdeclarationf two differentversionsof BitListS and
<=. Onecouplewill have origin BitList2M, theotherTotalOrderM. Bothversions
will be syntacticallysimilar, but semanticallyunrelated. This is not the intention
of the import of TotalOrderM, which is meantto add requirementdgor the <= of
BitList2M.

4.2 Restrictionson Parameters

Within amodulethereis nodistinctionbetweeraformal parameteandothernames:
it mustbe declaredassertionganuseit, it canbe usedasanindex, it canbe used
asactualparameteretc. Formal parameterslo not needto be introduceddirectly in
thebeginning of amodule.This canbe usefulwhenthetype of a parametecontains
a sort which hasto be importedfirst from anothermodule. A formal parameteis
not allowed to be anindexed name,inductie sort, constructgror implicit function
(implicit functionsarediscussehapters).

The actualparameter®f animport mustbe declaredbeforethe import. In or-
derto ensurethat an unfoldedmoduleis well-typed, eachactualparameter: must
be of the samekind (sort or function) andtype (in caseof a function) asthe cor
respondingormal parametew. If y is a function, the type of ¥ may containother
formal parameters.For example, the type of R in TotalOrderM containsXs. In
that case,z mustbe of the sametype as y after substitutionof the formal param-
etersin the type of y by the correspondingactual parameters.For example, for
theimport of TotalOrderM in BitList1M the actualparametek= mustbe of type
BitListS, BitListS -> BoolS, whichit indeedis.
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MODULE Listi1M [XS]

VAR x : XS
VAR 1 : ListS[XS]

SORT XS

IMPORT LogicM % Fig. 3.3 page 43
IMPORT NatM 7 Fig. 5.8 page 94

SORT ListS[XS] (INDUCTIVE)
FUNC Empty : -> ListS[XS] (CONSTRUCTOR)
FUNC & : XS, ListS[XS] -> ListS[XS] (CONSTRUCTOR)

AXIOM x&l1 /= Empty
AXTIOM x1&11 /= x2812 <== x1 /=x2 O0r 11 /= 12

FUNC <= : ListS[XS], ListS[XS] -> BoolS
IMPORT TotalOrderM [ListS[XS], <=] % Fig. 4.1 page 68

FUNC Length : ListS[XS] -> NatS
AXIOM Length Empty = 0
AXIOM Length (x&1) Length 1 + 1

%... definition of other operations on lists

END MODULE

Fig. 4.4: Specificatiorof typedlists.

4.3 Example:ParametricOverloading

A genericnameis anamewhich containssomeformal parameteraspartof its com-
pletename(asindexesor in its type info). Recallthatanindexed nameis a name
which hasasequencef namegqits indexes)directly following its identifier (seeSec-
tion 3.4). In the previous sectionTotalOrderM hasno genericnames.The generic
specificatiorof listsin Figure4.4 doesdeclareagenericsortnameListS [XS] (with

index XS) andgenericfunctionsEmpty, &, <=, andLength (XS occursin thetypesof

thesefunctions).

When unfolding a module import the occurrencesf formal parametersn a
genericnamearereplacedy the correspondingctualparametersThis changeshe
genericnameinto a nev namecalledan instantiation Thus,animport of a generic
moduleresultsin a renamingof all its genericnames. This is true renaming: for-
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MODULE ListExampleM

IMPORT Bit1M % Fig. 3.1 page 40
IMPORT List1M [BitS] % Fig. 4.4 page 71
IMPORT List1M [StringS] % Fig. 4.4 page 71

END MODULE

Fig. 4.5: Exampleof importsof the parameterizetist module.

mal parametersrereplaced,genericnamesare renamed. Multiple imports of the
samemodulemay resultin differentinstantiationsof the samegenericname. This
causegyenericnamesto behae like a kind of polymorphicsorts/functions.Thisis
demonstrateth ListExampleM givenin Figure4.5,theunfoldingof whichis given
in Figure4.6. In ListExampleM two differentlist sortsaredeclaredListS[BitS]

andListS [StringS]), eachwith their own setof operations.Note thatin the un-
folding of thedefinitionsof thetwo Length functionsthe occurrencesf Empty are,
partly, completedn orderto avoid overloadedabbreiations.

4.4 Polymorphism

The useof indexesis essentiafor specifyingpolymorphicsorts,whichis thereason
why indexesareavailablein AFSL. Withouttheindex XS in ListS [XS] two different
importsof List 1M would declareonly onelist sortListS (the sortof all lists) with
one constantEmpty (the emptylist), and two versionsof & (sinceXs is thenstill
partof the type of &). Becausehe type of a functionis partof its completename,
thereis no needto useindexesfor functionshere. For example,in ListExampleM
two distinct constantdor the emptylist aredeclared:Empty:->ListS[BitS] and
Empty:->ListS[StringS]. Functionscan have indexes, but thoseare usedfor
otherpurposeshanpolymorphism(seethe examplein Section4.8).

Theform of polymorphisndemonstratetiereis notquitethesameasit is known
in mary functionalprogramminganguageswheretype variablescanbereplacedy
ary arbitrarytype (sortsarecalledtypesin programminganguagesyvithout explicit
instantiation.For example,the moduleList1M canbe formulatedin the functional
languageHaslell (Faseletal. 1992,Bird 1998)asfollows (here& is renamedo Add
andLength to len):
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MODULE ListExampleM
%... unfolding of BitiM

VAR b : BitS
VAR bl : ListS[BitS]

%... unfolding of LogicM and NatM

SORT List1M:ListS[BitS] (INDUCTIVE)

FUNC ListiM:Empty : -> ListS[BitS] %...
FUNC ListiM:& : BitS, ListS[BitS] -> ListS[BitS] %...
%... equality axioms for ListS[BitS]

FUNC <= : ListS[BitS], ListS[BitS] -> BoolS
%... unfolding of TotalOrderM [ListS[BitS], <=]

FUNC ListiM:Length : ListS[BitS] -> NatS

AXIOM Length Empty:->ListS[BitS] = 0

AXIOM Length (b&bl) = Length bl + 1
%... unfolding rest of List1M [BitS]

VAR s : StringS
VAR sl : ListS[StringS]

%... unfolding of LogicM and NatM

SORT ListiM:ListS[StringS] (INDUCTIVE)
FUNC List1M:Empty : -> ListS[StringS] %...
FUNC ListiM:& : StringS, ListS[StringS] -> ListS[StringS] %...
%... equality axioms for ListS[StringS]

FUNC <= : ListS[StringS], ListS[StringS] -> BoolS
%... unfolding of TotalOrderM [ListS[StringS], <=]

FUNC ListiM:Length : ListS[StringS] -> Nat$S

AXIOM Length Empty:->ListS[StringS] = 0

AXIOM Length (s&sl) Length s1 + 1
%... unfolding rest of ListiM [StringS]

END MODULE

Fig. 4.6: Theunfoldingof ListExampleM.
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module ListM where
data ListS xs = Empty | Add xs (ListS xs)

len :: ListS xs -> Int
len Empty =0
len (Add x x1) = (len x1) + 1

Oneimportof ListM is sufiicientto declareListS xs for ary possiblesubstitution
of xs. In AFSL eachinstantiationof ListS [XS] hasto be createdexplicitly by an
importof List1M.

In Haslell 1en is a functionwith a polymorphicfunctiontype. AFSL doesnot
have polymorphicfunctiontypes.Insteadthe parametemechanisnis usedto create
overloadedversionsof Length, onefor eachtype of list. Actually, this kind of over
loadingresemblesheconcepf typeclassn Haslell ratherthanthatof polymorphic
functiontypes.

Overloadingis sometimegalledadhocpolymorphismandthekind of polymor
phismusedin the Haslell exampleis thencalled parametrigpolymorphism Over
loadingis consideredad hoc becausean generaldifferentinstancesof overloaded
namesare semanticallyunrelated whereasa parametricpolymorphicfunction be-
haves uniformly for eachinstance. The way differentinstanced.ength are over
loadedis not thatad hoc sincethey all aredefinedin the sameway. Therefore the
terminologyparametricoverloadingis usedherefor the kind of overloadingcaused
by differentinstantiationf a genericname.

To keepthe languagesimple, adding parametricpolymorphismto AFSL has
never beenconsideredalthoughpotentiallyit hassomeimportantbenefits(seeSec-
tion 8.5). Parametricoverloadinghassomeadwantagedoo. First, it is a relatively
simplelanguagefeature. Provided a languagealreadyhasoverloadingandgeneric
modules,it only needsindexed names;which is a simple syntacticmechanisnthat
doesnot affect the semanticof the language. Second,parametricoverloadingis
moreflexible than parametrigpolymorphism,asis shavn in the examplesgivenin
Sectionst.5and4.8.

4.5 Example:RestrictedOverloading

For somegenericnamesot all instantiationsaredesirable Explicit instantiationof
genericnamesprovides control over which instantiationsare allowed. With para-
metric polymorphismthis is not possible:thenit is all or nothing. Restrictionson
instantiationsof a genericnameare given by requirements.For example, module
TotalOrderedM in Figure4.7 doesspecifygenericnames= and<=. Theimported
requirement$rom TotalOrderM restrictinstantiationf >= to total orders.Thatis,
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MODULE TotalOrderedM [XS]
VAR x : XS
SORT XS

FUNC <= : XS, XS -> BoolS
IMPORT TotalOrderM [XS, <=] % Fig. 4.1 page 68

FUNC >= : XS, XS -> BoolS
AXIOM x1 >= x2 <=> x2 <= x1

%... other operations that can be defined with <=, such as < and Min

END MODULE

Fig. 4.7: Examplespecificatiorof genericfunctions.

in a satisfiedmoduleaninstantiationof <= is only allowedif it is definedasa total
order

Without restrictionsthe definition of an instantiationof <= canbe completely
arbitrary This may easilyleadto confusingspecificationssincethe symbol<= sug-
gestsatotal order(or atleast,somekind of well-behaing order). Thereforerequire-
mentsare put on the future definitionsof <= to guaranteesomecommonproperties
for differentinstantiationof <=.

The relation <= cannotbe definedwithin TotalOrderedM becausenothingis
known aboutXs there. The definition of <= is, therefore postponedo the modules
thatimport TotalOrderedM. Note that >= is completelydefinedwithin the module
TotalOrderedM, althoughits actualmeaningdepend®n thefuturedefinitionof <=.

Figure4.8shavs how bitscanbespecifiedwvithoutlocally declarings=, usingthe
generic<= importedby TotalOrderedM instead.Therestrictionsonthedefinitionof
<= in TotalOrderedM aresatisfiedby the definingaxiomsfor <= in Bit2M. It does
not needto bethe casethatthe restrictionsare satisfiedright away in the importing
module.For example,in Figure4.4thedeclaratiorof <= togethemwith theimport of
TotalOrderM canbereplacedoy animportof TotalOrderedM, thedefinitionof <=
is thenforwardedto the modulethatimportsList1M.

4.6 CoherenOverloading

Apart from the usualadwantagesof modularization the declarationof overloaded
namesasa singlegenericnamewith a forwardeddefinition (suchasthefunction<=
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MODULE Bit2M
VAR b : BitS

SORT BitS (INDUCTIVE)

FUNC  Zero : -> BitS (CONSTRUCTOR)

FUNC One : -> BitS (CONSTRUCTOR)

LEMMA {’BitS’ is the sort of bits with two distinct elements
’Zero’ and ’One’}

AXIOM Zero /= One

FUNC * : BitS, BitS -> BitS
AXIOM Zero * b = Zero
AXIOM One * b =b

IMPORT TotalOrderedM [BitS] % Fig. 4.7 page 75

AXIOM Zero <= Db
AXIOM b <= 0One

END MODULE

Fig. 4.8: Reformulatiorof the specificatiorof bits of Figure3.1,now usingagenericmodule
to introduce<=.
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in TotalOrderedM) hasanadditionalbenefit. Therequirement®n the definition of
a genericnamen guaranteesomecoherenceamongthe definitionsof the different
instancesf n. For example,we know for surethatin a satisfiedspecification(see
Section3.12) every instanceof the <= of TotalOrderedM is atotal ordering. Al-
thoughthe definition of <= is not containedn the genericmodulethat declaredit,
parametricoverloadingis lessad hocthanunrelatecbverloading.

The advantageof this coherentoverloadingis that it makes the propertiesof
overloadedhamesmore predictable.lt is agoodmodelingprinciple to have a clear
relationbetweemamesandtheir meaning;it makesthe meaningof nameseasierto
understandndrememberKnowing the meaningof theindividual wordsis essential
for understandingtext. Maintainingarelationshipbetweersyntaxandsemanticss
difficult for anoverloadedhamesinceit hasmorethanonemeaning.The context of
theuseof anoverloadechamemustprovide additionalcluesaboutits meaningn that
case(seeSection3.8). Coherenbverloadingguaranteeghatthe differentmeanings
of an overloadednamehave at leastsomepropertiesin common,regardlesof the
contet of its use. Within the FSA casestudiesit wasa guidelineto avoid unrelated
overloadingwheneer possible eitherby using parametricoverloadingor by using
inheritance(see Chapter5). It turnedout that elimination of unrelatedoverload-
ing canbe a driving force in the processof structuringa specificationand creating
reusablemodules.

Coherenbverloadingdoesnot comeautomaticallyevenif theonly form of over
loadingusedis parametric.The level of agreemenin the semanticof differentin-
stanceof a genericnamedepend®n the actualchoiceof requirements.This is a
modelingdecisionwhich hasto be madewith care. Too mary restrictionsmake a
genericmodulehardto reuse,to few wealenscoherence.A balancebetweenre-
usabilityandcoherencés noteasyto find if it is notknown in advancehow ageneric
nameis goingto beused.Thatis why well-establisheanathematicapropertiesvere
usedasrequirementdor the genericnamesdeclaredn the library of the FAN case
study (Groenboom1997) (for example,<= mustalways be a total order). Even if
mathematicapropertiesare used,therecanbe discussioraboutthe level of coher
ence.For example,should<= be atotal orderor just a partialorder?

If coherenbverloadingis thatdesirablewhy not forbid any otherform of over
loadingthanparametric?For example,the only way overloadingcanbe realizedin
the programminglanguageHaslell is throughthe useof type classegwhich area
kind of genericmoduleswith genericnames) However, thepossibilityto allow plain
overloadingcanbe handyin somesituations.First, if modulesarewritten indepen-
dently of eachotherunintendedverloadingmay occur Secondlyin the early stage
of writing a specificatioreliminationof adhocoverloadingmaynotyetbea priority.
Finally, therecanbeformsof non-parametrioverloadingthatarestill coherentsuch
asrestrictionoverloading(seeSection4.5).
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MODULE PlusM [XS]

VAR x : XS

SORT XS

FUNC Zero : => XS

FUNC + : XS, XS -> XS

REQ x + Zero =X

REQ x1 + x2 = x2 + x1

REQ (x1 + x2) + x3 = x1 + (x2 + x3)

END MODULE

Fig. 4.9: Examplespecificatiorof genericfunctions.

4.7 Example:Arithmetic Operations

Coherentoverloadingis demonstratedn Figure 4.9 where+ is an addition opera-
tion thatforms an Abelian monoidwith identity elementzZero. Figure4.10extends
this specificationwith -- asa unaryminusthatforms an Abeliangroupwith + and
Zero. Notethatwithout its requirement®lusMinusM is not a valid module,since
thelemmasdo dependn therequirementsPlusMinusM is usedin the specification
of integersgivenin Figure4.11.

The specificationof arithmeticoperationscould be extendedto a hierarchyof
moduledike in Figure4.12. The AFSL library discussedn Groenboon{1997)con-
tainsa small fragmentof this hierarchy(with differentnamesthanusedhere)plus
the specification®f othergenericfunctionslike booleanoperationsandorderingre-
lations. The properties‘Abelian monoid” and“Abelian group” could be definedin
separatenodules just like “total order” is definedin TotalOrderM. Suchmodules
areomittedherefor brevity. Thelibrary of Groenboonm(1997)doesspecifygeneral
algebraicstructuredike field, group,andordering. Thesespecificationdollow the
definitionsin the Larchlibrary (Guttag& Horning1993).

Someof theaxiomsfor + in Int 1M (for example thefirstaxiom)couldbeomitted
if therequirement®f the importedmoduleswerechangednto axioms. In general,
one canreducethe total numberof assertionsn a specificationif all requirements
arechangednto axioms. If the assertiorfor a genericfunction areaxioms,instead
of requirementsthey sene asa partial definition which have to be completedin a
later stage.It is a matterof stylewhethergenericfunctionsarerestrictedby require-
ments(asin the given examples)or partly definedby axioms. However, the useof
requirementss preferredfor anumberof reasonsFirst, it is clearerif all axiomsfor
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MODULE PlusMinusM [XS]
VAR x : XS
SORT XS

IMPORT PlusM [XS] % Fig. 4.9 page 78

FUNC -- : XS -> XS

REQ x + (- x) = Zero

LEMMA -- Zero = Zero

LEMMA - -- x =X

LEMMA - (x1 + x2) = --x1 + —--x2
FUNC - : XS, XS > XS

AXIOM x1 - x2 = x1 + --x2

LEMMA x1 - x2 = -- (x2 - x1)

END MODULE

Fig. 4.10: Examplespecificationof genericfunctions. (Here -- is usedasunary operation
because is usedasinfix operator)

a particularinstantiationof a genericfunctionaregroupedogether;jf a definitionis
scatteredg¢ontradictingaxiomsmay be overlooked. Secondyequirementstandout
aspropertieghathave to be met(maybeeven proven) by the eventualdefinitions.

4.8 Example:HigherOrderNames

Up till now indexes only occurredin polymorphicsortslike FuncS[s;,s2] and
ListS[s]. Hereboththe indexed namesaswell asthe indexes are sorts. How-
ever, indexesarenot restrictedto sorts,functionsalsocanhave indexesandindexes
canbefunctions.lt is unlikely thereis muchusefor asortasindex of afunctionbe-
causdts typewill mostlikely alreadycontainthatsort. But, functionswith functions
asindexescanbeusedto modelhigherorderfunctions(whichis afunctionthattakes
anotherfunctionasanamgumentor returnsa functionasresult).

Higherorder constructsn programminglanguagesave provento be effective
toolsfor abstractionfor example,to passanorderingasargumentto a sortingopera-
tion. Higherorderfunctionscanbemodeledn AFSL usingfunctionrepresentations
(seeSection3.6.2). For example,a higherorder function of type (s; — s2) — s3
canbemodeledby afirst orderfunctionf of typeFuncS[s;,s2] — s3. However, a
functiong : s; — s» cannotbe passedlirectlyasanargumentto f, function ¢ must



80 4. GenericModules

MODULE IntiM

VAR i : IntS

SORT IntS (INDUCTIVE)

FUNC ZeroInt : -> IntS (CONSTRUCTOR)
FUNC  Succ : IntS -> IntS (CONSTRUCTOR)
FUNC Pred : IntS -> IntS (CONSTRUCTOR)
%... equality axioms for IntS

IMPORT PlusMinusM [IntS] % Fig. 4.10 page 79
AXIOM Zero = Zerolnt
AXIOM i + Zero =i

AXIOM il + Succ i2 Succ (i1 + i2)
AXIOM i1 + Pred i2 Pred (il + i2)

AXIOM -- Zero = Zero

AXIOM -- Succ i = Pred -- i
AXIOM -- Pred i = Succ -- i
%... other operations for IntS
END MODULE

Fig. 4.11: Specificatiorof integersusinggenericfunctionszero, + and--. (Theconstructor
ZeroInt cannotberenamedo Zero herebecausehat would resultin unresolv-
ableoverloadingof Zero.)
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Pl usM Ti mesM
Zero + One *

yz \ yZ A
Pl usM nusM Pl usTi mesM Ti mesDi vM
Zero + - Zero + One * One * /

N\ / N 7
N 7’

N 2 N yz
Pl usM nusTi mesM Pl usTi mesDi vM
Zero + - One * Zero + One * /

N e
N s

\ Vi
Pl usM nusTi nesDi vM
Zero + - One * /

Fig. 4.12: A possiblehierarchyof modulesthatspecifygenericarithmeticaloperations.

first betransformedo a function representatiomf type FuncSk; ,s»] (for example,
by usingthelambda-abstractiofx: s; | g (x))).

A function g canbe passedlirectly asakind of agumentto afunctionf if g is
madeanindex of f. Thisis demonstrateih Figure4.13whereSort takesa total
orderR as“argument”to sorta list. Within SortListM formal parameteR canbe
viewed asthe formal parameteof Ordered, Insert, andSort. If SortListM is
imported,for example,by:

IMPORT SortListM [BitS, <=]

thenSort [<=] will be definedon lists of bits. Herethe index <= functionsasan
“argument” of Sort. NotethathereXs doesnot needto be anindex of Ordered,
Insert, andSort becausat is alreadypart of the typesof thesefunctions. Since
thesetypesare part of the completenamesdifferentinstantiationsof XS will result
in differentdeclaration®f thesefunctions.

In moduleSortListM functionSort is not a higherorderfunctionin the usual
senseof theword. Sort is nota functionatall, it is anintegral part of the indexed
nameSort [R]. For eachfunctionthat occursasan “argument”’of Sort a separate
importof SortListM is neededAnd, finally, thereis no form of lambdaabstraction
thatcanbe usedto createanorymous“arguments”for Sort, only namedfunctions
canbe usedas actualparameters.Theseshortcomingsare the reasonto consider
Sort a poormanshigherorderfunction.

The definition of poormanshigherorderfunction Sort in SortListM hasone
major advantageover a true higherorder definition: the formal parameter is ex-
plicitly restrictedo total orders.This restrictionis essentiafor the correctdefinition
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MODULE SortListM [XS, RI]

VAR x : XS
VAR 1 : ListS[XS]

SORT XS
IMPORT ListiM [XS] % Fig. 4.4 page 71

FUNC R : XS, XS -> BoolS
IMPORT TotalOrderM [XS, R] 7 Fig. 4.1 page 68

FUNC Ordered[R] : ListS[XS] -> BoolS

AXIOM Ordered[R] Empty

AXIOM Ordered[R] (x&Empty)

AXIOM Ordered[R] (x1&x2&1) <=> x1 R x2 And Ordered[R] (x2&1)

FUNC Insert[R] : XS, ListS[XS] -> ListS[XS]

AXIOM Insert[R] (x, Empty) = x & Empty

AXIOM Insert[R] (x1, x2&1) =x1 & x2 & 1 <== x1 R x2
AXIOM Imsert[R] (x1, x2&1) x2 & Insert[R](x1,1) <== Not x1 R x2

FUNC  Sort[R] : ListS[XS] -> ListS[XS]

AXIOM Sort[R] Empty = Empty

AXIOM Sort[R] (x&l) = Imsert[R] (x, Sort[R] 1)
LEMMA Ordered[R] Sort[R] 1

END MODULE

Fig. 4.13: Specificatiorof poorman'shigherorderfunctionsOrdered, Insert, andSort.
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MODULE

VAR
VAR

SORT
FUNC

IMPORT
IMPORT
SORT
FUNC
FUNC
AXIOM
FUNC
AXIOM

AXIOM
LEMMA

OrderedListM [XS, R]

x : XS
ol : OrderedListS[R]

XS
R : XS, XS -> BoolS

TotalOrderM [XS, R] % Fig. 4.1 page 68

SortListM [XS, R] % Fig. 4.13 page 82

OrderedListS[R] (INDUCTIVE)

Empty : -> OrderedListS[R] (CONSTRUCTOR)
Insert : XS, OrderedListS[R] -> OrderedListS[R] (CONSTRUCTOR)
oll = 012 <== Elements oll = Elements o012

Elements : OrderedListS[R] -> ListS[XS]

Elements Empty = Empty

Elements Insert (x, ol) = Insert[R] (x, Elements ol)
Ordered[R] Elements ol

END MODULE

Fig. 4.14: Specificatiorof orderedists.

of Sort. As a matterof fact, SortListM would not be formally valid without the
importof TotalOrderl; it is neededo make thelemmatrue.

Functionscanalsooccurasindexes of sorts,wherethey too sene asa kind of
higherorderparameterskFor example,in Figure4.140rderedListS[R] is thesort
of lists that are orderedaccordingto the total orderR. Higher order sortsare not
availablein commonhigherorderlanguages.
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5. IMPLICIT FUNCTIONS

Abstract

In object-orientednethodsfor systemmodeling,or programmingthe
organizationof datatypesn subclassierarchiesplaysa centralrole in

thestructuringof models.Theuseof inheritancesimplifiestheconstruc-
tion, maintenanceandreuseof conceptuamodels. Sincethisis alsoa
pointof concerrfor formal specificationwhichis aform of systenmod-
eling, it seemsvorthwhileto incorporateaninheritancemechanisnin a
specificatiorlanguage.

In AFSL inheritanceis realizedby allowing implicit functions. Some
example specificationsare given that usethis form of inheritancein a
numberof differentways. The examplesarefollowed by a discussiorof
theambiguityproblemghatcanbecausedy inheritance A mechanism
is introducedthatcanresolhe mary of theseambiguities.

5.1 Inheritance

Thekey aspecbf thesubclasselationshipis thata“class” ¢; “inherits” all “proper
ties” of ary of its superclasses,, meaningthatary operationdefinedfor objectsof
classcy canalsobe appliedto objectsof classc;. In AFSL inheritanceis realized
by allowing implicit functions which areunaryfunctionsthataredeclaredwith the
attribute IMPLICIT. An implicit functionf : s; — s, canbeappliedto theagument
of afunctiong : s, — sg without actuallyshawing f. Thatis, for term¢ : s; the
applicationg () canbe usedasshorthandor ¢g(f (¢)). Heretheeffectof f being
implicit is thats; inheritspropertyg from s,.

Implicit functionsarealsoknown as coercions(Cardelli & Wegner1985). Im-
plicit functionsaresimilar to injectionsin ASF+SDF(Klint 1993),exceptthatthese
injectionsaresyntax-lessthatis, they aredenotedoy aninvisible name.Thetermi-
nology“implicit function”is usedn thisthesisnsteadf “injection” becausémplicit
functionsdo not needto beinjective in the mathematicasensegthatis, mappingun-
equalagumentgo unequakesults).

It is not the intention of AFSL to be an object-orientedanguagegaccordingto
whatever definition). Apart from implicit functions,thereareno otherlanguagecon-
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structsthat specificallyfacilitate object-orientednodeling. On the otherhand,im-

plicit functionscanbeusedin situationswvheretraditionalobject-orientednheritance
is notapplicable suchasinheritancefor has-arelationshipgseethe examplesgiven

in thischapter).In object-orientednethodobjectsusuallyhave aninternalstate.For

a propermodelingof statesn AFSL so-calledimplicit lifting is used,which is not

introduceduntil Chapter6. Therefore,the given examplesdo not usestate;in that
respecthe examplesareatypicalfor object-orientednodels.

Thereare no specialrestrictionson the possiblevaluesof animplicit function;
implicit functionsarein every respectordinary functions, exceptthat they canbe
usedimplicitly. Wewrite s; < sz if andonly if thereis atleastoneimplicit function
f 1 s1 — sg. Sorts; is saidto be aninheritorof s, if andonlyif s; <* ss, where
<* isthereflexive transitve closureof <. Theterminology“s; is aninheritorof s,”
is usedhereinsteadof “s; is subsorof s, becaus¢heword “subsort”suggestshat
sy representa subsebf s,, which doesnot needto bethecase.

Making implicit functionsin atermexplicit is partof the expansionmechanism
thatwasintroducedin Section3.8. Thatis, ¢ — ¢’ denoteghatterm¢ canbe ex-
pandedo term¢t’ by completingnamesandaddingimplicit functions,for example:

g () > g(f (1))

For clarity, addedimplicit functionsare sometimesunderlined. For simplicity, in
examplesthe namesdn anexpansionareoftenabbreiated. An implicit functionthat
is insertedin a expansionis called a conversion (f in the example). The formal
(re)definitionof — is givenin Section5.8.

5.2 Example:List Notation

AFSL doesnot have a builtin sortfor lists, thereforea genericspecificationof lists
was given in 4.3. This self madedefinition of list doesnot allow the usualnota-
tion for lists (suchas [1,2,3]) mary languagesave builtin. Therefore,a minor
incorvenienceis thateachlist hasto be terminatedby the constanEmpty (suchas
1&2&3&Empty). This canberemediedy addingto thedefinitionof lists (Figure4.4)
animplicit functionthatmapselements of XS to the singletonlist containingonly
X.

FUNC Singleton : XS -> ListS[XS] (IMPLICIT)

AXIOM Singleton x = x&Empty

Now 1&2&3 canbeusedasshorthandor 1&2&3&Empty.

Heretheimplicit functionSingleton is injective. Therefore XS is arealsubsort
of ListS[XS] in the sensehatXs is “included” in ListS[XS]. A genericimplicit
function for subsortds definedin SubsortM (Figure5.1). Using this moduleit is
clearerto definetheimplicit functionfrom elementgo singletonlists by:
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MODULE SubsortM [XS, YS]

VAR x : XS
VAR y : YS

SORT XS
SORT YS

IMPORT LogicM % Fig. 3.3 page 43

FUNC Inject : XS -> YS (IMPLICIT)
REQ x1 /= x2 ==> Inject x1 /= Inject x2

END MODULE

Fig. 5.1: Specificatiorof subsortrelationship.

IMPORT SubsortM [XS, ListS[XS]]
AXIOM Inject x = x&Empty

NotethatInject is notaparameteof moduleSubsortM becaus¢hatwouldrequire
thedefinitionof an“inject” functionfor eachimportof SubsortM.

5.3 Example:Aliases

Sortnameswith nestedndexescanbecomdengthyandbarelydescriptve. For ex-
ample,if informationaboutpersongs storedasallist of pairsof type:

ListS[PairS[PersonS,PersonInfoS]]

it canbe usefulto renamethis sortto PersonTableS, but AFSL doesnot have a
renamingmechanismAn earlierversionof AFSL hada sortdefinitionconstructhat
allowedPersonTableS to bedeclaredasanaliasof thenestechame.Aliaseswhere
usedfrequentlyin the FAN casestudy

If implicit functionsare available no speciallanguageconstructfor sort defini-
tionsis needed. Instead,two sortss; and se canbe semi-identifiedby declaring
that they are eachotherssubsorts. This is donein the genericmoduleAliasM in
Figure5.2. Now PersonTableS canbedefinedto beanaliasby:

SORT PersonTableS
IMPORT AliasM [PersonTableS, ListS[PairS[PersonS,PersonInfoS]]]

Notethattheaxiomsof A1iasM areambiguoussinceimplicit functionscanbeadded
in numerousvays,for example:
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MODULE AliasM [XS, YS]

VAR x : XS
VAR y : YS

SORT XS
SORT YS

IMPORT SubsortM [XS, YS] 7 Fig. 5.1 page 87
IMPORT SubsortM [YS, XS] 7 Fig. 5.1 page 87

AXIOM Inject Inject y =y
AXIOM Inject Inject x = x

END MODULE

Fig. 5.2: Specificatiorof aliasrelationship.

AXIOM Inject Inject Inject y = Inject y
AXIOM Inject Inject y = Inject Inject y

Resolvinginheritanceambiguitiedik e this is discussedn Section5.7.

5.4 Example:Shapes

A typical object-orientedexamplemodelis the descriptionof differenttypesof ge-
ometricalshapeswhich hereare two-dimensionalbbjectsplacedin animaginary
three-dimensionaspace(for example,a window in a graphicaluserinterface). A
simplifiedmodelis givenwhich senesto demonstrat¢he useof inheritance Shapes
(Figure5.4) have a positionand an area,no more featuresare assumedor shapes
in general. The positionof a shapeis a three-dimensionatoordinate(Figure 5.3).
De z-coordinateof the positionis the depthat which the shapeis placedin space.
The component®f a coordinateandthe areaareassumedo be floating point num-
bersfor simplicity, but shouldincludea unit of measuremenisuchas“meters”and
“sguaremeters”)to be precise. Threespecialforms of shapesrespecified:circles
(Figure5.5), with an additionalradiusfeature;rectangleqFigure5.6), with height
andwidth featuresandsquareswhich arerectangleshathave a heightequalto their
width (Figure5.7).

The sortsin this exampleare not definedinductiely; insteadthey arespecified
by listing a numberof key featureswhich fully determinethe obserable properties
of its elements.Herea featureof sort s is a function whosefirst domaintype s s.
The key featuresof s arethe featuresof s thattogetherdeterminethe equalityof s.
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MODULE CoordinateM

IMPORT FloatM % Fig. 5.10 page 96
SORT CoordS

FUNC XCoord : CoordS -> FloatS
FUNC YCoord : CoordS -> FloatS
FUNC ZCoord : CoordS -> FloatS

%... further definition of functions for CoordS

END MODULE

Fig. 5.3: Specificatiorof coordinatesn threedimensionakpace.

MODULE ShapeM
VAR sh : ShapeS

IMPORT LogicM % Fig. 3.3 page 43
IMPORT CoordinateM % Fig. 5.3 page 89

SORT  ShapeS
FUNC Position : ShapeS -> CoordS (IMPLICIT)
FUNC Area : ShapeS -> Float$S
AXIOM Position shl = Position sh2 And
Area shl = Area sh2

shl = sh2

FUNC InFrontOf : ShapeS, ShapeS -> BoolS
AXIOM shl InFrontOf sh2 <=> ZCoord shl <= ZCoord sh2

FUNC BiggerThan : ShapeS, ShapeS -> BoolS
AXIOM shl BiggerThan sh2 <=> Area shl >= Area sh2

%... Other operations for shapes

END MODULE

Fig. 5.4: Specificatiorof shapes.
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MODULE CircleM
VAR circ : CircleS
IMPORT ShapeM % Fig. 5.4 page 89
SORT CircleS
FUNC Shape : CircleS -> ShapeS (IMPLICIT)
FUNC Radius : CircleS -> FloatS
AXIOM Shape circl = Shape circ2 And
Radius circl = Radius circ2
==>
circl = circ2
AXIOM Area circ = Pi * Radius circ * Radius circ

%... definition of other functions for circles

END MODULE

Fig. 5.5: Specificatiorof circles.

For example,the key featuresof ShapeS arePosition andArea. Thatis, shapes
with the sameareaand positioncannotbe distinguishedaselementf ShapeS. In
fact,shapegsanbeviewedasrecordswith fieldsPosition andArea.

ShapeS$ is anabstracsortin thesensdhatit hasderivedfeatureqArea) thatcan-
notbe definedfor shapesn generalput thatcanbe definedfor someof its inheritors
(CircleS andRectangleS). In this respectArea behaeslike whatis sometimes
calledavirtual methodin object-orientegorogramming.

It canbe arguedthatin a true object-orientedspecificationthe equality axioms
shouldbeomittedsince for example,arectanglés ashapeandtwo rectanglesrenot
equalevenwhenthey have the samepositionandarea.lt mightevenbetruethatary
definition of equalityfor shapess not needecandthereforeover-specific. However,
definingequalityfor ary sorts hastheadwantagehatit makesclearright avaywhich
propertiesof the elementof s arerelevantfor the specificationgvenif the equality
itself is not used. For example,no matterhow they are defined, InFront0f and
Bigger at mostdependon the positionandareaof their aguments.

Position is animplicit function sothatthe individual coordinatesf (the po-
sition of) a shapecan be referredto directly using one of the coordinateselection
functions,suchasZCoord. The resultinginheritanceby ShapeS from CoordsS is
usedn theaxiomthatdefinegherelationInFront0f in termsof the z-coordinateof
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MODULE RectangleM
VAR rect : RectangleS
IMPORT ShapeM % Fig. 5.4 page 89

SORT  RectangleS

FUNC Shape : RectangleS -> ShapeS (IMPLICIT)
FUNC Height : RectangleS -> FloatS

FUNC Width : RectangleS -> FloatS

AXIOM Shape rectl = Shape rect2 And
Height rectl = Height rect2 And
Width rectil Width rect2

rectl = rect2
AXIOM Area rect = Height rect * Width rect
%... Operations for rectangles

END MODULE

Fig. 5.6: Specificatiorof rectangles.
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MODULE SquareM
VAR sq : SquareS
IMPORT RectangleM % Fig. 5.6 page 91

SORT  SquareS
FUNC Rectangle : SquareS -> RectangleS (IMPLICIT)

AXIOM Rectangle sql = Rectangle sq2
==>
AXIOM Height sq = Width sq
LEMMA Area sq = (Height sq) * (Height sq)

%... Operations for squares

END MODULE

Fig. 5.7: Specificatiorof squares.

shapesThis axiomis shorthandor the expansion:

AXIOM shl InFrontOf sh2
<=> ZCoord Position shl <= ZCoord Position sh2

CircleSis madeaninheritorof Shape$ by theimplicit functionShape. Onekey
featureRadius is addedto circlesasan extensionof shapes.Note thatPosition
andArea areindirectly key featuresf Circle becaus&hape is akey feature.The
dependengcbetweerthe areaandtheradiusof a circleis laid down in anaxiomthat
usesnheritanceby CircleS from Shapes$, it is shorthandor the expansion:

AXIOM Area Shape circ = Pi * Radius circ * Radius circ

In asimilarwayRectangleS is aninheritorof ShapeS andSquareS of RectangleS.
For squaresioadditionalkey featuresareaddedo its rectangldeaturespnly thepos-
siblevaluesof Height andwWidth arerestricted.Inheritances usedin the definition
of Area for rectanglesin theaxiomthatrestrictssquarego rectanglesvith a height
equalto theirwidth, andin thelemmafor squares.

The inheritancefrom coordinatego shapeghroughPosition is conceptually
differentfrom the inheritancefrom shapego circlesthroughShape. Thefirst case
correspond$o a so-calledhas-arelationship(a shapehasa position)andthe second
to an is-a relationship(a circle is a shape). Technically in AFSL thereis no dif-
ferencebetweerthesetwo kinds of inheritance.This is wherethe implicit function
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approachdivergesfrom inheritancein object-orientednethodswhich treatis-aand
has-adifferently (it is commonthatthereis no inheritancefor has-arelationships).

5.5 Example:Numbers

Thenext exampledemonstrate®rmsof inheritancehatcannotbeachievedin com-
mon object-orientedanguagesbut are quite commonin programminglanguages.
Threetypesof numbersandtheimplicit corversionsamongthemarespecified:nat-
urals(thatis, naturalnumbers)n Figure5.8, integersin Figure5.9, andfloats (that
is, floating point numbers)n Figure5.10. The specificatiorof integersgivenin Fig-
ure5.9is analternatve for the onein Figure4.11 (which doesnot defineintegersin
termsof naturals).

Theseexamplesinstantiatethe standardsetof arithmeticoperationghatis dis-
cussedin Section4.7. The binary function . (the dot) in FloatM canbe usedto
constructhe usualdenotationgor floats(for example,2.20371). Notethat . is de-
claredon numeralgseeSection3.7) ratherthannaturalsbecauseheleadingzerosof
thefractionalpartaresignificant(otherwiset . 05 would beequalto 1.5).

Subsortrelationshipsare definedto corvert naturalsto integersandintegersto
floats. Theimplicit functionNat corvert numeralgo naturals.This is nota subsorts
relationshipbecausélat is notinjective. Therelationshipcanbothbeviewedasan
is-arelationship(anumeralis arepresentationf a natural)or a has-arelationship(a
numeralhasa naturalasvalue). Fortunately the implicit function mechanisndoes
notforceoneto choose.

This exampleis differentfrom atypical object-orientednodellik e the shapeex-
ampleof the previoussection.Thethreenumbersortsaredefinedinductively instead
of listing key features. The inheritancerelationshipsbetweenthe three sortsare,
therefore,not declaredby implicit key features.Object-orientedanguagesn gen-
eraldo not have inductie types. But, apartfrom that, in a object-orientedanguage
c; canonly be declaredto be a subclasof ¢, aspartof the declarationof ¢;. In
the examplegiven herethe situationis opposite:the “subclasses’are definedinde-
pendentlyof their “superclasses”For example,Nat$ is madea subsortof IntS as
partof thedefinitionof IntS. This flexibility in defininginheritancerelationshipss
possiblebecausémplicit functionsaredeclaredndependentlyf sorts.

5.6 Example:RetractFunctions

From an object-orientecpoint of view numericoperationssuchas+ shouldbe de-
claredonly onceat the mostgenerallevel (FloatS), and passedo more specific
levels by inheritance.But, the additionof two numberswill thenalwaysbe of type
Float$, evenif theagumentsareof typeIntS. Termslike 5 Div (1+2) will then
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MODULE NatM

VAR n : NatS
VAR num : NumeralS

IMPORT LogicM % Fig. 3.3 page 43

SORT NatS (INDUCTIVE)

FUNC ZeroNat : -> NatS (CONSTRUCTOR)
FUNC  Succ : NatS -> NatS (CONSTRUCTOR)

AXIOM ZeroNat /= Succ n
AXIOM Succ nl /= Succ n2 == nl /= n2

FUNC Nat : NumeralS -> NatS (IMPLICIT)
AXIOM Nat num = {the natural number represented by ’num’}

IMPORT PlusTimesM [NatS]
AXIOM Zero = ZeroNat

AXIOM Zero +n =n
AXIOM Succ nl + n2 Succ (n1 + n2)

AXIOM One = Succ Zero

AXIOM Zero * n = Zero
AXIOM Succ nl * n2 nl * n2 + n2

%... more operations for naturals

END MODULE

Fig. 5.8: Specificatiorof naturalnumbers.
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MODULE

VAR
VAR

Int2M
n : NatS
i : IntS

IMPORT NatM % Fig. 5.8 page 94

SORT
FUNC
FUNC

AXIOM
AXIOM
AXIOM
AXIOM

IMPORT
AXIOM
IMPORT
AXIOM
AXIOM
AXIOM
AXIOM

AXIOM

AXIOM
AXIOM

AXIOM
AXIOM
AXIOM
AXIOM

IntS (INDUCTIVE)
Int : NatS -> IntS (CONSTRUCTOR)
Min : NatS -> IntS (CONSTRUCTOR)

Int nl1 /=
Min n1 /=
Int O =
Int nl /=

SubsortM [NatS, IntS]

Inject n

Int n2
Min n2
Min O
Min n2

= Int n

== ni
== ni

== ni

PlusMinusTimesM [IntS]

Zero:->IntS

Int ni
Min n1
Int Succ
Min Succ

-- Int
—-- Min

BB

Int ni
Min nl
Int ni
Min nl

* ¥ X *

nil
nil

+ o+ + 4+

Int

Int
Min
Min
Int

= Min n

Int
Min
Min
Int

%... more functions

END MODULE

Int n

n2 =
n2 =
n2
n2 =

Zero

n2
n2
Succ n2
Succ n2

Int (ni1
Int (nil

= Min (n1

Min (n1

for integers

/= n2
/= n2

/=0 0r n2 /=0

% Fig. 5.1 page 87

= Int (nl + n2)
= Min (n1 + n2)
= Int nl1 + Min n2
= Min nl1 + Int n2

n2)
n2)
n2)
n2)

* X X *

such as Div and Mod

Fig. 5.9: Specificationof integers. This specificationis an alternatve for the one givenin
Figure4.11.
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MODULE FloatM

VAR i : IntS

VAR f : FloatS

VAR ds : NumeralS

IMPORT Int2M 7 Fig. 5.9 page 95

SORT FloatS (INDUCTIVE)
FUNC E : IntS, IntS -> FloatS (CONSTRUCTOR)

AXIOM (i1 * 10) E i2 = i1 E (i2 + 1)

AXIOM i1 /= ib * 10 And i3 /= i6 * 10 And
i1 /= i3 And i2 /= i4
==>
i1 E i2 /= i3 E i4

IMPORT SubsortM [IntS, FloatS] % Fig. 5.1 page 87
AXIOM Inject i =i E O

FUNC . ¢ NumeralS, NumeralS -> FloatS
AXIOM dsl1.ds2
= {the float with whole part ’dsl’ and fractional part ’ds2’}
IMPORT PlusMinusTimesM [FloatS]
AXIOM Zero:->FloatS = Zero E Zero
AXIOM (i1 E i2) + (i3 E i2) = (i1 + i3) E i2
AXIOM -- (i1 E i2) = (-- il1) E i2
AXIOM (i1l E i2) * (i3 E i4) = (i1 * i3) E (i2 + i4)

FUNC Pi : -> Float$S
AXIOM Pi = 3.14

IMPORT TotalOrderedM [FloatS] % Fig. 4.7 page 75
%... definition of <= and other operations for Float$

END MODULE

Fig. 5.10: Specificatiorof floatingpointnumbers.
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MODULE RetractiM [XS, YS]
VAR x : XS

SORT XS
SORT YS

IMPORT SubsortM [XS, YS] ’ Fig. 5.1 page 87

FUNC Retract : YS -> XS (IMPLICIT)
AXIOM Retract Inject x = x

END MODULE

Fig. 5.11: Specificatiorof genericretractfunction.

be ill-typed (assuminghe co-domainof Div is IntS). Typedobject-orientedoro-
gramminglanguagegacethe sameproblem;a solutionsomelanguageffer is the
useof type-castingo make 1+2 officially atermof typeIntS (for example by writ-

ing 5 Div (1+2:IntS)). It is possibleto defineanimplicit type-castoperation,a
so-calledretractfunction(namedafterthesimilarconcepof retractsn OBJ(Goguen
etal. 1988)).

The retractfunction from a sortXs to a subsortys is theinverseof theinjection
from YS to XS. The specificatiorof retractfunctionsis givenin Figure5.11. Strictly,
Retract is a partial function becausenot all elementsof XS have to be in the co-
domainof Inject. Partiality is not discussedintil Chapter6. In Section6.5it is
shavn how theretractfunctioncanbe specifiedasa partial function.

Usingtheretractfunctionfrom FloatS to IntS (madeavailableby replacingthe
import of SubsortM in moduleFloatM by Retract1M) is analternatve for having
overloadedarithmeticoperationgor bothfloatsandintegers.For example theretract
functioncause$ Div (1+2) to bewell-typedbecausét thenis anabbreiation of
5 Div (Retract (1+2)). SeeFigureb5.11.

A disadwantageof definingthe retractfunction from floatsto integersis thatall
termsof type FloatS canthen passasintegers, evenif they do not represenfan
integer The retractfunction causesloat$ to behae like an alias of IntS. Re-
tractfunctionshave to be usedwith care,otherwisethe separatiorbetweersortsgets
blurredandtoo mary termsarewell-typed.



98 5. Implicit Functions

5.7 InheritanceAmbiguity

The given examplescontaina numberof ambiguousassertionsthatis, corversions
canbeinsertedn morethanoneway. Declarationof implicit functionsoftenresults
in ambiguousassertionsmakingit virtually impossibleto write unambiguouspeci-
fications.However, theseambiguitiesareoftenharmlesdecauseitherthe assertion
is semanticallyjunambiguougthatis, all possibleexpansionshave the sameseman-
tics) or therearegoodreasongo preferoneparticularexpansionover all others.In
the currentsectiona numberof examplesof inheritanceambiguitiesaregiven. In the
next sectiona preferencenechanisms presentedhatreducesnheritanceambiguity
to anacceptabléevel.

The effect of inheritanceon ambiguity is similar to that of overloading. For
example,consideranimplicit functionf anda non-implicitfunction g suchthat:

fi81— s
g:52,83—)84

theneffectively thereis a second‘overloaded’versionof g of type s;, s3 — s;. If
thereis alsoanoverloadedsersionof g of types;, s — s;, theneffectively thereare
threeoverloadedversionsof g of which two have the sametype. Therearetwo types
of ambiguitiesthatcanbe causedy inheritance:overloadingconflictsandrepeated
inheritance.

5.7.1 OwverloadingConflicts

Overloadingconflicts occurwhenin a function applicationf (... ) the overloaded
abbreiation f canbe completedin more thanone way. For example, using the
definitionsof thenumberexample theterm0.5+(1+2)=2.5 is ambiguousincethe
numeralst and2 canbe summedusingthe overloaded+ eitherfor naturalsjntegers,
or floats:

0.5 + (Float Int ((Nat 1) + (Nat 2))) = 3.5
0.5 + (Float ((Int Nat 1) + (Int Nat 2))) = 3.5
0.5 + ((Float Int Nat 1) + (Float Int Nat 2))) = 3.5

All of theseexpansiondave thesamesemanticgnd,thereforejt is unsatiséctoryto
consider.5+(1+2)=3.5 ill-formed becausef its syntacticambiguity

In generait is nottruethatdifferentexpansionave the samesemanticsFor ex-
ample,usingthedefinitionsof theshapeaxample theequationrect1=rect2 (where
rectl andrect2 arerectanglevariables)haswell-typed expansiongthe first one
withoutary corversions):
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rectl = rect2
(Shape rectl) = (Shape rect2)
(Position Shape rectl) = (Position Shape rect2)

Thesethreeexpansiongdo not needto have the samesemantics Assume for exam-
ple, thatrect1 andrect2 denotedifferentrectangleghat have the sameareaand
position. Thenthe first expansionis false,but the othertwo aretrue. Two unequal
rectanglecanbe equalasshapedecausgositionandareaarethe key featuresof
shapesnot of rectangles Sincea rectangles a shapethis could be consideredad
modelingpracticeand a reasonto remove the equalityaxiomsfor ShapeS; adding
anaxiomfor theinjectivity of the implicit function Shape instead. Thelast expan-
sionthenstill would have a differentvaluethanthe first two becauseosition is
not injective. This could be a reasonto rejectthe useof inheritancefor has-arela-
tionships.Evenif theambiguitiesarenot eliminated,the first expansionis the most
ohviousreadingof rect1=rect2 becausét doesnotuseary corversions.So,even
if atermis semanticallyambiguougherecanbegoodreasongo preferoneparticular
expansionovertheothers.

An ambiguouderm canbe both semanticallyjunambiguousndhave a mostob-
viousreadingatthe sametime. For example,possibleexpansionof 1+2=3 are:

(Nat 1) + (Nat 2) = (Nat 3)

(Int Nat 1) + (Int Nat 2) = (Int Nat 3)

(Int ((Nat 1) + (Nat 2))) = (Int Nat 3)

(Float Int Nat 1) + (Float Int Nat 2) = (Float Nat 3)
(Float ((Int Nat 1) + (Int Nat 2))) = (Float Nat 3)
(Float Int ((Nat 1) + (Nat 2))) = (Float Nat 3)

All theseexpansion$ave thesamesemanticsbut it is alsopointlesgo insertconver
sionsfrom naturalsto integersor floatssincethe equationcanalreadybe evaluated
atthe level of naturals.Also, for 0.5+(1+2)=3.5it canbe amguedthatthefirst ex-
pansionis the mostobvious readingsincethereis no pointin corverting1 and2 to
integersor floatsbeforeaddingthem.

5.7.2 Repeatednheritance

The secondkind of inheritancerelatedambiguityis causedy repeatednheritance
by asorts; from sg. Thatis, if therearedifferentsequencesf implicit functions
from s; to s,.

Thesimplestcasds directrepeatednheritancevherethereareimplicit functions
fi1 andfs bothof types; — s2. Then,for functiong : s — s3 andtermt¢ : s;, the
termg (¢) canbeexpandedo g (f; (¢)) andg(f2 (¢)). In this situationthereis no
reasorto favor oneexpansiorovertheother But, thereseemgo benoreasorto have
multiple implicit functionsfrom s; to sz in thefirst place,oneis enough(thatis why
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no relevantexampleof thisform of repeatednheritancds givenhere).So,in caseof
ambiguitycausedy directrepeatednheritancaet is acceptabléo rejectanassertion
asbeingill-formed.

A more complicatedsituationariseswith indirect repeatednheritance where
sy <*z <*spands; <*y <* sy for distinctintermediatesortsz andy. Sucha
form of repeatednheritancewherethe propertiesof z andy arecombinedn sy, is
similarto multiple inheritancen object-orientedanguageslt cansometimedeuse-
ful; Meyer (1988)discussesepeatednheritanceandgivesthe exampleof transcon-
tinental drivers, which are drivers that drive carson two differentcontinents. An
adaptatiorof this exampleis givenin Figure5.12 (here“France”and“US” referto
the placeswherecarsaredriven, not citizenship). This exampleis a bit farfetched,
but it doesillustratethe problem. Meyer notesthat repeatednheritancedoesoccur
in practice but notfrequently In DriverM theaxiom

AXIOM Nr0fViolations fud
= FranceViolations fud + USViolations fud

would be ambiguouswithout the definition of the additionaloperationDriver, be-
causehenNr0fViolations fud couldbeexpandedn two ways:

NrO0fViolations Driver France fud
Nr0fViolations Driver US fud

The symmetryof the example prohibits that one expansioncan be favored over
the other This is remediedby the additional corversion function Driver from
FranceUSDriverS to Driver$S. With thisimplicit functionthe expansion

Nr0fViolations Driver fud

maybefavoredovertheothertwo becausé usedessimplicit functionsto corvertan
elementof FranceUSDriversS to DriverS. Moreover, the axiomsfor Driver fud
alsoguarantesemantiacunambiguity It is notan elegantsolution,but it doesdo the
job.

A specialform of repeatednheritanceis repeatedself inheritance that s, re-
peatednheritancebetweena sorts ands itself. By definition s inheritsfrom itself
throughtheemptychainof implicit functions.Thus,if thereis atleastonenon-empty
chainof implicit functionsfrom s to s, thenthereis repeatedelf inheritance.This
occursfor example,in thedefinitionof aliaseq{seeSection5.3) andretractfunctions
(seeSection5.6).

Repeatedself inheritancealways causesambiguoussxpansionif atermi : s is
usedin an assertiorsincecorversionsfrom s to s canbe appliedto ¢ an arbitrary
numberof times. However, suchcyclic corversionsarealwaysredundanttherefore,
expansionsvithout themarethe mostobvious.
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MODULE

VAR

IMPORT

SORT
FUNC
FUNC
FUNC

SORT
FUNC
FUNC

SORT
FUNC
FUNC

SORT
FUNC
FUNC
AXIOM

DriverM

fud : FranceUSDriverS

Int2M % Fig. 5.9 page 95

DriverS

Age : DriverS -> IntS

Address : DriverS -> StringS
NrOfViolations : DriverS -> IntS
FranceDriverS

Driver : FranceDriverS -> DriverS (IMPLICIT)
FranceViolations : FranceDriverS -> IntS
USDriverS

Driver : USDriverS -> DriverS (IMPLICIT)
USViolations : USDriverS -> IntS

FranceUSDriverS
FranceDriver : FranceUSDriverS -> FranceDriverS (IMPLICIT)
USDriver : FranceUSDriverS -> USDriverS (IMPLICIT)

NrOfViolations fud = FranceViolations fud + USViolations fud

% Additional operation to prevent ambiguity

FUNC Driver : FranceUSDriverS -> DriverS (IMPLICIT)
AXIOM Driver fud = Driver FranceDriver fud

AXIOM Driver fud = Driver USDriver fud

END MODULE

Fig. 5.12: Specificatiorof transcontinentadrivers.
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5.8 PreferredExpansions

If anassertions ambiguoussolely becausef overloadingit is reasonabléo reject
it asbeingill-formed. Thereis not much choice here: the different instancesof
overloadedfunctions are probably semanticallyunrelated. But even if they were
related,it is hardfor an automatictype-checkr to verify thatan ambiguougermis
semanticallyunambiguous.On the syntacticside, thereis no suchthing as“most
ohviousreading”of atermwith ambiguousverloading becaus¢hereis nomeasure
to comparedifferentexpansions.Inheritanceambiguity is differentin this respect.
The previous sectionshawvs that sometimeshe ambiguitiesare innocent,because
eitherthe possibleexpansionsaresemanticallyequivalentor ambiguityis causedy
unnecessargorversions.

Therefore,a preferencemechanismis introducedthat, in caseof innocentin-
heritanceambiguity picks one of the expansionsas the expansion. In caseof a
semanticallyjunambiguousssertioranarbitraryexpansioncanbe chosen However,
semantiaunambiguitycannotbe verified automaticallyby atype-checkr (unlessan
automaticproof tool is used). In caseof unnecessargorversionsi,it is feasibleto
choosethe expansionthat hasthe leastnumberof conversions,becausdhereis no
pointin addingredundantorversions.It will turn outthat“leastnumberof corver
sions”canbedefinedn suchawaythatsemanticallyjunambiguougssertiontikethe
onesin thegivenexamplesalsohave a preferredexpansion Fromanobject-oriented
point of view minimizing the numberof corversionsreflectstheideathatin caseof
anoverloadednethodthe mostspecificinstancepossibles used(thatis, theinstance
belongingto the classclosestto the classof thereceving object).

We canpreferexpansionswith a minimal numberof corversionsfor eachindi-
vidualfunctionargument.Thisworkswell in somecasesfor example,the preferred
expansiondor 1+2=3 andrect1=rect2 thenare:

(Nat 1) + (Nat 2) = (Nat 3)
rectl = rect?2

However, none of the expansionsof 0.5+(1+2)=3.5 hasa minimum numberof

conversionsfor all individual aguments. The problemhereis that corversioncan

beinsertedat differentlevels, eitherfor the amgumentsof 1+2 or for its result. Also

minimizing thetotal numberof corversionsdoesnotwork. For example,expansions
of --2+2.5=0. 5 with thesameminimal overall numberof corversionsare:

(Float —— Int Nat 2) + 2.5
(-- Float Int Nat 2) + 2.5

0.5
0.5

Sincetreatingall agumentswithin atermequaldoesnot solve all harmlessaam-
biguities,they will behandledn a particularorder: expansiorof agumentsn aterm
is minimizedin postorder(thatis, relative to the parsetree of the term). Now the
preferredexpansionof 0.5+ (1+2)=3.5 is:
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(Ff oat, | n\t}> ~

Fig.5.13:The computation of the costs of the expansion of 1+2=1.5%2 to
Float Int (Nat 1 + Nat 2) = 1.5 * (Float Int Nat 2).

0.5 + (Float Int ((Nat 1) + (Nat 2)) = 3.5

With this form of preferencehe previous examples1+2=3 andrecti=rect?2 still
have the samepreferredexpansion.

This preferencenechanisnis definedby associating costwith eachexpansion,
t —- t' : ¢ denotegthat ¢’ is an expansionof ¢ with costsc. Here ¢ is a sequence
of naturalnumberswhereeachnumberrepresentshe numberof corversionsadded
to oneparticularargument. Thatis, the costof an expansionof f (¢; ,ts,...) first
containghecostof expandingt, , thenthe numberof conversionsappliedto ¢;, then
the cost for expandingtz, the numberof corversionsappliedto ¢z, etcetera. An
exampleof the computatiorof expansioncostsis givenin Figure5.13. If atermhas
multiple expansionsthe one with the minimum costis preferred,wherethe costs
areorderedexically aslists. For example,thethreeexpansionof 1+2=3 are(using
abbreiatednames):

1+2=3 —» (Nat 1) + (Nat 2) = (Nat 3) :[1,1,0,1]
142=3 — (Int Nat 1) + (Int Nat 2) = (Int Nat 3):[2,2,0,2]
142=3 — (Int ((Nat 1) + (Nat 2))) = (Int Nat 3):[1,1,1,2]

Herethe preferredexpansions thefirst onewith cost[1, 1, 0, 1].
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Fig. 5.14:Definition of expansionrules,includingimplicit functions. For any implicit func-
tion 7. (For ary variablev; sortss ands’; functionsf andf’; termst,, ..., t,,
th, oottt ¢, andt’; integerlists ¢y, ... ¢, andc; informalsey, ...

e, ande’, ... e, ; naturallanguagenl; namesaym andnm'; andintegersa; , . .
an, anda.)
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Theredefinitionof the expansiornrelation— is givenin Figure5.14(it replaces
thedefinitionof — in Figure3.10). Theauxiliary relation~~ is usedto addtheactual
corversionsto functionaguments:t ~ t' : a denoteghatt’ is optainedfrom ¢ by
applying e implicit functionsto it. The operation+ concatenateksts. Note that
with respecto the calculationof the costof anexpansionpnly functionapplications
arerelevant,variablesJambda-abstractionandinformaltermsareignored.Thedef-
inition of — is extendedfurtherin Section7.5with so-calledapplicationredirection.
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6. NON-FUNCTIONAL FEATURES

Abstract

Specificationof software often involves operationsvith non-functional
features,which are operationsthat are not functional. Thereare for-
mal languagedhat do allow certainkinds of non-functionalfeatures,
suchasoperationswith side-efects and partial functions. The seman-
tics of theselanguagess inherentlymore complex thanfor simple al-
gebraiclanguagesndthey have a fixed setof non-functionalfeatures
they canhandle. This chaptershavs, by example,how operationswith
non-functionalfeaturescanbe modeledby total functions. Threeexam-
plesaregiven: partial functions,state-dependemperationsand state-
changingoperations.Unfortunately the techniquedescribechassome
disadwantagesvhichwill bediscussediogethemwith somesolutions,in
Chapter7.

6.1 Actions

An operationwith non-functionalfeaturesis an operationthat cannotfully be de-
scribedby atotal function from its agumentsto its results(seeSection2.1.1). Ex-
amplesof non-functionalfeaturesare: partiality, exceptions,nondeterminismuser
interaction,statedependeng statechangesreal-timebehaior, efficiengy, andcon-
curreng. Of course,a non-functionalfeaturemust have a formal statusbeforeit
canbe modeledin ary formal language. Therefore,we consideronly thosenon-
functional featuresthat can be formalizedin someform. This may exclude non-
functional featuresthat are not directly implementable such as “maintainability”,
“robustness”;‘costs”, and“reliability”.

Many operationsvith non-functionafeaturescanbe modeledby atotal function
by passingextraamgumentsandreturningenhancedesultswhich contain besideghe
actualresult,additionalinformationaboutthe non-functionabehaior of the opera-
tion. For example,a partialfunctioncanbemodeledby atotal functionthatreturnsa
“partial value” (whichis eitheranexceptionor anormalvalue)anda state-dependent
functioncanbe modeledby atotal functionthattakesthe stateasanadditionalargu-
ment.
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In fact, the additionalagumentscanalsobe incorporatedn an enhancedesult
by makingthatresultafunction,similarto Curryingin functionalprogrammingFor
example,a state-dependeffiinctioncanbe modeledoy atotal functionthatreturnsa
state-dependentlue(thatis, a mappingfrom statego values).

So,operationsvith non-functionafeaturescanbe modeledby total functionsby
consideringhesefeaturesa propertyof theresultratherthana propertyof the oper
ationitself. In this thesisresultsthatmodelvalueswith non-functionalfeaturesare
calledactionswhich suggestshatsomethinghasto bedone(theactionhasto be per
formed beforean actualresultis returned.For example,performinga partial value
eitherfails or returnsavalueandperforminga state-dependertlueinvolvesquery-
ing the state.Note thathere“action” and“performing” areitself no formal notions.
Eachtype of non-functionalfeaturewill have its own formal definition of “action”
accompanieavith a formal definition of “performing an action”, which is actually
incorporatedn thedefinitionof “lifting”, whichwill bediscussedn Chapter7.

6.2 Specificatiorof Actions

Somegenericpropertiesof actionsarespecifiedin Figure6.1 whereActionXS is a
sort of XS-actionswith value type XS. Not muchis specifiedhere,only that every
valueis alsoan action (thatis, XS is a subsortof ActionX8). The intentionof the
subsortrelationshipis that the injection of an elementx of XS into ActionXS is a
trivial actionthatdoesnothingexceptreturningthevaluex.

Someauxiliary functionsare definedin ActionM thatwill be usedto construct
actions.If canbeusedto make conditionalactions thatis, conditionalin the sense
that performingIf(...) performseitherthe secondor third agument, not both.
Thefunctions<< and>> will be usedto combinethe non-functionaffeaturesof two
actions,returningtheresultof thefirst andsecondagument,respectiely. UnitS is
specifiedin Figure6.2; it containsexactly one elementUnit which is usedasthe
resulttypeof actionsthatareonly relevantfor theirnon-functionafeaturesTherole
of UnitS is similarto thatof void in C. Thedefinitionsof << and>> aresomevhat
peculiarsincethey do not operateon actionsat all. It even seemspointlessto use
them: all they do is ignoreoneof their aguments(why write x << u if it is x you
need?). However, aswill be shavn at the end of Section6.7, the so-calledlifted
versionsof << and>> do combinethe non-functionafeaturesof botharguments.

6.3 Example:Partial Functions

A partial function is an operationthat doesnot have a resultfor all of its possible
arguments.Examplesof partial functionsarethe division function for numbergdi-
vision by zerois not defined)and the operationthat returnsthe head(thatis, first
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MODULE ActionM [XS, ActionXS]

VAR x : XS
VAR ax : ActionXS
VAR u : UnitS

SORT XS
SORT ActionXS

IMPORT LogicM % Fig. 3.3 page 43
IMPORT UnitM % Fig. 6.2 page 109
IMPORT SubsortM [XS, ActionXS] % Fig. 5.1 page 87

FUNC If : BoolS, ActionXS, ActionXS -> ActionXS
AXIOM If (True, ax1, ax2) = axl
AXIOM If (False, axl, ax2) ax2

FUNC << : XS, UnitS -> XS
AXIOM x << u = x

FUNC >> : UnitS, XS -> XS
AXIOM u >> x = x

%... other functions for actions

END MODULE

Fig. 6.1: Genericspecificatiorof actions.

MODULE UnitM

SORT UnitS (INDUCTIVE)
FUNC Unit : -> UnitS (CONSTRUCTOR)

END MODULE

Fig. 6.2: Specificatiorof the unit sort.
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MODULE PartialM [XS]

VAR x : XS

SORT XS

SORT PartialS[XS] (INDUCTIVE)
FUNC Def : XS -> PartialS[XS] (CONSTRUCTOR)
FUNC  Undef : -> PartialS[XS] (CONSTRUCTOR)

AXIOM Def x /= Undef
AXIOM Def x1 /= Def x2 <== x1 /= x2

IMPORT ActionM [XS, PartialS[XS]] % Fig. 6.1 page 109
AXIOM Inject x = Def x

END MODULE

Fig. 6.3: Specificatiorof partialvalues.

element)f alist (anemptylist doesnot have ahead).

Partial functionscanoften be avoided by returningarbitraryresultsfor “ille gal”
arguments.For example,theresultof division by zerocanbe zero,or evenunspeci-
fied. For agenericheadoperationappliedto theemptylist it is impossibleto choose
an arbitraryvaluebecauséahetype of thelist elementss unknavn in a genericlist
specification. The only option thenis thatthe headof an emptylist is an arbitrary
object. But, this assumeshat the elementtype is non-empty(otherwisethereis no
arbitraryobjectin it), which it notalwaysis. If atall possible choosingarbitraryre-
sultscoversup the factthat someargumentsshouldbe considerederroneousyhich
may obscurea specification.However, the usefulnes®f partial functionsis not the
issuehere,they merelysene to illustratenon-functionafeatures.

A partialfunctioncanbe madetotal by addingexceptionvaluesto its co-domain,
which areusedasreturnvaluesfor thoseargumentsfor which the partialfunctionis
undefined.In Figure 6.3 the sortPartialS [XS] of partial XS-valuesis specified,
whichis a copy of XS (wherethe elementf XS areinjectedin PartialS[XS] via
Def) plusoneexceptionvalueUndef. A partialfunctionwith co-domainXs cannow
bemodeledasatotal functionwith co-domairPartialS[XS].

Thereis no particularreasorwhy PartialS[XS] containsonly oneexception
value, exceptthatthis simplifiesthe example: the numberof exceptionscanbe ex-
tendedin a straightforvard manney for example,by addingto Undef a string argu-
mentfor passinganerrormessage.
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MODULE List2M [XS]

VAR
VAR

SORT

heo.
heos

x : XS
1 : ListS[XS]

XS

definition of ListS[XS], Empty, &, and Length
(same as in Fig. 4.4 page 71)

IMPORT PartialM [XS]
IMPORT PartialM [ListS[XS]]

FUNC Head : ListS[XS] -> PartialS[XS]

AXIOM Head Empty = Undef

AXIOM Head (x&1) = x

FUNC Tail : ListS[XS] -> PartialS[ListS[XS]]

AXIOM Tail Empty = Undef

AXIOM Tail (x&1) =1

LEMMA Tail 11 = Def 12 ==> Length 11 = Length 12 + 1

LEMMA Head 11 = Def x And Tail 11 = Def 12 ==> 11 = x&12
END MODULE

Fig. 6.4: Extensionof the list specificationof Figure4.4 with the partial headandtail func-

tions.
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In Figure6.4thepartialHead andTail functionsfor lists aredefinedin thisway.
Unfortunatelythe resultof Head or Tail cannotbe usedstraightforvardly. Actions
have to be “unpacled” beforethey canbe usedasanamgumentfor functionsthatdo
notknow how to handlethe non-functionainformation. For example,in thelemmas
thevaluesof Tail 11 andHead 11 areunpacled beforethey canbepassedo & or
Length. Def is usedhereinsteadof theimplicit Inject to shaw clearlythatTail
11 is notequalto 12 but to someaction“containing”12.

6.4 FunctionLifting

One might prefer a formulation of the lemmasin Figure 6.4 in which the partial
valuesarenot unpacled, like in:

LEMMA 1 /= Empty ==> Length 1 = Length Tail 1 + 1
LEMMA 1 /= Empty ==> 1 = (Head 1)&(Tail 1)

But, this lemmais ill-formed sinceLength and& do not acceptpartial values. The
conditionthat 1 is non-emptyguaranteeshat the resultof Tail 1 is defined,but
they areof theform Def 12 andassuchcannotbe handledoy Length and&. This
is unfortunate sincethe alternatve formulationof the lemmasis simplerandmore
to the point thanthe one usedin in Figure6.4. As a matterof fact, the alternatve
formulationis commonin everydaymathematicahotation.

Thefunctions& andLength canbeuseddirectly onpartialvaluesonly if they are
definedaslifted versionsof theoriginal & andLength. A lifted versionof afunction
f isafunctionthatacceptsactionsasargumentdy first performingtheseactionsand
thenpassingthe resultsto f. Justas“performing” is not a formal notion, “lifting”
is not formal either(for the moment;lifting is treatedformally in the next chapter).
Lifted (andoverloaded)ersionsof & andLength aredefinedin Figure6.5. Now the
simpler previously ill-typed, formulationof the lemmasis well-formed. Note thatit
is necessaryo alsodefinea lifted versionof + that acceptghe partial resultof the
lifted versionof Length. It is necessaryn List3M to explicitly useDef (instead
of theimplicit Inject) in someof the axiomsthatdefinethe lifted functions,since
otherwisethe expansionof theseaxiomswould containthe non-lifted functionson
theleft sideof the equationgatherthanthelifted ones.

The sameapproachof modelingpartial functionsastotal functionswith partial
resultscanbeappliedin ary othersituation.Thenpartialresultshave to beunpacled
toobeforethey canbe passedo ordinaryfunctions.For example,a division function
for realswould returna partialreal, which makesit impossibleto write:

LEMMA i2 /= 0 ==> (i1/i2) * i2 = i1
unlesslifted versionsof / and* aredefined. The function * needsto be lifted be-

causehelifted versionof / returnsa partialreal. Alternatively this propertycanbe
formulatedas:
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MODULE List3M [XS]

VAR
VAR
VAR
VAR
VAR

SORT

heo.
heo.

b'd
1
n
PX :
pl :

XS

: XS
: ListS[XS]
: NatS

PartialS[XS]
PartialS[ListS[XS]1]

definition of ListS[XS] and its operations
(same as in Fig. 6.4 page 111)

IMPORT PartialM [NatS]

FUNC
AXIOM
AXIOM

FUNC
AXIOM
AXIOM

FUNC

AXIOM
AXIOM
AXIOM

LEMMA
LEMMA

Lengt
Lengt
Lengt

+ : P
(Def
Undef

& : P
(Def
Undef

pPx

1 /=
1 /=

END MODULE

h : PartialS[ListS[XS]] -> PartialS[NatS]
h Undef = Undef
h Def 1 = Length 1

artialS[NatS], NatS -> PartialS[NatS]
nl) + n2 = Def (nl1l + n2)
+ n = Undef

artialS[XS], PartialS[ListS[XS]] -> PartialS[ListS[XS]]
x) & (Def 1) x&1

& pl Undef

& Undef = Undef

Empty ==> Length 1 = Length Tail 1 + 1

Empty ==> 1 = (Head 1)&(Tail 1)

Fig. 6.5: Extensionof thelist specificationof Figure6.4 with lifted Length, +, & for partial
values.
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MODULE Retract2M [XS, YS]

VAR x : XS
VAR y : YS

SORT XS
SORT YS

IMPORT SubsortM [XS, YS] 7 Fig. 5.1 page 87
IMPORT PartialM [XS] % Fig. 6.3 page 110

FUNC Retract : YS -> PartialS[XS] (IMPLICIT)
AXIOM Retract y = Def x <=> y = Inject x

END MODULE

Fig. 6.6: Specificatiorof partialretractfunction.
LEMMA i1/i2 = Def i3 ==> i3 * i2 = i1l

6.5 Example:Partial RetractFunctions

Anotherexampleof the useof partialfunctionsis the properdefinitionof thegeneric
retractfunction (seeSection5.6)in Figure6.6. Herethe partialRetract is implicit,
which mayleadto implicit corversionof adefinedvalueto Undef. For example,1.5
may be corvertedto Undef if anintegeris needed.Unfortunately partial type cast
is notof muchuse:for example,it doesnotmake 5 Div (0.5+2.5) awell-formed
termsinceDiv cannothandlepartialvalues,unlessalifted versionof Div is defined.

6.6 Example:StateDependenOperations

A state-dependemperationis an operationwhoseresultdependson somehidden
parametercalled the state A statecan, for example, be the currentcontentof a
computermemory the currenttime, or the currentphaseof someresearctproject.
Correspondingtate-dependeiaiperationsarethe dereferencef a programvariable,
the ageof a person,or the next thing to do to completethis thesis. Statedependent
functionscanbe usefulwhenaxiomsusemary functionsthat sharesomecommon
agument. Hiding sucha commonargumentas part of the statecanimprove the
readabilityof axioms.Oftenit is even naturalto do so: onewould rathersay“Bob’s
ageis greaterthan Clair's age” (time is implicit here)than“Bob’s ageat time ¢ is
greaterthatClair's ageattime ¢” (time ¢ is explicit here).Ontheotherhandthis will
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<expression- <integer>

<simpl-variable>

“read”

“ (" <expression “+” <expression- “)”

“(" <expression “-" <expression- “)”

“skip”

<simpl-variable> “:=" <expression-

“write” <expression

“condition” <expression- “then” <statement
“while” <expression- “do” <statement

“(" <statement “;” <statement “)”

<statement

Fig. 6.7: Syntaxof the simpleimperative programmindanguageSImPL.

complicatethe understanding@f a specificationfunctionalpuristswill claim.

In imperatve programminganguageshe stateof thecomputememoryis anim-
plicit parameteof all memorydependentperationsWe shav how the semantic®f
theexpression®f asimpleimperatve programmindanguageSImPL canbe defined
using state-dependemiperations.First, the state-dependemperationsare modeled
by functionsthat take the stateas an additionalargument;thenthe action typesof
state-dependentaluesare introducedand used. Often state-dependerdperations
areusedin combinationwith state-changingperationgthatis, operationswith side-
effects). Theseare discussedn Section6.7 wherethe semanticof the statements
of the SImPL aredefined;the currentsectiononly definesthe evaluationof SImPL
expressions.

6.6.1 SImPL

The syntaxof SImPL is definedin Figure 6.7 (given somesetof SImPL program
variables).A SImPL programis a statementyhich is evaluatedin the contet of an
environment,which mapsvariablesto integers,andinput/outputstreamsf integers.
The expressionsand statementfiave their usualsemanticgdetailsare given later),
whereread returnsthefirst elementof theinput streamurite e addsthevalueof
e to theoutputstreamandtheguardof ancondition- or while-statemensucceeds
if andonly if its valueis zero.

SImPL is similar to the programminglanguagePICO, which is algebraically
specifiedn Bergstraetal. (1989)(without usingnon-functionaffeatures).The main
differencesetweenthe two languagesre: SImPLis untyped(thatis, the only type
of datais integer), SImPL variablesarenot declared and SImPL hasoperationgor
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MODULE SImPLSyntaxM
IMPORT Int2M % Fig. 5.9 page 95

SORT ExprS (INDUCTIVE)

FUNC Const : IntS -> ExprS (CONSTRUCTOR)
FUNC Var : StringS -> ExprS (CONSTRUCTOR)
FUNC Read : -> ExprS (CONSTRUCTOR)
FUNC + : ExprS, ExprS -> ExprS (CONSTRUCTOR)
FUNC - : ExprS, ExprS -> ExprS (CONSTRUCTOR)

SORT StatementS (INDUCTIVE)

FUNC Skip : -> StatementS (CONSTRUCTOR)
FUNC := : StringS, ExprS -> StatementS (CONSTRUCTOR)
FUNC Write : ExprS -> StatementS (CONSTRUCTOR)
FUNC Cond : ExprS, StatementS -> StatementS (CONSTRUCTOR)
FUNC While : ExprS, StatementS -> StatementS (CONSTRUCTOR)
FUNC ; : StatementS, StatementS -> StatementS (CONSTRUCTOR)
END MODULE

Fig. 6.8: Theabstracsyntaxof SImPL.

reading/writingvaluesfrom/to aninput/outputstream.

In Figure6.8thesortsExprS andStatement$S of abstracsyntaxtreesof expres-
sionsandstatementaredefined. Eachconstructorepresentsneof the production
rules of the concretesyntax; whereConst i is the integer constanti, Var s is a
variablewith identifier s, andCond (e, s) is the condition-statementith condition
€.

6.6.2 Semanticof SIMPL Expressions

The value of an expressiondependn the ervironmentthat containsthe value of
the programvariables. Environmentsare representedby so-calledtables a generic
specificationof which is givenin Figure6.9. The value of the lookup in anempty
tableis left unspecifiecherein orderto make Lookup atotal function. Lookup can
be changednto a partial function by usingPartialS[YS] asco-domain(seeSec-
tion 6.3). However, thatwould involve combiningpartiality and state-dependepnc
which obscureghe currentexample.TableS [XS,YS] couldbe modeledasanalias
of FuncS[XS,YS]. But, we try to usefunctionsortsasfew aspossiblesincethey are
notcommonin algebraicspecification.

In Figure6.10the evaluationfunctionEval is definedthatmapsan expressions
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MODULE TableM [XS, YS]

VAR X : XS
VAR y : YS
VAR tbl : TableS[XS,YS]

SORT XS
SORT YS

IMPORT LogicM % Fig. 3.3 page 43

SORT  TableS[XS,YS] (INDUCTIVE)
FUNC Empty : -> TableS[XS,YS] (CONSTRUCTOR)
FUNC Assign : TableS[XS,YS], XS, YS -> TableS[XS,YS] (CONSTRUCTOR)

FUNC Lookup : TableS[XS,YS], XS -> YS
AXIOM Lookup (Assign(tbl,x,y) , x) =y
AXIOM Lookup (Assign(tbl,x2,y), x1) Lookup (tbl, x1) <== x1 /= x2

END MODULE

Fig. 6.9: Specificatiorof tables.

e andanervironmentenv to thevalueof e for env. ThesortEnvS of environments
is definedasaliasfor TableS[StringS,IntS] in orderto simplify notation. The
evaluation of Read is left unspecifiednere becauseve ignore side-efects for the
moment(thereadoperationchangesheinput streamasa side-efect).

The given definitionis the commonway to specifysemanticof imperatve lan-
guagesin an algebraicspecificationlanguage,such as the definition of PICO in
Bemgstraetal. (1989). Whatis typical for thesekind of definitionsis thatthe evalu-
ation of a compoundexpression(suchase1+e2) for a given ervironmentis defined
in termsof the evaluationof its componentge1 ande?2) for thatsameernvironment.
This makesthe environmenta goodcandidatdor beinghiddenaspartof a state.

6.6.3 State-DependeMalues

State-dependemtinctionscanbe modeledusingthetype of actionsspecifiedn Fig-
ure6.11. PeekS[XS] is the sortof state-dependemiS-values;thatis, an entity that
hasa valuein XS for ary value of StateS. State-dependemperationsfrom XS to
YS cannow be modeledby anordinaryfunctionfrom XS to PeekS[YS]. Thetermi-
nology “peek” refersto the operationof the programminglanguageBASIC thatis
usedto read(peek)the contentof a memorylocation. Associatedwith eachstate-
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MODULE ExpressionSemanticsiM

VAR i : IntS
VAR v : StringS
VAR e : ExprS

VAR env : EnvS
IMPORT SImPLSyntaxM % Fig. 6.8 page 116

SORT  EnvS
IMPORT TableM [StringS, IntS] % Fig. 6.9 page 117
IMPORT AliasM [EnvS, TableS[StringS,IntS]] J, Fig. 5.2 page 88

FUNC Eval : ExprS, EnvS -> IntS

AXIOM Eval (Const i, env) = i

AXIOM Eval (Var v, env) = Lookup (env, v)

AXIOM Eval (el+e2 , env) = Eval (el, env) + Eval (e2, env)
AXIOM Eval (el-e2 , env) = Eval (el, env) - Eval (e2, env)

END MODULE

Fig. 6.10: Semanticof SImPL expressionsvithout side-efects. The evaluationof Read is
left unspecified.

MODULE PeekM [XS]

VAR x : XS
VAR st : StateS

SORT XS
IMPORT StateM 7% Fig. 6.12 page 119

SORT  PeekS[XS]
FUNC Comp : PeekS[XS], StateS -> XS

IMPORT ActionM [XS, PeekS[XS]] % Fig. 6.1 page 109
AXIOM Comp (Inject x, st) = x

END MODULE

Fig. 6.11: Specificatiorof state-dependentlues.
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MODULE StateM

SORT StateS

END MODULE

Fig. 6.12: Definition of states.

dependentalueis a mappingfrom statego thevaluefor eachstate.Thisis modeled
by thefunctionComp (for “compute”)thatmapsa state-dependentluep andastate
st to thevalueof p for st. Thetrivial state-dependenaluefor x alwayshasvalue
x, regardlesof the stateit is executedin. Otherinstance®f PeekS [XS] have to be
definedby specifyingthe valueof Comp for ary state.

ThesortStateS of statess declaredn Figure6.12. For themomentStateS is
left unspecifiedn moduleStateM sothatit canbe tailoredto the examplesin the
currentandthe next section. In Section6.8 StateS will getits actualdefinitionas
an ervironmentof typedstatevariables similar to the stateof a computemprogram.
Alternatively, StateS could bemadea parametepf the modulePeekM andanindex
of PeekS (thatis, PeekS [StateS, XS] insteadbf PeekS [XS]). For eachuseof state-
dependenvaluesan appropriateinstanceof StateS canthenbe used. However,
usingdifferentnotionsof “state” obscurespecifications.

6.6.4 Statedor SImPL

A suitabledefinition of statesfor the evaluationof SImPL expressionss givenin
Figure6.13,whereStates is simply definedto be an aliasfor environments(that
is, statesarethe sameaservironments). This definition of StateS is rathertrivial,
but it suitsour purposesere. Module SImPLStatel1M containsafirst exampleof a
state-dependeiperation:thefunctionvValue returnsthevalueof aSimPLvariable.
Value canbeviewedasakind of, infinite, arraywith stringsasindexes.

6.6.5 State-Depender8emantic®f Expressions

In Figure6.14the evaluationfunctionEval is redefinedasa state-dependetitinc-
tion. Althoughthetableis nolongera parameteof Eval, this doesnot bring much
relief herebecausehe useof Comp on theresultof Eval andst makestheerviron-
ment(disguisedasstate)a parameteof Eval via adetour(andevenintroducesxtra
overhead).Theideawasto hide the statefrom the definition of Eval, but it is still
there.
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MODULE SImPLStatelM
VAR v : StringS
VAR i : IntS
VAR env : EnvS

IMPORT Int2M 9% Fig. 5.9 page 95
IMPORT StateM 7 Fig. 6.12 page 119

SORT  EnvS

IMPORT TableM [StringS, IntS] % Fig. 6.9 page 117
IMPORT AliasM [EnvS, TableS[StringS,IntS]] % Fig. 5.2 page 88
IMPORT AliasM [StateS, EnvS] 7 Fig. 5.2 page 88

IMPORT PeekM [IntS] 7, Fig. 6.11 page 118

FUNC Value : StringS -> PeekS[IntS]
AXIOM Comp (Value v, env) = Lookup (env,v)

END MODULE

Fig. 6.13: Definition of the stateusedfor the semantic®f SImPL expressions.
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MODULE
VAR
VAR
VAR
VAR
IMPORT
IMPORT
IMPORT

FUNC
AXIOM

AXIOM

AXIOM

AXIOM

ExpressionSemantics2M

i : IntS

: StringS
e : ExprS
st : StateS

SImPLSyntaxM % Fig. 6.8 page 116
SImPLStatelM % Fig. 6.13 page 120
PeekM[IntS] Y% Fig. 6.11 page 118

Eval : ExprS -> PeekS[IntS]

Comp (Eval Const i, st)

=i

Comp (Eval Var v , st)

= Comp (Value v, st)

Comp (Eval (el+e2), st)

= Comp (Eval el, st) + Comp (Eval e2, st)
Comp (Eval (el-e2), st)

= Comp (Eval el, st) - Comp (Eval e2, st)

END MODULE

Fig. 6.14:Definition of the semanticof SImMPL expressionsisingstate-dependenaluesin

orderto “hide” theervironment.
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MODULE ExpressionSemantics3M

VAR i : IntS

VAR \ : StringS
VAR e : ExprS

VAR st : StateS

VAR pi  : PeekS[IntS]

IMPORT SImPLSyntaxM % Fig. 6.8 page 116
IMPORT SImPLStatelM % Fig. 6.13 page 120
IMPORT PeekM[IntS] % Fig. 6.11 page 118

FUNC + : PeekS[IntS], PeekS[IntS] —-> PeekS[IntS]
AXIOM Comp (pil+pi2, st) = Comp(pil,st) + Comp(pi2,st)

FUNC - : PeekS[IntS], PeekS[IntS] -> PeekS[IntS]
AXIOM Comp (pil-pi2, st) = Comp(pil,st) - Comp(pi2,st)

FUNC Eval : ExprS -> PeekS[IntS]

AXIOM Eval Const i = i

AXIOM Eval Var v = Value v

AXIOM Eval (el+e2) (Eval el) + (Eval e2)
AXIOM Eval (el-e2) (Eval el) - (Eval e2)

END MODULE

Fig. 6.15:Reformulationof the definition of the semanticoof SImPL expressionsof Fig-
ure 6.14,now usinglifted versionsof + and-. This allows the ervironmentto be
removedfrom thedefinitionof Eval.

6.6.6 UsingLifted Functions

If lifted functionsareused,t is possibleto hidethe statecompletelyfrom the defini-
tion of Eval asis shawn in Figure6.15. In thefirst axiomthe stateis hiddenusing
the implicit functionInject. In the secondaxiomthe statecanbe omittedwithout
furtherado. In the axiomsfor + and- the stateis only passedwithout accessingt,
to the evaluationof the sub-epressions.This canbe left implicit by defininglifted
versionsof + and-. Theresultingdefinitionof Eval is muchmoreto the pointand,
asamatterof fact,similarto theway a SImPL evaluatorwould be programmedn an
imperative programmindanguage.

In effectthe definitionof Eval in Figure6.15determinegxactly the sameequa-
tionsasin Figure6.14,for example:
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Comp (Eval (el+e2), st)

= % definition of Eval for +

Comp ((Eval el) + (Eval e2), st)

= % definition of lifted +

Comp (Eval el, st) + Comp (Eval e2, st)

6.7 Example:State-Changin@perations

Thedefinition of the semantic®f SImPLin the previous sectiondoesnot yethandle
the side-efects causedoy readinginput (removing the first elementfrom the input
stream),writing output (addingan elementto the output stream),and variable as-
signment(changingthe ervironment). This sectionshavs how the definition of the
evaluationfunction Eval canbe adaptedo incorporatetheseside-efects. A tradi-
tional algebraicspecificatiorcanbegivenweretheevaluationfunctiontakes,besides
the ervironment,additionalargumentsfor the input and outputstreamsandthatre-
turnsthe changecdenvironmentandstreams Although thesedefinitionsarestraight-
forward, they shaw how the overheadof explicitly passingargumentscanleadto
unreadablepecificationsOf course|t is a matterof tasteandtrainingwhatis con-
sideredunreadableandwhat not; but, at somepoint specificationdik e this become
too hardto readand,thereforedifficult to understandmaintain,andreuse.

The useof non-functionalfeaturescan bring relief here,asis shavn in an al-
ternative definition of a state-changingersionof the evaluationfunction. A state-
changingoperationis an operationwhoseresultpossiblydependn a hiddenstate
(like astate-dependewperationandwhich alsodefinesa statetransition.Examples
of state-changingperationsarethe readandwrite operationof SImPL.As will be
shawn, state-changin@perationgoo canbe modeledby total functionsthat return
anelementof asuitableactiontype,in this casea state-changingalue.

6.7.1 Semantic®f SImPL Statements

Firstatraditionalalgebraiadefinitionof thesemantic®f SImPL statementss given,
similarto thatof PICOin Bergstraetal. (1989).

Inputandoutputof SImPLprogramsaaremodeledy stream®f integers. Streams
areinfinite lists. As suchthey alwayshave a headandatail. The useof streamgo
modelinput avoidsthe complicationof partialsemanticxausedy the possibleread
from an empty input stream(output could be modeledby finite lists without this
complication).The datatype of streamss specifiedin Figure6.16. In orderto have
functionsthatreturncombineddatastructures2-tuplesarespecifiedin Figure6.17.
It is assume@ moduleTuple3M of 3-tuplesis definedsimilarly.

Figure6.18defineghesemantic®f expressionandstatementg thetraditional
way. The evaluationof expressione takes as argumentsthe ernvironmentand the
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MODULE StreamM [XS]

VAR X : XS
VAR stream : StreamS[XS]

SORT XS

SORT StreamS [XS]

FUNC Head : StreamS[XS] -> XS

FUNC Tail : StreamS[XS] -> StreamS[XS]
FUNC & : XS, StreamS[XS] -> StreamS[XS]
AXIOM Head (x&stream) = x

AXIOM Tail (x&stream) = stream

%... other functions

END MODULE

Fig. 6.16: Specificatiorof infinite streams.

MODULE Tuple2M [XS, YS]

VAR x : XS
VAR y : YS

SORT XS
SORT YS

IMPORT LogicM

SORT  TupleS[XS,YS] (INDUCTIVE)
FUNC ¢ : XS, YS -> TupleS[XS,YS] (CONSTRUCTOR)

AXIOM  “(x1, y1) /= ‘(x2, y2) <== x1 /=x2 O0r yil /=y2
%... other functions for tuples

END MODULE

Fig. 6.17: Definition of pairs.
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MODULE StatementSemanticsiM

VAR i : IntS VAR v : StringS VAR e : ExprS VAR s : StatementS
VAR env : EnvS VAR in : StreamS[IntS] VAR out : StreamS[IntS]

IMPORT LogicM % Fig. 3.3 page 43
IMPORT SImPLSyntaxM % Fig. 6.8 page 116

SORT  EnvS
IMPORT TableM [StringS, IntS] % Fig. 6.9 page 117
IMPORT AliasM [EnvS, TableS[StringS,IntS]] ), Fig. 5.2 page 88

IMPORT StreamM [IntS] % Fig. 6.16 page 124
IMPORT Tuple2M [IntS, StreamS[IntS]] % Fig. 6.17 page 124
IMPORT Tuple3M [EnvS, StreamS[IntS], StreamS[IntS]]

FUNC Eval : ExprS, EnvS, StreamS[IntS] -> TupleS[IntS,StreamS[IntS]]
AXIOM Eval (Const i, env, in) = ‘(i, in)
AXIOM Eval (Var v, env, in) = ‘(Lookup (env, v), in)
AXIOM Eval (Read, env, in) = ‘(Head in, Tail in)
AXIOM Eval (el, env, inl) = ‘(il, in2) And
Eval (e2, env, in2) = ‘(i2, in3) ==>
Eval (el+e2, env, inl) = ‘(i1+i2, in3) And
Eval (el-e2, env, inl) = ‘(i1-i2, in3)

FUNC Eval : StatementS, EnvS, StreamS[IntS], StreamS[IntS]
-> TupleS[EnvS,StreamS[IntS],StreamS[IntS]]

AXIOM Eval (Skip, env, in ,out) = ‘(env, in, out)
AXIOM Eval (e, env , inl) = ‘(i, in2) ==
Eval (v:=e, env, inl, out) = ‘(Assign(env,v,i), in2, out) And
Eval (Write e, env , inl, out ) = ‘(env, in2, i&out)
AXIOM Eval (e, env, inl) = ‘(0, in2) ==>
Eval (Cond(e,s), env, inl, out) = Eval (s, env, in2, out)
AXIOM Eval (e, env, inl) = ‘(i, in2) And i /= 0 ==
Eval (Cond(e,s), env, inl, out) = ‘(env, in2, out)

AXIOM Eval (While(e,s), env, in, out)
= Eval (Cond(e,s;While(e,s)), env, in, out)

AXIOM Eval (s1, envl, inil, outl) = ‘(env2, in2, out2) ==
Eval (s1;s2, envl, inl, outl) = Eval (s2, env2, in2, out?2)
END MODULE

Fig. 6.18: Definition of thesemantic®f SImPLexpressiongndstatementsvith side-efects.
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MODULE PokeM [XS]

VAR st : StateS
VAR X : XS

VAR peek : PeekS[XS]
SORT XS

IMPORT StateM % Fig. 6.12 page 119
IMPORT Tuple2M [XS, StateS] % Fig. 6.17 page 124

SORT  PokeS[XS]
FUNC Exec : PokeS[XS], StateS -> TupleS[XS,StateS]

IMPORT ActionM [XS, PokeS[XS]] % Fig. 6.1 page 109
AXIOM Exec (Inject x, st) = ‘(x, st)

IMPORT PeekM [XS] % Fig. 6.11 page 118
IMPORT SubsortM [PeekS[XS], PokeS[XS]] % Fig. 5.1 page 87

AXIOM Exec (Inject peek, st) = ‘(Comp (peek, st), st)

END MODULE

Fig. 6.19: Definition of statechangingvalues

input stream. It returnsthe value of e togetherwith the input streamthat remains
afterexecutinge. Theevaluationof statemeng takesasargumentgheervironment,
theinput stream(s may containreadoperations)andthe outputstream(the output
generatediptill now; lastoutputin front). It returnsthevalueof s togethemwith the
remaininginput streamandthe extendedoutputstream.

Differentchoicesfor the algumentsandresultsof bothEval’s arepossible.For
example,theevaluationof statementsloesnot needthe outputasargumentandonly
hasto returnthelist of elementsaddedo theoutput. However, thechoicesmadehere
betterfit the statebaseddefinition of evaluationwhich is discusseahext.

6.7.2 State-Changinyalues

ThesortPokeS [XS] of state-changings-valuesis definedin Figure6.19. Thedef-
inition of PokeS$ is similar to that of PeekS in Figure6.11; the differencebetween
Comp andExec (for “execute”)is thatthelatteralsoreturnsthe changedstatebesides
the actualvalue. The statereturnedby Exec (p,st) modelsthe updatedstateafter
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performingthe side-efect of p on st. For example,assumehata statemodelsafile
systemby keepingthe currentcontentsof the files andthe positionof thefile point-
ers,andReadStr is the state-changingperationthatreadsa string from a text file;
thenExec (ReadStr f, st1) shouldreturn:

e thestringin file £ atthe positionof thefile pointer(in statest1), and

¢ thestatest2 whichis dervedfrom st1 by moving thefile pointerof £ to the
next string.

Thetrivial state-changingalueInject x returnsx withoutchanginghestate.

A state-dependenfalue canbe seenasa state-changingaluethat doesnot ac-
tually changeghe state. Thereforein PokeM PeekS is definedto be a subsortof
PokeS$; state-dependemaluescanthereforebe usedasif they were state-changing
values. The correspondingnjection Inject transformsa state-dependemnialuein
a state-changingalue without side-efects. This is definedin the lastaxiomwhere
the executionof (theinjection of) state-dependentluepeek in statest returnsthe
valueof peek (in statest) andtheunchangedtatest.

6.7.3 Statedor SImPL Statements

Thedefinitionof States thatsuitsSImPL side-efectsis givenin Figure6.20. Here
statesaretriples containingan ervironment,input stream,andoutputstream.Same
state-dependemperationsare definedto accesghe differentcomponent®f a state
(Value, Input, andOutput) andstate-changingperationgo modify the Partial Sof

astate(SetValue, Set Input, andSetOutput).

6.7.4 State-Changingemantic®f Statements

The definitions of the state-changingvaluationfunctionsfor SImPL are given in
Figure6.21. Note thatthe Eval for expressionhasmoreimplicit agumentsthan
neededjt could do without the outputpart of the state;however, two differentver
sionsof PokeS would thenbeneededeachwith its own definition of state.

As with the definition of the state-dependeriival in Figure 6.14, the use of
actionsonly hidesthe statesrom the typesof theEval’s, not from their definitions.
Still, thenew definitionis a smallimprovementover the onein Figure6.18sincethe
structureof stateds hidden(thatis, ervironmentandstreamsio notoccurexplicitly).

6.7.5 UsingLifted Functions

As with partialandstate-dependenrtlues specificationsvith state-changingalues
suffer from the overheadof unpackingthe actions. This canbe avoided by defining
theappropriatdifted functions,asis shavn in Figure6.22. Theresultingdefinitions
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MODULE

VAR v :
VAR in :

IMPORT
IMPORT

SORT
IMPORT
IMPORT

IMPORT
IMPORT
IMPORT
IMPORT
IMPORT
IMPORT
IMPORT

FUNC
AXIOM

FUNC
AXIOM

FUNC
AXIOM

FUNC

AXIOM

FUNC

AXIOM

FUNC
AXIOM

SImPLState2M

StringS VAR i : IntS VAR env : EnvS
StreamS[IntS] VAR out : StreamS[IntS]

Int2M Y, Fig. 5.9 page 95
StateM % Fig. 6.12 page 119

EnvS
TableM [StringS, IntS] % Fig. 6.9 page 117
AliasM [EnvS, TableS[StringS,IntS]] % Fig. 5.2 page 88

StreamM [IntS] % Fig. 6.16 page 124

Tuple3M [EnvS, StreamS[IntS], StreamS[IntS]]

AliasM [StateS, TupleS[EnvS,StreamS[IntS],StreamS[IntS]]]
UnitM % Fig. 6.2 page 109

PeekM [IntS] % Fig. 6.11 page 118

PeekM [StreamS[IntS]] 7% Fig. 6.11 page 118

PokeM [UnitS] % Fig. 6.19 page 126

Value : StringS -> PeekS[IntS]
Comp (Value v, ‘(env,in,out)) = Lookup (env, v)

Input : -> PeekS[StreamS[IntS]]
Comp (Input, ‘(env,in,out)) = in

Output : -> PeekS[StreamS[IntS]]
Comp (Output, ‘(env,in,out)) = out

SetValue : StringS, IntS -> PokeS[UnitS]
Exec (SetValue(v,i), ‘(env,in,out))
= ‘(Unit, ‘(Assign(env,v,i), in, out))

SetInput : StreamS[IntS] -> PokeS[UnitS]
Exec (SetInput inl, ‘(env,in2,out)) = ‘(Unit, ‘(env,inl,out))

SetOutput : StreamS[IntS] -> PokeS[UnitS]
Exec (SetOutput outl, ‘(env,in,out2)) = ‘(Unit, ‘(env,in,outl))

END MODULE

Fig. 6.20: Definition of the statesusedfor the semanticof SImPLwith side-efects. Thisis

anadaptionof the definitionof StateS in Figure6.13.
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MODULE

VAR i :
VAR st :

IMPORT
IMPORT
IMPORT
IMPORT
FUNC
AXIOM
AXIOM

AXIOM

AXIOM

FUNC
AXIOM
AXIOM

AXIOM

AXIOM

AXIOM

AXIOM

AXIOM

StatementSemantics2M

IntS VAR v : StringS VAR e : ExprS VAR s : StatementS
StateS VAR in : StreamS[IntS] VAR out : StreamS[IntS]

SImPLSyntaxM % Fig. 6.8 page 116
SImPLState2M Y% Fig. 6.20 page 128
PokeM [IntS] 7% Fig. 6.19 page 126
PokeM [UnitS] % Fig. 6.19 page 126

Eval : ExprS -> PokeS[IntS]

Exec (Eval Const i, st) = ‘(i, st)

Comp (Value v, st) = i ==

Exec (Eval Var v, st) = ‘(i, st)

Comp (Input, stl) = in And

Exec (SetInput Tail in, stl) = ‘(Unit, st2) ==>
Exec (Eval Read, stl) = ‘(Head in, st2)

Exec (Eval el, stl) = ‘(i1, st2) And

Exec (Eval e2, st2) = ‘(i2, st3) ==

Exec (Eval (el+e2), stl) = ¢(i1+i2, st3) And
Exec (Eval (el-e2), stl) = ¢(i1-i2, st3)

Eval : StatementS —-> PokeS[UnitS]

Exec (Eval Skip, st) = ‘(Unit, st)

Exec (Eval e, stl) = ‘(i, st2) ==

Exec (Eval (v:=e), stl) = Exec (SetValue (v,i), st2)
Exec (Eval e, stl) = ‘(i, st2) And

Comp (Output, st2) = out ==>

Exec (Eval Write e, stl) = Exec (SetOutput (i&out), st2)
Exec (Eval e, st1l) = ‘(0, st2) ==

Exec (Eval Cond (e,s), stl) = Exec (Eval s, st2)
Exec (Eval e, st1) = ‘(i, st2) And i /=0 ==
Exec (Eval Cond (e,s), stl) = ‘(Unit, st2)

Exec (Eval While (e,s), st)

= Exec (Eval Cond (e, s;While(e,s)), st)

Exec (Eval s1, stl) = ‘(Unit, st2) ==

Exec (Eval (s1;s2), stl) = Exec (Eval s2, st2)

END MODULE

Fig. 6.21: Definition of thesemantic®f expressionandstatementsisingstate-changingal-

ues.
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MODULE StatementSemantics3M

VAR i : IntS VAR b : BoolS VAR v : StringS VAR e : ExprS
VAR s : StatementS VAR st : StateS VAR pi : PokeS[IntS]
VAR pb : PokeS[BoolS] VAR pu : PokeS[UnitS]

%... imports (see Fig. 6.21 page 129)
IMPORT PokeM [BoolS] % Fig. 6.19 page 126
IMPORT PokeM [StreamS[IntS]] % Fig. 6.19 page 126

FUNC + : PokeS[IntS], PokeS[IntS] —-> PokeS[IntS]
AXIOM Exec (pil, stl) (i1, st2) And
Exec (pi2, st2) “(i2, st3) ==
Exec (pil+pi2, stl) = ‘(il+i2, st3)
FUNC = : PokeS[IntS], IntS -> PokeS[BoolS]
AXIOM Exec (pi, stl) = (i1, st2) ==
Exec (pi=i2, stl) = ‘(il=i2, st2)
FUNC If : PokeS[BoolS], PokeS[UnitS], PokeS[UnitS] -> PokeS[UnitS]
AXIOM Exec (pb, stl) = ‘(b, st2) ==>
Exec (If(pb,pul,pu2), stl) = Exec (If(b,pul,pu2), st2)
FUNC << : PokeS[IntS], PokeS[UnitS] -> PokeS[IntS]
AXIOM Exec (pi, stl) = ‘(i, st2) And
Exec (pu, st2) = ‘(u, st3) ==
Exec (pi<<pu, st1) = ‘(i<<u, st3)
%... lifting - & Head Tail SetValue SetInput SetOutput >>

FUNC Eval : ExprS -> PokeS[IntS]

AXIOM Eval Const i =1

AXIOM Eval Var v = Value v

AXIOM Eval Read (Head Input) << (SetInput Tail Input)
AXIOM Eval (el+e2) (Eval el) + (Eval e2)

AXIOM Eval (el-e2) (Eval el) - (Eval e2)

FUNC Eval : StatementS -> PokeS[UnitS]

AXIOM Eval Skip = Unit

AXIOM Eval (v:=e) SetValue (v, Eval e)

AXIOM Eval Write e SetOutput ((Eval e)&Output)
AXIOM Eval Cond (e,s) If (Eval e = 0, Eval s, Unit)
AXIOM Eval While (e,s) Eval Cond (e, s;While(e,s))
AXIOM Eval (s1;s2) (Eval s1) >> (Eval s2)

END MODULE

Fig. 6.22: Definition of thesemantic®f SImPL expressionandstatementssinglifted func-
tions.
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of theEval’s aremuchmoreconcisethanthe onesin Figure6.18andFigure6.21.
However, numeroudifted functionshave to be definedto make this possible.As a
matterof fact,theoverheadf unpackingactionss only shiftedto thedefinitionof the
lifted function. Chapter7 shovs how thiscanbeavoidedby makinglifting animplicit
operation. This will allow a definition of Eval which looks exactly the sameasin
Figure6.22,but withoutthedefinitionof thelifted functions(although unfortunately
somenew overheadwill be introducedin the form of numerousmports of special
“lifting” modules).

StatementSemantics3M shavstheuseof thelifted versionof >> and<< which
weredefinedasratheruselesgunctionsin moduleActionM (Figure6.1). Thelifted
<< first executeshothits agumentqfrom left to right) andthenreturnsthe resultof
thefirstagument(andsimilarly >>). Thus,for state-changingaluesthelifted << and
>> operatelike sequentiaktompositionin imperatve programming(the difference
betweenthe lifted << and >> is the resultthey return). As mentionedbefore,the
non-lifted versionsof thesecompositionfunctionsare ratheruseless.Their lifting
nicely shavs thatlifting of functionsto state-changingmgumentsnvolvessequential
compositionof the side-efectsof thearguments.

Therearefunctionsthatareonly lifted in someof theiragumentsFor example =
is notlifted in its seconcargumentalthoughit would not hurteither Thisis different
for thelifted I£, which only canbelifted in its first amument(sincethe secondand
third agumentare alreadystate-changingalues). It is essentiafor the lazinessof
If thatit is not lifted in its secondandthird agument;otherwiseexecutionof the
lifted If wouldinvolve executingboththesearguments.

6.8 Example:StateVariables

The way statesweredefinedin Figure6.13andlater on redefinedn Figure6.20is
ratherunpractical.For eachstatecomponenseparateaccessandmodificationoper
ationshave to be defined. Furthermorejt is impossibleto extendthesedefinitions
in a later stage.Thatis why StateS hadto be completelyredefinedn Figure6.20
to incorporatein- and outputstreams.This makesit impossibleto useState$S for
differentpurposewvithin asinglespecificationln thecurrentsectionamoregeneral
definitionof States is giventhathasgenericaccesaindmodificationoperationsand
thatdoesallow extension.

Theideais to definea stateasa mappingfrom a new datatype of statevariables
to valuestogethemith operationdo readandsetthevalueof variables.Sucha state
modelsthe memoryof animperatve programminganguagewherethe readopera-
tion correspondso dereferencéwhich is oftenimplicit in imperatve programming)
andthe setoperationto assignment.
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6.8.1 Typing StateVariables

Thereis aproblemin formalizingsucha genericdefinitionof statesit shouldbe pos-
sibleto storeelementof arbitrarytypein astate(for example,integersandstreams),
combinedwith someform of statictype checkingon the readand set operations.
Thatis, adistinctionshouldbe madebetweervariablesof differenttypes,suchthat,
for example,thevalueof anintegervariablecanonly be usedasanintegerandonly
integerscanbe assignedo integervariables.

It may seenthatthis requiresatype systemwith parametrigpolymorphism(see
Sectiond.3). However, suchatypesystenis probablynot capableof defininga state
with typedvariables.For example,in Haslell it is not possibleto define:

type Var a .7

type State = Var a -> a

The problemhereis thattype parametern cannotbe usedin the definitionof State

becausat is not a parameterof State. Moreover, what shouldthe definition of

Var a be?AFSL doesnothave parametrigolymorphismaryway, we have to resort
to parametricverloading(seealsoSection4.3).

Variablesof differenttypeshave to be relatedto eachotherin orderto specify
thatan assignmento an s, -variabledoesnot alter the value of ary s»-variable(for
differentsortss; andsy). This cannotbe doneif s; and sg-variablesbelongto
differentsortsbecaus®nly elementof the samesortcanbe comparedn AFSL. To
overcomethis problemboth untypedandtypedvariablesare specified. The sortsof
typedvariablesaretreatedassubsortof the sortof untypedvariables.

6.8.2 Definition of StatesandVariables

In Figure6.23StateS is definedasatablefrom vVars (untypedvariables}o ValueS
(untypedvalues). SortsVarS andValueS areleft unspecified.The sortVarS [XS]
of typedXs-variabless declaredasa subsorof Vars, which allows the treatmenof
typedvariablesasuntyped.ThesortVarS [XS] is left unspecifiechere.lt is upto the
moduleghatusetypedvariablego introduceelementf VarS [XS] (thatis, declare
statevariables).In orderto allow the treatmenbf elementof XS asuntypedvalues
the wrappingfunction Untype is declared.In orderto allow Exec (“xvar,st) al-
waysto bedefinedits valueis left unspecifiedvheneer Lookup (st ,xvar) doesnot
have avalueof theformUntype x (thiscanbeavoidedif ~ is madeastate-dependent
partial function). The read(~) andwrite (:=) operationsare definedby disguising
typedvariablesandtypedvaluesasuntypedones(usingInject andUntype respec-
tively).

The treatmentof typed variablesgiven heremay seema form of illusion: how
canan untypedstatebecometyped, somethingmust be wrong here! And indeed,
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MODULE VarM [XS]

VAR st : StateS

VAR X : XS

VAR var : VarS

VAR varx : VarS[XS]

SORT XS

IMPORT StateM % Fig. 6.12 page 119

IMPORT UnitM % Fig. 6.23 page 133

IMPORT PeekM [XS] % Fig. 6.11 page 118

IMPORT PokeM [UnitS] % Fig. 6.19 page 126

SORT VarS

SORT ValueS

IMPORT TableM [VarS, ValueS] 7% Fig. 6.9 page 117

IMPORT AliasM [StateS, TableS[VarS,ValueS]] % Fig. 5.2 page 88
SORT  VarS[XS]

IMPORT SubsortM [VarS[XS], VarS] % Fig. 5.1 page 87

FUNC Untype : XS -> ValueS

FUNC ~ : VarS[XS] -> PeekS[XS]

AXIOM Lookup (st, varx) = Untype x ==> Comp ("varx, st) = x
FUNC := : VarS[XS], XS -> PokeS[UnitS]

AXIOM Exec (varx:=x, st) = ‘(Unit, Assign (st, var, Untype x))
END MODULE

Fig. 6.23: Definition of statesasuntypedvariable ernvironmentsand specificationof typed

statevariables.
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it is still possibleto assigna value of anincorrecttype to a variablev by directly
accessinghe stateusingAssign. After suchanill-typed assignmenthe value of
~v is unspecifiedput it canstill be used. Thereis yet anothereasorwhy ~v might
be unspecified:if no valueever is assignedo v. In bothsituationsthe value of ~v
shouldreally beundefinedatherthanunspecifiedThatis, ~ shouldbeapartialstate-
dependenbperation. Thatwould involve a slightly differentversionof PeekS that
mapsstateso partial values. This is very well possible but is omittedhereto keep
the exampleassimpleaspossible.

6.8.3 Using StateVariables

Using statevariables,in Figure 6.24 the semanticsof SImPL cannow be defined
without having to definea tailored versionof StateS. The definitionsof the two
Eval’s hereis not much different from Figure 6.22, except that the read and set
operationsnow have an additionalargument(the variableto be reador set). What
is differentis that Value, Input, andOutput arenow declaredasvariable-alued
functionsratherthan definedas state-dependertperationsaccompaniedy corre-
spondingstate-changingperations.

The inequality axiomsfor the statevariablesare essentiako this specification.
They guarantedahat all the variablesusedare distinct and thereforean assignment
to oneof the variablesdoesnot alter the value of the others. Variablesof different
types(suchas Input andvalue v) canbe comparedherebecausef the implicit
injectionthatcorvertstypedvariableso untypedvariables.Theinjectivity of Value
impliesthatdistinct SImPL variablesaremappedao distinctuntypedstatevariables.
Therefore anassignmento one SImPL variabledoesnot alterthe valueof all other
SIimPLyvariables.

The needfor inequality axiomsresultsin an explosionof axiomsif mary state
variablesareused:for ary pair of statevariablestheremustbe aninequalityaxiom.
This may be unacceptabléor large specificationsin particularif statevariablesare
declaredin independenmodules. A possiblesolution for this is the extensionof
AFSL with a “uniqueness’attribute for functions. Two differentapplicationsof a
uniquefunctionalwaysdenotedifferentvalues.This meanghatuniquefunctionsare
injective, andthat two distinct uniquefunctionshave non-orerlappingrangeseven
if they have the sameco-domaintype).

ForthestatevariablesexamplethefunctionsInject (from typedto untypedvari-
ables) Value, Input, andOutput, shouldbeuniquein orderto avoid theinequality
axioms. For example,the inequalityof Value v1 andValue v2 follows from the
injectivity of Value. Theinequalityof the untypedversionsof Qutput and Input
follows from the factthattwo differentinstance®f the overloadedunctionInject
(with differentrangesareusedto convert Qutput andInput to typevarS. Unique-
nesscanalsobe usedfor specifyinginequality of inductive datatypesby declaring
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MODULE StatementSemantics4M

VAR i : IntS

VAR v : StringS

VAR e : ExprS

VAR s : StatementS

IMPORT SImPLSyntaxM % Fig. 6.8 page 116

IMPORT VarM [IntS] % Fig. 6.23 page 133
IMPORT StreamM [IntS] % Fig. 6.16 page 124
IMPORT VarM [StreamS[IntS]] % Fig. 6.23 page 133
IMPORT PokeM [IntS] % Fig. 6.19 page 126
IMPORT PokeM [UnitS] % Fig. 6.19 page 126

FUNC Value : StringS -> VarS[IntS]
AXIOM Value vl /= Value v2 <== vl /= v2

FUNC  Input : -> VarS[StreamS[IntS]]
AXIOM Input /= Value v

FUNC Output : -> VarS[StreamS[IntS]]
AXIOM Output /= Value v
AXIOM Output /= Input

%... definition of lifted versions of Head, <<, etc.

FUNC Eval : ExprS -> PokeS[IntS]

AXIOM Eval Const i =1

AXIOM Eval Var v ~(Value v)

AXIOM Eval Read (Head ~Input) << (Input := Tail ~Input)
AXIOM Eval (el+e2) (Eval el) + (Eval e2)

AXIOM Eval (el-e2) (Eval el) - (Eval e2)

FUNC Eval : StatementS -> PokeS[UnitS]

AXIOM Eval Skip = Unit

AXIOM Eval (v:=e) (Value v) := (Eval e)

AXIOM Eval Write e Output := (Eval e)&("Output)
AXIOM Eval Cond (e,s) If (Eval e = 0, Eval s, Unit)
AXIOM Eval While (e,s) = Eval Cond (e, s;While(e,s))
AXIOM Eval (s1;s2) (Eval s1) >> (Eval s2)

END MODULE

Fig. 6.24: Alternative definition of the semantic®f SImPLusingtypedstatevariables.
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the constructordgo beunique.

6.9 Noteon Lifted Equality

Onehasto be carefulwith the useof lifted versionsof the equalityfunctions= and
/=, like in the definition of Eval for Cond in the previous section. The problemis
thattherearebuiltin instance®f = for eachsort,in particularthereis onewith type:

= : PokeS[IntS], PokeS[IntS] -> BoolS

Thereforefrom atyping pointof view it is notnecessarto usealifted = in theaxiom
for Cond, the normalnon-lifted= canbe usedtoo. If alifted = for PokeS [IntS] is
definedit is preferredin the expansionof the axiomfor Cond, becausehatinvolves
fewer conversions.

Thepointto notehereis thatit is very muchrelevantwhich instanceof = is used
becausdhe non-lifted andlifted versionshave differentmeanings.n the non-lifted
caseEval e = 0 is a state-independentooleanthatis trueif andonly if Eval e
ando arethe sameactions(thatis, the equationis trueif andonly if Eval e hasno
side-efectsandis zeroin every state).Whereasif thelifted = isusedEval e = 0
is a state-changindpoolean(with the sameside-efectsasEval e) thatis truein
thosestateswherethe value of Eval e is equalto 0. In the definition of Eval for
Cond the secondnterpretatiorof = is the oneneededFirst of all, the side-efectsof
evaluatinge mustbe part of the evaluationof the conditionalstatement.Secondly
the choiceof evaluatings hasto be madefor eachstateindependentlyfbasedon the
evaluationof e in thatstate).

A similar distinctionbetweemon-lifted andlifted equalityholdsfor othertypes
of actions.For example,assumehereis alifted = for PartialS [NatS], thatis:

FUNC = : PartialS[NatS], PartialS[NatS] -> PartialS[BoolS]
AXIOM (Def nl1 = Def n2) = Def (nl1l = n2)

AXIOM (Undef = Def n2) = Undef

AXIOM (Def nl1 = Undef) = Undef

If t; andt, aretermsof typePartialS [NatS],thent;=¢, couldbeexpandedn two
waysto atermof typePartialS[BoolS]. Oneusesthe non-lifted equalityandis
alwaysdefined(trueif botht; andt, areundefinedandfalseif justoneis undefined),
theotherusesthelifted = andmight be undefinedif ¢, and/ort¢, are/isundefined).
Non-lifted equalitycorrespondso whatis sometimeseferredto asstrongequal-
ity, wherethe two valuesare comparedncluding their non-functionalinformation.
Lifted equalitycorrespondso the so-calledstrict equality (also-called'weak equal-
ity”), wherethe actionsarefirst performedbeforethey arecomparedandthe non-
functionalinformationof the algumentss passedo theresultof the equation.The
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distinctionbetweeristrongequality” and“strict equality” usuallyrefersto thebeha-
ior of equalitywith respecto partial values,but it appliesto non-functionafeatures
in general. The terminology*“strong” can be confusingsincefrom a logical point
of view strongequalityis wealer thanstrict equality Thatis, strict equalityimplies
strongequality

Whatis confusingaboutusinglifted (in)equalityis the overloadingof the sym-
bols= and/=. Onehasto be awareof the type thatthe resultof an equationmust
have (eitherbooleanor boolearnvaluedaction)in orderto know which versionof the
(in)equalityfunction applies,whereador mostoverloadedunctionsit is enoughto
know thetype of its agumentgto resole overloading. Most languagesvith partial
functionsusedifferentsyntaxfor strongandstrictequality(for exampleCOLD (Feijs
etal. 1994)). Indeed,it might helpto avoid confusionto usea differentnotationfor
lifted (in)equalityin AFSL (for example,== and/==). However, thatwould require
a specialstatusfor = and /=. In the next chapterso-calledapplicationredirection
is introducedwhich makesthe definition of lifted functionsobsoleteby lifting func-
tionsimplicitly if necessaryThe (in)equalityfunctionsshouldbe excludedfrom this
mechanisnin orderto avoid the problemabove.
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7. BINDING AND APPLICATION REDIRECTION

Abstract

The useof actionsallows operationswvith non-functionafeatureso be
modeledby total functions,as describedn the previous chapter The
adwantageof usingnon-functionalfeaturesis that someaspectanbe
left implicit in assertionsHowever, the methoddescribedilsohassome
serioudravbacks.Thecurrentchaptediscussegheseproblemsandof-

fersasolution. Thisinvolvestheformal definition of the notion of bind-
ing. A mechanisntalledapplicationredirectionis introducedwhich al-

lows bindingto beappliedimplicitly. Thisleadsto anotationvery close
to thatof languagesvhich have specialprovision for non-functionafea-
tures(suchasimperatve programminganguages)but still in a purely
algebraicsetting.

7.1 Problemswith Non-FunctionaFeatures

Knowledgeof thestructureof actionsis neededvhen&erthey arepassedo functions
thatexpect“normal” values(thatis, without non-functionalfeaturesyasarmguments.
For example,recallthe lemmafrom Section6.3:

LEMMA Tail 11 = Def 12 ==> Length 11 = Length 12 + 1

Here one hasto be aware of the fact that the partial value of Tail 11 is of the
form Def 12 or Undef andassuchcannotbe passedisagumentto Length. This
obscureghe actual propertythatis formalized. Using lifted versionsof functions
(hereLength) shiftsthe problemto the definition of thesefunctions.

Thereis no fixedway in which actionare passedo functionsthatdo not accept
actionsasamuments;this canleadto arbitrary definitions. For example,it is clear
whatthe lengthof definedlists shouldbe, but the lengthof Undef is chosernrather
arbitrarily. Althoughit is plausibleto returnundefinedresultsfor undefinedargu-
ments,onecandiverge from that. For example,alifted “-" on partialnumbersould
be definedsuchthatUndef-Undef is 0 insteadof Undef. Sucharbitrarinessn han-
dling actionsmalkesspecificationdarderto understan@nd,consequentlyharderto
maintainand(re)use.
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Languageghat have builtin provisionsfor non-functionalfeaturesdo not have
theseproblems. For example,in languagesith partial functionsa partial value
canbe passedirectly to a total function f without overhead(that is, the needto
unpackz or definea speciallifted versionof f) andwill alwaysbe handledin the
sameway.

In AFSL the useof parameterizedhodulesmayreducethe problemssomevhat:
modulescanbe definedthattake a function f asparameteanddefinethelifted ver
sionof f for a particulartype of action. The problemsmentionedabore will thenbe
limited to thesemodules. However, this is not a satisfyingsolution: separatenod-
uleshave to beavailablefor every functionarity andfor every kind of non-functional
feature;for eachlifted functionanimporthasto bedone;andthelifted functionsthat
areimportedwill have a differentnamethanthe non-lifted function (for example,
Lift [+] asthelifted versionof +) possiblywith a differentpriority andassociati-
ity.

In the currentchaptera differentapproactis taken. It is shavn how “passingan
actionasagument’canformally bedefinedwithin aspecification Eachkind of non-
functionalfeaturehasits own so-callecbindingoperationwhich canbe usedto apply
a function to an action. Using this operationdirect knowledgeaboutthe structure
of actionsis not neededanymore (sincethatinformationis incorporatedwithin the
definition of the binding operation)andactionswill be passedonsequentlysince
the samebinding operationis usedeachtime).

7.2 Binding Operations

The currentsectiongives a genericdefinition of the binding operation>>=. Sub-
sequentsectionswill instantiate>>= for the threeexamplenon-functionalfeatures
givenin the previous chapter(partiality, state-dependepcandstate-change).

Binding is an operationon functions: it passesan actionto a function. As
suchit cannotbe formalizedin a first-orderlanguage. Therefore, AFSL includes
function representationss first-order datatypes. Recall from Section3.6.2 that
FuncS[s;,s2] is the builtin sort of representationsf total mappingsfrom sort s;
to sortss, thebuiltin function@ representfunctionapplication,andlambdaabstrac-
tionscanbe usedto construcfunctionrepresentations.

UsingthesehigherorderconceptsFigure?.1specifiegshegenericoperatior>>=.
For ary kind of action>>= is supposedo besuchthatax >>= ff first performsax,
returninga valuex (thatis, “binding” the valueof ax), andthenperformsff @ x.
As notedbefore,“performing an action” is not a formal notion. It is the definition
of >>= thatactuallydefineswhat“performinganaction” meandor a particularkind
of action. Therequiremenguaranteethatperformingthetrivial actiondoesnothing
but returninga value.
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MODULE BindM [XS,YS,ActionXS,ActionYS]

VAR x : XS

VAR ax : ActionXS

VAR f : FuncS[XS,YS]

VAR ff : FuncS[XS,ActionYS]

SORT XS

SORT YS

SORT ActionXS

SORT ActionYS

IMPORT ActionM [XS, ActionXS] % Fig. 6.1 page 109

IMPORT ActionM [YS, ActionYS] % Fig. 6.1 page 109

FUNC >>= : ActionXS, FuncS[XS,ActionYS] -> ActionYS

REQ (Inject x) >>= ff = ff @ x

FUNC =<< : FuncS[XS,ActionYS], ActionXS -> ActionYS (APPLICATION)
AXIOM ff =<< ax = ax >>= ff

FUNC  +4<< : FuncS[XS,YS], ActionXS -> ActionYS (APPLICATION)
AXIOM f +<< ax = ax >>= (x| Inject (f @ x))

END MODULE

Fig. 7.1: Genericdefinitionof bindingoperation>>=.
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The functions=<< and+<< arevariationson >>= thatwill be discussedn Sec-
tion 7.5. Theattribute APPLICATION indicatesthattheseareapplicationoperations,
thatis, they canbe usedto apply functionsto aguments. Thesespecialoperations
areusedfor applicationredirectionin Section7.5.

The sortsActionXS andActionYS areassumedo be the samekind of action
sorts(for example,both sortsof partial values). Unfortunately this cannotbe for-
malizedhere.SinceAFSL doesnot have sortconstructorstheactionkind cannotbe
passedo moduleBindM asaparameterSeeSection8.5for adiscussiorof apossible
extensionof AFSL with polymorphismthatdoesallow a properdefinitionof >>=).

Theoperatior>>=is inspiredby themathematicahotionof monad(Moggi 1991,
Wadler1995). The>>= specifiedhereplaysthe samerole asin Haslell (Bird 1998).
Besidesthe embeddingrom valuesto actions(herethe subsortinjection from the
valuetypeto the actiontype) andthe binding operation>>=, monadsalsohave three
laws which restrictthesetwo operationsin orderto guaranteea “sensible” notion
of action. The first monadlaw is the requiremenin BindM. Becauseof the lack of
polymorphismthe othertwo laws cannotbe formalizedin AFSL (seeSection8.5).
The absenceof monadlaws is innocentin the sensehatit cannotdirectly leadto
“wrong” specifications But, they do leave room for unintendeddefinitionsof >>=,
which may causeconfusionand,thereforeJeadindirectly to mistales.

7.3 Example:Partial Functions

In Figure7.2 bindingis definedfor partialfunctions(seeSection6.3);in Figure7.3
>>= is usedto definethelifted versionof list operationd.ength, +, and&.

In orderto definethe lifted versionof a function using>>=, it hasto be trans-
formedinto afunctionrepresentationsinglambda-abstractiorHereInject is used
to make Length 1 a partial value,which is neededsince>>= only works on func-
tionsthatreturnanaction. Theimplicit functionInject mustbeusedexplicitly here
sincefunctionscanonly be appliedimplicitly to functionagumentsnotto the body
of alambda-abstractionlt is not alwaysnecessaryo useInject to definea lifted
function. Toillustratethis, thedefinitionof alifted versionof Head hasbeenincluded
in Figure7.3.Head is alreadya partialfunction, therefore no applicationof Inject
is neededn thedefinitionof thelifted Head.

That the definitionsof the lifted Length and& given in Figure7.3 areindeed
equvalentto theonesof Figure6.5is shawvn by thederivationsin Figures7.4and7.5
(for & only onecaseis proven).

>>= is only definedfor unaryfunctions,but functionswith » agumentscanbe
lifted by using>>= n timeson a nestedambda-abstractio(suchasin the definition
of &). Thegeneraformatof definingthelifted versionof afunctionf is (for suitable
declaration®f thevariables):
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MODULE BindPartialM [XS,YS]

VAR x : XS
VAR ff : FuncS[XS,PartialS[YS]]

SORT XS
SORT YS

IMPORT PartialM [XS] % Fig. 6.3 page 110
IMPORT PartialM [YS] % Fig. 6.3 page 110

IMPORT BindM [XS,YS,PartialS[XS],PartialS[YS]] % Fig. 7.1 page 141

AXIOM Def x >>= ff
AXIOM Undef >>= ff

ff @ x
Undef

END MODULE

Fig. 7.2: Definition of bindingfor partialfunctions.

AXTIOM f(xa,xb,...,xx)
= xa >= (al xb >>= (b|...xx >>= (x| f(a,b,...,x))...))

The order in which the algumentsxa ... xx are bound may seemarbitrary: for
example thedefinitionof & in Figure7.3is equialentto:

AXIOM px&pl = pl >>= (1| px >>= (x| x&1))

However, this is purely accidentalsincethe orderin which partial valuesare “per-
formed” is irrelevant. But, if p1 andpx were,for example,state-changingalues,
thenthe orderdoesmatter Sincethe usualorderof evaluationin programmingdan-
guagesds from left to right, we always useleft-to-right binding, evenif orderdoes
not matter

7.4 Example:State-Dependeriunctions

Binding for state-dependeifiinctionsis definedin Figure7.6 andusedin Figure7.7
in thedefinitionof the semantic®f SImPLexpressiongignoringfor themomenthe
side-efects).No lifted functionsaredefinechere >>= is useddirectlyto defineEval.
Alternatively, lifted versionsof + and- couldbedefinedandusedin the definition of
Eval. In Figure7.8it is shavn thatthe definitionof Eval for + is indeedcorrect.
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MODULE List4M [XS]

VAR x : XS

VAR 1 : ListS[XS]

VAR n : NatS

VAR pl : PartialS[ListS[XS]]

VAR pn : PartialS[NatS]

VAR px : PartialS[XS]

SORT XS

%... definition of ListS[XS] and operations (see Fig. 6.4 page 111)

IMPORT
IMPORT
IMPORT
IMPORT
IMPORT
IMPORT

FUNC
AXIOM

FUNC
AXIOM

FUNC
AXIOM

FUNC
AXIOM

LEMMA
LEMMA

PartialM [NatS] % Fig. 6.3 page 110
BindPartialM [ListS[XS], NatS] % Fig. 7.2 page 143
BindPartialM [NatS, NatS] % Fig. 7.2 page 143
BindPartialM [XS, ListS[XS]] % Fig. 7.2 page 143
BindPartialM [ListS[XS], ListS[XS]] % Fig. 7.2 page 143
BindPartialM [ListS[XS], XS] % Fig. 7.2 page 143
Length : PartialS[ListS[XS]] -> PartialS[NatS]

Length pl = pl >>= (1| Inject Length 1)

+ : PartialS[NatS], NatS -> PartialS[NatS]
pnl + n2 = pn >>= (nl| Inject (nl + n2))

& : PartialS[XS], PartialS[ListS[XS]] -> PartialS[ListS[XS]]
px&pl = px >>= (x| pl >>= (1| Inject x&1))

Head : PartialS[ListS[XS]] -> PartialS[XS]
Head pl = pl >>= (1| Head 1)

= Empty ==> Length 1 = Length Tail 1 + 1
Empty ==> 1 = (Head 1)&(Tail 1)

1/
1/

END MODULE

Fig. 7.3: Specificatiorof lifted list operationsisingbinding.
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Length Def 11

= % definition of lifted Length in Figure 7.3

Def 11 >>= (12| Inject Length 12)

= % definition of >>= in Figure 7.2

(12| Inject Length 12) @ 11

= % beta-reduction, definition Inject in Figure 6.3
Def Length 11

Length Undef

= % definition of lifted Length in Figure 7.3
Undef >>= (12| Inject Length 12)

= % definition of Inject in Figure 7.2

Undef

Fig. 7.4: Correctnessf thedefinitionof thelifted Length in Figure7.3.

(Def x1) & Undef

= % definition of lifted & in Figure 7.3
Def x1 >>= (x2| Undef >>= (1| Inject (x2&1)))
= % definition of >>= in Figure 7.2

Def x1 >>= (x2| Undef)

= % definition of >>= in Figure 7.2

(x2| Undef) @ x1

= % beta-reduction

Undef

Fig. 7.5: Correctnessf thedefinition of thelifted & in Figure7.3 (only onecase).
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MODULE BindPeekM [XS,YS]

VAR x : XS

VAR ex : PeekS[XS]

VAR ff : FuncS[XS,PeekS[YS]]
VAR st : StateS

SORT XS
SORT YS

IMPORT PeekM [XS] % Fig. 6.11 page 118
IMPORT PeekM [YS] 7 Fig. 6.11 page 118

IMPORT BindM [XS,YS,PeekS[XS],PeekS[YS]] ¥ Fig. 7.1 page 141
AXIOM Comp (ex >>= ff, st) = Comp (ff @ Comp(ex,st), st)

END MODULE

Fig. 7.6: Definition of bindingfor state-dependefiinctions.

MODULE ExpressionSemantics4M

VAR i : IntS

VAR v : StringS

VAR e : ExprS

IMPORT SImPLSyntaxM % Fig. 6.8 page 116
IMPORT VarM [IntS] % Fig. 6.23 page 133
IMPORT PeekM[IntS] % Fig. 6.11 page 118
IMPORT BindPeekM [IntS, IntS] % Fig. 7.6 page 146

FUNC Value : StringS -> VarS[IntS]
AXIOM Value vl /= Value v2 <== vl /= v2

FUNC Eval : ExprS -> PeekS[IntS]

AXIOM Eval Const i i

AXIOM Eval Var v ~(Value v)

AXIOM Eval (el+e2) = Eval el >>= (il| Eval e2 >>= (i2| Inject i1+i2))
AXIOM Eval (el-e2) = Eval el >>= (il| Eval e2 >>= (i2| Inject i1-i2))

END MODULE

Fig. 7.7: Definition of the semantic®f SImPL expressionsisingstatevariableandlet-terms.
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Comp (Eval (el+e2), st)

= % definition of Eval in Figure 7.7

Comp (Eval el >>= (il| Eval e2 >>= (i2| Inject il1+i2)), st)

= % definition of >>= in Figure 7.6

Comp ((il| Eval e2 >>= (i2| Inject i1+i2)) @ Comp(Eval el,st), st)
= % beta-reduction

Comp (Eval e2 >>= (i2| Inject (Comp(Eval el,st) + i2)), st)

= % definition of >>= in Figure 7.6

Comp ((i2| Inject (Comp(Eval el,st) + i2)) @ Comp(Eval e2,st), st)
= % beta-reduction

Comp (Inject (Comp(Eval el,st) + Comp(Eval e2,st)), st)

= % definition of Inject in Figure 6.11

Comp(Eval el,st) + Comp(Eval e2,st)

Fig. 7.8: Correctnessf the definitionsof Eval for + in Figure7.7.

7.5 ApplicationRedirection

Whenusing>>= to passactionsasargumentdo functionsthereis still someoverhead.
Ideally; it shouldbe possibleto useactionsdirectly asargumentswithout the needto

use>>= andlambdaabstraction.For example,the definition of Eval in Figure7.7

would be clearerif we couldwrite (without defininglifted + and-):

AXIOM Eval (el+e2) = (Eval el) + (Eval e2)
AXIOM Eval (el-e2) (Eval el) - (Eval e2)

In orderto allow specialkinds of function application,like passingactionsas
normalaguments,a mechanisntalled applicationredirectionis introduced. This
allows functionapplicationto betrappedandredirectedhrougha self-definedappli-
cationoperation which is a function with the attribute APPLICATION. Examplesof
applicationoperationsare=<< and+<< in Figure7.1. Theseoperationsncorporate
thebindingoperationthusredirectionvia theseoperationeffectively meanamplicit
binding.

Using applicationredirectionthe above “direct” axiomsfor Eval areabbreia-
tionsfor:

AXIOM Eval (el+e2)

= (i1]| (i2| i1+i2) +<< (Eval e2)) =<< (Eval el)
AXIOM Eval (el-e2)

= (i1| (i2] i1-i2) +<< (Eval e2)) =<< (Eval el)

which areindeedequialentto the correspondingxiomsfor Eval in Figure7.7
As with overloadingandimplicit functions,applicationredirectionis incorpo-
ratedin the rulesfor term expansion. The redefinitionof expansionrelation — is
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v—>v:]]

fef
tr »tyicy e g thicy
th st cay oot~ ay

Fra ot —op t”
fCiseioty) » t" s ep H[ag] H .o+ e+ [ag]

!

s s
t—>t:ec
(v:slt) = (v:s'|It) ¢

T R T e R
{er...en} > {e)...el}cr+H ... Hep

nm & nm' t—>t:c
nl »— nl:[] ‘nm? — nm'? 1 [] o 2t e
t~t:a

W(tl)—OIt”
t~t:0 t~>t':a+1

f(tl PRI :tn) —On+1 f(t] e e ,tn)

f(tl P stn) —O4+1 tl
ftyyoo ty) —o; t'

f(tl 9. - - ’ti—l ’H’tH—I 9. .- :tn) —O4+1 t,
f(tl LR ’tn) -9 QS((#'Slt,),t;)

Fig. 7.9: Definition of expansiorrules,includingimplicit functions.For ary implicit function

m, variabley notoccurringfreein ¢4, . .. , t,, andapplicationoperationg. (For ary
variablev; sortss ands’; functionsf andf’; termsty, ..., t,, t}, ... .t t], ...,
ty, t, t', andt”; integerlists ¢y, . .. ¢, andc; informalse;, ... e, ande, ... e);
naturallanguagen!; namesnm andnm'; integersay, ... , a,, anda; andnatural
numbersn > 0 and? < i < n.)



7.5. Application Redirection 149

givenin Figure7.9 (it replacesghedefinitionof — in Figure5.14on pagel04). Here
f(...) —; t' denoteghatthefunctionapplicationf(...) canbeexpandedo ¢’ by
possiblyredirectingtheapplicationof all but thefirst ; — 7 aguments.Thefirstrule
for — is thebasecasein which thereareno applicationgo redirect;the secondule
correspondso thedirectapplication(thatis, withoutredirection)of f to algumentt;;
andthethird rule correspondso theredirectedapplicationof f to agumentt;.

Redirectionis appliedto implicit functionsbecausehey also may needto be
lifted. For example,if Div is a partialfunctionon IntS, then(5 Div 2) * 0.3 is
expandedo the partialnumber:

(r:FloatS| rx0.3) +<<
((i:IntS| Inject i) +<< ((Inject Nat 5) Div (Inject Nat 2)))

wherethefirst Inject (from integersto floats)is lifted suchthatit acceptartial
integers.

Applicationredirectioncanbe usedto reformulatethe lemmasof ListM of Fig-
ure6.4:

IMPORT BindPartialM [ListS[XS], NatS]
IMPORT BindPartialM [NatS, NatS]

LEMMA 1 /= Empty ==> Length 1 = Length Tail 1 + 1

This new formulation of the lemmais exactly asin Figure 6.4, but now without
the needto definelifted versionsof list operationst andLength. The (simplified)
expansionof theabore lemmais:

LEMMA 1 /= Empty
==>
Length 1 = (n| n+1) +<< ((11] Length 11) +<< (Tail 1))

Note that= and==> are not implicitly lifted herebecausessertioncannotbe
partial (they mustalwaysbe of typeBoolS). Thisis notaproblemherebecausé¢here
is a= for partialnumbers.However, in generalonehasto be carefulwith undefined
termsin assertionsFor example thefollowing examplecauses problem(assuming
Div is apartialfunction):

LEMMA i > 0 ==>1Divi>0
Sincel/n is a partialvalue,both> and==> have to belifted:
LEMMA (b| i > 0 ==> b) +<< ((i2] i2 > 0) +<< (1 Div i))

But, this is not allowed becausédt malkesthe lemmapartial. A possiblesolutionis
usingan (implicit) functionthatmapsUndef to False or a conditionalimplication
operationasin:
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MODULE BindPokeM [XS,YS]

VAR x : XS

VAR ax : PokeS[XS]

VAR ff : FuncS[XS,PokeS[YS]]
VAR pf : FuncS[XS,PeekS[YS]]
VAR st : StateS

SORT XS
SORT YS

IMPORT PokeM [XS] % Fig. 6.19 page 126
IMPORT PokeM [YS] % Fig. 6.19 page 126

IMPORT BindM [XS, YS, PokeS[XS], PokeS[YS]] % Fig. 7.1 page 141

AXIOM Exec (ax, stl) = ‘(x, st2) ==>
Exec (ax >>= ff, stl1) = Exec (ff @ x, st2)

FUNC  ++< : FuncS[XS,PeekS[YS]], PokeS[XS] -> PokeS[YS] (APPLICATION)
AXIOM pf ++< ax = ax >>= (x| Inject (pf @ x))

END MODULE

Fig. 7.10:Lifting of state-changingperations.

FUNC |=> : BoolS, PartialS[BoolS] —> BoolS
AXIOM (bl |=> Def b2) = (bl ==> b2)
AXIOM (b |=> Undef) (Not b)

LEMMA i > 0 |[=> 1Divi>0

7.6 Example:StateChangingFunctions

Bindingfor state-changingaluess definedn Figure7.10.An additionalapplication
operation++<< is definedherewhich canbe usedto bind state-changingaluesto
state-dependemainctions. This form of bindingis possiblebecaus®eekS[XS] is a
subsorof PokeS [XS].

An alternatve definition of the semantic®f SImPL statementsisingapplication
redirectionis givenin Figure7.11. The correctnes®f the definition of Eval for +
is shawvn in Figure7.12. Note thatfor state-changindunctionsthe orderin which
agumentsareexecuteddoesmatter
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MODULE StatementSemantics5M
VAR i : IntS
VAR v : StringS
VAR e : ExprS
VAR s : StatementS
%... imports and declaration of state variables, see Fig. 6.24 page
135
IMPORT BindPokeM [IntS, IntS] % Fig. 7.10 page 150
IMPORT BindPokeM [UnitS, IntS] % Fig. 7.10 page 150
IMPORT BindPokeM [IntS, UnitS] % Fig. 7.10 page 150
IMPORT BindPeekM [StreamS[IntS], IntS] % Fig. 7.10 page 150
IMPORT BindPokeM [StreamS[IntS], UnitS] % Fig. 7.10 page 150
IMPORT BindPokeM [IntS, StreamS[IntS]] % Fig. 7.10 page 150
IMPORT BindPokeM [StreamS[IntS], StreamS[IntS]] % Fig. 7.10 page 150
IMPORT BindPeekM [IntS, StreamS[IntS]] % Fig. 7.6 page 146
IMPORT BindPeekM [StreamS[IntS], StreamS[IntS]] % Fig. 7.6 page 146
IMPORT BindPokeM [UnitS, UnitS] % Fig. 7.6 page 146
IMPORT BindPokeM [IntS, BoolS] % Fig. 7.6 page 146
IMPORT BindPokeM [BoolS, UnitS] % Fig. 7.6 page 146
FUNC Eval : ExprS -> PokeS[IntS]
AXIOM Eval Const i =1
AXIOM Eval Var v = ~(Value v)
AXIOM Eval Read = Head "Input << Input := Tail “Input
AXIOM Eval (el+e2) = Eval el + Eval e2
AXIOM Eval (el-e2) = Eval el - Eval e2
FUNC Eval : StatementS -> PokeS[UnitS]
AXIOM Eval Skip = Unit
AXIOM Eval (v:=e) = (Value v) := Eval e
AXIOM Eval Write e = Dutput := (Eval e)&("Output)
AXIOM Eval Cond(e,s) = If (Eval e = 0, Eval s, Unit)
AXIOM Eval While(e,s) = Eval Cond (e, s;While(e,s))
AXIOM Eval (s1;s2) = Eval sl1 >> Eval s2
END MODULE

Fig. 7.11:Definition of the semanticof SImPL expressionsandstatementsisingstatevari-
ablesandapplicationredirection.This moduleis anadaptatiorof Figure6.24.
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“(i1, st2)
€(i2, st3)

assume: Exec (Eval el, stl)
Exec (Eval e2, st2)

Exec (Eval (el+e2), stl)

= % definition Eval for + in Figure 7.11

Exec (Eval el + Eval e2, stl)

= % expansion

Exec ((j1| (j2| j1+j2) +<< (Eval e2)) =<< (Eval el), stl)
= % definition of =<< in Figure 7.1

Exec ((Eval el) >>= (j1l| (j2| j1+j2) +<< (Eval e2)), stl)
= % definition >>= in Figure 7.10

Exec ((j1l (j2| j1+j2) +<< (Eval e2)) @ il, st2)

= % beta-reduction

Exec ((j2| i1+j2) +<< (Eval e2), st2)

= % definition +<< in Figure 7.1,

Exec ((Eval e2) >>= (il| Inject ((j2| i1+j2) @ i), st2)

= % definition >>= in Figure 7.10

Exec ((i| Inject ((j2| i1+j2) @ i) @ i2, st3)

= % beta-reduction

Exec (Inject (i1+i2), st3)

= % definition Inject from XS to PokeS[XS] in Figure 6.19
“(i1+i2, st3)

Fig. 7.12: Thesemantic®f theadditionoperation+ asdefinedin Figure7.11.
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Assume: Exec (Eval e, stl1) = ‘(il, st2)
Lookup (st2, Inject Value (v, il)) = Untype i2

Exec (Eval (v#e), stl)

= % definition Eval for #

Exec ("(Value (v, Eval e)), stil)

= % expansion

Exec ((var| “var) ++<< ((j| Value (v, j)) +<< (Eval e)), stl)

= % definition of ++<< in Figure 7.10

Exec (((jl| Value (v, j)) +<< (Eval e)) >>= (var| Inject "var), stl)
= % Exec ((j| Value (v, j)) +<< (Eval e), stl)

% = % definition +<< in Figure 7.1,
% Exec ((Eval e) >>= (j| Inject Value (v, j)), stl)
% = ' definition >>= in Figure 7.10

% Exec (Inject Value (v, il)), st2)
% = % definition Inject from XS to PokeS[XS] in Figure 6.19
% ¢(Value (v, il), st2)
Exec ((var| Inject “var) @ (Value (v, il), st2)
= % beta-reduction
Exec (Inject "Value (v, il), st2)
= % definition Inject from PeekS[XS] to PokeS[XS] in Figure 6.19
‘(Comp (“Value (v, il), st2), st2)
= % definition ~ in Figure 6.23
“(i2, st2)

Fig. 7.13: Thesemantic®f thearrayindexing operationt.

7.7 Example:VariableArrays

The definition of the semanticof SImPL in Figure 7.11 doesnot make useof the
applicationoperation++<< of Figure7.10that bindsstate-changingaluesto state-
dependentunctions. In orderto shav the useof this form of binding, the SImPL
programvariablesarechangedo variablearrays.

Assumethat,in the abstracsyntaxof SImPLin Figure6.8,theconstructor§ar
and : = arereplacedy:

FUNC # : StringS, ExprS -> ExprS (CONSTRUCTOR)
FUNC := : StringS, ExprS, ExprS -> StatementS (CONSTRUCTOR)

Herea#e denoteghevalueof arraya at positione (usuallywritten asa[e], but that
is not allowed by the syntaxof AFSL) and (a,el) :=e2 denoteghe updateof a at
positione1 to valuee?2 (usuallywritten asal[el] :=e2).

The declaratiorof Value (seeFigure6.24)is changedsuchthatit canstorethe
valuesof arrays:
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FUNC Value : StringS, IntS -> VarS[IntS]
AXIOM v1 /= v2 Or il /= i2

==>

Value (v1, il1) /= Value (v2, i2)

Thedefinitionof Eval for thearrayoperationss:

AXIOM Eval (v#e) ~(Value (v, Eval e))
AXIOM Eval ((v,el):=e2) = (Value (v, Eval el) := Eval e2)

In Figure7.13thecorrectnessf thedefinitionof Eval for # is shavn. In thebefore-
laststeptheinjectionfrom PeekS[XS] to PokeS [XS] is used.

7.8 Explicit Binding

It cansometimedeusefulto useexplicit bindinginsteadof implicit bindingthrough
applicationredirection,in particularto bind the valueof anactionthatis goingto be
usedmorethanonce.For example consideithenext two definitionsof theevaluation
of theRead operationof SImPL:

AXIOM Eval Read = Head “Input << Input := Tail “Input
AXIOM Eval Read = “Input >>= (in| Input := Tail in >> Head in)

Thefirstaxiomis takenfrom Figure7.11,the seconds analternatve, thoughequi-
alent,definition. In the secondaxiomit is emphasizedhatthe sub-term~Input is
usedtwice. Moreover, theexplicit bindingof in to theresultof ~Input allows usto
dotheassignmento Input beforereturningdHead in asaresult,whichis thecom-
mon orderof doing things. As a matterof fact,imperatie programminganguages
do nothave anequvalentfor <<, whereas>> corresponds$o sequentiatomposition.
A specialsituationariseswhenperforminganaction;thatis, wheneer perform-

ing the sameactiontwice hasa differenteffectthanjust performingit once.A typical
caseof non-idempotenactionsare state-changin@ctions. Consider for example,
thefollowing threestate-changingerms(with the definitionof Eval Read from the
previousexample):

(Eval Read) + (Eval Read)

(Eval Read) >>= (il| (Eval Read) >>= (i2| il + i2))

(Eval Read) >>= (il i + i)

Thefirst two termsare equivalent, both readtwo integersil andi2 from theinput
streamandreturnthesumof i1 andi2. However, thelasttermreadsonly oneinteger
i from input andreturnstwice the valueof i. Not only thevalueof thelasttermis
possiblydifferentfrom the formertwo, but alsothe returnedstate. In the first two
caseswo elementareremovedfrom theinputstreamjn thefinal caseonly one. So,
wheneer the value of a non-idempotenactionis usedmorethanonce,oneshould
uselet-termsfor explicit bindingof thevalue.



8. DISCUSSION

Abstract

This chaptercontainsa critical discussionof someof the designdeci-
sionsof AFSL (seeChapter). Although AFSL doessatisfyits original
requirementssomeimprovementscanbe madeto improve its usability
anddefinition. Also it is discussedhow the FSA specificationmethod
couldbedevelopedfurther

8.1 First-OrderFunctions

AFSL wasdesignedas a first-orderlanguagen orderto keepthe languagedefini-
tion assimpleaspossible.It wasthoughtthatfirst-orderfunctions,in combination
with genericmodules,would be powerful enoughfor specificationpurposegmary
existing specificationlanguagesare first order). Althoughit is true that much can
be modeledusingfirst-orderfunctions,it doesnot alwaysresultin clean(expanded)
specifications. The addition of function representationso the builtin objects(see
Section3.6) is anad-hocextensionwhich wasneededor the applicationredirection
(whichin turn is neededo modelnon-functionfeatures).Functionsmustbe trans-
formedinto function representationgusing lambdaabstraction)beforeapplication
redirectioncanbe applied,whichis ratherelaborate A higherorderlanguagevould
allow a cleanedanguagedefinition (seeSection8.8).

Whenit wasdecidedo addapplicationredirectionto AFSL, thetypesystemwas
fixedto afirst-ordersystem(in fact, the languagewasalreadyin use). It was(and
still is) hardto assessvhethertrue higherorderfunctionswould conflict with other
languagdeaturegin particular thesyntaxof functionapplicationjmplicit functions,
andapplicationredirection).

8.2 Syntax

If aflexible syntaxis required(for example,to allow if then, else notation),
a specificationlanguagereally needsmixfix operationcalls (seeSection2.1.2). It
seemohviousto usea mechanisnsimilarto SDF (Bemgstra,Heering& Klint 1987,
Heering, Hendriks, Klint & Rekers 1992). SDF is basedon the elegantideathat
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declarationof mixfix operationsanbe viewed asa grammardefinition wherethe
sortsarethe non-terminalof the grammar(seethe exampleASF+SDFspecification
in Figure2.1). Unfortunately thereare someotherwishes(polymorphism,higher
orderfunctions,implicit functions,andapplicationredirection)thatmay standin the
way of a straightforvard employmentof a SDF-like syntaxwithin AFSL becausét
complicategarsing.

8.3 Informal Terms

Informal terms(Section3.11) do facilitate stepwiserefinement(Section2.2.1)in a
straightforvard way. In the casestudiesinformal termsturnedout to be very useful
for a first definition of names. However, informal termswere only usedon a lim-
ited scale: informal termswere not usedas sub-termsof formal termsand quoted
termswere hardly used. The remainingadwantageof suchinformal termsover or-
dinary commentgs thatthe type-checkr testswhetherthe quotednamesareindeed
declared.

The limited useof informal termsmay justify a simplermechanism.An alter
native is the useof descriptionitems which are madeup of naturallanguagewith
guotednamesandterms,for example:

FUNC + : NatS, NatS -> NatS

DESCR ’ni1+n2’ is the sum of ’nl1’ and ’n2’.
AXIOM Zero + n =n

AXIOM Succ nl + n2 = Succ (nl+n2)

1]

8.4 Non-executableéSemantics

Definitionsin AFSL are non-eecutable(seeSection2.1.3)in ordernot to limit its
expressieness.However, within the FSA casestudies(seeSectionl.6) it wasrec-
ognizedthat executableprototypesare an importanttool to validate specifications
(thatis, to find out whethera specificatiorspecifiesvhatit is supposedo). It wasas-
sumedhatturningspecificationgnto prototypesvould bea straightforvard exercise,
but thatturnedoutto bewrong.

In the MP casestudy AFSL axiomsweretranslatednanuallyto (moreor less)
logically equvalentPrologclauses.In principle this workswell, but the translation
turnedout to be very laborious. Not all axiomswere Horn clausesand, therefore,
neededo be convertedfirst. Becausehis was donemanually the prototypesand
specificationglivegedmoreandmoreovertime, which madeary valuablefeedback
from prototypeto specificationimpossible.

For FAN asmallinterpretemwvasmadethatcouldexecutesomeof theaxiomsthat
werespecificfor thatcase.This alsonever resultedin a workablesituationbecause
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the implementationof the interpreterwas part of the casestudy itself, whereasit
shouldhave beenavailableasatool from dayone.

In retrospect] think that definitions(that is, axioms, not lemmasand require-
ments)shouldalways be executablein orderto allow instantprototyping. In addi-
tion, mary peoplefind it simplerto write executabledefinitionsinsteadof abstract
property-basedefinitions.An operationalinderstandingf a definitionoftenmakes
it easierto ervision its implications (thereis only one mentalmodelto consider).
Also, therestrictionamposedby executabladefinitionsleadto moreuniform defini-
tionswith lessroomfor mistales.

Whenl have to designa new specificatiorlanguagen thefuture,| will consider
anexecutabldanguagewith specialprovisionsfor the forwarddeclaratiorof names.
Thatis, namesanbe declaredvithout a definition, whichis forwardedto ary mod-
ule down theimport chain. Most definitionsin this thesisarein the form of rewrite
rules,soit shouldnot be difficult to changetheseinto executabledefinitions. For-
ward declarationgnay containrequirementswhich arebooleanterms. A require-
mentdoesnot supply ary operationalinformation aboutthe declaredname,but is
itself acomputablderm(givenvaluesfor thefreevariables) Whenrequirementare
accompaniedby a list of testvaluesfor their free variables thenthe definitionscan
automaticallybe testedby computingall the requirementdor the giventestvalues
andcheckif theirvalueis True. Similarly, declaratiormay containlemmaswith test
values.Validity of a specificatiorcanthenbetestedby computingtheseemmas.

8.5 Modules

The genericmodulemechanisndefinedin Chapter4 is very usefulas an abstrac-
tion, structuring,andreusemechanismMoreover, it hasa straightforvard definition
basedon unfolding of structurednoduleswhich makesit easyto understandtruc-
turedspecificationsThereis, however, oneseriousdravbackin usingparameterized
modulesasan abstractiormechanismfor eachrequiredinstanceof a polymorphic
operationoneimportis neededParticularly in the caseof moduleshatdefinebind-
ing operationgChapter7) thisleadsto mary imports.

Also, it is not clearhow usefulthe mechanisnis for anexecutabldanguage An
interpreter/compilethat handlesstructuredspecificationsby simply unfolding all
importsmay facean explosionof code. Maybe,therearetechniqueghat canavoid
this (for example,by eliminatingduplicatedefinitions).

Extensionof AFSL with parametrigpolymorphism(seeSection4.4) canhelpto
reducethe numberof moduleimports. For example,a modulethat specifiesa poly-
morphicsort of lists suchasin Figure 8.1 hasto be importedonly onceto declare
lists of ary elementype (comparehis with to the specificatiorof lists givenin Fig-
ure 4.4). Here an ad-hocextensionof AFSL is usedin which sort namesending
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MODULE ListM

VAR x : X$
VAR x1 : ListS[X$]

IMPORT LogicM % Fig. 3.3 page 43

SORT ListS[X$] (INDUCTIVE)

FUNC Empty : -> ListS[X$] (CONSTRUCTOR)
FUNC & : X$, ListS[X$] -> ListS[X$] (CONSTRUCTOR)
AXIOM x&x1 /= Empty

AXIOM x1&x11 /= x2&x12 <== x1 /= x2

AXIOM =x1&x11 /= x2&x12 <== x11 /= x12

%... definition of other operations on lists

END MODULE

Fig. 8.1: Specificatiorof typedlists usingtype polymorphism.

with $ are sortvariablesthat canbe replacedby ary othersortname. The declara-
tion of ListS[X$] now declaresaawholecollectionof sortsnameqListS [BoolS],
ListS[IntS], ListS[ListS[IntS]], etc.). So,only oneimport of this polymor
phicListM is suficient for the definition of all this differentlist types.
Parametricpolymorphismreduceghe amountof moduleimports (and possible
code explosion). Note, however, that polymorphismdoesnot make module pa-
rametersobsolete. There are situationsin which we do not want to instantiatea
genericspecificationfor arbitrary actual parameters.See,for example, the mod-
ule TotalOrderedM in Figure4.7: we do not wanta >= for every sort. Herethe
parameterizednodulesof AFSL play a role similar to classesn Haslell (Fasel
etal. 1992,Bird 1998),which alsosupportgpolymorphism.
Parametrigpolymorphismis particularlyusefulwhenmorethanonesortvariable
is involved. See for example,the two specificationof the compositionoperationo
for function representationgivenin Figure8.2. Thefirst definition of 0 hasto be
importedseparatelyfor eachcombinationof valuesfor AS, BS, andCS, the second
hasto beimportedonly once.Herewe canseeanadditionaladvantageof parametric
polymorphism.The lemmain the secondversionof ComposeM cannoteven be for-
mulatedwithin the currentAFSL becausenultiple instancef 0 areinvolved here
(in thefirst versionof ComposeM thereis only oneinstanceof 0). Differentinstances
of 0 canonly bedeclaredby importsof ComposeM. Evenif it wereallowedto import
modulesinto themseles,thatwould not be sufiicient becausehe lemmamusthold
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MODULE ComposeM [AS,BS,CS]

VAR f : FuncS[AS,BS]
VAR g : FuncS[BS,CS]
VAR a : AS

SORT AS
SORT BS
SORT CS

FUNC 0 : FuncS[BS,CS], FuncS[AS,BS] -> FuncS[AS,CS]
AXIOM (g0 f) @a=g@ (f @ a)

END MODULE

MODULE ComposeM

VAR f : FuncS[A$,B$]

VAR g : FuncS[B$,C$]

VAR h : FuncS[C$,D$]

VAR a : A$

FUNC 0 : FuncS[B$,C$], FuncS[A$,B$] —> FuncS[A$,C$]

AXIOM (g0 f) @a=g@ (f @ a)
LEMMA (h0g) 0f=h0 (g0 £)

END MODULE

Fig. 8.2: Two definitionsof the compositionoperationon function representationghe first
usingmoduleparameterghe secondusingsortvariables.
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MODULE ActionM [ActionS[X$]]

VAR x : X$

VAR ax : ActionS[X$]

VAR f : FuncS[X$,ActionS[Y$]]
VAR g : FuncS[Y$,ActionS[Z$]]

SORT  ActionS[X$]

IMPORT SubsortM [X$, Action[X$]] % Fig. 5.1 page 87

IMPORT ComposeM 7 Fig. 8.2 page 159

FUNC >>= : Action[X$], FuncS[X$,Action[Y$]] -> Action[Y$]
REQ (Inject x) >>= f =f Qx

REQ ax >>= (x| Inject x) = ax
REQ ax >>= (x| (fox) >>=g) = (ax >>=f) >>=g

%... definition of =<<, +<<, If, etc.

END MODULE

Fig. 8.3: Alternative definition of actionsandbinding,includingthe monadlaws.

for arbitraryinstance®f the sortvariablesgvenfor sortnamesotyetdeclared.

Parametrigpolymorphismwould be very usefulfor modelingnon-functionafea-
tures(Chapter7). Currently for eachpossiblebinding operation(Section7.2) a sep-
arateimportis neededn orderto definetheright bindingoperation Becausdinding
is oftenappliedimplicitly by applicationredirection(Section7.5),onecaneasilyfor-
getsomenecessarymports. Moreover, the currentspecificatiorof >>= in Figure7.1
fails to satisfytwo of the so-calledmonadlaws (seeSection7.2, Moggi (1991)and
Wadler(1995))becausé¢hesenvolve multipleinstance®f >>=. Themonadaws are
requirementshathave to besatisfiedby ary “tidy” definitionof binding(thereasons
why is outsidethe scopeof this thesis).Figure 8.3 shavs how binding canbe spec-
ified usingsortvariables,ncluding the monadlaws (the requirementsat the end of
themodule).

Herea new form of formal parametefActionS[X$]) is needed Thisis a poly-
morphicparametethatmay only be instantiatedby nameswith an equalnumberof
sort variables(suchasListS[X$] from Figure 8.1). Note that the new ActionM
combinestwo previous modules(ActionM of Figure6.1 andBindM of Figure7.1).
The original separationwas neededecause8indM usesmultiple instancesf sort
ActionS[].



8.6. Implicit Functions 161

8.6 Implicit Functions

Theimplicit functionmechanisnis well suitedto modelinheritance Becausef its
generalityit is moreflexible thantrueobject-orientednheritancelt can,for example,
beusedfor has-arelationshipsanddefiningaliasequsingmutualinheritance).

The main disadwantageis that a preferencanechanisrmis necessaryo resohe
ambiguitiescausedy multiple inheritanceandoverloading(Section5.8). This pref-
erencemechanisnis chosernratherad-hoc,althoughconceptuallyit is quite simple
andit is relatively easyto implement(if efficiencgy is notanissue,seeSection8.9).
But, thatmayalsobetruefor otherdefinitionsof preference.

The left-to-right bias in minimizing the numberof conversionsintroducesan
asymmetnyin theexpansiormechanismThe orderof functionagumentsnfluences
the way assertionsre expanded andthereforetheir interpretationfor a given alge-
bra. Fromalanguagedesignpoint of view this is unwantedsincethe semanticof a
languageshouldbeindependendf its syntax.

It is not clearto whatextentthe choserpreferencanechanismeadsto practical
problemsmoresererethanary othersolutionfor theinheritanceambiguityproblem.
Beforeary preferencanechanisntan be evaluated,criteria shouldbe formulated.
A possiblecriterionis thatthe preferredexpansionof anassertioris equivalent(that
is, hasthe samevalue)to all otherexpansions.Anotheroptionis thatthe preferred
expansionshouldbe the logically wealest one possible(making surethe assertion
hasno unintendedmplications).

8.7 Non-FunctionaFeatures

As demonstratedn Chapter7, applicationredirectionallows a treatmentof non-
functional featureswithout notationaloverhead(that is, with a notationsimilar to
languageswith builtin non-functionalfeatures). The mechanismwvas addedto the
languagebasedon the FSA casestudies,but still hasto be testedin realisticcase
studies.For practicalusethe applicationredirectionmechanisnmay turn out to be
too complicated.

Applicationredirection(Section7.5)completelyeliminategheoverheadhatwas
introducedby modelingnon-functionafeaturesby actions.Unfortunately overhead
thatstill remainsaretheimportsof theappropriatdindingmodulegBindPartiall,
etc.) that mustensurethat all necessanapplicationoperations(suchas =<<) are
indeeddefined. Marny imports may be needed(with different actual parameters),
which is a potentialsourceof errorssinceit is hardto overseewhich imports are
exactly needed. The applicationoperationsthat needto be importedare not used
explicitly andthereforeeasilyoverseen.

The problemis not so muchapplicationredirectionitself, but the lack of poly-
morphismin AFSL. If polymorphismwasavailable,the binding moduleswould not
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needformal parametersansteadhey would declarepolymorphicversionsof >>=. At
mostoneimport of eachbinding modulewould thenbe needed.Adding polymor
phismto AFSL is, however, outsidethe scopeof this thesis;seeSection8.5 for a
discussiorof a possibleextensionof AFSL with polymorphism.

Recallthe discussionn Section6.9 aboutthe potentialconfusionthat canarise
whenusing lifted versionsof the equality operations= and /=. Now that binding
canbeimplicit oneshouldbe even moreawareof this problem. Informal functions
(Section3.11) have a similar problem.Informal functionsareextremelyoverloaded,
they canhave ary domain(similarto theequalityoperations)but alsoany co-domain
type (unlike the equalityoperations) When&er anargumentin the applicationof an
informal function f (thatis, a quotedtermin aninformal term)is anaction,for ex-
ample,of typePartialS[IntS], andthe correspondingnstanceof =<< is defined,
thenoverloadingambiguityoccurssincethereis a choicebetweeraversionof f that
workson IntS or onethatworksonPartialS[IntS]. Thesecomplicationscould
beareasorfor excluding=, /=, andinformal termsfrom applicationredirection.

8.8 ApplicationRedirection

Applicationredirection(Section7.5)couldpotentiallyleadto incomprehensiblepec-
ificationssinceoneis freeto defineasmary applicationoperationaswanted with an
arbitrarydefinition. If thisis donethoughtlesslysomefunctionapplicationmay not
behae asexpected. Maybe somerestrictionson the useof applicationredirection
arein order but atthis pointit is not clearhow theseshouldbe formulated

Althoughin itself a straightforvard conceptthe definitionof applicationredirec-
tion is rathercircumstantial.To a large extent this is dueto the lack of higherorder
functions(seeSection8.1). If higherorderfunctionwereallowed, it might be pos-
sibleto handleapplicationredirectionby fittings. A fitting is a functionthatcanbe
appliedimplicitly to functions,ratherthanto aguments. For example,the defini-
tion of actionsin Figure8.3 could be extendedwith afitting Lift (usingparametric
polymorphismasdiscussedn Section8.5):

FUNC Lift : (X$ -> ActionS[Y$1)
-> (ActionS[X$] —> ActionS[Y$]) (FITTING)
AXIOM (Lift f) @ ax = ax >>=f

Thatis, Lift f isthelifted versionof £. Usinglifting asafitting makesit unneces-
saryto corvert afunctionto a functionrepresentatiobeforeapplicationredirection
canbeused.Assumingthefollowing declarations:

FUNC F : RealS -> PartialS[RealS]
FUNC R : -> PartialS[RealS]

theapplicationF R canbeexpandedo (Lift F) R
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In the currentAFSL, theinteractionbetweerapplicationredirectionandimplicit
functions(which mayalsoneedto beredirected)s quite complicated seedefinition
of — in Figure7.9). Maybe,theserulescanbe simplified by replacingimplicit func-
tions by fittings. This leadsto a kind of inheritancewhich is moregeneraltthanthe
object-orientedorm. For example,theimplicit corversionfrom naturalsto integers
andfrom integersto realscanberealizedby thefollowing fittings:

FUNC FitNat : (IntS -> X$) -> (NatS -> X$) (FITTING)
FUNC FitInt : (RealS -> X$) -> (IntS -> X$) (FITTING)

Assumingthefollowing declarations:

FUNC F : RealS -> PartialS[RealS]
FUNC X : -> NatS
FUNC Y : -> PartialS[NatS]

theapplicationF X canbeexpandedo:
(FitNat (FitInt F)) X

Thatis, first F is fitted to acceptintegersinsteadof realsandthento acceptnaturals
insteadof integers. The expansionof the applicationF Y involvesalifting in order
to adapftF to partialaguments:

(Lift (FitNat (FitInt F))) Y

This mechanismooksvery promising,but needgurtherinvestigation.

8.9 TypeChecking

For the versionof AFSL thatwasusedin the FSA casestudies(Groenboonl997,
Veenstral998)atype checler wasimplementedn the functionalprogrammingan-
guageSML (Harperetal. 1986,Myersetal. 1993). Theversionof AFSL presented
in thisthesishasevolvedfrom thatearlyversion.Apartfrom someminor syntactical
andconceptuatletails,therearetwo maindifferencesetweerthetwo versions.

Thepreferencenechanisnfior addingimplicit functionsto terms(seeSections.8)
for the old versionwashardwiredinto theimplementatiorof thetypechecler. There
wasno cleardefinition of this mechanisnsuchasin Figure5.14.In factit wasquite
difficult to fully understandhe preferencenechanisnalthoughthis did not compli-
catetheactualuseof thelanguage).

In the casestudiesno use was madeof actionsfor modeling non-functional
features(seeChapter6), thereforeno applicationredirection(seeSection7.5) was
neededInsteadthe old AFSL hadbuiltin partialfunctions.

Moreover, thetype checler wasoptimizedfor performancendincludedversion
managemenand error handling. All this madeit impracticalto adaptthe original
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type checler to the final versionof AFSL in a straightforvard way. Therefore,a
new type checler hasbeenimplementedn orderto checkthe specificationgivenin
this thesis. This checler is a “quick anddirty” prototypewhich is not meantto be
usedfor ary otherpurposesNo attentionwaspaidto performancerobustnesserror
messagegndversionmanagement.

The new type checler is implementedn the functionalprogramminglanguage
Haslell (Faseletal. 1992,Bird 1998). The mainreasono usethis languagds that
it useslazy evaluation,which SML doesnot. Lazinesss essentiaherebecausex-
pansionof aterm¢ is implementedy generatinghe (potentiallyinfinite) list of all
expansionf ¢ in orderof their costs(the cheapestirst). The preferredexpansionof
t is thefirstin thelist (providedit is the only expansiorwith lowestcosts).Generat-
ing thelist of all expansionsnmakesit easyto write a programthat stayscloseto the
rulesgivenin Figure7.9. As a matterof fact,therehasbeenfeedbackin bothdirec-
tionsbetweerthe formulationof therulesandtheirimplementation.Thelazinessof
Haslell guaranteethatonly thoseexpansionsarecomputedhatarereally needed.

Thetype-checkr usesaparsetthatis generatedby a parseigeneratofor thesyn-
tax definitionlanguageSDF-2(Visser1997). JoostVisserprovided thetoolsthatal-
lowedtherepresentationsf the parsetrees,constructedy the SGLR parser(Rekers
1992,Visserl1997)for SDF-2,to bereadfrom within a Haslell program.SDFtools
wereusedfor pretty printing (de Jonge1999,vandenBrand& de Jongel999)the
syntaxdefinitionof AppendixA.

If alanguagecandeclareits own priorities (like AFSL) it is impossibleto use
parsergeneratorghat assumeixed priority for operationgsuchas YACC (Levine,
Mason& Brown 1992)or the ASF+SDFmeta-emironment(The ASF+SDFMeta-
environmentUsers Guide1995)). In principleit is possibleto usesuchgenerators
if the scannecanbe programmeduchthatit first parseghe priority section.When
scanninga functionidentifierin a moduleit canthenreturnspecialtokensfor each
priority group/associatity combination.But, this leadsto anexplosionof the num-
berof syntaxrulesfor functionapplication.

Therefore the type checler parsesspecificationsn two stages.The first stage
usesa generateparserthat assumesll functionshave the samepriority and are
right associatie. This parseiis generatedrom the syntaxgivenin AppendixA. The
secondstageusesa handcodedprogramthatrearrangeshe parsetreesbasedon the
informationreadfrom the prioritiesfile.

8.10 SpecificatiorMethod

The FSA methodaspresentedn Section2.2is far from a completemethodthatcan
guide andsupportpeoplein makingformal specifications.What hasto be doneto
make it acompletespecificatiormethod?
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| distinguishtwo kinds of techniqueghatmake up a method:hardandsoft tech-
nigues.Hardtechniqueave a clearstatusandhave to be eithercompletelyaccepted
or rejected(for example,the useof formal languagesproofrules,libraries,or com-
putertools). Soft techniquesanbeinterpretedn mary differentwaysandfunction
assuggestiongor good practice(suchas “which classedo we need?” or “which
thingsbelongin amodule?”).

Whenthe FSA projectstartedl expectedthatit would be possibleto formulate
useful soft techniqueghat can help peopleto make the right decisions. However,
their are few existing soft techniqueghat could be used(suchas clear guidelines
for settingup anobject-orientednodel). Moreover, softtechniquetendto beunder
discussiorall the time (even more thanthe definition of a language)and everyone
changegherulesat will. Now | think thatit arethe hardtechniqueghat arethe
driving force of a methodbecausehey force peopleto adapta particularway of
working. From this point of view, the succes®f object-orientatiordependson its
languagesndtoolsratherthanits methodology

Developmentof amethodof specificatiorshouldconcentrat®n languagetools,
and library development. A nice ideais the developmentof a graphicalmodel-
ing tool whereobject-orientednodelsare dravn on the computerscreenandlarge
partsof the specificationare generatedrom thosemodels. Details that cannotbe
capturedin the graphicalnotationthen have to be addedby hand. Suchtools al-
readyexist for generatingcomputemprograms.For example,thereare Together(see
www.togethersoft.comand Rational Rose (seewww.rational.com)which usethe
objectorientedmodelinglanguagdJML (Booch,Rumbaugh& Jacobsori999)and
generateskeletoncodein someprogramminganguage(thatis, programshat have
to completedoy hand).Maybeary of thesetools canbe configuredsuchthatit gen-
eratesskeletonspecificationsnsteadof programs.

8.11 Conclusions

AFSL hassened very well asa specificationanguagedor the FSA casestudies. It
is simple, thoughexpressie enough. However, asdiscussedn the currentchapter
therearestill afew improvementghatcanbe made:

e Typepolymorphismfor moreexpressienessandfewer moduleimports.

Mixfix functionapplicationfor a moreflexible syntax.

Truehigherorderfunctionsfor a cleanedanguagedefinition.

Integrationof the preferencamechanisnfor implicit functionsandapplication
redirectionfor a cleanedanguageadefinition.

Executabledefinitionsfor a quick validationof specifications.
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Futureresearchmay contritute to thesepoints.

Fromthe point of view of the original goalsof the FSA project(Sectionl.5)the
decisionto develop a hew languageurnedout to be not the bestchoice. Although
theagumentgo do so(seeChapter2) arestill valid, theamountof work involvedin
makinga new languagevasunderestimatedt is somuchwork because@lesigninga
formal languag€or ary othercompletelynew artifact)is inherentlydifficult. More-
over, therearevery few techniquesvailablethathelp oneto make a new language.
In particular the lack of a generallyacceptedormal meta-languagéplustools) for
thedefinition of languagesemanticsvasa handicap As aresult, AFSL is developed
attheexpenseof thedevelopmenbf the methodof specificationwhichwasthemain
motivationfor startingthe FSA projectin thefirst place.

This doesnot imply that the developmentof AFSL was useless.If we forget
abouttheoriginal goalsof the FSA project,it is fair to saythata numberof important
aspectf formal specificationare addressedn the designof AFSL. The require-
mentslistedin Section2.3 canbe relevantfor ary specificationmethod. Although
AFSL doesnotcompletelysatisfyall theserequirementst hasauniguecombination
of featureghatdo form a soundbasisfor furtherdevelopment.n particular theway
applicationredirectionfacilitatesnon-functionalfeaturesallows a flexibility in the
semanticof operationsno otherlanguageoffers, but which is essentiafor a truly
wide-spectrunandgenerapurposdanguage.
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A. SYNTAX DEFINITION

This appendixcontainsthe syntaxdefinition of AFSL in the syntaxdefinition lan-
guageSDF-2(Visserl997).Notethatin the syntaxgiven hereall functionshave the
samepriority andareright associatie (seeSection8.9).

Lexical Syntax

module Lexical
exports
sorts Moduleld Sortld FunctionldNumeral Str VariableNaturalLanguage
NaturalNumberSpecial

lexical syntax

[\u\t\n] — LAYOUT
[\%] “T\n]* [\n] — LAYOUT
[\ T\nl* [\n] — LAYOUT
[A-Z] [A-Z&-z0-9]* [M] — Moduleld
[A-Z] [A-Z&-z0-9]* [T — Sortld
[A-Z] [A-Z&-z0-9]* [A-LN-RT-Za-z0-9] — Functionld
[A-LN-RT-Z] — Functionld
Numeral — Functionld
Str — Functionld
Special — Functionld
[0-9]+ — Numeral
A\ T\ — Str

[aZ] [az]* [0-9]* — Variable
TN \u\t\n\ %]+ — NaturalLanguage

[\VAS\%6\& \*\+\ A\ VA <\2\>\ A @\ \\'\[\ T+ — Special



170 A. SyntaxDefinition

PrioritiesDeclarations

module Priorities

exports
imports Lexical
exports
sorts Priorities Group OperatorAssociatvity
context-fr ee syntax
“PRIORITIES” Groupr “END” “PRIORITIES” — Priorities
“GROUP” {Operator",” }* — Group
Functionld Associatvity — Operator
— Associatvity
“(" “LEFT" )" — Associatvity
“(" “RIGHT” )" — Associatvity

Specifications

module Module

exports
imports Term
exports

sorts Module NameListitem DeclarationAttribs Attribute Qualifier

context-fr ee syntax
“MODULE” Moduleld NamelListltem* “END” “MODULE” — Module

— NamelList
“I" {Name*,”}* “T" — NamelList
“IMPORT” Moduleld NamelList — ltem
Declaration — ltem
Qualifier Term — Item
“SORT” Sort Attribs — Declaration
“FUNC” FunctionAttribs — Declaration
“VAR” Variable*:” Sort — Declaration
— Attribs

“(" {Attribute“,” }* )" — Attribs
“IMPLICIT” — Attribute
“INDUCTIVE” — Attribute
“CONSTRUCTOR” — Attribute
“APPLICATION" — Attribute
“AXIOM” — Qualifier
“LEMMA” — Qualifier

“REQ” — Qualifier
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module Name
exports
imports Lexical

exports

sorts Sort FunctionNameOrigin Indexes Typelnfo Functionlype

context{r ee syntax
Origin Sortld Indexes
Origin FunctionldIndexes Typelnfo — Function

Sort

Function
Moduleld “”

“I" {Name“,"}* “I"
“” Functionlype

{Sort*,”}* “—" Sort

module Term
exports
imports Name

exports

— Sort

— Name

— Name

— Origin

— Origin

— Indexes

— Indexes

— Typelnfo

— Typelnfo

— Functionype

sorts Term NonAppl Appl VarType Informal Args

contextfree syntax

Variable

Args FunctionArgs
Args FunctionAppl

“(" VariableVarType“|” Term*)”

“{" Informal
NonAppl

Appl

NonAppl

Bt

“(” {Term “,”}* “)”

“" Sort

NaturalLanguage

w Name
w Term w

context-fr eepriorities

w

wr Name
wn Tarm “”

— Informal >
— Informal

— NonAppl
— Appl
— Appl
— NonAppl
— NonAppl
— Term
— Term
— Args
— Args
— Args
— VarType
— VarType
— Informal
— Informal
— Informal
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module Main
imports Module Priorities

exports
context-fr eerestrictions
(LAYOUT)? - [\u\t\n\%\\]
Informal -/~ "[\{\}\"\u\t\n\%]
Variable  -/- [0-9]

lexical restrictions

Special /- [\'NAS\%\& \ " \H\-\ \VANAASAA@\\\'\\]
context{r ee syntax

“REQ” — Functionld{reject}

“AXIOM” — Functionld{reject}

“LEMMA" — Functionld{reject}
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SAMENVATTING

Dit proefschriftis het verslagvan de ontwikkeling van de nieuwe formele specificatietaal
AFSL die speciaabedoeldis voor de beschrijvingvan software. Behandeldvordenderol
vanformelespecificatien software-ontwikleling, de algemenerincipesvanformelespeci-
ficatietalendeontstaansgeschiedeman AFSL, deredenerom eennieuwetaalte maken,de
definitievandetaal,ontwerpwerweagingen,voorbeeldervanhetgebruikenideednvoor mo-
gelijkeverbeteringermandetaal. De afkorting AFSL staatvoor“AlmostFormalSpecification
Language”waarbij “Almost” refereertnaarde mogelijkheid om (niet formele) natuurlijke
taalte gebruikenbinnenhetverderformele AFSL. In detitel “AnotherFormal Specification
Language'refereert‘Another” naarhetfeit dater al veel formele specificatietalebestaan
(misschieral genog), maarhetgeeftook aandatAFSL anderss.

Eenspecificatids eenbeschrijvingvande eigenschappevaneending. Eenspecificatie
is formeelals hij aanbepaaldevormafsprakn voldoetzodatde doelgroepde beschrijving
begrijpt. Voorbeeldenvan specificatiezijn de partituur van eenmuziekstuk,eenpatroon
van eenbruidsjurk en het elektronischschemavan eenradio. Het is vaakvan belangom
eenspecificatiele hebbernvoordathetding gemaakiwordt omdathet procesanderdn chaos
ontaardt.Je kunt eengroepbouwvakkersimmersgeenhuis latenbouwendoor ze alleente
vertellenwat hetgewenstevioeroppervialenaantalkamerszijn.

De hierboven gegeven voorbeelderhebbenallemaaleen verschillendemate van for-
maliteit. De notenin de partituurgeven bijvoorbeeldtoonhoogteaanmaarbepalenniet de
klankkleurvan de noten. Dat is de redenwaaromdirigent en musici zo’n belangrijle rol
spelenbij deinterpretatievan van eenmuziekstuk.Het patroonmaaktgebruikvan speciale
symbolendie eengeschooldé&leermaler voldoendeaanwijzingengeeftom de jurk precies
op maatte maken, ook al zegt het nog niks over de kleur stof. Het elektronischschema
tenslottemaaktgebruikvanzulke gestandaardiseerdgmbolendat elke elektronicuser een
radiomeekanmalen.

De notatiedie gebruiktwordt voor eenspecificatienoemenwe eenspecificatietaalNo-
tenschriftis eenspecificatietaalmaarook de symbolendie gebruiktwordenin eenpatroon.
Eenspecificatietaals formeel als dezezodanigis gestandaardiseedht er geenruimte is
voor interpretati@erschillen.Notenschriftis dusniet echteenformele specificatietaamaar
denotatievoor elektronischeschemas wel.

Hebbenwe specificatiemiodigvoorhetmakenvansoftware?Er bestaateelergenisover
dekwaliteit van softwareen de slechtebeheersbaarheithn hetbijbehorendentwikkelpro-
ces.Er is eenaantalredenerwaaromhetmoeilijk is softwarete maken. Softwareis meestal
teomvangrijkomdooréénpersoorbegreperte worden.Hetis moeilijk omvastte stellenaan
welke eisenpreciesvoldaanmoetvoldoen. De onderlingesamenhangussenverschillende
onderdelermaakthet moeilijk om veranderingemante brengen.Het maken van software
is eendenkprocewaarbij de redenenom eenbepaaldebeslissingte nemenniet altijd ex-



pliciet wordengemaakt. Ten slotteis de omgeving waarbinnerde software moetopereren
is vaakmoeilijk te doorgronden.Bij al dezeaspecteris communicatieeenbelangrijle ele-

ment,specificatiekunnendaarbijeenbelangrijke rol spelen Bijv oorbeeldbij hetvastlggen
vanafspralen,documenterenan ontwerpbeslissingemeschrijenvandeverschillendeon-

derdelenvan de software, beschrijyen van de omgeving, beschrijvingvan standaardergtc.

Een bijkomendvoordeelvan het maken van specificatiess dat het de betrokken partijen

dwingtgoednate denlkenoverhetopte lossenprobleem.

Er zijn verschillendesoortenspecificatietalenHet meestvoorkomendzijn symbolische
talen(waarbijmetlettersen woordengewerkt wordt) en grafischetalen (waarbij met plaat-
jesgewerktwordt). Over hetalgemeervattengrafischebeschrijvingerslechtsdeelaspecten
van eencompleetsysteemzoalsbijvoorbeeldde relatiestussengegevensdie verwerktwor-
den.Als eengrafischdaalgebruiktwordtvoor eenvolledigespecificatiavordendeplaatjeal
gauwteingewikkeld. Eenuitgangpuntandit proefschriftis hetkunnenmakenvanvolledige
specificatiesdaaromis gekozenvoor eensymbolischetaal. Veel symbolischespecificaties
van software wordengeschrgenin natuurlijke taal (NederlandsEngels,etc.). Het nadeel
van natuurlijke taalis dat hij vaakniet goedgebruiktwordt, op verschillendemanierenbe-
grepenkan wordenen moeilijk automatischte verwerlenis. Eenanderesymbolischetaal
die in kleine kring gebruiktwordt, vooralin de wetenschapis die van de wiskunde. Deze
taalis minderdubbelzinnigdannatuurlijke taalenleentzich bovendienbij uitstekvoor sys-
tematischeanalysevan software, zoalshet correctbewijzen van programmas. Tochis ook
de taal van de wiskundeniet gestandaardiseekh leent zich ook slechtvoor automatische
verwerking.Daarkomt nogeensbij dathij moeilijk in hetgebruikis.

Kortom, voor de specificatievan softwareis eenechteformeletaal het meestgewenst.
Er bestaatenveelheidaanformele talen. De bekendstevan dezetalenis de eerste-orde
predikatenlogicaen gerelateerdlaaraande logischeprogrammeertadProlog. In principe
kunnende meesteformele talen gebruikt wordenvoor de specificatievan software. In de
praktijk leidt dat echtertot omslachtigeen daardooronbagrijpelijke specificaties. Boven-
dien sluiten dezealgemenetalen slechtaanbij de restvan het software-ontwiklelproces.
Daarombestaarertalendie speciaajemaaktijn voor de specificatieransoftware.Veelvan
dezetalenzijn ontwikkeld om gebruiktte kunnenwordenvoor hetcorrectbewijzen vanpro-
grammas, maardaaris AFSL nietvoor bedoeld.Als gevolg daananontbrelenbijvoorbeeld
bewijsregels.

Nu we wetendat specificererzinvol kan zijn endatdaarbij voorkeur eenformeletaal
voor gebruiktmoetwordenkunnenwe dusaande slag. Helaasligt datniet zo simpel. De
huidigeformelespecificatietalerijn zoingewikkeld datzeeenopleidingvergendie eenstuk
verdergaatdaneenprogrammeeropleiding.os daananis hetboventafel krijgen vanspe-
cificatiesgeeneervoudigetaak,daanoor is veelinzicht en ervaringnodig. Het zou daarom
helpenals er eenmethodewvasvoor hetmakenvanformelespecificatiesDezemethodezou
moetenbestaanuit eenspecificatietaaplus aanwijzingeren hulpmiddelenvoor hetgebruik
vandezetaal. Zo’n methodebestaahiet, metnameontbreekthetaanconcreteaanwijzingen
voor het opstellenvan specificaties.Dit is de aanleidinggewveestvoor het startenvan een
onderzoeknetals doel hetontwikkelenvan eenspecificatiemethoddJitgangspunivormde
daarbijdeidee2nuit objectgeorienteerdmethodengangezierie zich nadruklelijk richten
op hetbeschrijenvansystemenOnderdeeVanhetonderzoekvaseentweetalpraktijkstud-
ies.

Gebaseerdp dewensenvoor de specificatiemethodis eenaantaleisenopgesteldvaar-



aandete gebruilenspecificatietaainoestvoldoen.De taalmoeteervoudigzijn zodathij ge-
makkelijk te lerenenautomatisctie verwerlenis. Natuurlijke taalmoettoegestaarzijn zodat
eeninformelespecificatiestapsgeijs omgezetkan wordennaareenformele. De taal moet
bruikbaarzijn in alle fasernvansoftware-ontwiklelingom vertaalproblemetusseropeenwol-
gendefaserte voorkomen.Detaalmoetalgemeerioepasbaaroorwillekeurigeprobleemge-
biedenzodatmethodeen deelspecificatiebergebruiktkunnenworden. Objectgeorienteerde
concepterzoalsklassificatie inheritance gncapsulatioren polymorfismemoetenonderste-
und worden. Een modulemechanismmet parametersnoet hegebruik ondersteunen Er
bleekgeentaalbeschikbaate zijn die in voldoendamatevoldeedaanal dezeeisen.Daarom
is beslotereennieuwetaalte maken,datis AFSL geworden.

AFSL is gebaseerdp de eerste-ordg@redikatenlogicagdaarnaashebberde specificati-
etalenCOLD, EHDM en LSL groteinvlioed gehad. Belangrijke eigenschappewman AFSL
zijn: eervoudige basistaalwaarbij alle geavanceerdemogelijkhedenterugwertaaldkunnen
wordennaardezebasis;natuurlijke taalis toegestaarin informeledefinities;functieskunnen
impliciet gebruiktwordenvoor het corverterenvan functie-agumentemaarde benodigde
vorm, dit maakteenvorm vaninheritancemogelijk; modulenzijn sjablonenpij importwor-
den moduleparametertekstueelvervangendoor de opgegeven argumenten;polymorfie is
gebaseerdp overloading.

De belangrijksteinnovatie van AFSL is echterde manier waarop zogenaamdeiet-
functioneleeigenschappewordenbehandeld.De niet-functioneleeigenschappeman een
operatiezijn verboigenaspecterdie vallen buiten het purefunctioneleinput/output-gedrag.
Voorbeelderhiervanzijn: afhandelingranfoutmeldingen)ezenenschrijvenvanvariabelen
en communicatiemet andereprocessen.Niet-functioneleeigenschappewordenin AFSL
op eenvergelijkbaremanierbehandeldls bij de programmeertadtasiell (hetzogenaamde
monads-mechanismellitgangspuntierbij is datniet-functioneleinformatiewordt verpakt
in hetresultaatvan de operatie. Specialeuitpakoperatiezijn nodig om de niet-functionele
informatieverderte verwerken. Het nadeehiervanis datde verwerkingvan niet-functionele
eigenschapperichtbaaris binnende specificatiewaardoordezesomsmoeilijk te begrijpen
is. AFSL heeftdaaromde unieke mogelijkheidom via zogenaamdeapplicationredirection
deuitpakoperatiesmpliciet toete passenwaardoorze niet meerzichtbaarzijn.

Alhoewel de huidige versie van AFSL heel dicht in de buurt komt van de originele
eisen,zijn er toch eenaantalverbeteringemmogelijk: type-polymorfismezal specificaties
eervoudigermaken, metnamedoorde beperkingvanhetaantalmodule-importsflexibelere
syntaxvoor functie-applicatiegal formuleringentoestaarie dichterstaanbij wat gebruike-
lijk is binneneenbepaalddomein;hogere-orddunctieszullen eeneervoudigerbehandeling
vanniet-functioneleeigenschappemogelijk maken; operationelesemantiekmaaktvalidatie
enimplementaievan specificatieseervoudiger Al dezeverbeteringervergenechterfunda-
menteleaanpassingeaanAFSL, daaronzijn zein dehuidigeversienietopgenomen.

Hetis uiteindelijk nietgeluktom eenmethodevanspecificererie ontwikkelen.Hiervoor
zZijn tweeoorzalenaante wijzen. Ten eerstekosttehet ontwerpenen bestuderewan AFSL
veelmeerwerkdanverwacht.De verschillendeaspectewvaneentaalhebbenvaakinvioedop
elkaar Zo staarsyntax,overloadingjmplicietefunctiesenapplicationredirectionin verband
met elkaaromdatze allemaaltot ambiguiteiterkunnenleiden. Veranderingaanéén aspect
heeftdaardoowvaakgevolgenvoor derest. Daarnaastijn er weinig richtlijnen en hulpmid-
delenvoor het ontwikkelenvan formeletalen. Met namehet ontbrelen van eenalgemeen
geaccepteerthechanism&oor hetdefiniérenvande semantiekvaseengrotehandicap.De



tweedemoeilijkheid bij het ontwikkelenvan de methodewas het ontbrelen van bruikbare
kenniswaarop voortgebouwdkon worden.Bestaand®bjectgeorienteerdmethoderbleken

weinig concreteaanwijzingerte bevattenvoor hethetmakenvanmodellenmeestabeperlen

zezichtot deuitleg vande gebruiktenotatieen voorbeeldervanhetgebruik. Achterafis het

de vraagof hetwel mogelijk is richtlijnen te formulerenvoor het maken van specificaties.
Daanooris hetprocemnogte onbegrepenbovendieris hetheelmoeilijk richtlijnen eenduidig
te formuleren. In eersteinstantiezullen we onsdaarommoetenrichtenop het ontwikkelen

vangoedetalenenautomatischéulpmiddelen.

Ondankshetniet vindenvande heilige graalis hetonwikkelenvan AFSL geenzinloze
onderneminggeweest. Eenaantalbelangrijle aspecterzijn aande orde gekomendie van
belangzijn voor de bredetoepasbaarheidan formele specificatie. Als zodanigvormt dit
proefschrifteenproeftuinvoor taalontwerp. De combinatievan taaleigenschappes hier-
bij vangroot belang,te vaakwordendezein isolatie bestudeera@onderdaarbijaandachte
bestedemande practischaoepasbaarheibinneneengrotergeheel.
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