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Abstract

C togetherwith its descendantsrepresentsastrongandindisputablestatusquoin thecurrentsoftware
industry. It is a very populargeneral-purposeprogramminglanguage,characterizedby its economy
of expression,its largesetof operatorsanddatatypes,andits concernfor sourcecodeportability. The
currentreferencedocumentfor C is theinternationalstandardISO/IEC9899:1990.Thesemanticsof
C is informally definedin thestandard,usingnaturallanguage.This causesa numberof ambiguities
andproblemsof interpretationabouttheintendedsemanticsof thelanguage.

In this thesis,a formaldenotationalsemanticsfor theANSI C programminglanguageis proposed,
with emphasison its accuracy andcompletenesswith respectto thestandard.It is demonstratedthat
a programminglanguageasuseful in practiceandas inherentlycomplicatedasC cannonetheless
bedefinedformally. Theproposedsemanticscouldbeusedasa precise,unambiguous,abstractand
implementation-independent standardfor thelanguage.Moreover, it would bea basisfor theformal
reasoningaboutC programsandavaluabletheoreticaltool in thesoftwaredevelopmentprocess.

In orderto improve in modularityandelegance,theproposedsemanticsusesseveralmonadsand
monadtransformersto modeldifferentaspectsof computations.Interestingresultshavebeenachieved
in the attemptto accuratelymodel complex characteristicsof C, suchas the unspecifiedorder of
evaluationandsequencepoints,usingmonadnotation.Theseresultsmaybeusefulin specifyingthe
semanticsof programminglanguagessupportingnon-deterministicfeaturesandparallelism.

An implementationof anabstractinterpreterfor C programsbasedon theproposedsemanticshas
alsobeendeveloped,usingHaskell asthe implementationlanguage.The implementationhasbeen
usedto evaluatetheaccuracy andcompletenessof theproposedsemantics.Althoughthis processis
still underway, theresultssofar have beenentirelysatisfactory.

Keywords

ANSI C programminglanguage,ISO/IEC9899:1990standard,formaldefinition,denotationalseman-
tics,monads,monadtransformers.
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Chapter 1

Intr oduction

This chapteris an introductionto the presentthesis. In Section1.1 a brief presentationof the C CHAPTER

OVERVIEWprogramminglanguageis attempted,with emphasison its history and characteristics.Section1.2
is a non-technicalintroductionto the semanticsof programminglanguages,biasedin favour of the
denotationalapproach.Section1.3presentsanoverview of this thesis.Theobjectives,motivationand
possibleapplicationsarefirst discussed,followedby anoverview of themethodologythatis usedand
a summaryof the thesis’contribution. Section1.4 containsanoverview of therelatedwork andthe
chapterconcludesby presentingthestructureof this thesis,in Section1.5.

1.1 The C programming language

C is a well known andvery populargeneralpurposeprogramminglanguage.It wasdevelopedin the
years1969-1973at theAT&T Bell Labsasasystemimplementationlanguagefor theUnix operating
system. The fatherof C is DennisRitchie who alsodevelopedthe first compiler in 1971-1973.A
detailedaccountof thedevelopmentof theC languagewrittenby DennisRitchiehimselfcanbefound
in [Ritc93].

The direct ancestorof C is a languagecalledB [John73], designedby Ken Thompsonin 1969- ORIGINS OF C

1970asan implementationlanguagefor theDEC PDP-7computer. B canbeviewedasa limitation
of BCPL [Rich79], a languagedesignedby Martin Richardsin themid-1960smainly asa compiler-
writing tool. The main differencebetweenC andits ancestorsis the presenceof a non-trivial type
system. BCPL andB are typeless,featuringjust one“word” type which representsboth dataand
“pointers” to data. The introductionof othertypesin C wasnecessaryin orderto provide language
supportfor charactersandfloatingpoint numbers,thatweresupportedby emerging hardwarein the
early1970s.In 1973,thecoreof C aswenow know it wascompleteandacompilerfor DECPDP-11
hadbeendevelopedby DennisRitchie. Thelanguagefeaturedintegersandcharactersasbasetypes,
full arraysandpointers,specialbooleanoperatorsanda powerful preprocessor.

In theyearsto follow, portability andtypesafetyissuesintroduceda numberof changesin theC
language.Severalnew typeswereaddedto thetypesystemandtypecastswereintroduced.Thefirst
widelyavailabledescriptionof thelanguage,thebook“The C ProgrammingLanguage”alsoknown as
“K&R”, appearedin 1978[Kern78].1 By thattime, thekernelof theUnix operatingsystemhadbeen
rewritten in C andbothlanguageandcompilersgainedsignificantlyin confidence.During the1980s,
the useof the C languagespreadwidely andcompilersbecameavailableon nearlyevery machine
architectureandoperatingsystem.

1 A secondedition incorporatinglaterchangeswaspublishedtenyearslater [Kern88]. The“K&R” bookservedasthe
languagereferenceuntil a formalstandardwasadoptedin 1989.
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C, aswell asboth its ancestorsB andBCPL, belongsto the family of languagesexpressingtheCHARACTERIS-
TICS traditionalproceduralprogrammingparadigm,typified by Fortranand Algol 60. It is particularly

orientedtowardssystemprogrammingandits small, concisedescriptionallows the developmentof
simplecompilers.C is mainlycharacterizedby its economyof expression,realizedby alaconicsyntax
aswell asa large setof operatorsanddatatypes,andalsoby the fact that it providesaccessto the
innerpartsof thecomputer.

C canbecharacterizedasa medium-level language.On theonehand,it is closeto themachine.
Theabstractionsthat it introducesarefoundedin theconcretedatatypesandoperationsthataresup-
portedby mostconventionalcomputersand,for this reason,programsin C areusuallyveryeffective.
On theotherhand,theseabstractionsareat a sufficiently high level to facilitateprogrammingandlay
thegroundsfor programportabilitybetweendifferentmachines.Portabilityis furtherenhancedby the
factthatC programsrely on library routinesfor I/O andinteractionwith theoperatingsystem.

According to DennisRitchie, the ideasthat mostly characterizeC and differentiateit from its
ancestorsandothercontemporarylanguagesare two: the relationshipbetweenarraysandpointers
andthesyntaxof declarations,mimicking thesyntaxof expressions.However, thesearealsoamong
its mostfrequentlycriticizedfeaturesandsourcesof misinterpretations,not only for thebeginnerbut
evenfor experiencedC programmers.

By 1982thechangesthatwereintroducedto theC language,asaresultof adaptingto thecommonSTANDARD-
I ZATION practice,werenumerous.Eachcompilerimplementedaslightlydifferentversionof C.Thefirstedition

of “K&R” nolongerdescribedC in its actualuseand,evenwhenit did, it wasnotpreciseonanumber
of details.In anattempttostandardizethelanguage,theAmericanNationalStandardsInstitute(ANSI)
establishedthe X3J11committeein the summerof 1983. Its goal was“to develop a clear, concise
and unambiguousstandardfor the C programminglanguagewhich codifiesthe common,existing
definitionof C andwhichpromotestheportabilityof userprogramsacrossC languageenvironments”.
Thecommitteewascautiousandconservative with respectto languageextensions.Themainchange
thatit introducedwastheuseof functionprototypes,whichwasasignificantstepin thedirectionof a
strongertypesystemfor C. However, thecommitteedecidedto leave theold styleasacompromiseto
thehugevolumeof existingsoftwarein C.

This processwas completein late 1989 and resultedin the standarddocumentANS X3.159-
1989[ANSI89a], which was later adoptedby the InternationalOrganizationfor Standardizationas
standardISO/IEC 9899:1990[ANSI90]. The standardis complementedby a seriesof otherdocu-
ments,actingasclarifications[ANSI89b] or corrections[ANSI94]. Theflavourof theC languagethat
is specifiedin thestandardis calledISO C, or usuallyANSI C. Since1990,a review processfor the
standardis underway. As a resultof this process,a completelyrevisedstandard,nicknamed“C9X”,
is expectedby theyear1999.

Sinceits early yearsof development,C hasbeenusedto programa wide areaof applications,CURRENT

SI TUATION including thebiggestpartof theUnix operatingsystem.Compilersfor C arecurrentlyavailablefor
almostany computersystemand,althoughthelanguagestill allows thedevelopmentof nonportable
applications,programsin C aregenerallyportable,usuallywith smallmodifications.During the last
twenty years,C hasbeenusedasthe basisfor, or at leaststrongly influenced,the developmentof
a numberof programminglanguages.Among theseone shouldmentionConcurrentC [Geha89],
Objective C [Cox91] andespeciallyC++ [Stro91, Elli90] andJava [Gosl96]. In thecurrentsoftware
industryit couldbearguedthatC andits descendantsrepresenta strongandindisputablestatusquo.
Thestandardfor C is nowadaysacceptedasa commonbasisfor thelanguageandis takenasa point
of referenceby thedevelopersandtheusersof implementationsandothertools.
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1.2 Programming languagesemantics

Thestudyof programminglanguagesinvariablydistinguishesbetweentwo fundamentalfeatures:syn- SYNTAX AND

SEMANTICStax andsemantics. Syntaxrefersto theappearanceandstructureof thewell-formedsentencesof the
language,includingprogramsthemselves.Semanticsrefersto themeaningsof thesesentences,which
mustbe preserved by compilersor other languageimplementations.The line that separatessyntax
from semanticsis not alwaysclearly marked. The etymologyof the word “semantics”leadsto the
ancientGreeklanguageandtheverb“ �	��
�������� ” (to mean).Theoriginal meaningof theword is the
studyof attachmentbetweenwordsandsentencesof a languageandtheirmeanings.

The syntaxof programminglanguagesis usuallyformally specified.The areaof formal syntax
specificationhasbeenthoroughlystudiedandtherearecurrentlyvariousstandardformalismsfor this
purpose.Themostwidely usedis context-freegrammars,usuallyexpressedin theBackusNaurForm
(BNF) andits variations.Grammarsallow, or evensuggest,a directconnectionbetweensyntaxand
parserimplementationand this strongconnectionis probablythe major reasonwhy formal syntax
specificationhasbeendevelopedsomuch.

On theotherhand,programminglanguagesemanticsis mostcommonlyspecifiedin an informal
way. This is mainly dueto the complexity of the task,which becomeseven worseconsideringthat
thesimplicity of BNF representationcanbepartlyattributedto thefactthatthemostintricatepartsof
syntaxspecificationare“moved to thesemanticlevel”. As opposedto thecaseof syntax,thereis a
lackof standard,widely acceptedandwidely usedmethodologiesfor describingthesemantics.

Everypersonwhousesaprogramminglanguageto developprogramsmustunderstandits seman- INFORMAL

SEMANTICStics at somelevel of abstraction.Programmersusuallyunderstandthesemanticsby meansof exam-
ples,intuition anddescriptionsin naturallanguage.Suchsemanticsdescriptionsareinformalandare
typically basedon a setof assumptionsaboutthe reader’s knowledgeandunderstanding.Informal
semanticdescriptionsareinherentlyambiguous,asis alwaysthecasewith naturallanguages.In the
bestcase,a programmer’s intuition fills themissingpointsin thedescriptionandleadsto thecorrect
understandingof a language’s semantics.In the worst case,the descriptionis fatally ambiguousor
evenmisleadingandtheprogrammeris proneto misinterpretations,whichoftenleadto programming
errors.

Researchin the areaof formal specificationof programminglanguagesemanticsstartedin the FORMAL

SEMANTICS1960s. With the rapid increasein the complexity of high-level programminglanguages,formal se-
manticssolidly basedon mathematicallogic systemsandpreciserulesof inferenceweresoughtasa
possiblewayof overcomingambiguitiesandenforcingdisciplinein thisfield. Sincethen,theproduct
of morethanthreedecadesof researchhasbeenthe developmentandthoroughstudyof numerous
methodsandformalisms.An excellentintroductionto the field is [Wins93], whereas[Mitc96] pro-
videsamorethoroughpresentationof methodsandmathematicalfoundations.

For historical reasons,formal semanticsare usually classifiedas following one of threemain
approaches:

� Operational semantics: Meaningsaresequencesof computationstepsthatresultfrom thepro-
gram’sexecution.Structuraloperationalsemanticsareamoresystematicvariation.An elemen-
tary referencecanbefoundin [Henn90]

� Denotationalsemantics: Meaningsaremathematicalobjects,typically functionsfrom inputsto
outputs.Thiscategoryof semanticsexplicitly constructsmathematicalmodelsof programming
languages.It will befurtherdiscussedin thesequel,asit is theapproachfollowedin this thesis.
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� Axiomaticsemantics: Meaningsareexpressedindirectly in termsof logicalpropositionsstating
propertiesof the programs. Suchan approachis useful becauseit directly aims to support
programverification.Theseminalpaperonaxiomaticsemanticsis [Hoar69], whereasa classic
text is [dBak80]. Following this approach,it hasbeensuggestedthatproofsof correctnessbe
developedat thesametimewith programs[Dijk76, Grie81].

It shouldbenoted,however, thatthesethreeapproachesmustnotbeviewedin oppositionto each
other. They are in fact complementaryandhighly dependenton eachother. Eachhasits usesand
servesbesta particularcategory of applications.Operationalanddenotationalsemanticscanbeused
to specifyaninterpreterfor thelanguageunderstudy, andthushelpin definingor refininga language.
Axiomatic semanticsarehelpful in developingproofsaboutprogramproperties.Probablythemost
significantapplicationof formal semanticsis in rapidprototyping,usingtoolsthattranslatelanguage
specificationsto correctcompilersor interpreters.

Formalismssharingpropertiesfrom morethanoneof theseapproachesalsoexist. Abstractstate
machines(formerly known asevolving algebras)areonesuchformalism,startedby Gurevich asan
attemptto bridgethe gapbetweenformal modelsof computationandpracticalspecificationmeth-
ods[Gure93a, Gure95]. Action Semantics,developedby MossesandWatt, is a practicalframework
for the formal descriptionof programminglanguagescombiningfeaturesof all threetraditionalap-
proaches[Moss92].

Denotationalsemantics,or themathematicalapproachto programminglanguagesemantics,is aDENOTA-
TIONAL

SEMANTICS
formalismintroducedbyScottandStrachey in thelate1960s.Sincethen,it hasbeenwidelystudiedby
distinguishedresearchersandhasbeenusedasamethodfor thesemanticanalysis,description,evalu-
ationaswell astheimplementationof variousprogramminglanguages.Theseminalpaperondenota-
tional semanticsis [Scot71]. Other introductorypapersincluding usefulbibliographyare[Tenn76]
and [Moss90]. Introductorybookspresentingin more depth the underlyingtheory and the tech-
niquesthat have beendevelopedinclude[Miln76], [Stoy77], [Gord79], [Alli86 ] and[Schm86]. An
graduate-level bookwith moremathematicaldepthis [Gunt92]. This thesiswasstronglyinfluenced
by [Tenn91], anexcellentbookrevealingtheconnectionsbetweensyntaxandthevariousflavoursof
semantics.Thesameis accomplishedby [Mitc96], focusingmainlyon themathematicalfoundations
of thevarioussemanticapproaches.An overview andsurvey of theresearchfield is givenin [Fior96].

According to the denotationalapproach,programminglanguagesemanticsis describedby at-
tributing mathematicaldenotationsto programsand programsegments. Denotationsare typically
high-orderfunctionsover appropriatemathematicalentities,suchasdomainswhosetheoryis briefly
presentedin Chapter3. Oneof themainpropertiesof denotationalsemanticsis compositionality, that
is, thefactthatthemeaningof asentencecanbeobtainedby appropriatelycomposingthemeaningsof
its subparts,asthesearedeterminedby syntacticstructure.Althoughresearchershavenotagreedona
standardmeta-languagefor expressingdenotationsandthereis considerablevariationin thenotational
conventionsusedby variousauthors,it seemsthatvariationsof the � -calculusover domainsarevery
popular. This is theapproachtakenin this thesis.

One of the most importantdrawbacksof classicdenotationalsemanticsis lack of modularity.MONADS

Smallchangesor extensionsin a languagedefinitionoftenimply a completerewrite of its formal se-
mantics.As a consequence,althoughdenotationalsemanticsis anappropriateandelegantformalism
for moderatelysizedlanguages,it doesnot scaleup easilyto realprogramminglanguages.2 Further-

2 Throughoutthis thesis,the term“real programminglanguages”standsfor high-level programminglanguagesthatare
widely usedin industryfor softwaredevelopment,in contrastto languagesthataredesignedandusedin academiclaborato-
riesfor experimentalpurposes.Of course,this doesnot meanthattheselanguagesaremorereal,or in factany better, than
theothers.Quitethecontraryis truein many cases.
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more,it is not easyto reusea part of a denotationaldescriptionof oneprogramminglanguageinto
another. Onewould like to considervariousfeaturesof programminglanguagesin isolation,sothat
their studyis easier. However, it shouldbe possiblelater to put all the piecestogetherandform a
complex denotationaldescriptionfor thewholeprogramminglanguage.Thisfinal compositionis the
pointwhereclassicdenotationalsemanticsfails.

Theuseof category theoryandmonadshasbeenproposedasaremedyandhasbecomequitepop-
ular in thedenotationalsemanticscommunity. The intuition behindtheuseof monadsin semantics,
suggestedby Moggi, is that computationsresultingin valuesfrom a domain � canbe represented
aselementsof a domain ������� , where � is an appropriatemonad[Mogg89]. It is alsosuggested
thatprogramminglanguagefeaturescanbestudiedindependentlyin termsof relatively simplemon-
adsandlatergluedtogetherto form a completesemanticdescriptionfor the language.Furthermore,
monadshave recentlybeenusedasan elegantway of introducingimperative featuresin functional
programmingandmany functionallanguagessupportthemdirectly.

Monadnotationis usedin this thesisand it is demonstratedthat, asa result, the semanticsare
significantly improved in termsof modularityandelegance. A brief introductionto monads,their
applicationswith respectto denotationalsemantics,theexactnotationusedin this thesisandpointers
to usefulbibliographyon this field aregiven in Chapter3. Comprehensive introductionsto monads
andtheirusein denotationalsemanticscanbefoundin [Mogg90] and[Wadl92].

1.3 Overview of this thesis

Themainobjective of this thesisis to developandevaluatea formal descriptionfor thesemanticsof OBJECTIVES

theC programminglanguage.Thedevelopedsemanticsshouldsatisfythefollowing requirements:

� Accuracy: the formal descriptionshouldbe ascloseaspossibleto the informal semanticsof
ANSI C, asthis is definedin thestandard.Mostof theformaldescriptionsof realprogramming
languagesemanticsthathave beensuggestedin literatureareinaccurate,to someextend,either
becauseof intendedsimplificationsor by mistake. Taking into considerationthe complexity
of theselanguages,one shouldadmit that an inaccuratesemanticsis useful, as long as the
inaccuraciesareclearlydocumented.

� Completeness: thelanguagedescribedshouldbeaslargeasubsetof ANSI C aspossible.In de-
scribingtheformalsemanticsof arealprogramminglanguage,it is commonpracticeto exclude
complicatedaspectsof thelanguagewhichcannotbecorrectlydescribedin asimpleandelegant
way. It is alsocommonto treatsomefeaturesof thelanguageassyntacticsugaranddefinethem
in termsof otherfeatures.Thefirst practicedoesnot produceaccurateformal descriptionsand
shouldbeavoidedasmuchaspossible.Thesecondpracticeis alsoavoidedin thepresentthesis
because,althoughit doesnotaffect theaccuracy of thesemantics,it oftendeprivesthesemantic
descriptionfrom its directconnectionwith thesyntaxof thelanguage.

� Simplicity: the formal descriptionshouldbe kept assimpleaspossible.The rationalebehind
this requirementis that simpleformal systemsareeasierto develop, understand,keepunder
controlwhenchangesareneeded,and(especially)use.Thiswill bebetterunderstoodafterthe
applicationsfor sucha formal descriptionarepresented,later in this section.This requirement
comesin directconflictwith theprevioustwo.
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Table1.1: Researchtopicsaddressedin thepresentthesis,accordingto ACM CCS1998.

D. SOFTWARE

D.2 SOFTWARE ENGINEERING

D.2.4 Software/ProgramVerification� Formalmethods

D.3 PROGRAMMING LANGUAGES

D.3.0 General� Standards� D.3.1 Formal Definitions and Theory� Semantics

F. THEORY OFCOMPUTATION

F.3 LOGICSAND MEANINGS OFPROGRAMS

F.3.1 SpecifyingandVerifying andReasoningaboutPrograms� F.3.2 Semanticsof Programming Languages� Denotationalsemantics

F.4 MATHEMATICAL LOGIC AND FORMAL LANGUAGES

F.4.1 MathematicalLogic� Lambdacalculusandrelatedsystems

F.4.3 FormalLanguages

Thefirst two requirementswereconsideredasthemostimportantthroughoutthis doctoralresearch.
That is, thedevelopedsemanticsshouldbeascompleteandaccurateaspossible,with respectto the
standard.Simplicity shouldbesought,aslongastheothertwo arenotaffected.

Formalsemanticsof C andotherreal programminglanguageshasalwaysbeena researchtopicRESEARCH

TOPIC of greatinterestboth to theoreticiansandpractitioners,asis documentedbriefly in Section1.4 and
in moredetailin Chapter16. Accordingto theACM ComputingClassificationSystem,3 theresearch
topicsthatareaddressedin thepresentthesisareshown in Table1.1. In particular, themainresearch
topicsof this thesisarewritten in boldcharactersandmarkedwith thesymbol � .

1.3.1 Moti vation

A reasonablequestionthatcanbeaskedat this point is whethertheformal semanticsof C presentsaWHY C?

worthwhileobjectof study. Theanswerto this is affirmative, from two differentperspectives.Froma
practicalpoint of view, C is admittedlya widely spreadprogramminglanguageanda formal specifi-
cationfor its semanticsis potentiallyvery importantanduseful.Ontheotherhand,from atheoretical
pointof view, C is characterizedby anumberof interestingfeatureswhosecombinationis worthwhile
studyingon its own right. As a first example,the presenceof sideeffectsin expressionscombined
with unspecifiedorderof evaluationinevitably leadsto non-determinism,which thestandardmakes
a remarkableeffort to restrain.As a secondexample,thecontrolstructuressupportedby C includea

3 The1998versionof theACM CCScanbefoundat theURL http://www.acm.org/class/1998/ .



1.3. Overview of this thesis 9

varietyof selection,iterationandunrestrictedjumpstatements,andgiveriseto anumberof interesting
problemscombinedwith C’sblockstructureandthedeclarationof variablesin compoundstatements.

Exceptfor the descriptionof the syntax,which hasbeenspecifiedformally usinga grammarin MANIFESTA-
TION OF

PROBLEMS
BNF notation,the restof the ANSI C standard,hasbeenwritten in naturallanguage,including the
descriptionof thesemantics.This causesa numberof ambiguitiesandproblemsof interpretation,as
farasthesemanticsof C is concerned.

The newsgroupcomp.std.c is a forum in which issuesrelatedto the ANSI C standardand
its interpretationare discussed.In contrastto other newsgroupsdealingwith the C programming
language,articlespostedin comp.std.c are typically characterizedby a highly scientific level.
Many distinguishedresearchersandmembersof thestandardizationcommitteefrequentlyparticipate
in thediscussions,aswell aslanguageimplementorsandexperiencedprogrammers.The following
excerptscomefrom a threadof articleswith the subject“On PointerArithmetic”, initiated by the
authorof this thesisin earlyJanuary1997. Thefirst article in the threadwassimply askingwhether
two small piecesof C code,noneof which wasoverly complicatedor out-of-placewith common
practice,areconformingwith respectto thestandard.4

Wherein thestandarddoesit saythat...

Thestandarddoesn’t sayor imply anything like...

Thestandarddoessaythat...but thisdoesnotmeanthat...

ThemoreI look at it, themoreit appearsto methat...

My interpretationis that...

Thefirst groupof excerptsindirectly revealssomepointsof confusionaboutwhatthestandardstates
and its interpretation,as expressedby the verbs“imply” and “mean” that are used. The last two
excerptsindicatethat the authorsrecognizeambiguitiesin the standardand expresstheir personal
interpretationsat variouslevelsof certainty.

Hmmm...niceto seesomeoneelsemake thesame“mistake” asI did a while back.The
standardreallyshouldbebetterwritten if it is notonly mewhomisreadsit.

Theproblem,of course,is thatthestandardis notasclearlywordedaseitherof uswould
like. I have goodreasonsfor favoring my interpretation...

Thesecondgroupof excerptsexpressestheirauthors’critical view towardsthestandard,by recogniz-
ing sourcesof misinterpretationbeyondany doubt.

As far asI cansee,your readingis plain distortionof the standard.But then,perfectly
reasonablethingshave beenruled illegal by thecommitteeanyway... But if that is what
is decided,nothingwill convincemethat thestandardthat is in front of meis written in
any varietyof EnglishthatI amfamiliarwith.

In any case,let us agreeto disagree. I will grant you this much: Natural languages
arevagueenoughthat every documentin a naturallanguagecanbe misinterpretedby
someonesufficiently motivated.

Finally, thethird groupof excerptstakesamoreaggressivecritical approach,attributing thestandard’s
ambiguityto thenaturallanguagethatis usedfor its description.
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With all this in mind, thenecessityfor a formal descriptionof thesemanticsof C becomesquiteAPPLICATIONS

apparent.Thesamecouldbearguedin thecaseof otherrealprogramminglanguageswhich usually
lack formal descriptions,the mainreasonfor this beinganaversionof theaverageprogrammerand
the whole softwareindustrytowardsformal methodsin languagespecification.The applicationsof
suchadescriptionarebriefly summarizedin thefollowing:

� It wouldserve asa precisestandardfor compilerimplementation,specifyinga rigid mathemat-
ical modelfor thelanguagewithout specifyingor restrictingthetechniquesusedin implemen-
tations.

� It wouldprovideabasisfor reasoningaboutthecorrectnessof programs.

� It would beusefulasuserdocumentation;trainedprogrammerscanuseit asa languagerefer-
ence,in orderto answersubtlequestionsaboutthelanguage.

� It would bea valuabletool for languageanalysis,designandevaluation;semanticdescriptions
canbetunedin orderto suggestelegantandefficient implementations.

� It could be usedasinput to a compilergenerator. A relatively outdatedsurvey on semantics-
drivencompilerconstructionis given in [Gaud81], whereasexperimentalsystemsfor this pur-
poseincludeSIS[Moss76, Bodw82], MESS[Lee87, Pleb88], PSP[Paul82], CERES[Jone80],
Actress[Brow92], Cantor[Pals92], DML [Pett92]. A morerecentapproach,basedon theuse
of monads,is describedin [Lian95a, Lian96].

1.3.2 Methodology

Thepresentspecificationfor thesemanticsof C canbebestunderstoodaspartof anabstract inter-ABSTRACT

INTERPRETER preter for C programs.Suchaninterpreteris depictedin Figure1.1asa dataprocess.Theleft partof
thefigureis amodulediagramof theinterpreter. It shows thechainof actionsperformedby theinter-
preteraswell asthedatathatis processedby theseactions.Eachactiontakesasinput theresultof the
previousactionand,afterprocessingit, passesit to thefollowing action.Sometimes,previousresults
arealsonecessaryfor theprocessing.Theinitial pieceof datais a sourceprogram, written in C, and
the final resultis a representationof this program’s meaning, i.e. a descriptionof what theprogram
doeswhenexecuted.Theright partof thefiguregivesasmallexample,illustratingthefunctionof the
interpreter. Thisexamplewill bediscussedin detailgradually, until theendof thissection.5

Theinterpreterconsistsof thefollowing threelayers,representedin Figure1.1asbig boxes.Each
layercontainsaseriesof actions.

� Syntacticanalysis: aimsat checkingthesyntacticvalidity of thesourceprogramandsignalling
syntaxerrors. Syntacticallycorrectprogramsare transformedto abstractparsetrees,which
representtheir syntacticstructurein detail.

� Semanticanalysis: aimsat checkingthe semanticvalidity of the program,asrepresentedby
theabstractparsetree,andsignallingsemanticerrors,e.g.useof undeclaredidentifiersor type
mismatches.

4 Thediscussiondid not reachaunanimousverdict,althoughmany opinionswereexpressed.
5 Noticethatseveralsimplificationshavebeenmadein thisexample,sinceitspurposeisonly to illustratethemethodology

thatis used.Therefore,thesemanticsattributedto thisexampleis notaccuratewith respectto therestof this thesis.



1.3. Overview of this thesis 11

Figure 1.1: An abstractinterpreterfor C.
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� Sourceprogram:
int main () {

int x;
/* do something with x */
return x++;

}

� Abstract syntax:
Declaration

Specifier

int

Init-Declarator

Declarator Initializer

x None

Expression

Unary Assignment

Identifier ++ (postfix)

x

� Static semantics:
 "! #%$ int x; $&  ('! #	)%*,+-.0/(13254 687:9<;=7:/?>A@:BDCFE &

� Typing semantics:
 �G x H 7,/(I�JKBACL4 /(1M254 687:9D;37:/(>D@:BACNEOE �G x P CRQSBDC8@:TU4 /(132V4 6R7,9A;37:/(>D@:BACNEOE �G x++ P T(*�W�4 687:9(E

� Dynamic semantics:
4 4 x++ E EYX[Z]\�^ _ `=acbDde!f8g<hji[k ;�dmlRno!p4 4 x E EOq rtsMq u=Xv^ w[x%yz^ _ `=aM{ `=w[|]u=sMqRb bAd} !�d l 4 k E~[� i }�;Fd l 4 k -.0}�����ERn

� Execution: aimsat describingthemeaningof programs,i.e. their executionbehaviour. This is
themainpartof theinterpreter.

Syntacticanalysisof C programspresentssomedifficulties relatedto thecomplexity of the lan- SYNTACTIC

ANALYSISguage.However, it is nota very interestingsubjectfrom aresearcher’s pointof view. For this reason,
it is only briefly discussedin the presentthesis. A BNF grammardescribingthe syntaxof the lan-
guageis givenin AppendixB of thestandard.A numberof ambiguitiesarecausedby thedefinitionof
typedefsandcanberesolvedby theuseof somesortof symboltable.Thelayerof syntacticanalysis
consistsof threeactions:

� Lexical analysis: transformsthesourceprogramto a sequenceof lexical units,alsocalledto-
kens. A formaldescriptionof tokensis givenin � B.1 of thestandard.

� Concretesyntax: checksthe syntacticvalidity of the sourceprogramby groupingtokensto-
getherin morecomplex syntaxentities.TheBNF grammardescribingtheconcretesyntaxof C
thatis usedfor thispurposeis takenfrom � B.2of thestandard.Providedthatthesourceprogram
is syntacticallyvalid, theresultof this actionis theparsetreeaccordingto thegivengrammar.
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� Abstractsyntax: simplifiestheparsetreeby extractingsuperfluousinformationandresultsin an
abstractsyntaxtree.Theabstractsyntaxof C is formally describedin Section2.2by meansof
a secondBNF grammar. Probablythemostcharacteristicexampleof informationthatcanbe
abstractedout resultsfrom thegroupingof expressionsby meansof parenthesesandoperator
precedencerules.Theconcretesyntaxthatcorrectlydescribesthisgroupingis enormouslymore
complicatedthantheabstractsyntax.

Staticsemanticsis thefirst actionin thesemanticanalysis,which managestheidentifiersthatareSTATIC

SEMANTICS definedin the sourceprogram. It aimsat detectingstaticsemanticerrors,suchas the redefinition
of an identifier in thesamescope,aswell asassociatingidentifierswith appropriatetypesor values.
Staticsemanticsis basedsolelyon theabstractsyntax. For eachsyntacticallywell-formedprogram
phrase� , its staticsemanticmeaningis denotedby �[�R���� . Staticsemanticmeaningsaremathematical
objects. Typically they are type environments,i.e. associationsof identifiersto types,or functions
handlingtypeenvironments.

As an example,considerthe simpleC programthat follows. A part of this program’s abstract
parsetreeis shown in theright partof Figure1.1.

int main () {
int x;
/* do something with x */
return x++;

}

Considernow thesyntacticallywell-formedphrase“ int x; ”, thatis, thedeclarationin thefunction’s
body. Thestaticsemanticmeaningof suchdeclarationis a functionthatupdatesthetypeenvironment
by declaringan integervariable“x ”. If �A� is taken to be theemptytypeenvironment,containingno
declarations,thentheresultof �[� int x; �� appliedto � � is anupdatedenvironment� whichcontainsa
declarationfor “x ”:

� � �c� int x; �� � �
� ���%�������v�?��� �M�5���=�V�v� �¡�¢z£ �

Thesecondactionin semanticanalysisis typing semantics,which managesthe typesof all pro-TYPING

SEMANTICS gram phrases.It aims at detectingtype-mismatcherrors,suchas assignmentto a constantvalue,
andatassociatingsyntacticallywell-formedphraseswith appropriatephrasetypes.Suchassociations
aregiven by meansof typing derivations,that is, formal proofsthat phrasesarewell-typed. Typing
semanticsis basednot only on the abstractsyntaxof the program,but alsoon the staticsemantic
environmentsthatresultfrom thepreviousaction.

In thesameexampleprogram,considernow theprogramphrase“x++ ” thatispartof thefunction’s
body. Assumealsothatthestaticsemanticanalysishasfinishedandresultedin thetypeenvironment
� that wasgiven above. Underthis assumption,it is possibleto derive that the phrase“x++ ” is an
expressionthatcomputesanintegervalue.6 A proofof this is givenby thefollowing derivation:

�¥¤ x ¦e�V�¨§S©ª¡�¢«�Y�v�?��� �3�V���=�V�v� �¬¡�¢z£[£
�¥¤ x ¢¯®o¡�¢¯�°��Y�v�¨��� �3�V���=�V�v�L�¡�¢z£[£

�±¤ x++ V°¨�o²³� �3�V�D£
6 Oneshouldrecallthatexpressionsin C areallowedto generatesideeffects.This is thereasonwhy theincrementingof

“x ” in “x++ ” doesnotdeserve specialmentionhere.
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Thenotationthatis usedwill beexplainedin detailin Part III. Two thingsshouldbementioned,how-
ever. Thefirst is thattheconclusionof thisderivationis thejudgement“ ��¤ x++ 5°¨��²´� �3�V�D£ ” which
statesexactly thatthisphraseis anexpressioncomputinganintegervalue,giventhetypeenvironment
� . Thesecondis thatthederivationmakesuseof two typingrules,shown ashorizontallines.Thefirst
rule (upperline) statesthatan integer variabledeclaredin theenvironmentis an l-valuedesignating
anintegerobject.Thesecondrule (lower line) statesthat l-valuesmaybedereferencedby accessing
thevaluethatis storedin thedesignatedobjects.

Dynamicsemanticsis thefinal actionin theabstractinterpreter, which is not considereda partof DYNAMIC

SEMANTICSsemanticanalysis.7 Its primaryaim is thedefinitionof a well-typedprogram’s executionbehaviour.
As a usefulsideeffect, run-timeerrorsandothersourcesof undefinedbehaviour aredetectedat the
sametime. Dynamicsemanticsis basedon the abstractsyntax,the environmentsthat result from
staticsemanticsand the typing derivationsthat result from typing semantics.For eachwell-typed
programphrase� of type µ , its dynamicsemanticmeaningis denotedby � �M��£ £c¶ . Suchmeanings
arealsomathematicalobjects. Typically they are functionsdescribingaspectsof the executionof
thecorrespondingprogramphrases.Thetyping derivation for � is important,asthesamephraseis
allowedto have differentmeaningswhenattributeddifferenttypes.

Goingoncemorebackto thesameexample,consideragainthewell-typedprogramphrase“x++ ”,
whosetype derivation wasgiven above. Assumethat we choosedirect semanticsasthe execution
modelfor expressions:thedynamicsemanticmeaningof anexpressionis a functionthattakesasan
argumenttheinitial programstate· andreturnstwo results:thecomputedvalueof theexpressionand
thefinal programstateaftertheexpression’s evaluation.Following thismodel,thedynamicsemantics
for “x++ ” is givenby thefollowing equation:

� � x++ £ £t¸t¹¯ºK» ¼O½�¾=¿o· � ÀMÁ�ÂÄÃ3ÅÆ�(·<ÇtÈÉ�Ê� � x £ £YË]Ì¯Í=ËMÎ<¸Ï» ÐNÑ8Ò» ¼%½�¾ÔÓ ½�Ð�Õ(ÎAÍ=Ë�¿Y¿�·Ö �×·<Ç=� Å:£Ø3Ù Ã Ö �(·<ÇF� Åe�� Ö�ÚÜÛ £MÈ
Noticethatthetypingderivationdictatesthetypesthatareusedfor thedynamicsemanticsof “x++ ”,
on theoneside,andof “x ” on theothersideof theequation.Justfor thesake of clarity, Å represents
the addressof the objectdesignatedby the l-value“x ”, ·AÇ is the programstateafter evaluating“x ”
and Ö is thevaluestoredin Å at theprogramstate·AÇ . Theresultof theevaluationis Ö , andthefinal
programstateis thesameas · Ç , with thevaluestoredin Å incrementedby one.

1.3.3 Contribution

The main contribution of this thesisis a formal descriptionfor the semanticsof the ANSI C pro- FORMAL

SEMANTICS OF

C
gramminglanguage,following thedenotationalapproach.The importanceandpossibleapplications
of sucha formal descriptionhave beenoutlinedin Section1.3.1. The developedsemanticsis satis-
factorily completeandaccurate,with respectto thestandard,andcomparesvery favourablyto other
approachesfor thesamepurpose,asis furtherdiscussedin Chapter16.

Anothersignificantcontribution of this thesisis theapplicationof monadnotationfor thespeci- MONADS AND

MONAD

TRANSFORM-
ERS

ficationof thesemanticsof a realprogramminglanguage.Monads[Mogg89, Wadl92, Wadl94] and
monadtransformers[Lian95b, Lian96] have beenproposedasa methodof improving themodularity

7 Following the terminologyusedin compilersandotherlanguageimplementations,analysisprimarily focuseson the
extractionof staticprogrampropertiesanderrordetection.Thedynamicsemantics,asdefinedhere,correspondto thephase
of codegeneration.
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andeleganceof classicdenotationalsemantics.Althoughthe formerhave beenmuchusedlately in
functionalprogrammingpractice,applicationsof monadnotationin thedenotationalsemanticsof real
programminglanguageshavenotbeenfoundin literature.Thesemanticsthatis presentedin thisthesis
makesuseof sevenmonadsanda monadtransformer, in orderto representdifferentaspectsof com-
putations.Most of thesemonadshave alreadybeeninvestigatedin literatureandareonly important
for thesimplificationsthey achieve in thesemantics.It shouldbenotedhowever thatstandarddomain
theoryis usedandthemonadsaredefinedover thecategoryof domainsandcontinuousfunctions.

Thepowerdomainmonadis usedin this thesisin orderto allow multiple possibleresultsin com-NON-
DETERMINISM

AND

INTERLEAVING

putations. Several monadshave beenusedin literaturefor this reason,with the sameproperties.
Although the monadicpropertiesof theconvex powerdomainhasalreadybeeninvestigatedin liter-
ature,a completeconcisedefinition is given in this thesis.Furthermore,in thedevelopedsemantics
executioninterleaving is representedby meansof theresumptionmonadtransformer, whichis defined
in this thesisandwhosepropertiesareinvestigatedhere.Thecombinationof theresumptionmonad
transformerwith thecontinuationandpowerdomainmonadsproducesinterestingresultsthatcanbe
usefulin specifyingthesemanticsof programminglanguageswith non-deterministicfeaturesand/or
parallelism.

A significanteffort hasbeenmadeto evaluatethe developedsemanticsandassessits accuracyIMPLEMENTA-
TION andcompleteness.For this reason,an implementationof theabstractinterpreterwasdevelopedand

tested,usingimprovisedtestsandpartsof availabletestsuitesfor C implementations.Theinterpreter
implementsthe semanticsdirectly and was written in Haskell. StandardML and C++ were also
consideredas possibleimplementationlanguages.Experimentationwith the latter hasshown that
object-orientedprogramminglanguageswith generictypescanimitatefunctionalcharacteristicssuch
asthe lambdanotationandhigh-orderfunctionsin a type-safeway. Therefore,they areadequatefor
theimplementationof denotationalsemantics,althoughthey areobviouslynotanaturalchoice.

1.4 Overview of relatedwork

A detailedreferenceandcomparisonof this thesisto relatedwork is given in Chapter16. However,
for thesake of completenessof this introduction,a brief summaryis includedhere.An overview of
relatedwork in thefield of implementingdenotationalsemanticsis givenin Chapter15.

Thesemanticsof many popularprogramminglanguageshavebeenformally specifiedin literatureSEMANTICS OF

REAL

LANGUAGES
usingvariousformalisms.However, in mostcasesit is not thesemanticsof thewhole languagethat
is specified,but thatof a significantlylargesubset,leaving out usuallythemosttricky features.Few
real languageshave beengivenformal semanticsaspartof their definition. Amongthemoneshould
mentionScheme[IEEE91,Abel91] andStandardML [Miln90, Miln91, Kahr93], usingdenotational
andoperationalsemanticsrespectively. Denotationalsemanticshave alsobeenusedfor the formal-
izationof Ada [Pede80], Algol 60 [Bjor82a], Pascal[Bjor82b], andSmalltalk-80[Wolc87], whereas
operationalsemanticshavebeenusedfor Eiffel [Atta93] andScheme[Hons95]. In aseminalpaper, ax-
iomaticsemanticshavebeenusedto partiallydescribethesemanticsof Pascal[Hoar73]. Amongother
formalisms,actionsemanticshavebeenusedfor Pascal[Moss93] andStandardML [Watt87], andab-
stractstatemachinesfor Ada [Morr90], Cobol [Vale93], C++ [Wall93, Wall95], Modula-2[Gure88,
Morr88], Oberon[Kutt97b, Kutt97a], Occam[Gure90, Borg94a, Borg96], Prolog [Borg94b] and
Smalltalk[Blak92].
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Monadshave beenproposedby Moggi as a ground-breakingattemptto structuredenotational MONADS

semantics.[Mogg90] In a short time, the ideaof monadswaspopularizedby in the functionalpro-
grammingcommunityby thework of Wadler[Wadl92]. Sincethen,relatedresearchhasfocusedon
thecombinationof monadsto structuresemanticinterpreters.Monadtransformers,which werealso
first proposedby Moggi, have attractedtheattentionof many researchers.In thework of Liang,Hu-
dakandJones[Lian95b], monadtransformersaredemonstratedto successfullymodularizesemantic
interpretersandthelifting of monadoperationsis investigated.

Significantresearchhasbeenconductedrecentlyconcerningsemanticaspectsof theC program- C SEMANTICS

ming language,mainlybecauseof thelanguage’s popularityandits wideapplications.In whatseems
to be the earliestformal approach,Sethiaddressesthe semanticsof pre-ANSI C, usingthe denota-
tional approach[Seth80]. In thework of Gurevich andHuggins[Gure93b] a formal semanticsfor C
is givenusingtheformalismof evolving algebras.A higher-level axiomaticsemanticsis proposedby
Black andWindley [Blac96], focusingon C’s expressionlanguagewith sideeffectsundera number
of simplifications.In thework of CookandSubramanian[Cook94b] asemanticsfor C is developedin
thetheoremprover Nqthm. Cooket al. have alsodevelopeda denotationalsemanticsfor C basedon
temporallogic [Cook94a]. An operationalsemanticsfor C hasbeensketched,in termsof a random
accessmachine,asa partof theMATHS projectin CaliforniaStateUniversity. Finally, in thework
of Norrish[Norr97] a completeoperationalsemanticsfor C is givenusingsmall-stepreductions.To
thebestof theauthor’s knowledge,this is theonly descriptionof thesemanticsof C that formalizes
correctlysomesubtlepointsof thelanguage,likeunspecifiedorderof evaluationandsequencepoints.
Theauthorknowsof nosimilardenotationalapproach.

1.5 Structure of this thesis

Thestructureof this thesisfollows largely the methodologythathasbeenoutlinedin Section1.3.2.
Thethesisis dividedin fiveparts,eachof whichconsistsof anumberof relatedchapters.

� Part I: Prelude.

– Chapter1: Introduction.
Thepresentchapter, anintroductionto thethesis.

– Chapter2: Anoverview of C.
Attemptsto presentimportantaspectsof thesyntaxandsemanticsof C which affect the
restof thethesis.This chaptercontainsthedefinitionof C’s abstractsyntaxandexplains
how thedevelopedsemanticsdeviatesfrom thestandard.

– Chapter3: Mathematicalbackground.
Briefly presentsthemathematicalbackgroundthatis usedasabasisfor this thesis,includ-
ing basiccategory theory, domaintheory, monadsandmonadtransformers.

� Part II: Static semantics.

– Chapter4: Staticsemanticdomains.
Definesthedomainsthatareusedto describethestaticsemanticsof C, togetherwith the
basicoperationsthatcanbeperformedon their elements.

– Chapter5: Staticsemanticsof declarations.
Definesthestaticsemanticsof C declarations,includingexternaldeclarationsandtransla-
tion units.
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– Chapter6: Staticsemanticsof recursivelydefinedtypes.
Revisesthe definition of static semanticdomainsin Chapter4 to allow for recursively
defineddatatypes.

� Part III: Typing semantics.

– Chapter7: Typingjudgements.
Introducesto thenotionsof typingsemantics,typing judgements,rulesandderivations.It
alsodiscussesissuesspecificto thetypingsemanticsof C.

– Chapter8: Typingsemanticsof expressions.
Definesthetypingsemanticsof C expressions.

– Chapter9: Typingsemanticsof declarations.
Definesthetypingsemanticsof C declarations,externaldeclarationsandtranslationunits.

– Chapter10: Typingsemanticsof statements.
Definesthetypingsemanticsof C statements.

� Part IV: Dynamic semantics.

– Chapter11: Dynamicsemanticdomains.
Definesthe domainsthat areusedto describethe dynamicsemanticsof C and the ba-
sic operationson their elements.A numberof monadsrepresentingdifferentaspectsof
computationsis alsodefinedhere.

– Chapter12: Dynamicsemanticsof expressions.
Definesthedynamicsemanticsof C expressions,includingunspecifiedevaluationorder,
unspecifiedorderof sideeffectsandsequencepoints.

– Chapter13: Dynamicsemanticsof declarations.
Definesthe dynamicsemanticsof C declarations,external declarationsand translation
units.

– Chapter14: Dynamicsemanticsof statements.
Definesthe dynamicsemanticsof all C statements,including jump statementssuchas
break;andgoto.

� Part V: Epilogue.

– Chapter15: Implementation.
Outlinesandtheimplementationof thedevelopedsemanticsin Haskell andtheobtained
resultsfrom its evaluation.It alsodiscussesissuesarisingin theimplementationof deno-
tationaldescriptionswith functionalandobject-orientedlanguages.

– Chapter16: Relatedwork.
Presentsrelatedresearchin the fields of real programminglanguagesemantics,the use
of monadsandmonadtransformersin denotationalsemanticsandthe formal definition
of C. It alsoattemptsa comparisonbetweenthis thesisandothers’ research,whenever
applicable.

– Chapter17: Conclusion.
Summarizestheaccomplishmentsandthecontribution of this work anddiscussesdirec-
tionsfor futureresearch.



Chapter 2

An overview of C

“C is quirky, flawedandanenormoussuccess.”
DennisRitchie,1993,in [Ritc93]

Thischapterbeginswith aninformalpresentationof selectedissuesrelatedto thesyntaxandsemantics CHAPTER

OVERVIEWof theC programminglanguage,in Section2.1. Therestof thechapteraimsat definingthelanguage
whosesemanticsis describedin this thesis,which differs slightly from ANSI C, andusesfor this
purposea semi-formalapproach.Section2.2 definesthe abstractsyntaxof the language,usingthe
BNF notation,whereasSection2.3summarizestheknown deviationsbetweenthespecifiedlanguage
andtheANSI C standardin aninformalway.

2.1 Selectedissuesfr om the syntaxand semanticsof C

Developinga formal definition for the C programminglanguageis a hardtask. The main sources COMPLEXITIES

of complexity are several syntacticand semanticissuesparticularto C, which fall roughly in the
following threecategories:

� Complex typesystem: The basicdatatypesaremachineorientedandthe sameis true for the
wholephilosophyof C’s typesystem.Theconnectionbetweenpointersandarraysandpointer
arithmeticarealsocharacteristicof C. Incompletetypes,recursively definedtypesandbit-fields
arealsosourcesof complexity.

� Complex control flow: C featurescomplex control structuressuchasthe for andswitch state-
ments,andvariouskinds of jump statements,either restricted(break andcontinue) or unre-
stricted(goto). An additionalcomplexity is createdby thepresenceof variabledeclarationsin
blockstatements,in conjunctionwith jumpstatements.

� Complex expressionevaluation: Thepresenceof side-effectsin expressionsis themajorsource
of complexity here.Combinedwith unspecifiedevaluationorder, this potentiallyleadsto non-
determinism.Expressionevaluationis memory-orientedandthestandardintroducesthemech-
anismof sequencepoints,in orderto enforceportability.

Thesemanticsof C areunder-specifiedby thestandard,in anattemptnot to overly restrictimple- UNDER-
SPECIFICATIONmentations.Therearethreetypesof under-specifiedbehaviour distinguishedby thestandard:

� Implementation-defined: Behaviour of a correctprogramconstructandcorrectdatawhich de-
pendson the characteristicsof the implementation.The implementationmustproperlydocu-
mentsuchbehaviour.
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� UnspecifiedBehaviour of a correctprogramconstructandcorrectdata,for which thestandard
explicitly imposesnorequirements.Implementationsneednotdocumentsuchbehaviour.

� Undefined: Behaviour of a non-portableor incorrectprogramconstruct,or of incorrectdata.In
suchcases,implementationsareallowed a wide rangeof actions,includingprogramtermina-
tion, documentedor evenunpredictablebehaviour.

Therestof thissectiondiscussesthemaincharacteristicsof C. It is structuredin threesubsections:
declarations, expressionsandstatements. Thesamestructureis followedthroughoutthis thesis,in the
definitionof thesemantics.For a thoroughintroductionto theC programminglanguage,thereaderis
referredto [Kern88, Harb95].

2.1.1 Declarations

Thesyntaxof C declarationsis probablyoneof themostcharacteristicpointsof thelanguage.Decla-SYNTAX OF

DECLARA-
TIONS

rationsarewritten in awaysimilar to waythatthedeclaredidentifiersareused.Thiscanbeconfusing
at first andfrequentlyrequiresthe useof parentheses.As an example,considerthe following two
declarations:

int * f ();
int (*p) ();

Thefirst declaresa function“ f ” which returnsa pointerto aninteger. Theseconddeclaresa pointer
“p” to a functionreturninganinteger. Onecanbetterunderstandtheeffect of theseconddeclaration
by regardingthephrase“*p ” asa functionreturninganinteger, assuggestedby theparentheses.

Thetypesystemof C supportsthefollowing types:TYPES

� Charactertypes, thatis, thetypechar , its signed versionandits unsigned version,which
areall different.� Integer typesin threesizes(short int , int andlong int ), eachof which canbeeither
signed or unsigned . Omissionof signinformationmakesthetypesigned .� Floating typesin threesizes(float , double andlong double ).� Enumeratedtypes, declaredby usingenum.� Structure types, declaredby usingstruct , containinga sequentiallyallocatednon-emptyset
of memberobjects.� Union types, declaredby usingunion , containingan overlappingnon-emptysetof member
objects.� Array types, containinga contiguouslyallocatednon-emptysetof objectswith a specificele-
menttype.� Functiontypes, describingfunctionswith a specificreturntypeandparameters.� Pointer types, pointingto objectsor functionsof aspecificreferencedtype.� Theemptytype, specifiedby void .

Qualifiedtypescanbeformedby applyingthequalifiersconst andvolatile to anunqualifiedQUALIFIERS

type. For eachunqualifiedtype, threequalifiedversionsexist: onequalifiedwith const , onewith
volatile andonewith const volatile . Theuseof const declaresthatanobjectis constant
andany attemptto modify it leadsto undefinedbehaviour. Objectsdeclaredasvolatile maybe
modifiedin waysunknown to theimplementation,independentlyof programexecution.



2.1. Selectedissuesfr om the syntaxand semanticsof C 19

Array typesof unknown size,structureanduniontypesof unknown contents,andthetypevoid INCOMPLETE

TYPESareincompletetypes. Exceptfor void , incompletetypescanbecompletedbyspecifyingtheunknown
informationin a laterdeclaration.In general,it is not possibleto declareanobjectof an incomplete
type. Incompletetypesmaybeusedfor therecursive definitionof structuresandunions,asdiscussed
in Chapter6.

Declaredobjectsmaybeinitialized aspartof their declarationsby expressionsof anappropriate INITIALIZA-
TIONtype. Specialsyntaxis usedfor the initialization of arrays,structuresandunions,requiringlists of

initializersenclosedin braces.Initialization of objectsis performedin theorderthat the initializers
appearin theprogramsource.In general,theinitial valuesof objectsthatarenotexplicitly initialized
areundefined.

C supportstwo kindsof identifierswhich denotetypes. Tagscanbeusedto describestructures, TAGS AND

TYPEDEFSunionsand enumerations.They must always be usedin conjunctionwith the keywords struct ,
union andenum. On theotherhand,identifiersdeclaredby usingtypedef maydenoteany kind
of type.Thesyntaxis thesameasfor thedeclarationof normalidentifiers.

2.1.2 Expressions

In general,expressionsare sequencesof operandsand operators. An expressionmay specify the EXPRESSIONS

AND SIDE

EFFECTS
computationof a value,designatean objector a function, generateside-effects,or combineany of
the previous. Expressionsthat designateobjectsarecalled l-valuesandexpressionsthat designate
functionsarecalledfunctiondesignators. A sideeffect is achangein theexecutionenvironment,such
asthemodificationof anobject’s valueor theaccessto anobjectdeclaredasvolatile .

Thestandarddefinesthesemanticsof C in termsof anabstractmachine.It is not requiredthatim- SEQUENCE

POINTSplementationsbehaveexactlyastheabstractmachinedoesand,for example,sideeffectsneednottake
placeat thesametime whenthey aregenerated.However, at certainspecifiedpointsduringprogram
execution,calledsequencepoints, all sideeffectsfrom previousevaluationsmustbecompleteandno
sideeffectsof subsequentevaluationsmusthave takenplace.Thestandardalsoforbidsmodification
of anobjectmorethanoncebetweenthepreviousandthenext sequencepoint andspecifiesthat, in
thiscase,theobject’s prior valuemayonly beaccessedto determineits new contents.

In general,theorderin whichsubexpressionsareevaluatedandtheorderin whichsideeffectstake EVALUATION

ORDERplaceareunspecifiedby thestandard.Evaluationorderis affectedby theprecedenceandassociativity
of operators,aswell astheuseof parentheses,but notcompletelydeterminedby thesefactors.

C supportsa largenumberof operators.Amongthem,themostcharacteristicof thelanguageare OPERATORS

thepointerreferenceanddereferenceunaryoperators(& and* ), theprefix andpostfixunaryassign-
ments(++ and-- ), the compositebinary assignmentoperators(e.g.+=), the bitwise manipulation
operators,thelogical short-circuitoperators(&&and|| ), thecommaoperatorandtheternarycondi-
tionaloperator?: .

2.1.3 Statements

Theomissionof anassignmentstatementfrom C is compromisedby thepresenceof theexpression EXPRESSION

AND

COMPOUND

STATEMENTS

statementandthe fact thatsideeffectscanbegeneratedby expressions.Compoundstatementsmay
be usedin orderto groupstatementsin blocksandmay containdeclarationsof local objects. Such
objectsareallocatedeachtime programexecutionenterstheblock andaredestroyed whenit leaves
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theblock, regardlessof how theblock is enteredor leaved. However, objectinitializationsonly take
placewhentheblock is normallyentered.

Theselectionstatementsof C areif (with anoptionalelse clause)andswitch . ThesecondisSELECTION

STATEMENTS controlledby anintegral expression.In its body, thelabelscase anddefault maybedefinedand
thebreak statementmaybeusedto interruptexecutionof thebody.

Probablythemostcharacteristicstatementof C is thefor statement,with aratherpeculiarsyntax.ITERATION

STATEMENTS Otheriterationstatementsarewhile anddo . Thebreak statementcanbeusedfor theinterruption
of aniterationstatement,whereasthecontinue statementcanbeusedfor startinganew iteration.

C allows unrestrictedjumpsin thebodyof a function,by meansof thegoto statementin con-UNRE-
STRICTED

JUMPS
junctionwith labeledstatements.1 Theuseof a goto statementpotentiallycausesexecutionto leave
oneor morenestedblocksandenteroneor moreothernestedblocks.

The return statementis usedfor determininga valuethat is returnedfrom a function. If theRETURN

STATEMENT function’s returntype is not void andthe return statementis not followedby anexpression,the
returnedvalueis undefinedandmustnotbeused.

2.2 Abstract syntax

A context-freegrammarfor theconcretesyntaxof theC programminglanguageis givenin AppendixNEED FOR AN

ABSTRACT

SYNTAX
B of theANSI C standard,usingaBNF-likenotation.Thegrammarcontainsanumberof ambiguities,
mainly causedby thedefinitionof typedefsandothercontext-sensitive featuresof the language.All
theseambiguitiesareresolved in implementationsby usingappropriatesymboltables.However, the
concretesyntaxproducesparsetreeswhich containredundantinformationand,for this reason,are
notappropriatefor thespecificationof programsemantics.A moreabstractsyntaxfor C is definedin
thissectionby meansof acontext-freegrammarin BNF notation.Althoughthesameambiguitiesare
presentin theabstractsyntaxgrammar, theproducedparsetreesaregreatlysimplifiedand,therefore,
moremanageable.

2.2.1 Declarations

Externaldeclarationsaredeclarationsthatappearoutsideany functionandthereforehave file scope.EXTERNAL

DECLARA-
TIONS

A translationunit is asequenceof oneor moreexternaldeclarations.Eachexternaldeclarationcanin
beeitheranormaldeclarationor a functiondefinition.
Ý

translation-unit POP ! external-declaration-listÝ
external-declaration-list POP ! external-declaration $ external-declarationexternal-declaration-listÝ
external-declaration POP ! declaration$ declaration-specifiers declarator # declaration-list statement-list

&

A declarationlist maycontainzeroor moredeclarations.Eachdeclarationconsistsof a storageDECLARA-
TIONS classspecifier, a typequalifier, a typespecifieranda list of declarationswith possibleinitializations.

Thefirst two areoptional.

1 Non-localjumpsaresupportedby thestandardlibrary of C.
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Ý
declaration-list POP !ßÞL$ declarationdeclaration-listÝ
declaration POP ! declaration-specifiers init-declarator-list ;Ý
declaration-specifiers POP ! storage-class-specifiertype-qualifiertype-specifier

Thestorageclassspecifiersdefinedin theC standardaretypedef, extern, static, autoandregister. SPECIFIERS

AND

QUALIFIERS
In this thesishowever, only typedefandtheabsenceof a storageclassspecifierareallowed,asstated
by deviationD-5 in Section2.3.Thelatteris equivalentto thestandard’s autospecifier. Allowedtype
qualifiersareconstandvolatile, whereastypespecifiersrangeover awidevarietyof types.
Ý

storage-class-specifier P%P !ßÞÆ$ typedefÝ
type-qualifier POP !ßÞÆ$ const $ volatile $ const volatileÝ
type-specifier POP ! void $ char $ signed char $ unsigned char$ short int $ unsigned short int $ int $ unsigned int$ long int $ unsigned long int $ float $ double $ long double$ struct-specifier $ union-specifier $ enum-specifier$ typedef-name

A list of declaratorsconsistsof zeroor moredeclarators,eachof which maybe followed by an DECLARATORS

AND INITIAL-
I ZATION

initializer. Initializersareexpressionsor bracketedlists of initializers.
Ý

init-declarator-list P%P !ßÞL$ init-declarator init-declarator-listÝ
init-declarator P%P ! declarator $ declarator = initializerÝ
initializer POP ! expression $ # initializer-list

&
Ý

initializer-list POP ! initializer $ initializer , initializer-list

Structureandunionspecifierscontainnon-emptylists of memberdeclarations.Eachsuchdecla- STRUCTURES,
UNIONS AND

ENUMERA-
TIONS

ration is similar to a normaldeclaration,with theabsenceof storageclassspecifiersandinitializers.
Furthermore,bit-fieldsmaybedefinedasmembers.Enumerationsaredefinedasnon-emptylists of
elements,possiblyfollowedby their denotedvalues.
Ý

struct-specifier POP ! struct I # struct-declaration-list
&

$ struct # struct-declaration-list
&

$ struct IÝ
union-specifier POP ! union I # struct-declaration-list

&
$ union # struct-declaration-list

&
$ union IÝ

struct-declaration-list POP ! struct-declaration $ struct-declarationstruct-declaration-listÝ
struct-declaration POP ! struct-specifiers struct-declarator-list ;Ý
struct-specifiers POP ! type-qualifiertype-specifierÝ
struct-declarator-list P%P ! struct-declarator $ struct-declarator struct-declarator-listÝ
struct-declarator POP ! declarator $ declarator : constant-expressionÝ
enum-specifier POP ! enum I # enumerator-list

& $ enum # enumerator-list
& $ enum IÝ

enumerator-list POP ! enumerator $ enumerator enumerator-listÝ
enumerator POP ! I $ I = constant-expression
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Declaratorsmay denoteordinary identifiers,arraysof known or unknown size, identifierscor-DECLARATORS

respondingto functionsor pointers. Note that function prototypesarealways requiredin function
declarators,asstatedby deviation D-3 in Section2.3. Parametertype lists consistof zeroor more
parameterdeclarations,optionallyfollowedby anellipsis.2 Parameterdeclarationsdonotnecessarily
namethedeclaredparameters,asshown by theuseof abstractdeclarators.Ý

declarator P%P ! I $ declarator [ constant-expression] $ declarator [ ]$ declarator ( parameter-type-list) $ * type-qualifierdeclaratorÝ
parameter-type-list P%P !ßÞÆ$ ... $ parameter-declaration parameter-type-listÝ
parameter-declaration POP ! declaration-specifiers declarator$ declaration-specifiers abstract-declaratorÝ
abstract-declarator POP !ßÞÆ$ abstract-declarator [ constant-expression] $ abstract-declarator [ ]$ abstract-declarator ( parameter-type-list)$ * type-qualifierabstract-declarator

Typesynonymsdefinedby usingthetypedefstorageclassspecifierarejust identifiers.A full typeTYPE NAMES

nameconsistsof anoptionaltypequalifier, a typespecifierandanabstractdeclarator.Ý
typedef-name POP ! IÝ
type-name P%P ! type-qualifiertype-specifierabstract-declarator

2.2.2 Expressions

Amongall C programphrases,expressionsarethemostsimplifiedby theuseof anabstractsyntax.
Primaryexpressionsareidentifiers,constantsor stringliterals.Postfixexpressionsincludearraysub-
scripts,functioncallsandstructureor unionmemberdereferences.Theactualargumentsto afunction
call area list of zeroor moreexpressions.Prefixexpressionsallow theuseof unaryoperators,unary
assignmentsandtypecasts.Binaryexpressions,binaryassignmentsandtheconditionaloperatorcom-
pletethepicture.Thenon-terminalfor constantexpressions,equivalentto thatfor expressions,is only
keptfor thesake of clarity.Ý

expression POP ! I $ n $ f $ c $ s $ expression[ expression] $ expression( arguments)$ expression. I $ expression-> I $ sizeof expression $ sizeof ( type-name)$ unary-operator expression $ ( type-name) expression$ expressionbinary-operator expression $ unary-assignmentexpression$ expressionbinary-assignmentexpression $ expression? expression: expressionÝ
arguments POP !ßÞÏ$ expression, argumentsÝ
constant-expression POP ! expression

The large variety of operatorsis one of C’s mostcharacteristicfeatures. Operatorsare distin-OPERATORS

guishedon the onehandby their arity (unary, binary or ternary)andon the otherhandin normal
operatorsandassignmentoperators.Ý

unary-operator P%P ! & $ * $ + $ - $áà�$ !Ý
binary-operator POP ! * $ / $ % $ + $ - $ << $ >> $ < $ > $ <= $ >= $ == $ !=$ & $ ˆ $ | $ && $ || $ ,Ý
unary-assignmentPOP ! ++ (prefix) $ ++ (postfix) $ -- (prefix) $ -- (postfix)Ý
binary-assignment POP ! = $ *= $ /= $ %= $ += $ -= $ <<= $ >>= $ &= $ ˆ= $ |=

2 SeealsodeviationD-10 in Section2.3.
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2.2.3 Statements

Theabstractsyntaxfor statementsis alsorelatively simple.A first thing to noticeis thepresenceof a
uniquescopeidentifier id in blockstatements,whichmaybeasimplenon-zeronaturalnumber. Such
identifierscanbeeasilygeneratedautomaticallyin thetransitionfrom concreteto abstractsyntaxand
greatlysimplify thedefinitionof dynamicsemantics,aswill beseenin Part IV. Noticealsothe two
variationsfor statementsif andreturn.
Ý

statement-list POP !ßÞL$ statementstatement-listÝ
statement POP ! ; $ expression; $L# id declaration-list statement-list

&
$ if ( expression) statement $ if ( expression) statementelse statement$ switch ( expression) statement$ case constant-expression: statement $ default : statement$ while ( expression) statement $ do statementwhile ( expression) ;$ for ( expression-optional; expression-optional; expression-optional) statement$ continue ; $ break ; $ return ; $ return expression;$ I : statement $ goto I ;Ý

expression-optional POP !ßÞÆ$ expression

2.3 Deviations fr om the standard

Thetaskof formally specifyingthesemanticsof theC programminglanguageis averyhardone,due REASONS FOR

DEVIATIONSto thehigh complexity of thelanguageitself. A completeandaccuratesemantics,with respectto the
standard,would inevitably bevery complex if not altogetherinfeasible.In thedevelopedsemantics,
several deviationsfrom thestandardhave beenallowed, thusreducingthevalueof thesemanticsin
termsof completeness,accuracy or both. The authorbelieves that thesedeviationsonly affect the
languageslightly andjustifiestheirexistencewith oneof thefollowing two arguments:

1. In the caseof someaspectsof C that arenot supportedby the developedsemantics,the in-
creasein complexity of thesemanticsthatwould berequiredin orderto accommodatethemis
disproportionateto thebenefitsfrom having them.

2. Someother featuresareconsideredasobsolescentby the currentstandardandareonly sup-
portedfor compatibilitywith old fashionedprogrammingpractice.Suchfeatureswill probably
beomittedin theforthcomingrevisedversionof thestandardand,for thisreason,they werenot
includedin thedevelopedsemanticsif theirinclusionmeantasignificantincreasein complexity.

To thebestof the author’s knowledge,thedeviationsbetweenthedevelopedsemanticsand(the
author’s interpretationof) theANSI C standardarethefollowing. Themostimportantdeviationsare
mentionedin thebeginningof thelist, but thisorderof importanceis only subjective.

Deviation D-1. TheC programswhosesemanticsis definedconsistof asingletranslationunit. There- SINGLE

TRANSLATION

UNIT
fore, thenotionof a programin this thesisis equivalentto thatof a translationunit. Theauthor
believes that this restrictiondoesnot imposesignificantproblems,sinceprogramsspanning
throughmultiple translationunitscanbeeasilyconcatenatedinto a singleunit by a relatively
simplepreprocessor. Theuseof functionlibrariespresentsaproblemhere.However, oncondi-
tion thatalibrary’s functionsarethemselveswrittenin C thesameconcatenationprocessmaybe
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assumed.3 Following adifferentapproach,thestaticanddynamicsemanticsof library functions
canbeexternallyspecified.

Deviation D-2. Identifiersdeclaredin the file scope,i.e. outsidefunction definitions,aretreatedinFI LE SCOPE

the sameway asthe others. That is, file scopeis treatedasan externalblock scope.This is
consistentwith deviation D-1. As a sideeffect however, no implicit initialization of external
objectstakesplace,asspecifiedin � 6.7.2of thestandard.

Deviation D-3. Functionprototypesarerequiredto exist for all calledfunctionsandtheactualargu-ENFORCED

FUNCTION

PROTOTYPES
mentsarerequiredto complywith theprototypes.This is asteptowardsa morestrongly-typed
C, whichwill probablybetakenin therevisedstandard.

Deviation D-4. No identifiersotherthanstatementlabelsmaybedeclaredasa consequenceof pro-DECLARATION

OF

IDENTIFIERS
cessingexpressionsor statements.That is, thestaticenvironmentmayonly changeasa result
of processingdeclarations,excluding expressionsthat appearin initializers. The standardal-
lows the declarationof identifiersin two morecases.First, an identifier of function type is
indirectly declaredwhenever a call to an unknown function is encountered.In the developed
semantics,this would alsoviolatewhathasbeendiscussedin deviation D-3. Second,thedec-
larationof tagsis possiblein typenameswhichmaybepresentin expressions,asis thecaseof
“sizeof(struct tag � int whatever;

�
) ”. Theauthorbelievesthatsuchdeclara-

tionsshouldnotbeallowedandregardsthis deviationmoreasacorrectionto thestandardthan
asanomission.

Deviation D-5. Storagespecifiersotherthantypedefarenotsupported.Thecasesof autoandexternOMITTED

STORAGE

SPECIFIERS
couldbeincorporatedrathereasily, but wereleft out asa sideeffect from deviation D-1, since
they arenot very useful in programsconsistingof a singletranslationunit. The omissionof
static is the most importantconsequenceof this deviation. Staticvariablesmay of coursebe
preprocessedout, but theauthorbelievesthat a solutionintegratedin thesemanticsshouldbe
investigated. Finally, the increasein complexity requiredby the inclusionof register is not
clear. Thisspecifierofferslittle to theprogrammerandit hasbeenarguedthatagoodoptimizing
implementationof C shouldbeableto determinewhichvariablesshouldbeallocatedto registers
without theprogrammer’s help.

Deviation D-6. Initializersmustbefully bracketedaccordingto thetypesof theinitializedobjects,inFULLY

BRACKETED

INITIALIZERS
contrastto the lessstrict bracketing that is allowedin � 6.5.7of thestandard.Stringliteralsare
however allowedasinitializersfor characterarrays.

Deviation D-7. Thetypesint andsignedint arealwaysconsideredidentical,even in thecaseof bit-BI T-FIELD

TYPES fields. This couldbecorrectedwith a numberof changesin theabstractsyntax,separatingthe
declarationof bit-field membersfrom thatof ordinarymembers.

Deviation D-8. The useof the typedefstorageclassspecifierin a parameterdeclaration,which isTYPEDEF IN

PARAMETERS disallowedby thestandard,is simply ignoredby thedevelopedsemantics.Theuseof a storage
classspecifierin parameterdeclarationscouldhave beenaltogetherdisallowed,sincetheonly
caseallowedby thestandardis register. Thisshouldbecorrected.

3 Obviously, the specificationof functionswritten in assemblyor other languagesis not a responsibilityof a formal
semanticsfor C.
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Deviation D-9. Theuseof thetypedefstorageclassspecifieris allowedin functiondefinitions,while TYPEDEF IN

FUNCTIONSit is disallowedby thestandard.In this case,thedevelopedsemanticssimply ignoresthefunc-
tion’s body. Thisshouldalsobecorrected.

Deviation D-10. The useof ellipsis in function prototypesdoesnot requirethe presenceof other USE OF

ELLIPSISnamedparameters,e.g.“ int f (...); ” which is not allowedby thestandardis allowedin
thedevelopedsemantics.Theauthorconsideredunnecessaryto complyto this requirementof
thestandard,which is imposedsolelybecauseof implementationpractice.

Deviation D-11. In consistencewith deviationD-1, two structureor uniontypesareconsideredto be STRUCTURE

AND UNION

TYPES
compatibleby thedevelopedsemanticsonly if they arethesametype.Thestandardalsoallows
structureor union typesdefinedin differenttranslationunits to becompatibleif they agreein
theorderandtypesof members.

It shouldbenotedalso,moreasa clarificationthanasa deviation from thestandard,that thede-
velopedsemanticscoversonly the ANSI C language.It is not the author’s intentionto specifythe
semanticsof C’s standardlibrary, which is alsoinformally definedin theC standard.Theomission
of everything includedin the standardlibrary allows the developedsemanticsto ignoresourcesof
complexity originatingfrom anunderlyingoperatingsystem,suchasinput/outputdevices,file man-
agement,dynamicallocationof memory, signalsandinterrupts,etc.





Chapter 3

Mathematical background

This chapterattemptsto definethe mathematicalbackgroundthat is requiredfor understandingthis CHAPTER

OVERVIEWthesis.A brief introductionto category theoryis presentedin Section3.1. Monadsandmonadtrans-
formersareintroducedin Section3.2. In Section3.3 anoverview of domaintheoryis givenandthe
chapterconcludesin Section3.4with adefinitionof themeta-languagefor denotationalsemanticsthat
is usedin this thesis.Throughoutthis chapter, only definitionsandusefultheoremsarestated.The
readeris referredto the relatedliteraturefor a moreinformative introductionandthe proofsof the
theorems.

3.1 Category theory

Category theorywasdevelopedin anattemptto unify simpleabstractconceptsthat wereapplicable
in many branchesof mathematics.Excellentintroductionsto category theoryandits applicationin
ComputerSciencecanbefoundin [Pier90, Gogu91, Pier91, Aspe91, Barr96].

3.1.1 Basicdefinitions

Definition 3.1. A category â is a collectionof objectsand a collectionof arrows1 satisfyingthe CATEGORIES

following properties:
� For eacharrow ã thereis a domainobject äÆ�¨©Ê�Fãj� anda codomainobject åS�väÆ�¨©æ�Fãj� , andby

writing ã�:ç���è it is indicatedthat ç��éäÆ�¨©ê�Fãj� and è��0åS�väL�¨©ë�Fãj� .
� For everypair of arrows ã¥,ç��ìè and í�:è��ìî thereis acompositearrow í�ïKãp�ç��ìî .
� Compositionof arrows is associative, i.e. for all arrows ã��ç��ðè , í��è��ñî and ò��î��ñó it

is òôïõ�]í�ï�ãj�É�ê��òöï÷íÆ�øïùã .

� For eachobject ç thereis an identityarrow!identityarrow �¯äûú�:ç��ìç .

� Identityarrowsareidentitiesfor arrow composition,i.e. for all arrows ã¥,ç��ìè it is ã�ïÏ�¯äûú��
�Ôä÷ü5ïùãý�0ã .

Definition 3.2. An object ç of category â is initial if for every object è thereis exactly onearrow
ã¥,ç��ìè . Dually, anobject ç is terminal if for everyobject è thereis exactlyonearrow ã¥,è���ç .

Definition 3.3. Two objectsç and è of category â areisomorphicif therearearrows ã±�çý�ðè and
íþ�è��ìç suchthat ãeïûíe�ÿ�Ôä÷ü and í�ïùã�� �¯ä÷ú . Arrows ã and í arecalledisomorphisms.

1 Arrowsareoftencalledmorphismsin literature.
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Propertiesof categoriesarecommonlypresentedusingcommutingdiagrams. A diagramis agraphCOMMUTING

DIAGRAMS whosenodesareobjectsandwhoseedgesarearrows. A diagramcommutesif for every pair of nodes
andfor everypairof pathsconnectingthesetwo nodesthecompositionof arrowsalongthefirst pathis
equalto thecompositionof arrows alongthesecond.An exampleof acommutingdiagram,implying
that í�ïùã��0ò , is shown below.

Å ã ���� � � � �ò �
� �
í

3.1.2 Functors and natural transformations

Definition 3.4. A functor � from category 	 to category 
 , written as ���	�� 
 , is a pair ofFUNCTORS

mappings.Every object � in 	 is mappedto an object ������� in 
 andevery arrow ������� � in	 is mappedto anarrow ����������������� �!�����"� in 
 . Moreoever, the following propertiesmustbe
satisfied:

# ���%$'&�()�+*,$-&�.+/ (10 for all objects� in 	 .

# ���32�45���+*6���32"��47������� for all arrows �8�9�:�;� and 2<�9�=�?> in 	 .

Definition 3.5. An endofunctoroncategory 	 is a functor ���@	8�A	 .

Definition 3.6. If �B�C	D� 
 and EA��
F� G are functors,thentheir compositionis a functorEH47�I�@	J�BG . It is definedby taking �KEH47�L�M�����N*OEL���������'� and �KEH4C�=�M�����P*QE����������'� .
Definition 3.7. For every category 	 , an identity functor $'&7R��C	�� 	 canbe definedby taking$-&�RS�����P*6� and$-&�RS�����+*�� .

Note that if �T��	U�V	 is anendofunctorand W is a positive naturalnumber, thenotation �YXZ�	8�A	 canbeusedfor thecompositionof � with itself W times.Thenotationcanbeextendedsothat� [*,$-&7R .
Theorem 3.1. Functorspreserve isomorphisms.

Theorem 3.2. Identity functorsare identitiesfor functor composition,that is, if �?�C	\� 
 is a
functor, then �]4+$-&7R=*^$'&`_a45�b*��
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Definition 3.8. If �I�)	c�d
 and E\�e	8�f
 arefunctors,thenanatural transformationg between NATURAL

TRANSFORMA-
TIONS

� and E , writtenas g:�h� i�jE is a family of arrows in 
 . In this family, anarrow g ( �9�������P�?E������
in 
 is definedfor everyobject � in 	 . Moreover, thefollowing diagrammustcommute:

� ������� g ( � EL�����

�
�
� �����k�

�������
� gml � E����k��

EL�����

Definition 3.9. If �D�n	o�p
 , E\�)	8�d
 and qj�)	8�d
 arefunctors,r,�h� i�sE and tZ�)E i�uq
arenaturaltransformations,thenthe compositiont84�rD�P� i�pq is a naturaltransformation.It is
definedby taking �vt:45rw� ( *Ut ( 45r (
Definition 3.10. If �F�x	y�z
 , E{�"	y�z
 , q?��
H�|G and }���
H�|G arefunctors,r]�n� i�?E
and t\�Pq i�p} arenaturaltransformations,thenthe compositionstc4~�u�Pq�4�� i�B}�4�� andq�4rH�kq�4`� i�;q�4~E arenaturaltransformations.They aredefinedby taking �vt�4`�=��(�*bt".+/ (10
and ��q�45r�� ( *�q���r ( � .
Definition 3.11. If 	 is a category and �T��	H�V	 is anendofunctoron 	 , thena � -algebra is an . -ALGEBRAS

arrow �8�9�������P��� .
Definition 3.12. If 	 is a category, �?�7	\� 	 is an endofunctoron 	 , and ���w�������L� � and2��n�����"�w�B� are � -algebras,thena � -homomorphismbetween� and 2 is anarrow �8�n�o��� in 	
suchthatthefollowing diagramcommutes:

������� ���K�S� � �����k�

�
�
� � � � �

2

Theorem3.3. � -algebrasand � -homomorphismsform acategory.

Definition 3.13. An initial � -algebra is aninitial objectof thecategoryof Theorem3.3.

Theorem3.4. If �8�9�������P�?� is aninitial � -algebra,then � is anisomorphism.

3.1.3 Adjunctions

Definition 3.14. If �j��	U� 
 and ���w
b� 	 arefunctors,then � is left adjoint to � and � is
right adjoint to � if thereis a naturaltransformationg��m$-&7R�i�A�]4`� suchthatfor any objects� in	 and � in 
 andany arrow ���k�o���L���"� in 	 , thereis a uniquearrow 2J�k�������7�d� suchthat the
following diagramcommutes.
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� gm( � �L���������'� �������� � � � �� �
�����k�
�
�L�32"�

� �
2

Left andright adjointsarewritten as �T��� andthe triple �v�C���5�-ge� constitutesanadjunction. The
transformationg is calledtheunit of theadjunction.

Theorem 3.5. If �!��	�� 
 and �|�=
j� 	 are functorssuchthat �d��� , then thereis a
naturaltransformation�L���O4�� i�j$'&`_ suchthat for any objects� in 	 and � in 
 andany arrow2:�9�������P�?� , thereis auniquearrow ���@�:�?�����k� in 	 suchthatthefollowing diagramcommutes.

� ������� � � � � �2 �
�L���"�
�
�

���K�L���"�'�
�������

� �-l � �
Thetransformation� is calledthecounitof theadjunction.

3.1.4 Productsand sums

Definition 3.15. Let � and � betwo objectsin a category 	 . Then,a productof � and � is anobject>���	 togetherwith two arrows �M���J�"><�d� and �'�7&��S>:�d� suchthat, for any object ���^	 and
arrows �9� �9���;� and �m¡~�h�6��� , thereis auniquearrow �8�9���;> makingthefollowing diagram
commute: �

¢£
£ £
£ £�9�

� � � � ��m¡ �
��¤ �M�1� >

�
�

�'��& � �
Suchaproductobjectis commonlywrittenas �o¥�� andtheuniquearrow � is writtenas ���9�1�M�m¡1� .
Definition 3.16. Let � and � be two objectsin a category 	 . Then,a sumof � and � is an object>8�^	 togetherwith two arrows $v��¦c�§�Z�f> and $¨��©]�S����> suchthat, for any object �{��	 and
arrows �9� �9�<��� and �m¡~�h�=��� , thereis auniquearrow �8�9>=�;� makingthefollowing diagram
commute:

� $v��¦ � > ¤ $¨��© �� � � � ��9� � ¢£
£ £
£ £
�m¡

�
�
�

Suchasumobjectis commonlywrittenas �=ª^� andtheuniquearrow � is writtenas «'�9�1�M�m¡S¬ .
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Definition 3.17. It is easyto generalizebinaryproductsandsums,asdefinedin Definition3.15and
Definition3.16,to finite productsandsumsof theform �§��¥��x¡ ¥Z®®§¥�� X and �§��ª��x¡�ª�®®¯ª�� X
respectively. For Wy*�° theproductcanbeany terminalobjectandthesumcanbeany initial object
of thecategory. Furthermore,for W�*\± bothproductandsumareisomorphicto �S� .
Theorem3.6. Productsandsumsareuniqueup to isomorphism.

3.2 Monadsand monadtransformers

Thenotionof monad, alsocalledtriple, is notnew in thecontext of category theory. In ComputerSci-
ence,monadsbecamevery popularin the1990s.Thecategoricalpropertiesof monadsarediscussed
in mostbooksoncategory theory, e.g.in [Barr96]. For acomprehensive introductionsto monadsand
their usein denotationalsemanticstheuseris referredto [Mogg90]. A somehow differentapproach
to thedefinitionof monadsis found in [Wadl92], which expressesthecurrentpracticeof monadsin
functionalprogramming.The two approachesareequivalentandthey areboth usedin this thesis.
Thecategoricalapproachis usedfor thedefinitionof monads,sinceit is muchmoreelegant,andthe
functionalapproachis usedin themeta-languagefor describingsemanticsandin therestof thethesis.

3.2.1 The categoricalapproach

Definition 3.18. A monadonacategory 	 is a triple �v²b�-g"�'³�� , where² �@	J�?	 is anendofunctor, MONADSg,�k$-&7R;i��² and ³O��² ¡ i��² arenaturaltransformations.For all objects� in 	 , the following
diagramsmustcommute.

²{����� g9´µ/ (10 � ² ¡ ������¤ ²{��g ( � ²{������ � � � �$-& ´µ/ (10 � ¢£
£ £
£ £
$-& ´µ/ (10

²{�����
�
³�(

²b¶m����� ²{�v³�()� � ² ¡ �����

² ¡ �����
³ ´µ/ (10

� ³ ( � ²{�����
³ (
�

The transformationg is called the unit of the monad,whereasthe transformation³ is called the
multiplicationor join.

Thecommutativity of thesetwo diagramsisequivalentto thefollowing threeequations,commonly
calledthethreemonadlaws:

³ ( 47g ´µ/ (10 *,$-& ´µ/ (10 (1stMonadLaw)

³�(47²{��gm(n�+*,$-& ´µ/ (10 (2ndMonadLaw)

³ ( 47²{�v³ ( �P*U³ ( 4�³�´µ/ (10 (3rd MonadLaw)

Theorem3.7. If �F�x	��!
 and �F��
H�f	 arefunctorssuchthat �I�c� , with g��m$-&7R�i�A�U4�
and �`�9�U4`� i��$-&`_ beingtheunit andcounitof theadjunction,thenthetriple ���]47�C�-gx���U45�+47�·�
is amonadon 	 . Thismonadis calledthe inducedmonadof theadjunction.
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Definition 3.19. If �v²O�-gx�'³�� and �v²O¸v�-g@¸v�'³�¸¹� aremonadson a category 	 , thena monadmorphismMONAD

MORPHISMS is a naturaltransformationºµ�§² i�A² ¸ suchthat for all objects� in 	 the following two diagrams
commute:

� gm( � ²������� � � � �g ¸( �
² ¸ �����
�
º (

² ¡ ����� º ´µ/ (10 � ² ¸ ��²{�����'�

»¼ ¼
¼ ¼ ¼

¼ ¼
³�(

²{����� ²���² ¸ �����'�
�
²{�¨º ( �

º ´a½¾/ (10 � ² ¸ ¡ �����
�
² ¸ �¨º ( �

¿ ¿ ¿ ¿ ¿ ¿ ¿º ( À »¼ ¼
¼ ¼ ¼

¼ ¼

³ ¸(
² ¸ �����

In theright diagram,thesmallsquarealwayscommutesby thefactthat º is anaturaltransformation.

Definition 3.20. If 	 is a category, thenit is possibleto definea monadcategory Á=ÂnÃn�K	P� by taking
asobjectsthemonadson 	 andasarrows themonadmorphismson 	 .

Definition 3.21. If 	 is a category and Á=ÂnÃn�K	P� the inducedmonadcategory, thena monadtrans-MONAD

TRANSFORM-
ERS

formeron 	 is anendofunctorÄ\�kÁ=ÂnÃn�K	P�P�dÁ=ÂnÃ)�K	N� .2
3.2.2 The functional approach

Thealternative approach,whichhasbecomeverypopularin thefunctionalprogrammingcommunity,ALTERNATIVE

DEFINITION definesamonadonacategory 	 asatriple �v²b�MÅn��$-�9Æx�MÇm$v��&7Æk� . In thistriple, ² is afunctionbetween
objectsof 	 , Ån��$-� Æ �e����²������ is a family of arrows in 	 and Çm$v��& Æ is a functionbetweenarrows
on 	 . If � and � areobjectsin 	 and �o�h�:�;²{���"� is anarrow in 	 , then Çm$v��& Æ �8�h²������P�;²{���k� .
Furthermore,thefollowing propertiesmustbesatisfied:

Çm$v��&7Æ�Åe��$-�9ÆL*,$-& (Alternative 1stMonadLaw)

��Çm$v��& Æ ���S45Ån��$-� Æ *�� (Alternative 2ndMonadLaw)

��Çm$v��& Æ ���S4~��Çm$v��& Æ 2"�P*QÇm$v��& Æ �'��Çm$v��& Æ ���S4�2"� (Alternative 3rdMonadLaw)

It canbeshown thatthetwoapproachesareequivalent.TheequationsrelatingÅe��$-�mÆ andÇm$v��&7Æ inEQUIVALENCE

thealternativedefinitionto g , ³ andthearrow mappingof endofunctor² in theoriginaldefinitionare
givenbelow, in bothdirections.3 It canalsobeshown thatthetwo setsof monadlawsareequivalent.

2 Many optionsfor thedefinitionof monadtransformershavebeensuggestedin literature.Apart from thedefinitionused
hereasendofunctorson ÈwÉ�ÊÌËÎÍeÏ , otherpossibledefinitionsareasfunctionsbetweenobjectsin ÈwÉ�ÊÌËÎÍeÏ , aspremonadsonÈwÉ�ÊÌËÎÍeÏ (i.e.endofunctorswith aunit), andasmonadson ÈwÉ�ÊÌËÎÍeÏ .

3 Theseequationsassumethat a numberof naturalityproperties,omittedfrom the alternative definition, aresatisfied.
Without thisassumption,thetwo definitionsarenotequivalent.
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Åe��$-� Æ *�g
Ç¯$¨�7& Æ �<*6³µ45²������

g�*�Ån��$'� Æ
³o*�Ç¯$¨�7& Æ $'&
²{�����+*�Çm$v��& Æ ��Åe��$-� Æ 45���

In a category whereobjectsaresets(or similar mathematicalentities)andarrows arefunctions SET-ORIENTED

BINDbetweensets,then Ån��$-�¯Æ��PÐÑ� ²���Ð�� and Ç¯$¨�7&�Æ��7��ÐÑ� ²{��Ò��'�·� ²���Ð��·� ²{��Òµ� canbe
regardedasapolymorphicfunctions,whereÐ and Ò arearbitrarysets.Then,byswappingtheorderof
theargumentsof Çm$v��& Æ andbymakingit aninfix operator Ó1Ô Æ ÓC�h²{��Ð �N�p��ÐQ�;²���Òµ�'�P��²���Òµ�
thepopularform of thebind operatorasusedin practicetodayis obtained.This is thenotationfor
monadsthatis usedin thefollowing chapters.Furthermore,thenotation¦v$¨�M� Æ9ÕwÆ ½ �@²{��Ð ����² ¸ ��Ð��
is sometimesusedfor thepolymorphicfunctionsrepresentingmonadmorphisms.

3.3 Domain theory

Thetheoryof domainswasestablishedby ScottandStrachey, in orderto provide appropriatemath-
ematicalspaceson which to definethedenotationalsemanticsof programminglanguages.Introduc-
tionsof varioussizesandlevelscanbefoundin [Scot71, Scot82, Gunt90, Gunt92]. Variouskindsof
domainsarecommonlyusedin denotationalsemantics,themajorityof thembasedoncompletepartial
orders(cpo’s). Thevariationusedin this thesisis oneof thepossibleoptions.

3.3.1 Preliminaries

Definition 3.22. A partial order, orposet, isasetÖ togetherwith abinaryrelation × thatis reflexive,
anti-symmetricandtransitive.

Definition 3.23. A subsetØ�ÙHÖ of aposetÖ is boundedif thereis a ���oÖ suchthat �:×�� for all�µ��Ø . In thiscase,� is anupperboundof Ø .

Definition 3.24. The leastupperboundof a subsetØIÙ6Ö , writtenas Ú^Ø , is anupperboundof Ø
suchthat, Ú Ø�×�� for all upperbounds� of Ø .4

Definition 3.25. A subsetØIÙHÖ of aposetÖ is directedif every finite subset��ÙHØ hasanupper
bound����Ø .

Definition 3.26. If Ö is a posetand �8�oÖ is oneof its elements,thentheset Û+� of elementsbelow� in Ö is definedas Û��Ü*bÝ��:��Ö Þ �µ×�� ß .
Definition 3.27. A subsetØjÙ�Ö of a posetÖ is downward closedif Û~�HÙIØ for every element����Ø .

Definition 3.28. Let Ö beaposet.An idealover Ö is adirectedanddownwardclosedsubsetof Ö .

Definition 3.29. A posetÖ is completeif every directedsubsetØ�ÙbÖ hasa leastupperbound.A
completepartialorderis alsocalleda cpo.

4 ThenotationàPáâ is usedasanabbreviation of ãCä)à9åvâ@æ .



34 Chapter 3. Mathematical background

Definition 3.30. A non-emptycpo Ö is boundedcompleteif every boundedsubsetØ�Ù�Ö hasa
leastupperbound Ú^ØD��Ö .

Definition 3.31. An element�^��Ö of a cpo Ö is compactif for all directedsubsetsØTÙDÖ such
that �H×�Ú^Ø thereis anelement�y�]Ø suchthat �]×�� . By ç7��Ö�� we denotethesetof compact
elementsof Ö .

Definition 3.32. A cpo Ö is algebraic if for every ���]Ö theset Ø�*ÑÝ�è��Qç7��Ö��IÞ�è,×F�Yß is
directedand Ú Ø�*�� .
Definition 3.33. Let Ö bea poset.A subsetéBÙbÖ is normal in Ö , written as é�ê~Ö if for every���oÖ theset �¨Û�����ë:é of elementsbelow � in é is directed.

Definition 3.34. An algebraiccpo Ö is bifinite if for any finite set �{ÙDç���Ö�� thereis a finite set é
suchthat ��ÙHé{ê ç7��Ö�� .
Theorem 3.8. A boundedcompletealgebraiccpois bifinite.

Definition 3.35. Let Ö and ì becpo’s. A pair of continuousfunctions ��í9�vî§� suchthat í��kÖT�fì
andî��hì\�;Ö is calledanembedding-projectionpair, or ep-pair, if îL4Cí *,$-&�ï and í54�îo×^$-&�ð .
Definition 3.36. Let Ö and ì becpo’s. Let ��íñ���vî§�ò� and ��í1¡¯�vîx¡Ì� beep-pairsbetweenÖ and ì . Then,
thecompositionof ��í����vî��ó� and ��íÌ¡m�vîx¡1� is theep-pair ��í9�vî§�w*���í��N4Cí1¡m�vîx¡�4�î§�ò� .
Theorem 3.9. Compositionof ep-pairsis transitive andhasasidentity theep-pair �ô$'& ��$-&~� .
3.3.2 Domains

Definition 3.37. A domainis abifinite cpo Ö with abottomelement,writtenas õ andatopelement,DEFINITION

writtenas ö . For all elements����Ö , it mustbe õ{×Q��×Oö .5

Definition 3.38. Every set ÷ definesa flat domain ÷+ø , whoseunderlyingsetis ÷JëcÝ+õµ��ö]ß andin
which ��×�� if f �:*Qõ or �=*Qö .

A numberof usefuldomainscanbedefinedat this point. Thetrivial domain ù containsa single
elementõ , which is both bottomandtop. The flat domainthat correspondsto the emptysetis the
domain ú with elementsõ and ö . A usefuldomainwith a singleordinaryelementis ûB*TÝ�ÅÜßÌø .
Thedomainof truthvaluesis definedas ü\*\Ý��¨©hÅ�ý����Mþm¦-�1ý ß ø . Thedomainÿ is definedas ÿ�*�� ø ,
where � is the setof integer numbers.The naturalnumbersalsoform a poset � undertheir usual
ordering � . It shouldbenotedthat � is notacponoradomain,sinceit doesnothave a topelement.

Definition 3.39. If Ö is a poset,an � -chain ��� X � X���� in Ö is a setof elements� X �QÖ suchthatW��
	 implies � X ×���� .

Theorem 3.10. If Ö is a posetwith a bottomanda top element,thesetof idealsover Ö orderedby
subsetinclusionis a domain.
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Definition 3.40. A function �b��Öd� ì betweenposetsÖ and ì is monotoneif �O×T� implies FUNCTIONS�P�����w×Q�P���k� .
Definition 3.41. A function �8�9ÖF��ì betweenposetsÖ and ì is continuousif it is monotoneand�P�KÚ,Ø=�N*QÚ]Ý��P�����yÞ����Ø�ß for all directedØDÙHÖ .

Definition 3.42. A function �b�NÖ�� ì betweendomainsÖ and ì is strict with respectto õ if�P�Kõ��w*bõ . It is strict with respectto ö if �P�Kö��w*\ö . Finally, it is strict if it is strict with respectto
both õ and ö . Thenotation�8�9Ö���wì indicatesthat � is strict.

Definition 3.43. A relation × canbedefinedfor functionsbetweendomainsÖ and ì asfollows. If�S� 2µ�@ÖF�;ì , then �8×U2 if f �P�����w×]2S����� for all ����Ö .

Theorem3.11. Thesetof continuousfunctionsbetweenÖ and ì undertherelationdefinedin Def-
inition 3.43is adomain.Thisdomainis denotedby Ö��;ì .

Definition 3.44. An element����Ö is afixedpoint of a function �o�hÖ��;Ö if �:*��P����� .
Theorem3.12(FIXED POINT). If Ö is a domainand �,�"Ö��dÖ is continuous,then � hasa least
fixedpoint ���`����� ��Ö . That is �������� *��P�����`�����'� and ���`������×�� for all � suchthat ��*��P����� .
Furthermore:

���`�����+* ��
X�� [ � X �Kõ��

Definition 3.45. Let Ö bea domain,�J�8Ö beoneof its elementsand �Z�)ÖÑ�AÖ bea continuous
function. The closure operator can be definedin a way similar to the leastfixed point operator,
providedthat ��×O�P����� :

� ¦��������M�����P* ��
X�� [ � X �����

It shouldbenotedthat � ¦��������M����� is alsoafixedpointof � , i.e. �P� � ¦��������M�����'�P* � ¦��������M����� .
3.3.3 Domain constructions

Definition 3.46. If Ö and ì aredomains,thenthe product Ö;¥yì is a domain. The elementsof PRODUCTSÖ ¥Üì arethepairs �v���-�n� with ���oÖ and �µ��ì , andtheorderingrelationis definedas:

�v� � �-� � �7×I�v� ¡ �-� ¡ ���?� � × ï � ¡�� � � × ð � ¡
Definition 3.47. If Ö�¥5ì isaproductdomain,twocontinuousprojectionfunctions�M���=�hÖ�¥5ì\��Ö
and �'�7&��9Ö ¥�ìD�;ì canbedefinedas�M�1�"�v���-�e��*6� and �'��&H�v���-�e��*6� .
Definition 3.48. If Ö , ì and � aredomainsand �9� �h�\��Ö and �m¡��h�D��ì arecontinuousfunc-
tions,thenacontinuousfunction ���9�Ì�M�m¡Ì�7�9�\�;Ö ¥�ì canbedefinedas ���9�1�M�m¡1���<*D���9�N���M�m¡w�§� .

5 Otherapproachesdefinedomainsascpo’s,or aspointedcpo’s (i.e. cpo’s with abottomelement).
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Theorem 3.13. For any domains Ö , ì and � and for any continuousfunctions �9�H���z� Ö ,�m¡~�h�b�;ì and 2<�h�b�;Ö ¥�ì thefollowing equationsaresatisfied:# �M�1�4����9���M�m¡Ì��*��9�# �'��&J4Y��� � �M� ¡ ��*�� ¡# �ô�M�1�4w2S�M�'��&c4w2e�w*H2
Definition 3.49. A function �c�nÖT¥�ìI��� is bistrict with respectto õ if �J�v���-�e�7*bõ whenever�Q*uõ or �H*sõ . It is bistrict with respectto ö if ���v���-�e�µ*sö whenever ��*sö or �H*jö .
Finally, it is bistrict if it is first bistrict with respectto õ andthenbistrict with respectto ö . That is,����õµ��öL�w*�����öµ��õL��*Oõ .

Definition 3.50. If Ö and ì aredomains,thenthesmashproduct Ö! ^ì is adomain.TheelementsSMASH

PRODUCTS of Ö" �ì arethepairs �v���-�n� , with ����Ö$#�Ý+õµ��öUß and ����ì�#µÝ+õµ��ö]ß , plustwo additionalbottom
andtop elementsõ�ï&%@ð and ö�ï'%hð . Theorderingrelationis definedasin thecaseof Definition3.46,
with theadditionalrelationthat õ ï&%@ð ×��v���-�n�5×Oö ï&%@ð for all elements�v���-�e� .
Definition 3.51. If Ö and ì aredomains,thenthe separatedsum ÖFªUì is a domain. The setofSEPARATED

SUMS elementsof Ö\ª�ì is:

Ý��v���-°h��Þ����ÖOßZë�Ý��v�"�Ì±1��Þ �µ��ì�ßyë�Ý+õ�ï&(hð���ö�ï'(9ð�ß
Theorderingrelationis definedseparatelyfor eachkind of pairs,i.e. �v�§���-°h�~×F�v�x¡ñ�-°h�)�p�S�·×`ïJ�"¡
and �v� � �Ì±1�C×��v� ¡ �Ì±1�*�?� � × ð � ¡ . In addition, õ ï'(9ð ×�>µ×Oö ï&(hð for all >���ÖDª^ì .

Definition 3.52. If ÖIª�ì is a sumdomain,two continuousinjectionfunctions$v��¦<�"Ö��pÖIªHì
and$v��©��hì\�;ÖDª^ì canbedefinedas$v��¦�<*D�v���-°h� and$v��©L�L*D�v�"�Ì±1� .
Definition 3.53. If Ö , ì and � aredomainsand �9����Öd� � and �m¡J�wì�� � arecontinuous
functions,thenacontinuousfunction «'� � �M� ¡ ¬��hÖ\ª,ìD�;� canbedefinedas:

«'� � �M� ¡ ¬e>a*
+,,- ,,.
õ0/ �>·*Qõ�ï'(9ðö0/ �>·*Qö�ï'(9ð�9�N�I�>·*D�v���-°h�� ¡ �I�>·*D�v�x�Ì±1�

Theorem 3.14. For any domains Ö , ì and � and for any continuousfunctions �9�H���z� Ö ,�m¡~�h�b�;ì and 2<�h�b�;Ö ¥�ì thefollowing equationsaresatisfied:# «'�9�Ì�M�m¡S¬)4P$¨��¦ *Q�9�# «'�9�Ì�M�m¡S¬)4P$¨��©<*��m¡# «K2 4+$v��¦n� 2 4P$¨��©C¬§*H2
Definition 3.54. If Ö and ì aredomains,thenthe coalescedsum Ö21Uì is a domain. The setofCOALESCED

SUMS elementsof Ö!1�ì is:

Ý��v���-°h��Þ����Ö3#^Ý+õµ��ö]ßNß�ë�Ý��v�x�Ì±1��Þ����ì4#�Ý+õµ��öHßNß�ë�Ý+õ�ï&5@ð���ö�ï'5hðYß
Theorderingrelationis definedasin Definition3.46.

Definition 3.55. In the caseof coalescedsums,the injection functions $v��¦O��Ö � Ö61�ì and$v��©��@ì��;Ö71^ì arethestrictversionsof thefunctionsusedin separatedsums.
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Definition 3.56. If Ö is a domain,the lifted domain Ö98 is a domainwhoseelementsarethe pairs L I FTED

DOMAINS�v���-°h� with ���oÖ , plustwo additionalbottomandtopelementsõ�ï�: and öYï�: . Theorderingrelation
is definedas �v���-°h�×I�v�x�-°h�����o×`ï�� with theadditionalrelationthat õ�ï : ×I�v���-°h�`×�ö�ï : for all
elements�v���-°h� .
Definition 3.57. If Ö98 is a lifted domain,two continuousfunctions Å<;T��ÖB� Ö98 and &=��>C�j�Ö98c�;Ö canbedefinedasfollows:

Å?;y�<*\�v���-°h�
&&��>5�H>·*

+- . õYïF�>·*Qõ�ï�:öYïF�>·*Qö�ï�:� �>·*D�v���-°h�
Theorem3.15. Thefollowing propertiesaresatisfiedfor a lifted domainÖ98 :

# &=��>5�H45Å<;H*,$-&�ï# $'&�ï : ×QÅ?;Z45&&��>5�
Let Ö be a domainand � be a domainconstructorsuchthat ������� is a domainfor all ���QÖ . DEPENDENT

FUNCTIONS

AND

PRODUCTS

Then,a dependentfunctionis a function � definedon elementsof Ö , suchthat �P�����~�,������� for all
elements�8�JÖ . Thedomainof dependentfunctionsis writtenas �8�@ÖA@A������� . Also, a dependent
productis a product �v���-�n� with �y�ZÖ and �o�y������� . Thedomainof dependentproductsis written
as �o�9ÖCB�������� . For a formaldefinitionof dependentfunctionsandproductsandtheirproperties,the
readeris referredto [Gunt92].

3.3.4 Categoricalpropertiesof domains

Definition 3.58. Every posetÖ inducesa category. Theobjectsof this category aretheelementsofÖ . Also, for every pair of elements���-�Z� suchthat �H×�� the inducedcategory containsa unique
arrow from � to � . For every pair of elementsthat arenot relatedby × , thereareno arrows in the
inducedcategory.

Theorem3.16. Domainsandcontinuousfunctionsform acategory 
NÂ<D .

Theorem3.17. Domainsandep-pairsform acategory 
NÂ<DFEHG .
Theorem3.18. Thedomain ù is aninitial objectof thecategory 
NÂ<D E�G .
Theorem3.19. Domainproductsandcoalescedsumsareproductsandsumsin thecategoricalsense,
in category 
NÂ<D .

Definition 3.59. A continuoussemi-latticedomainis a domainÖ togetherwith acontinuousbinary
function Ô��9Ö ¥�Ö���Ö which is associative, commutative andidempotent.

Definition 3.60. A homomorphismbetweencontinuoussemi-latticedomainsÖ and ì is a continu-
ousfunction �8�9Ö���ì suchthat �P�JICÔ1ïLK��+*��P�JI9��Ô1ð·�P�MK�� for all I9�NK7��Ö .

Theorem3.20. Continuoussemi-latticedomainsandcontinuoushomomorphismsform a categoryO'P Q
.

Definition 3.61. The forgetful functor ��� O'P Q � 
NÂ<D is definedby simply taking theunderlying
domainof a continuoussemi-latticedomain.It hastheidentityactiononarrows.



38 Chapter 3. Mathematical background

3.3.5 Diagrams,conesand colimits

Definition 3.62. Let R be a posetand 	 a category. A diagram indexed by R over 	 is a functorS �TR=�?	 .

Definition 3.63. A coneover a diagram
S �UR�� 	 is an object � in 	 togetherwith a family of

arrows ³WVP� S �YX'�P�;� indexedby theelementsof R , suchthatfor all Xw×
Z in R thefollowing diagram
commutes: S �[Zn� ³=\ � �

£ £
£ £
£

³WV
]

S �YX �
� V \
^

where � V \ is the arrow in 	 which is the imagemappedby
S

of the uniquearrow in category R
correspondingto X�×_Z . Theaforementionedconeis denotedby ³c� S �?� .
Definition 3.64. If ³�� S �!� and `�� S �!� areconesover a diagram

S ��RJ� 	 , thenarrow�8�9�:��� is amediatingarrow if for all X��aR thefollowing diagramcommutes:

� � � �

£ £
£ £
£

` V
]

S �YX �
³ V
^

Theaforementionedmediatingarrow is alsodenotedas ���h³o�b` .
Definition 3.65. A cone³�� S �B� is colimiting if for any othercone `8� S �p� thereis a unique
mediatingarrow �o�9³o�b` . In thiscase� is a colimit of

S
.

Theorem 3.21. Thecolimit of adiagram,if it exists,is uniqueup to isomorphism.

Definition 3.66. A functor �|�Y	�� 
 is continuousif for all directeddiagrams
S

and for all
colimiting conesover

S
thecone���v³P� is colimiting over ��� S � .6

Thedirectedposet� is commonlyusedfor indexing diagrams.In thiscase,adiagram
S ���,�?	

canbeviewedasthecategoricalanalogueof an � -chain,that is, a family
S * � S X �M� X � XT�c� where,

for all Wc�d� ,
S X is anobjectin 	 and � X � S X � S X�e � is anarrow in 	 . Thearrows corresponding

to Xf�b2 in � canbethendefinedasthecompositionof �g\ghS�w4 ®®h4~� V . Givensucha diagram
S

, a
diagram

S h *F� S hX �M� hX � XT�c� canbedefinedby taking
S hX * S X�e � and � hX *I� X�e � , for all W^�"� .

Also, givena diagram
S �T�H�p	 anda cone³,� S ��� , thecone³ h � S h �p	 canbedefinedby

taking ³ hX *U³ X�e � , for all WJ�i� .

Theorem 3.22. Let 	 bea category with aninitial object ° and �{�e	c�p	 beanendofunctoron 	 .
Let X��)°=�?����°)� betheuniquemapfrom theinitial object ° to ����°)� and

S �T���kj bethe � -chain���YXS��°)�-�-�YX��YX �'� XT�c� . If thereis a colimiting cone ³�� S �d� andthecone ���v³P�~�"��� S �`�d������� is
alsocolimiting, thenthemediatingarrow èµ�h�������P�;� between���v³P� and ³ h is aninitial � -algebra.

6 l ËnmCÏ is definedasthecompositionlpo m of functorsl and m .



3.3. Domain theory 39

3.3.6 Powerdomains

Definition 3.67. If ÷ is aset,thesetof finite non-emptysubsetsof ÷ is denotedby qsrt �K÷7� . DEFINITION

Definition 3.68. If Ö is aposet,abinaryrelation ×vu canbedefinedon qsrt ��Ö�� asfollows:

w × u'x � �zy~�µ� x |{5��� w m��×��"� � �zy~��� w |{5��� x ¯��×��"�
Theorem3.23. Accordingto theorderingof Definition 3.68,theset qsrt ��Ö�� is a poset. If Ö hasa
bottomor topelement,thenalso q rt ��Ö�� hasabottomor topelement.

Definition 3.69. If Ö is adomain,thenthe(convex) powerdomainof Ö , writtenas Ö u , is thedomain
of idealsover theposetqsrt �'ç7��Ö��'� orderedby × u .
Theorem3.24. Let Ö beadomainand Ih�NK��oÖ . Thefollowing propertiesaresatisfied:

# I�× ï u K}� I�Ù_K# õ ï u *fÝNÝ+õ�ïLßNß# ö ï u *~qsrt �'ç7��Ö��'�
Definition 3.70. Let Ö and ì bedomains.If ���@ÖF�;ì is acontinuousfunction,thenthefunction� u �9Ö u �;ì u definedbelow is alsocontinuous:

� u IH*fÝ��O��qsrt �'ç���Ö��'�,Þf{ w �}Ih���× u Ý�����Þ�o� w ßNß
Definition 3.71. Let Ö be a domain. Then, the powerdomainsingletonis a continuousfunctionÝ¾Þ@ÓSÞß��9Ö���Ö u definedasfollows for all ����Ö :

Ý¾Þô�7ÞßH*fÝ��b��q rt �'ç7��Ö��'�yÞF{5èµ�yç7��Ö��-¯è:×�� � ��× u Ý�è`ßNß
Theorem3.25. Let Ö beadomainand ���-�µ��Ö . Thefollowing propertieshold:

# Ý¹Þ¹õ�ï�Þß]*Bõ ï u# Ý¹Þ¹ö�ï�Þß]*Bö ï u# �:*6��� Ý¾Þô�7Þß *bÝ¹Þô��Þß
Definition 3.72. Let Ö bea domain.Thenthepowerdomainunion is a continuousbinaryoperationë u �hÖ u ¥�Ö u �;Ö u definedasfollows, for all I9�NK7��Ö u :

IÜë uvKo*fÝ��b�iqsrt �'ç���Ö��'��Þ0{ w �aIh� x �aK�m�O×vu w ë x ß
Theorem3.26. Let Ö and ì bedomains,����I9�NK5��Ö u and �8�9Ö��;ì beacontinuousfunction.The
following propertieshold:

# I�ë u IH*kI# I�ë u K8*�K·ë u I# �oë u �JI�ë uvKM��*��Y�oë ufI9�Yë u�K# �Wu��JI�ë u�K���*����Wu&I¯� ë u ���Wu�KM�
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Theorem 3.27. Let Ö be a domain. Then,the domain Ö u togetherwith the binary operationë u �Ö u ¥ÜÖ u �;Ö u form acontinuoussemi-latticedomain.

Definition 3.73. The powerdomainfunctor Ø?�`
NÂ<D�� O�P Q
is definedby taking Ø���Ö�� to be the

continuoussemi-latticedomainformedby Öiu and ë u , for every object Ö �y
NÂ<D , and Ø������P*��Wu for
every function �o�hÖ��;ì in 
NÂ<D .

Theorem 3.28. Thepowerdomainsingletonis a naturaltransformationbetweentheidentity functor
on 
NÂ<D andthefunctor �H45Ø , thatis Ý¹Þ@Ó§Þß��®$-&`_T���Bi�u�]45Ø .

Theorem 3.29. Thepowerdomainfunctor Ø is left adjointto theforgetful functor �F� O�P Q �!
�Â<D
with thepowerdomainsingletonastheunit of theadjunction.

Definition 3.74. Let Ö be a domainandlet ÔZ��Ö;¥yÖd� Ö be a binary operationon Ö that is
associative, commutative andidempotent.A continuousfunction �Mï\��Ö u � Ö canbe definedas
follows, for all I ��Öiu :

�Mï�IH*pÚDÝ��f��Þ�O�aI�ß
where �f� is definedas the resultof the applicationof operation Ô to all the elementsof the finite
non-emptyset � , for all �b�iqsrt �'ç7��Ö��'� .
Theorem 3.30. Forall domainsÖ , function �Mïc�9Ö u ��Ö specifiedin Definition3.74isacontinuous
homomorphismbetweenthecontinuoussemi-latticedomains�vÖo�òÔñ� and �vÖ u ��ë u � .
Theorem 3.31. The family of continousfunctions �-ï specifiedin Definition 3.74definesa natural
transformationbetweenthefunctor Ø]4`� andtheidentity functoron

O�P Q
, thatis �C�9Ø64C� i��$-&��g� � .

Theorem 3.32. Thenaturaltransformation�C�@Ø84�� i�{$-&��g� � specifiedin Theorem3.31is thecounit
of theadjuctionspecifiedin Theorem3.29.

As aresultof Theorem3.7,theadjunction�vØC���C�òÝ¹ÞñÓ@Þßñ� inducesamonad� on 
NÂ<D . TheelementsPOWERDO-
MAIN

MONAD
of this monadare:

# Thefunctor �,��
NÂ<D��!
NÂ<D definedby �P��Ö��C*\Ö�u , for all domainsÖ , and �+�����7*D�Wu , for
all continuousfunctions�o�hÖF��ì .

# Theunit gµ�Ì$-&C_����Bi��� definedby g¯ï<�:*bÝ¾Þô�7Þß for all domainsÖ andall elements����Ö .

# Thejoin ³]��� ¡ i��� definedby ³�ïd�?*3�{Ý�� ë u Þp� �"��ß for all domainsÖ andall
elements�u�9ÖiuHu .

Two thingsshouldbe notedaboutthe monad’s join. First, setunion is usedhereasthe leastupper
boundoperatorwith respectto thesubsetinclusionrelation × ï u . Second,thejoin is equivalentto the
big unionoperatorfor theconvex powerdomain,asdefinedin [Plot76].

Thepowerdomainmonadcanbealsousedin thespirit of Section3.2.2. In this case,to facilitate
thedefinitionof thebindoperator, thefollowing definitionis used.
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Definition 3.75. Let Ö and ì bedomainsand ���@ÖF�;ì u beacontinuousfunction.Then,functioný���� u ���@Ö u �;ì u is definedasfollows for all IY��Ö u :
ý���� u ��I�*A³�ï8���Wu=I9�

Definition 3.76. If Ö and ì aredomains,thebindoperator Ó"Ô���ÓC���+��Ö��P�p��Ö����P��ìL�'�N�k�+��ì��
is definedasfollows, for all continuousfunctions�o�hÖF���+��ì�� andfor all I ���P��Ö�� :

I�Ô�����*Bý���� u �pI
3.4 The meta-language

In orderto formulatespecificelementsof domainsin denotationaldescriptions,a meta-languagehas
to beemployed. Althoughresearchershave not agreedon a standardmeta-languagefor this purpose
andthereis considerablevariationin thenotationalconventionsusedby variousauthors,it seemsthat
variationsof the � -calculusarevery popular. Sucha variationwill beusedin this thesis,following
mostlythenotationof [Moss90] and[Gunt90]. In thissection,themeta-languageis outlined,keeping
in mind thedefinitionsof Section3.3. Thecoreof themeta-languageis first presented,followedby
additionalnotationalconventionsthataddnothingsubstantialto thelanguageandcanberegardedas
syntacticsugar.

3.4.1 Core meta-language

Every well-formedphraseí of the meta-languagedenotesan element� of somedomain Ö . The
notation í)����"Ö is usedin therestof this sectionasanabbreviation of theprevioussentence.The
well-formednessof a phrasedependsgenerallyon the well-formednessof its componentsandon a
numberof additionalrestrictions.In therulesto follow, letters í and R representrespectively phrases
andidentifiersof themeta-language,theletter Ö representsdomainsandtheletters���-�"�M�S� 2 represent
elementsof domains.In particular, thelasttwo representcontinuousfunctions.

Basicnotation: Namedelementsof domains,(e.g. õ , ö , integernumbers,etc.) areusedto repre-
sentthemselves.Parenthesescanbeusedto groupphrasesof themeta-language.

Equality: Theequalityoperator*D�xÖ�¥JÖj�|ü definesa binaryrelation. Its continuity follows
from its restrictionto theelements�¨©hÅ�ý and�Mþm¦-��ý of ü . If í����`���hÖ and íÌ¡*�`�µ�9Ö , then:

í � *�í ¡ �F�¨©hÅ�ý��@ü � if � and � arethesameelementof Öí��C*�í1¡4�b�Mþm¦-�1ý��hü � otherwise

Conditional: If í����C�o�9Ö and íÌ¡*�C�µ�hÖ , then:

í~�?í����NíÌ¡������hÖ � if í��`�¨©hÅ�ýo�hüí~�?í����NíÌ¡����µ�hÖ � if í��P�Mþm¦-��ý��hüí~�?í � �Ní ¡ �Fõ��hÖ � if í��õ{�hüí~�?í����NíÌ¡��Fö��hÖ � if í��ö{�hü
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Function abstraction: The � -notation �vR"hí is usedto representfunctionabstractions.Thephraseí maycontaininstancesof the identifier R . Let ���"Ö��Y�dÖL¡ bea continuousfunction. If for
all ����Ö�� , by assumingthat Rv�`���hÖ�� it is possibleto deducethat í��`�P�����w�9ÖL¡ , then:

�vR"¯í!���o�hÖ��C�;ÖL¡
Function application: If í���� ���@Ö��C�;ÖL¡ and íÌ¡*����hÖ�� , then:

í���íÌ¡��{�P�����w�9ÖL¡
Function composition: If í���� �8�9Ö��C�;ÖL¡ and í1¡*��2:�hÖL¡�;Ö ¶ then:

íÌ¡w4Cíñ����2 4C�o�hÖ��C��Ö ¶
Leastfixed point and closure operators: If í���o�hÖF��Ö and í ¸ �`���hÖ then:

���Zí!����� �������hÖ� ¦���íÌ¸)í!� � ¦N�������M�������hÖ
Domain constructions: Thenotationusedin Section3.3.3for representingtheelementsof various

domainconstructionsis extendedto phrasesof themeta-language.In particular, specialnotation
is usedfor products,sums,lifted domainsandpowerdomains.

Monad notation: The meta-languageis further extendedby using the notation definedin Sec-
tion 3.2.2for the representationof monads,monadmorphisms,monadtransformersandop-
erationson them.

3.4.2 Syntacticsugar

Unary and binary operators: Functionsmaybewritten asprefix unaryor infix binaryoperators,
if this is consideredappropriate.

Abbreviations for productsand sums: Sincethedistinctionbetweenordinaryandsmashproducts,
aswell asseparatedandcoalescedsums,isusuallyclearfromthecontext, it is possibleto usethe
samenotationfor both. Theinjectionfunctions$v��¦ and $v��© for separatedandcoalescedsums
maybeomittedwhenever they canbededucedfrom thecontext. Also, ��í E Ö�� maybeusedfor
determiningwhetherthephraseí denotesanelementof Ö in a sumdomainand,providedthat
this is thecase,��í7Þ'Ö�� denotesthecorrespondingelementof Ö . Both canbedefinedin terms
of thecorenotationfor sums.

Indir ectdomain definition: Flat domainsmaybedefinedby enumeratingtheir ordinaryelements.
For example,thefollowing definitionsareequivalent:

ü�*��¨©hÅ�ý�Þ �Mþ¯¦'��ý
ü�*bÝ��¨©hÅ�ý����Mþ¯¦'��ýYß ø

Thesamesortof abbreviation maybeappliedto coalescedsumdomains.If it is assumedthatWJ�oÿ and K7��ü , thefollowing definitionsareequivalent:

ÖF*6WFÞ�K
ÖF*6é�1¡ 
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Furthermore,the summandsmay be given descriptive namesas illustratedin the following
example:

ÖF*^$¨�7�'ý�¢�ýó©N« WS¬LÞµ�¨©hÅ��¤£Ü« KK¬
Let structure: In its primaryform, the let structurecanbedefinedby meansof functionabstraction

andapplication.Thefollowing equivalenceholds:¥¤¦T§ R=*Qí���¨M©�í1¡«ª �J�fRk¯íÌ¡ñ��í��
It shouldbemadeclearthat R is only boundin í ¡ andnot in í � . Thereforethe let structureis
not recursive. Morethanonebindingclausescanbegivenin thesamelet structure,asstatedby
thefollowing equivalence:¬

®
¥¤¦�§ R1�,*Uí��R ¡ *Uí ¡®®R X *Uí X¨M©jí

¯±°°°°
² ª ¥¤¦�§ R1�7*Qí���¨¤©Z� ¥z¦�§ R®¡*�íÌ¡)¨M©\®®1� ¥¤¦T§ R X *�í X ¨M©Üím�k®®Î�

Casestructure: Thecasestructurein its primaryform is usedassyntacticsugarin orderto distin-
guishbetweenthesummandsof separatedor coalescedsums.It canbedefinedby meansof the
corenotationfor sums.As acomplex example,considerthefollowing equivalentdefinitions:

ÖF*$³�ýó�=« WS¬�Þ�>´��³�ýó�L« WS¬LÞµ&"ýó¦-þ�µ « K ¬
ÖF*�ÿC16��ÿ21�üL�

Then,thefollowing equivalenceholds:¬
®
¶|·=¸ ¦ í)¹=º³�ýó�L« WS¬ » íñ�>´��³�ýó��« WS¬s» í1¡&"ýó¦-þ�µ « K ¬ » í ¶

¯±°°
² ª «N�WP¯í��1�1«N� WP¯í1¡m����Kó¯í ¶ ¬®¬kí

Furthermore,a specialotherwiseclausecanbe usedin orderto uniformly treatall casesthat
have notbeenenumerated.

Pattern matching: The useof the casestructurethat was illustratedabove introducesa way of
bindingidentifiersin phrasesof themeta-languagethatis similar to patternmatching.It applies
to products,sums,bottomandtopelementsandis intuitively equivalentto thepatternmatching
supportedby the functionalprogramminglanguageHaskell. On conditionthat thepatterncan
alwaysbe matched,the samenotationcanalsobe usedin conjunctionwith the let construct.
Patternmatchingcanbe definedby meansof the conditionalconstructandcorenotationfor
productsandsums.

3.4.3 Auxiliary functions

Severalpolymorphicauxiliary functionsaredefinedin orderto facilitatethedefinitionof theseman-
tics. Although most of thesecorresponddirectly to categorical or domaintheoreticmathematical
objects,thefollowing definitionsusethedefinedmeta-language.Also, variousunaryandbinaryop-
eratorson domainsü (e.g. � , ¼ and ½ ) and ÿ (e.g.+, -, Ó ) areused;their definitionsareomitted. It
shouldbenotedthatthesamenotationis usedfor separatedandcoalescedsums.
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¾ ¿�ÀÂÁ´ÃiÄ4Ã¿�À«Å«Æ à�Ç-àIDENTITY

FUNCTION

¾ È ä È'ÉÄÊÈ æ Á Ë Ã�Ä�Ë Ï'Ì Ã Ì ËÍÄ4Ã�Ä�ËÎ ä-à ÉÄ â-æ ÅÏÆ�Ð ÇÌË ÐvÅ àñÏ Ä ânå Î ÐFUNCTION

UPDATE
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OPERATIONS

¾ ¿�ÑNÓ�Á´Ã9è9Ë�Ä4ê¿�ÑNÓ~Å�ëJÆ à�Ç ÒMÓÔí|î å Æ â�ÇNïHð ç�ÑNîWñ
¾ ò�í|ÒMç_Á´Ã9èLËéÄ�Ãò�í|ÒMçóÅbë¤¿�À å Üôñ
¾ ò�í|ÒMÓ�Á´Ã9è9Ë�Ä�Ëò�í|ÒMÓõÅ�ëYÜ å ¿�Àfñ
¾ È÷ö øùÈ"Á Ë Ã�Ä4ú Ë Ë Ï�Ï&ÌaË ËÍÄ�ú Ë â Ï�Ï Ä Ë Ã�Ä�ú Ë â Ï�ÏÎ ö øüû Å«Æ à�Ç Î à�ý ø9ûMONAD

FUNCTION

COMPOSITION ¾ þ�ÿ�� ø Á Ë Ã�Ä4ú Ë Ã Ï�Ï Ä!ú Ë Ã Ïþ�ÿ�� ø Å«Æ Î Ç ÿ�� Ë Æ�Ð Ç Ð ý ø Î ÏMONAD FIXED
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Part II

Static semantics





Chapter 4

Static semanticdomains

This chapterdefinesthedomainswhich areusedin orderto describethestaticsemanticsof C. Each CHAPTER

OVERVIEWdomainis definedtogetherwith the basicoperationsthat areallowed on its elements.Section4.1
discussesthestructureof staticsemanticdomains.In Section4.2 a smallsetof auxiliary domainsis
introduced.Section4.3definesthestaticsemanticdomainsthatrepresentC’s types.In Section4.4a
simpleerrormonadis introduced,which is laterusedfor simplifying thedescriptionof staticseman-
tics. Section4.5 definesdomainsthat representenvironments,which mostcommonlyarevariations
of mappingsfrom identifiersto types.Finally, in Section4.6a largenumberof auxiliary functionsis
defined.Thesefunctionsarenot relatedto particulardomains,however they areusedto simplify the
semanticequationsthataregivenin thefollowing chapters.

4.1 Domain ordering

It shouldbe notedthat for all domainsusedin specifyingthe staticsemanticsof C, the domainor-
deringrelation × is easilydefinedsincethesedomainsareeithercoalescedsumsor givenby domain
equations,recursive or not. Thisorderingis crucialin thetreatmentof incompletetypes,asis further
discussedin Chapter6. Whenever � and � aredifferentelementsof a staticsemanticdomain,the
relation �o×�� denotesthat � is abetterapproximationof theincompleteelement� .

As a typicalexample,astructurethathasbeenjust declaredis associatedwith type �1�¨©hÅ � �`« K���õ�¬ ,
where K is its tag. Whenthesamestructureis latercompleted,its typewill become�1�¨©hÅ � �`« Kó���S¬ , for
somememberenvironment� . Since õ{×�� , wededucethat:

���¨©hÅ � �`« Kó��õ�¬�×Q�1�¨©hÅ � �`« K����S¬
andthereforethecompletedtypeis indeedabetterapproximationof thepreviousincompletetype.

The top elementof staticdomainsis mainly usedto signify an “over-completed”value,which
typicallydenotessomethingunspecified,abnormalor erroneous.For many staticdomains,therelation× is moreor lesstrivial, or evendegeneratesto theequalityrelation.Also, for many domains,bottom
andtopelementsdonotdenoteanything importantandarenotusedatall.

4.2 Auxiliary domains
	 
 Á����� (undefined) IDENTIFIERS

The domain ú�� ¦ is a flat domainwhoseelementsrepresentall legal identifiers,as definedin the
standard.It canbeconsideredbothasasemanticdomainandasyntacticdomain,sinceidentifiersalso
participatein thelanguagesyntax.A completedefinitionis omittedat thispoint.
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	 � Á ê�����ê������ Å Ò ð�� áHÑNÒMÓÔí|ÕßÒ ��Ò ð�� áHí�!|¿�ò"!#��Ò ð�� áHî$!|í|þTAG TYPES

Theflat domain ü ·�% ü'&)( ¦ is usedto distinguishbetweenthethreetypesof tagsthatareallowedby
theC language.Its threeordinaryelementscorrespondrespectively to structuretags,uniontagsand
enumerationtags.

	 * Á ê���� Å Ò ð���� î�À´ë 
 å,+ ñ-��í�!|Ò ð���� î�À ë + ñTAGS

The domain ü ·�% is usedto distinguishbetweendifferent structure,union and enumerationtypes.
Eachsuchtype is characterizedby an elementof this domain. Ordinaryelementsof this domain
belongto two categories.Elementsof theform �'þ�¢<¢�ý¯&8« Rk�-WS¬ characterizetypesthathavebeengivena
distinguishingtagin theprogram,namelyR , whereaselementsof theform Åe���'þ�¢<¢�ý¯&o« WS¬ characterize
taglessstructure,unionor enumerationtypes.TheintegernumberW in bothcasesis usedto uniquely
determinedifferenttypes.

4.3 Types

The domainsdefinedin this sectionrepresentvariouskinds of typesthat areused,explicitly or im-
plicitly, by thetypesystemof C. Someof thesekindscorresponddirectly to thetypeclassification,as
definedin . 6.1.2.5of thestandard.Othersareonly introducedto facilitatethetypesystem’s formal-
ization.

	 / Á ê������10,243 Å 5gò�¿�À6�*Õ87 ð Ó9��ÑN¿ � !Tî�À�áHÕ87 ð Ó ��í�!|ÑN¿ � !|î�ÀcáHÕ:7 ð Ó��Ñ�7|ò�ÓÔÒMáH¿;!TÒ<��í�!|ÑN¿ � !|î�À�áHÑ�7|ò�ÓßÒMáH¿=!|Ò>��¿=!|Ò<��í�!|ÑN¿ � !|î�ÀcáH¿=!|Ò��çÖò$! � áH¿=!|Ò �*í�!|ÑN¿ � !|î�ÀcáHç�ò$! � áH¿=!|Ò>�@?Tò ð ÒA��Àcò�í|à�ç�îB�*ç�ò"! � áHÀcò�í|à�ç�î�DC<ÒMÓ�ë E�ñF��î"!|íTþ_ë GMñH��ÑNÒMÓÔí|ÕßÒWë * å8I ñF�*í�!T¿Öò$! ë * åJI ñ
DATA TYPES

Datatypes,representedby thedomain ü'&)( ¦LK�M�N , provide thebasisof the type system.They corre-
spondto thedifferentprimarytypesof datathataC programcanmanipulateasfirst classelements,i.e.
datathatcanbeusedin expressions,assignedto variables,passedasfunctionparametersandreturned
asfunctionresults.Datatypesincludeall scalartypes,structures,unionsandthevoid type.Thelatter
is only includedto reducethe typesystem’s complexity; thestandardexplicitly statesthat therecan
benodataelementsof this type.

Apart from the basictypes,thestandarddefinesthe following typesynonyms �'$�Omý � , > � £�þm© �PREDEFINED

DATA TYPES and ;P�¨©h&¯$v��� � . Thesestandfor specificdatatypesandareimplementation-defined.They aretreated
asordinaryelementsof ü'&)( ¦ K"M�N , satisfyingthefollowing requirements:

# �-$�Oñý � is anunsignedintegral type,# > � £7þm© � is anintegral type,and# ;P�¨©h&¯$v��� � is ansignedintegral type.

	 P Á#Q�R��1S6Å !|ò"Tcí ð çU��Õßò$!|ÑNÒ<�V5gò�ç ð Ò¤¿�ç�î��*ÕÔò"!|ÑNÒMáW5gò�ç ð Ò¤¿�ç�îQUALIFIERS

Qualifiersarerepresentedby theflat domain XZY · ¥ . Thestandardsupportstwo qualifiers,constand
volatile, resultingin fourdifferentcombinations.It shouldbenotedherethat,for thesakeof generality,
anunqualifiedtypeis consideredasqualifiedwith ���\[kÅ�þm¦ .
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	 ] Á ê������1^,_a` Å ò�àcb�ë / å P ñH� ð ÓßÓ ðed ë ] å,+ ñ OBJECT TYPES

Object types,representedby the domain ü'&)( ¦Lf"gih , areassociatedwith objectsandcompriseof all
qualifiedversionsof datatypesandarraytypes.Array typesarenotqualified;theirelementsare.

	 Î Á ê������"j=kJl Å ï í�!|Õ�ë / ånm ñ FUNCTION

TYPES

Functiontypesarerepresentedby thedomain ü'&)( ¦1ocprq . They arecharacterizedby thedatatypeof
the resultandthe typesof their parameters,asspecifiedin a functionprototype. It shouldbe noted
thatfunctiontypescannotbequalified,norcanthetypesof their results.It is probablyacontroversial
issuewhetherthestandardallows any of theseand,if it does,whatthis means.

	 E Á ê����s� 0Jt=l Å ] � Î
DENOTABLE

TYPES

Denotabletypes,representedby thedomain ü'&)( ¦ K�u q , areobjecttypesandfunctiontypes.Theseare
thetypesthatcanbeassociatedwith identifiersin environments.

	 v Á ê������xw�t=w Å ] ��à�¿�ÒMÿ|î�ç�À ë y å P åJ+ ñ MEMBER

TYPES

Membertypes,representedby thedomainü'&)( ¦sz u z , aretheonesthatcanbeassociatedwith identi-
fiersin memberenvironments,i.e.with membersof structuresor unions.Membertypesincludeobject
typesandbit-fields. Thelattercanbequalifiedandarecharacterizedby their bit-field typeandtheir
lengthin bits.

	 y Á ê������1_W{ 3 Å ¿=!|Ò<��ÑN¿ � !|î�À�áH¿=!|Ò|��í�!|ÑN¿ � !|î�ÀcáH¿=!|Ò BI T-FIELD

TYPES

Bit-field typesaretheinteger typesthatcanbeassociatedwith bitfields. They arerepresentedby the
flat domain ü'&)( ¦ gJ} N . It shouldbe notedthat, in this context, the threetypes $v��� , �-$¤¢n��ý¯&L~ô$v��� andÅn�7�'$M¢n��ý¯&s~ô$v��� areall differentfrom eachother.

	 � Á ê������x�c24��Å / � Î
VALUE TYPES

Valuetypes,representedby thedomainü'&)( ¦��eM�� , areassociatedwith valuesthatparticipatein expres-
sions.Suchvaluesareoftencalledr-valuesin literature.Valuetypesconsistof datatypesandfunction
types.Qualifiersarenotallowedin values.

	 � Á ê������x{ 0JtbÅ !|ò�ÓÔþ ð ç&ë E�ñ-��Ò d C<î�Àcî ï ë E�ñF��î"!|í|þváHÕßò$!|ÑNÒ�ë + ñ IDENTIFIER

TYPES

Identifiertypesarerepresentedby thedomain ü'&)( ¦ } K"u . They areassociatedwith identifiersin envi-
ronments,takinginto considerationwhetheranidentifierdenotesanobjectof someparticulartype,a
typesynonym definedby typedef, or anenumerationconstant.

	 � Á7ê��������8�J� Å î"��CLë � ñH��ç=5 ð ç�í|î*ë v ñH�@5 ð ç&ë / ñF� ð Ó � ë m ñH�*ÑNÒMþ�Ò�ë / ñ��ÒMí�!|¿�Ò �@�gÀ�î�Õìç���À�î�Õìç���C<ÓÔò�Ò�ë m ñ-��C ð Ó�ë / ñF��¿ÖÀ�ÒMò�Ó��À�Ò¤ò�Ó�ë E�ñ-��¿=!|¿�Ò�ë v ñF��¿=!|¿�ÒMá ð ë ] ñF��¿;!T¿ÖÒMáHÑ�ë I ñH�*¿=!|¿�ÒMáHíFë I ñ
PHRASE TYPES

Phrasetypesarerepresentedby thedomain ü'&)( ¦����r� . Thesetypesareassociatedwith phrases,i.e.
entireprogramsegments,andaredescribedin moredetail in Table4.1. Thefirst four areassociated
with expressions,thefifth with statementsandtherestwith declarationsandinitializations.They are
notuseduntil Part III.
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Table4.1: Descriptionof phrasetypes.î$��Côë � ñ expression,whoseresultis anon-constantr-valueof type
�ç=5 ð ç�í|î*ë v ñ expression,whoseresultis anl-valueof type

v
5 ð ç�ë / ñ expression,whoseresultis aconstantr-valueof type

/ð Ó � ë m ñ actualargumentsof a functionwith prototypemÑNÒMþ�Ò�ë / ñ statementin a functionreturninga resultof type
/ÒMí�!|¿�Ò translationunit�gÀ�î�Õßç externaldeclarationÀ�î�Õßç declarationC?Óßò�Ò�ë m ñ descriptionof a functionprototypespecifiedby mC ð Ó�ë / ñ descriptionof parameterof type

/¿�À�Ò¤ò�Ó declaratorwith initializerÀ�ÒMò�Ó�ë E�ñ declaratorfor identifierof type E¿=!|¿�ÒWë v ñ initializer for amemberof type
v¿=!|¿�ÒMá ð ë ] ñ initializer for anarrayobjectwith elementsof type

]¿=!|¿�ÒMáHÑ�ë I ñ initializer for astructureobjectwith membersspecifiedin I¿=!|¿�ÒMáHíFë I ñ initializer for aunionobjectwith membersspecifiedin I

4.4 The error monad

Theuseof asimpleerrormonadin thedefinitionof thestaticsemanticsprovidesa wayof generatingMOTIVATION

andpropagatingerrors. Within the individual staticsemanticdomains,top elementsareoften used
to representabnormalsituations.However, in orderto propagagetheseerrormessages,it would be
necessaryto enforcethatall functionsbestrict with respectto top elements,somethingwhich would
createa numberof undesirableside effects. The definition of G is considereda betterand more
modularapproach.

	 � Ën�Ï Å ���Z�DEFINITION

For eachdomain Ö , thedomain G���Ö�� is definedasthecoalescedsumof Ö with û , which contains
a singleordinaryelement.This element,namely Å , is usedto representerrors.Equalityanddomain
orderingaretrivially definedfor G§��Ö�� , in termsof thecorrespondingrelationsin Ö . Themonad’sunit
is definedasfollows:¾ í�!T¿ÖÒ���Á � Ä � Ën�Ïí�!T¿ÖÒ��ÍÅ ¿=!|ç
andit is easyto verify thattheerrormonadpreservesbottomandtopelements:í�!T¿ÖÒ � Ø��´ÅdØ ��� ���í�!T¿ÖÒ��?Ü � ÅdÜ���� ���

Thebindoperatorfor monadG is usedin orderto propagateerrors.It is definedasfollows:¾ È ý � È"Á � Ë Ã Ï'Ì�Ë Ã�Ä � Ë Ë Ï�Ï Ä � Ë Ë Ïv ý � Î Åbë Î å ¿=!|Ó=ñ v
It is easyto prove that � G§�MÅn��$'���ò�òÔ���� satisfiesthethreemonadlawsandis indeedamonad:
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í�!|¿�Ò � àiý � Î Å Î àv ý � í�!|¿�Ò � Å vË v ý � Î Ï�ý � û Å v ý � Ë Æ à�Ç Î à�ý � û Ï
In orderto generateerrors,function ýó©®©T�ó©�� is definedasfollows: ERRORS¾ î�ÓßÓÔò�Óx��Á � Ën�Ïî�ÓßÓÔò�Óx�ÍÅ ¿;!TÓ�í

and,again,it is easyto verify thaterrorsarecorrectlypropagated,asshown by thefollowing proper-
ties:î�ÓßÓÔò�Ó � ý � Î Å�î�ÓßÓÔò�Ó �v ý � Ë Æ à|Ç î�ÓÔÓßò�Óx� Ï Å�î�ÓßÓÔò�Óx�

As amatterof conventionandsinceG is theonlymonadusedin thedescriptionof staticsemantics, SUBSCRIPTS

subscriptsarebeomittedfrom all monadrelatedoperationsin the restof Part II andwhenever they
caneasilybededucedfrom thecontext.

4.5 Envir onments

Thedomainsdefinedin this sectionrepresentvariouskindsof environments.Environmentstypically
associatetypeswith identifiersandarevariationsof functionsfrom identifiersto statictypedomains.
For eachenvironmentdomain,thedomaindefinitionis followedby severalfunctionsthatareusedfor
themanipulationof its elements.

4.5.1 Typeenvir onments

Type environments,representedby the domain �0© § , containinformationaboutidentifiersthat are MOTIVATION

declaredin C programs.They shouldcontainat leastthe namespacesfor ordinary identifiersand
tags.Ordinaryidentifiersshouldbeassociatedwith identifiertypes,whereastagsshouldbeassociated
with thesubsetof datatypescontainingstructure,unionandenumerationtypes.Typeenvironments
shouldbestructuredin thesamewaythatC programscopesare,thatis, they shouldfollow a tree-like
structureof nestedscopes.

	 � Á��¡ �¢kÅ Ë �e��)Ä�ê������x{a0Jt Ï'Ì·Ë �e�� Ä4ê������10,243 Ï�Ì �� �¢ DEFINITION

The namespaceof ordinaryidentifiersis representedby the first part of the product,i.e. a function
from identifiersto identifier types. The namespaceof tagsis representedby the secondpart of the
product,i.e. a functionfrom identifiers(tags)to datatypes. The third partof theproductrepresents
theparent(enclosing)environmentandis equalto ö in thecaseof theoutermostscope.Thus,domain
� © § is a recursively defineddomain. Its definition is slightly changedin Chapter6. In the present
sectionthedomainorderingfor typesis completelyignored.This is correctedin Chapter6.
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¾ �"£ Á¤�¡ �¢
�"£ ÅÏÜEMPTY

ENVIRONMENT

Theemptyenvironmentassociatesall identifierswith thetoptype.Thus,sincethetoptypedenotesan
unspecifiedor erroneousvalue,in theemptyenvironmentall identifiersarenot associatedwith types
andtheiruseleadsto errors.¾ ÈNëßÈc¿�Àcî�ñiÁ¥�¡ �¢ Ì �e��)Ä � Ë ê������ {a0Jt Ï� ë 
 ¿�À�îcñ�ÅS=�¦¢ � Å � ë 
 Ó ð¦§ ¿�Àcî�ñ¨   Ë �'©ÅdÜ Ï Ä�í�!|¿�Ò � å î�ÓßÓÔò�Ó

ORDINARY

LOOKUP

This function returnsthe identifier type that environment í associateswith the ordinaryidentifier R .
An erroroccursif theidentifieris not includedin í or any of its ancestors.¾ ÈNëßÈcÓ ðª§ ¿�À�îcñiÁ¤�¡ �¢ Ì ���� Ä4ê����s�x{ 0Jt� ë 
 Ó ð¦§ ¿�Àcî�ñ�ÅS=�¦¢�ã v¬« å v¬ å � G ä Å �¨   Ë v¬«\
¬©ÅdÜ Ï Ä v¬«\
 åË � G ©ÅdÜ Ï Ä � G ë 
 Ó ðª§ ¿�À�îcñ å Ü

ORDINARY

RAW LOOKUP

Thisauxiliary functionperformstheactuallookupof ordinaryidentifiers.If theidentifieris not local
in this environment,the lookupcontinuesin theparentenviroment. A top elementis returnedif the
identifieris not found.¾ ÈNëßÈcÒ ð�� ÈMñiÁ¤�� �¢ Ì �e�� Ì ê��x��ê�������Ä � Ë �� �¢ Ì ê������ 0,243 Ï� ë 
 Ò ð�� � ñ�ÅS=�¦¢ / Å � ë 
 Ó ð¦§ Ò ð�� ñ¨  ¯®r�1°e� /@±1²Ü ³ ®r�1°e� �´±1²Ò ð�� áHÑNÒ¤ÓÔí|ÕÔÒµ³¶S=�ª¢ / ½ ÅLÑNÒMÓÔí|ÕÔÒ�ë ï Óßî�Ñ�7|áHÒ ð���� î�À 
 å Ø�ñ¨   � ë 
 ÉÄ Ò ð�� / ½ ñ ýÜË Æ � ½ Ç í�!|¿�Ò�ã � ½ å / ½ ä�ÏÒ ð�� áHí�!|¿�ò"!·³¶S=�ª¢ / ½ ÅLí�!|¿�ò"! ë ï ÓÔî�Ñ�7|áHÒ ð���� î�À 
 å Ø�ñ¨   � ë 
 ÉÄ Ò ð�� / ½ ñ ýÜË Æ � ½ Ç í�!|¿�Ò�ã � ½ å / ½ ä�Ï± ¢�¸��¦¹�º ¨ °e�»³ î�ÓßÓÔò�ÓÑNÒMÓÔí|ÕßÒWë * å8I ñ�³ Ë � ÅiÒ ð�� áHÑNÒMÓßí|ÕÔÒ Ï Ä í�!T¿ÖÒ�ã � å / ämå î�ÓÔÓßò�Óí�!T¿Öò$!Fë * åJI ñ¤³ Ë � ÅiÒ ð�� áHí�!|¿�ò"! Ï Ä í�!|¿�Ò)ã � å / ämå î�ÓÔÓßò�Óî$!|í|þ�ë GMñ ³ Ë � ÅiÒ ð�� áHî"!|íTþ Ï Ä�í�!|¿�Ò�ã � å / ä¯å î�ÓßÓÔò�Ó± ¢�¸��¦¹�º ¨ °e�>³«î�ÓÔÓßò�Ó

TAG LOOKUP

This is the lookupfunctionfor tags. It is similar to the lookupfunctionfor ordinaryidentifiers,with
two exceptions.First, thegiventypeof thetagis comparedwith theactualdatatypethatis associated
with it in the environment í andan error occursif the two do not match. Second,if a structureor
uniontagis not foundin í or any of its ancestors,it is createdasanincompletestructureor union.¾ ÈNëßÈcÓ ðª§ Ò ð�� ñiÁ¥�¡ �¢ Ì �e��)Ä�ê������ 0Jt=l� ë 
 Ó ð¦§ Ò ð�� ñ�ÅS=�¦¢�ã v « å v  å � G ä Å �¨   Ë v  
'©ÅaÜ Ï Ä v  
 åË � G ©ÅdÜ Ï Ä � G ë 
 Ó ðª§ Ò ð�� ñ å Ü

TAG RAW

LOOKUP

Thisauxiliary functionperformstheactuallookupof tags.Similar to theonefor ordinaryidentifiers.
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¾ È�ëÔÈ�Ò ð���¼,½ ÈMñ�Á¤�¡ �¢ Ì ���� Ì ê�����ê�������Ä � Ë ê���� Ï� ë 
 Ò ð���¼,½ � ñ9ÅS=�¦¢ / Å � ë 
 Ó ð¦§ Ò ð�� ñ¨  ¾®$�1°e� /@±1²ÑNÒMÓÔí|ÕßÒ�ë * åJI ñ�³ Ë � ÅiÒ ð�� áHÑNÒMÓßí|ÕÔÒ Ï Ä í�!T¿ÖÒ * å î�ÓÔÓÔò�Óí�!T¿Öò$! ë * åJI ñ¬³ Ë � ÅiÒ ð�� áHí�!|¿�ò"! Ï Ä í�!|¿�Ò * å î�ÓßÓÔò�Ó± ¢�¸��¦¹�º ¨ °e�>³Ïî�ÓÔÓÔò�Ó

GET TAG

This function looksup a tagin anenvironmentandreturnsthecorrespondingelementof ü ·�% , i.e. a
uniquetagelement.It alsochecksthatthetagis of theright kind.

¾ È�ëÔÈ&ÉÄ ¿�À�îsÈMñiÁ¤�� �¢ Ì �e�� Ì ê������ {a0Jt Ä � Ë �¡ �¢ Ï� ë 
 ÉÄ�¿ÖÀ�î � ñ9ÅS=�¦¢�ã v'« å v¬ å � G ä Å �¨   Ë v « 
 ÅdÜ Ï Ä�í�!T¿ÖÒ�ã v « ä 
 ÉÄ � æòå v  å � G ämå î�ÓÔÓßò�Ó
ORDINARY

UPDATE

This function returnsan environment that is identical to í , with the exceptionthat identifier R is
associatedwith type ¿ . In caseR is alreadya local in í , anerroroccurs.

¾ È�ëÔÈ&ÉÄ Ò ð�� ÈMñ�Á¤�¡ �¢ Ì ���� Ì ê������ 0,243 Ä � Ë �� �¢ Ï� ë 
 ÉÄ�Ò ð�� / ñ�ÅS=�¦¢�ã v « å v  å � G ä Å �¨   Ë v  
 ÅdÜ Ï�å ¿ÖÑ ½ î�Õßç ð ÓÔî�ÀÁÀ ð��wË v  
 Ï Ä�í�!|¿�Ò�ã v « å v  ä 
 ÉÄ / æ®å � G ä9å î�ÓßÓÔò�Ó
TAG UPDATE

Similar to theordinaryupdatefunctionfor tags.However, a tagcanbeupdatedevenif it is local in í ,
providedit is astructureor uniontagthathasonly beendeclared.

¾ È�ëÔÈ&ÉÄ ï ÓÔî�Ñ�7fÒ ð�� ÈMñ�Á¤�� �¢ Ì �e�� Ì ê�����ê������ Ä � Ë �¡ �¢ Ï� ë 
 ÉÄ ï Óßî�Ñ�7�Ò ð�� � ñ9ÅS=�¦¢�ã v « å v  å � G ä Å �/ Å v'�
¨  ¾®$�1°e� /@±1²Ü ³ ®r�1°e� �´±�²Ò ð�� áHÑNÒMÓßí|ÕÔÒµ³ � ë 
 ÉÄ�Ò ð�� ÑNÒMÓßí|ÕÔÒ�ë ï ÓÔî�Ñ�7|áHÒ ð���� î�À 
 å Ø�ñ ñÒ ð�� áHí�!|¿�ò"!·³ � ë 
 ÉÄ�Ò ð�� í�!|¿�ò"! ë ï ÓÔî�Ñ�7TáHÒ ð���� î�À 
 å Ø�ñ ñ± ¢�¸��¦¹�º ¨ °e�»³«î�ÓÔÓßò�ÓÑNÒMÓÔí|ÕßÒ�ë * åJI ñ�³ Ë � ÅiÒ ð�� áHÑNÒMÓßí|ÕÔÒ Ï Ä í�!T¿ÖÒ � å î�ÓÔÓßò�Óí�!T¿Öò$! ë * åJI ñ¬³ Ë � ÅiÒ ð�� áHí�!|¿�ò"! Ï Ä í�!|¿�Ò � å î�ÓÔÓßò�Óî$!|í|þ_ë GMñ ³ Ë � ÅiÒ ð�� áHî"!|íTþ Ï Ä�í�!|¿�Ò � å î�ÓßÓÔò�Ó± ¢�¸��¦¹�º ¨ °e�>³Ïî�ÓÔÓÔò�Ó

FRESH TAG

Thisfunctioncreatesanincompletestructureor uniontagin í , if it is notalreadylocalin í . Otherwise,
it checksthatthetagis of theright kind andgeneratesanerrorif it is not.

¾ Â�È"Á¤�¡ �¢�ÄÃ�� �¢
Â � ÅbãnÜ å Ü å � ä OPEN SCOPE

This functionreturnsanenvironmentthatcorrespondsto anewly openedscope,using í astheparent
scope.Thenew environmenthasno locally definedordinaryidentifiersor tags.



54 Chapter 4. Static semanticdomains

¾ ÄpÈ"Á¤�¡ �¢�ÄÃ�� �¢
Ä � ÅÅS=�ª¢�ã v « å v  å � G ä Å ��¨   � G

CLOSE SCOPE

This functionreturnstheparentscopeof í .¾ ¿�Ñ�Æ?ò�Õ ð ç Ë È å È�¿�Àcî Ï Á¤�¡ �¢�Äµ�e��)Ä�ê¿�Ñ�Æ?ò�Õ ð ç Ë � å 
 ¿�À�î Ï ÅÅS=�ª¢�ã v « å v  å � G ä Å ��¨   v « 
¬©ÅaÜ
LOCAL

ORDINARY

This functioncheckswhetheran R is a localordinaryidentifierin environment í .¾ ¿�Ñ�Æ?ò�Õ ð ç Ë È å È�Ò ð���Ï Á¤�� �¢�ÄB�e�� Ä4ê¿�Ñ�Æ?ò�Õ ð ç Ë � å 
 Ò ð���Ï Å¶S=�¦¢�ã v¬« å v¬ å � G ä Å ��¨   v¬�
¬©ÅdÜ
LOCAL TAG

This functioncheckswhetheran R is a local tagin environment í .
4.5.2 Enumeration envir onments

Enumerationenvironmentsare representedby the domain � ©�Y¡Ç . They areusedto associatetheMOTIVATION

namedconstantsin anenumerationto thenumericvaluesthatthey represent.Sincethestandarddoes
not specifythesizeof anenumeration,but leavesit implementation-defined,it is reasonableto allow
thesizeof aparticularenumerationto dependonthenumericvaluesof its enumerationconstants.For
tis reason,thesevaluesarenecessaryin thestaticenvironment.
	 G Á��¡ �RÉÈ Å ���� ÄÃÊ

DEFINITION

An enumerationenvironmentis simply representedby a functionfrom identifiersto integervalues.¾ G £ Á¤�¡ �RÉÈ
G £ ÅÊÜEMPTY

Theemptyenumerationenvironmentdoesnotcontainany identifier.¾ ÈNëßÈ�ÉÄÊÈMñ�Á¤�¡ �RÉÈ Ì �e�� Ì Ê
Ä � Ë �� �RÉÈ ÏGNë 
 ÉÄ + ñpÅ Ë G 
 ÅdÜ Ï Ä�í�!|¿�Ò�G ä 
 ÉÄ +)æxå î�ÓÔÓßò�ÓUPDATE

Thisfunctionupdatesanenumerationenvironmentby associatingidentifier R with theconstantinteger
value W . If identifier R is alreadycontainedin theenumeration,anerroroccurs.

4.5.3 Member envir onments

ThedomainË ¦ ÇÍÌ representsenvironmentscontainingthemembersof structuresor unions.In suchMOTIVATION

environments,eachidentifieris associatedwith a membertype. However, in contrastto enumeration
environments,theorderof individualmembersin astructureor unionis importantandmustbestored
in theenvironmentfor two reasons:# Initializationof astructureor unionheavily dependson theorderof its members.# Membersof a structureobjectmustbeallocatedincreasingaddressesin memory, in theorder

in which they aredefined.

Thus,in orderto storetheorderof membersit is necessaryto define Ë ¦ ÇÍÌ in a morecomplicated
way thanjustasa functionfrom identifiersto membertypes.
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	 I Á�Î��ªÈÐÏ Å Ê ÌaË Ê_ÄÃ���� Ï&ÌaË �����Ä�ê������ªwÁtWw Ï DEFINITION

Thefirst partof theproductis anintegernumberthatdenotesthenumberof membersthata member
environmentcontains.Valid valuesof this part areall the non-negative integer numbers.A bottom
value is only usedin the caseof incompletememberenvironments,as is discussedin Chapter6.
Thesecondpartof theproductrepresentstheorderin which themembershave beendefined.It is a
functionfrom integersto identifiers,whichmustmapall integersbetween1 andtheactualnumberof
membersto the correspondingidentifiers,andall otherelementsof ÿ to the top value. Finally, the
third andlastpartof theproductis theactualmappingfrom identifiersto membertypes. Identifiers
thatparticipatein thesecondpartmustbemappedto thecorrespondingmembertypesin thethird part,
andall otherelementsof ú�� ¦ mustbemappedto thetopvalue.It is easyto seethatall operationson
memberenvironmentsthataredefinedbelow preserve thevalidity restrictionsthatwerejuststated.

¾ I £ ÁÑÎ��ªÈÑÏ
I £ Å ãnÒ å Ü å Ü ä EMPTY

An emptymemberenvironmentdoesnot containany members.However, it shouldbenotedthatan
emptymemberenvironmentis not incomplete.

¾ È�ëÔÈ¤ñiÁ¤Î��ªÈÐÏ Ì ����)Ä � Ë ê������xw�t=w Ï
I ë 
 ñ9ÅS=�¦¢�ã +eå v'Ó å v « ä Å I¨   Ë v « 
'©ÅdÜ Ï Ä�í�!T¿ÖÒ Ë v « 
 Ïñå î�ÓÔÓßò�Ó

LOOKUP

This functionlooksup anidentifier R in a memberenvironment � . If R is containedin � its member
typeis returned,otherwiseanerroroccurs.

¾ È�ëÔÈ&ÉÄÊÈMñ�ÁÑÎ��ªÈÐÏ Ì �e�� Ì ê������xw�t=w9Ä � Ë Î��ªÈÐÏ Ï
I ë 
 ÉÄ v ñ9ÅS=�¦¢�ã +eå v Ó å v'« ä Å I¨   Ë v « 
 ÅdÜ Ï Ä�í�!T¿ÖÒ�ã + èÕÔ å v'Ó ä�+ èÕÔ�ÉÄ 
 æ®å v « ä 
 ÉÄ v æ�ä¯å î�ÓÔÓÔò�Ó

APPEND

This functionappendsidentifier R in a memberenvironment � asa memberof type 	 . Theresulting
environmentis returned.An erroroccursif amembernamedR is alreadycontainedin � .
¾ Ö�È"Á¤Î��ªÈÐÏ0Ä � Ë �e�� Ì ê������xw�t=w Ì Î��ªÈÐÏ ÏÖ I ÅS=�¦¢�ã +eå v Ó å v'« ä Å I¨   ËW+ ÅdØ Ï�å·ËW+ ÅdÜ Ï�å�ËW+Ñ× Ò Ï Ä�î�ÓÔÓÔò�Ó åS=�¦¢ 
 Å v¬Ó Ôv ½ Ó Å�Æ�Ø ÇÌË ØÚÙÛÔ Ï�Ü�Ë ØÚÝ +)Ï Ä v Ó Ë ØUè»Ô Ï¯å Üv ½ « Å v « ä 
 ÉÄ�Ü æI ½ Åaã +ÚÞ Ô å v ½ Ó å v ½ « ä¨  
í�!|¿�Ò�ã 
 å v « 
 å � ½ ä

DECOMPOSE

This functiondecomposesa memberenvironmentby extractingits first member. It returnsthename
andtypeof thefirst memberandtheenvironmentthat resultsfrom removing this member. An error
occursif thememberenvironmentis incomplete(bottom)or empty. This functioncanbethoughtof
astheoppositeof animaginary“prepend”function.
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4.5.4 Function prototypes

Functionprototypesarerepresentedby thedomain ß¤à�á�â . The mainpieceof informationthatmustMOTIVATION

becontainedin a functionprototypeis thenumberof parametersandtheir types. Thenamesof the
parametersarenot important,but their orderobviously is. In addition,theC standardallows “incom-
plete”functionprototypesby usingtheellipsisnotationafterthelastparameter. Storagespecifiersand
qualifiersareignoredin functionparameters,assuggestedby thestandardin ã 6.5.4.3.

ä å æ�ç�è"é�êìë íïîÐðní9ñÃò�ó�ôsõxö,÷4øcù�î'ò
DEFINITION

Thefirst partof theproductis anintegernumberthatdenotesthenumberof parametersin thefunction
prototype.Its valid valuesareall non-negative integernumbers.Thesecondpartof theproductis a
functionfrom integernumberto datatypes,whichmapsall integersbetween1 andtheactualnumber
of parametersto thecorrespondingtypes,andall otherelementsof ú to the top value. Finally, the
third part of the productis a truth value; it containsthe value û4ü�ý)þ if the prototypeendswith an
ellipsis, ÿ�� ��� þ otherwise. If an ellipsis is used,the numberof parametersin the function prototype
mustnot be zero,accordingto the standard.However, this test is not performedhere,asstatedby
deviationD-10 in Section2.3. It canbeenforcedin theabstractsyntax.

� å��9æ¤ç�è�é1ê
å � ë	��
�����������������EMPTY

An emptyfunctionprototypesimplycontainsnoparametersandnoellipsis.

� ����� æ¤ç�è�é1ê î'ò�ó�ô�õ1ö,÷4øÉñ! �ðnç�è�é1ê$ù
å �#" ë%$=õ¦ê&��'(�*),+-�*.0/2131��sëHå54�6�7(.0/2131�ñ98�:�;=<,��'?>A@B�C),+DE'?>A@GF ñ "�H �I.J/2131����K��L0LNMBLAPPEND

This functionappendsa parameterof type O to prototypeP . If anellipsis in alreadypresentin P , an
erroroccurs.

� �RQS� æ¤ò�ó�ô�õ1ö,÷4øsî'ç�è�é1ê�ñ! �ðnç�è"é�ê�ù
"TQ åÃë$=õ¦ê&��'R�C)U+-�*.J/2131��ÉëÑå)WV+ ëAX&Y�Z¦ð�Y ë[@�ùsñ " ��ð�Y × ',>\@�ù�ñ9) + ð�Y5]^@"ù_�R�4�6`8a:�;=<?��'U>\@B�*)WV+ �*.0/2131��

PREPEND

This function prependsa parameterof type O to prototypeP , that is, the type of the first parameter
becomesO andall otherparametersare“pushed”oneplaceto theright.

� �B���=; b(��;��µæÑç�è�é1ê�ñc �ðnç�è�é1ê$ù
�B���=; b(��;�� å ëd$=õ¦ê&��'(�C) + �*. /�131 ��ëHåe4�6W7f. /2131 ñ98�:�;=<,��'(�*) + �I<2L08������K��L0L0M�LAPPEND

ELLIPSIS

This functionaddsanellipsisat theendof a functionprototype.If anellipsis is alreadypresent,an
erroroccurs.
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4.6 Auxiliary functions

A numberof auxiliaryfunctionsis definedin thissection.Thesefunctionsareusedin orderto simplify
thesemanticequations.Mostof themcorresponddirectly to notionsexpressedin thestandard.Some
functionsapplyto variousdomainsandaresubscriptedaccordingly, e.g.g �h*i û�þkj�þrümlEn�o is thefunction
that identifiesintegerdatatypesand g ��h*i û�þkj)þrümp�q�r doesthesamefor objecttypes.Whenthedomain
caneasilybededucedfrom context, thesubscriptsareomitted.

4.6.1 Predicatesrelatedto types

A setof predicatesis definedin anattemptto classifytypes.Thesepredicatestake a typeasargument
andreturna truthvalue.They areall strictwith respectto bottomandtopelements.

� ;=��s*:�<I�Cta��L ö,÷4ø æÑò�ó�ôsõ ö,÷4ø ñ ò
;=��s*:�<I�Cta��L1ö,÷4ø»ëu��<2L0;=vN<xw�ðyX " Z�zB{_|eõ " é_}��~�MBLN<I��;=:�<���8a:���; ta:����-����~�M�L0<I��;=:�<���;=:�<���8�:���; ta:����-��;=:�<����=MB:xta��;=:�<���8�:a��; ta:a���-����MB:xta��;=:�<��d<IL08��é1ê���õªèE�,4�|eõ �d����������ù

IS INTEGER

� ;=��s*:�<I�Cta��L_�*� � æÑò�ó�ô�õ �*� � ñµò
;=��s*:�<I�Cta��L �*� � ë#��<IL0;�v0< w ðyX&��Z�zk{_|eõ��Úé_}M��I�e� " �*��� �d;=��s*:�<I�*ta�BL1ö,÷4øJð " ù�L0L0�J��� ���C'����d����������ù

� ;=��s*:�<I�Cta��L öC�=� æ¤ò�ó�ô�õ1öC���VñÃò
;=��s*:�<I�Cta��L öC�=� ëu��<2L0;=vN<xw�ðyXG�fZEzk{-|eõ�� é_}���%;=��s*:�<I�*ta�BL �*� � ð��sù���%���������\ù

� ;=��s*:�<I�Cta��L��(��� æÑò�ó�ô�õ�(���ZñÃò
;=��s*:�<I�Cta��L��(��� ëu��<ILN;=v0<kw�ðyX�) ZEzk{-|eõ¡) é_}� �d;���s*:a<2�Cta��L_�*� �rð��sù�;=<I¢��B���£� ¤��C�¥�*'��¦�d<2L08���ù

Thefamily of g �hCi û�þkj)þrü functionsis usedto identify integertypes.They return û4ü�ý�þ if theargument
is anintegertype, ÿ�� �E� þ if it is not.

� ;=��s*:�<I�CtaLN��� ö,÷4ø æÑò�ó�ô�õ ö,÷4ø ñÃò
;=��s*:�<I�CtaLN���"ö,÷4ø»ëu��<ILN;=v0< w ðyX " Z�zk{-|eõ " é_}v�~a�L�����; ta:����-��v�~a�L§��8�:���; ta:��B����vN~��L§����:a8�¨`� ©I�¦�d<ILN8��é1ê���õªèE�,4�|eõ �d;=��s*:�<I�*ta��L ö,÷4ø ð " ù,ù

IS INTEGRAL

� ;=��s*:�<I�CtaLN��� �*� � æÑò�ó�ô�õ �*�3� ñÃò
;=��s*:�<I�CtaLN��� �*� � ë#��<IL0;=vN<xw�ðyX&�ªZ�zB{_|eõ��Úé_}M��I�e� " �*��� �d;=��s*:�<I�*taL0��$ö,÷4ø8ð " ù�L0L0�J��� ���C'����d����������ù
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� ;=��s*:�<I�*taL0��$öC�=�µæ¤ò�ó�ôsõ1öC�=� ñµò
;=��s*:�<I�*taL0�� öC�=� ë#��<2L0;=vN<xw�ðyX��fZ�zk{_|eõ���é_}�«�d;=��s*:�<I�*taL0��B�*� �rð��sù�¬�d����=����ù

� ;=��s*:�<I�*taL0��E�(��� æ¥ò�ó�ô�õ �R�=� ñÃò
;=��s*:�<I�*taL0��E�(��� ë��<ILN;=v0<kw�ðyX�) Z�zk{-|eõ�)>é-}� �d;���s*:a<2�CtaLN�����*�3�rð���ù�;=<I¢����=��� ¤��I��C'��¦�d<2L08���ù

Thefamily of g ��h*i û�þkjÉüa� � functionsis usedto identify integral types,i.e.charactertypes,integertypes
andenumerationtypes.They return û4ü�ý�þ if theargumentis anintegral type, ÿ�� �E� þ if it is not.

� ;=�2®�LN;=<I~�¨?�B<I;�v ö,÷4ø æ¤ò�ó�ô�õ1ö,÷4øÉñµò
;=�2®�LN;=<I~�¨?�B<I;�v ö,÷4ø ë#��<ILN;=v0<kw�ðyX " Z�zk{-|eõ " é_}¯ M���<�����MB8���=�«����MB:xta���-M�8��������d<ILN8a�é1êJ��õ¦è��U4�|eõ �d;=��s*:�<I�*taL0�� ö,÷4ø ð " ù,ù

IS

ARITHMETIC

� ;=�2®�LN;=<I~�¨?�B<I;�v �*� � æ¤ò�ó�ô�õ �*�3� ñÃò
;=�2®�LN;=<I~�¨?�B<I;�v �*� � ë��<IL0;=vN< w ðyX��ªZ�zB{_|eõ¡�'é-}M��I�5� " �C��� �%;=�2®�LN;=<I~�¨?�B<I;�v ö,÷4ø ð " ù�L0LN���°� ���*'��¦�%���������\ù

� ;=�2®�LN;=<I~�¨?�B<I;�v öC�=� æ¤ò�ó�ô�õ1öC�=�VñÃò
;=�2®�LN;=<I~�¨?�B<I;�v öC�=� ë#��<ILN;=v0<kw�ðyX&�fZ�zk{_|eõ¡� é_}�«�d;=�2®�LN;=<I~�¨?�B<2;=v �*� � ð��sù�¬�d����=����ù

� ;=�2®�LN;=<I~�¨?�B<I;�v �R�=� æ¤ò�ó�ô�õ �R�=� ñµò
;=�2®�LN;=<I~�¨?�B<I;�v �R�=� ë��<IL0;�v0< w ðyX�)±Z�zk{_|eõm)�é-}� �d;��2®�L0;=<2~a¨?��<I;=v �*�3� ð��sù�;=<I¢����=��� ¤��I��C'��¦�d<2L08���ù

The family of g �E² ü³g�û2´�µ>þ\û2gE¶ functionsis usedto identify arithmetictypes,i.e. integral andfloating
types.They return û4ü�ý)þ if theargumentis anarithmetictype, ÿ�� �E� þ if it is not.

� ;=��·av0��=��L ö,÷4ø æ¤ò�ó�ô�õ1ö,÷4øÉñµò
;=��·av0��=��L ö,÷4ø ë#��<ILN;=v0<kw�ðyX " Z�zk{-|eõ " é_}bf<ILm� �_� �d<ILN8��é1êJ��õ¦è��U4�|eõ\�d;=�2®¡L0;=<I~�¨?��<I;=v ö,÷4ø ð " ù,ù

IS SCALAR

� ;=��·av0��=��L �*� � æ¤ò�ó�ô�õ �*�3� ñÃò
;=��·av0��=��L �*� � ë��<IL0;=vN< w ðyX��ªZ�zB{_|eõ¡�'é-}M��I�5� " �C��� �%;=��·av0��=��L ö,÷4ø ð " ù�L0LN���°� ���*'��¦�%���������\ù
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� ;=��·¸vN������L öC��� æ¤ò�ó�ô�õ1öC�=� ñµò
;=��·¸vN������L öC��� ëu��<ILN;=v0<kw�ðyX��fZ�zk{_|eõ�� é-}���%;=��·av0��=��L �*� � ð��sù���%���������\ù

� ;=��·¸vN������L �R�=� æ¤ò�ó�ô�õ��R�=�ZñÃò
;=��·¸vN������L �R�=� ë#��<IL0;=vN<xw�ðyX&)±ZEzk{_|eõ¡) é_}� �d;���·¸vN���=�L �*�3� ð��sù�;=<I¢��B���£� ¤��C�¥�*'��¦�d<2L08���ù

The family of g �¹ ¶³� � �\ü functionsis usedto identify scalartypes,i.e. arithmeticandpointertypes.
They return û4ü�ý)þ if theargumentis ascalartype, ÿ�� �E� þ if it is not.

� ;=��·¸<2L08�v0<Eº�:�;=M�: ö,÷4ø æ¥ò�ó�ô�õ ö,÷4ø ñÃò
;=��·¸<2L08�v0<Eº�:�;=M�: ö,÷4ø ë��<ILN;=v0<kw�ðyX " Z�zk{-|eõ " é_}��<ILN8avN<�� »N�C¼�����8�:�;=M�:�� »N�C¼����u<IL08��é1ê���õªèE�,4�|eõ �u�����=���\ù

IS STRUCTURE

OR UNION

� ;=��·¸<2L08�v0<Eº�:�;=M�: �*�3� æ¤ò�ó�ôsõ �*� � ñÃò
;=��·¸<2L08�v0<Eº�:�;=M�: �*�3� ë#��<2L0;=vN<xw�ðyX&�ªZ�zk{-|eõ¡�Úé-}M��I�e� " �*��� �d;=��·a<IL08�v0<�º�:�;=M�: ö,÷4ø ð " ù�L0L0�J��� ���C'����d����������ù

� ;=��·¸<2L08�v0<Eº�:�;=M�: öC��� æÑò�ó�ô�õ öC�=� ñµò
;=��·¸<2L08�v0<Eº�:�;=M�: öC��� ëu��<ILN;=v0< w ðyX&�(Z�zk{_|eõ�� é-}���%;=��·a<IL08�v0<�º�:�;=M�: �*� � ð��sù���%���������\ù

� ;=��·¸<2L08�v0<Eº�:�;=M�: �R�=� æ¤ò�ó�ô�õ �R�=� ñµò
;=��·¸<2L08�v0<Eº�:�;=M�: �R�=� ð��sù ë��<IL0;�v0<kw�ðyX&)±Z�zk{_|eõm)�é-}� �d;���·¸<ILN8�v0<Eº�:�;=M�: �*� � ð��sù�;=<I¢��B���£� ¤��C�¥�*'��¦�d����=���\ù

The family of g ��¹ û4ü�ý�¶�û½ i gE¾ i functionsis usedto identify structureandunion types. They return
û4ü�ý)þ if theargumentis astructureor uniontype, ÿ�� �E� þ if it is not.

� ;=��¿m��vN����LN�B�fÀ³��t ö,÷4ø æÑò�ó�ô�õ�ö,÷4øÉñÃò
;=��¿m��vN����LN�B�fÀ³��t ö,÷4ø ëu��<ILN;=v0< w ðyX " Z�zk{-|eõ " é_}��<ILN8avN<�� »N��Á5�Â��8�:�;=MB:£� »���Á5���u<IL08��é1ê���õªèE�,4�|eõ �u�����=���\ù

IS DECLARED

TAG

� ;=��¿m��vN����LN�B�fÀ³��t&�*� �Aæ¤ò�ó�ô�õ �*�3� ñÃò
;=��¿m��vN����LN�B�fÀ³��t&�*� �|ë��<IL0;=vN<xw�ðyX&�ªZ�zB{_|eõ��Úé_}M��I�e� " �*��� �d;=��¿m��v��=��LN�B�fÀx�Et�ö,÷4ø8ð " ù�L0L0�J��� ���C'����d����������ù
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� ;=��¿m��v��=��LN�B�fÀx�Et�öC�=�µæ¤ò�ó�ôsõ1öC�=� ñµò
;=��¿m��v��=��LN�B�fÀx�Et öC�=� ë#��<2L0;=vN<xw�ðyX��fZ�zk{_|eõ���é_}�«�d;=��¿G�Bv��=�L0���(Àx�Et&�*� �rð��sù�¬�d����=����ù

� ;=��¿m��v��=��LN�B�fÀx�Et��(��� æ¥ò�ó�ô�õ �R�=� ñÃò
;=��¿m��v��=��LN�B�fÀx�Et��(��� ë#��<IL0;�v0<Bw�ðyX�) Z�zk{-|eõ�)>é-}� �d;���¿m��vN�=�L0���(Àx��t&�*�3�rð���ù�;=<I¢����=��� ¤��I��C'��¦�d����=���\ù

Thefamily of g �EÃ þ�¶ � �\ü�þ�ÄÆÅ��_j functionsis usedto identify incompletestructuresandunionswhose
tagshave only beendeclared.They return û4ü�ý)þ if theargumentis sucha structureor union, ÿ�� �E� þ if
it is not.

� ;=�Ç¸M�¨�b(�=��<I� ö,÷4ø æ¤ò�ó�ô�õ1ö,÷4øÉñÃò
;=�Ç¸M�¨�b(�=��<I� ö,÷4ø ë��<IL0;=vN< w ðyX " Z�zk{_|eõ " é_}È M�;=� �d����=���é1êJ��õ¦è��U4�|eõ\�É7K;=��¿G�Bv��=�L0���(Àx�Et�ö,÷4ø8ð " ù,ù

IS COMPLETE

� ;=�Ç¸M�¨�b(�=��<I�K�*� �Aæ¥ò�ó�ô�õ �*� � ñµò
;=�Ç¸M�¨�b(�=��<I�K�*� �|ë��<ILN;=v0<kw�ðyX��ªZ�zk{_|eõ¡�Úé_}M��I�5� " �C��� �%;=�Ç¸M�¨�b(�=��<I� ö,÷4ø ð " ù�L0LN���°� ���*'��¦� ð�'¬ëÊÁ ùÉñË�����=���¡�¸;=�Ç¸M�¨�b(�=��<I� �*� � ð��sù,ù

� ;=�Ç¸M�¨�b(�=��<I��öC�=�µæ¤ò�ó�ô�õ öC��� ñ ò
;=�Ç¸M�¨�b(�=��<I��öC�=�ïë��<IL0;=vN<xw�ðyXG�fZ�zk{-|eõ¡� é_}�«�d;=�Ç¸M�¨�b(�=��<I�¸�*�3�rð��sù�¬�d<ILN8a��ù

� ;=�Ç¸M�¨�b(�=��<I� �(��� æ¤ò�ó�ô�õ��(��� ñÃò
;=�Ç¸M�¨�b(�=��<I�a�(��� ë#��<ILN;=v0<kw�ðyX�) Z�zk{-|eõ�) é_}� �d;��Ç¸MB¨�bf�=�B<2� �*� � ð��sù�;=<I¢����=��� ¤��I��C'��¦�d<2L08���ù

� ;=�Ç¸M�¨�b(�=��<I�aÌ ÷2Í æ¤ò�ó�ô�õ Ì ÷2Í\ñÃò
;=�Ç¸M�¨�b(�=��<I�aÌ ÷2Í ëu��<ILN;=v0<kw�ðyX�Î_Z�zk{_|eõ�Î¡é_}
" �d;=�Ç¸M�¨�b(�=��<I��ö,÷4øJð " ù���d<IL08���ù

Thefamily of g �Ï ¾kµÊÐ � þ\û�þ functionsis usedto distinguishbetweencompleteandincompletetypes.
They return û4ü�ý)þ if theargumentis a completetype, ÿ�� �E� þ if it is not. Accordingto thestandard,in-
completetypesarevoid, structuresandunionswhosetagshaveonly beendeclared,arraysof unknown
sizeandaggregatetypesthatcontainelementsof incompletetypes.Thelatter is not evenallowedin
declarationsandthis is thereasonwhy it is not necessaryto requirethatall membersof structuresor
arraysbelongto completetypes.
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� ;=��Ñ�;=<I¢����=� �R�=� æ¤ò�ó�ô�õ��R�=�Zñµò
;=��Ñ�;=<I¢����=� �R�=� ë��<IL0;�v0<kw�ðyX&)±ZEzk{-|eõ¡)�é-}� �d����=����;=<I¢��B���£� ¤��C�¥�*'��¦�d<2L08���ù

IS BI T-FIELD

� ;=��Ñ�;=<I¢����=�RÒ�ÓCÔ|æ¤ò�ó�ô�õ Ò�ÓCÔ ñÃò
;=��Ñ�;=<I¢����=�RÒ�ÓCÔ ëu��<ILN;=v0<kw�ðyX&ÕZ�zk{-|eõ¡Õ�é-}� È ��=8��¡� )��Ö�d;=��Ñ�;�<I¢��B�=� �(��� ð�)¥ùé1ê���õªèE�,4�|eõ×�d����=����ù

Thefamily of g ��Ø g�û2Ù þ � Ä functionsis usedto distinguishbetweennormalandbit-field membertypes.
They return û4ü�ý)þ if theargumentis abit-field type, ÿ�� �E� þ if it is not.

� ;=��Ú°MB��;=¢�����=� ö,÷4ø æ¤ò�ó�ôsõ ö,÷4ø ñµò
;=��Ú°MB��;=¢�����=� ö,÷4ø ëu��<ILN;=v0<kw�ðyX " ZBzk{-|eõ " é_}��<ILN8avN<�� »N�C¼�����8�:�;=M�:�� »N�C¼���� ð�¼^ÛëÊÁ ùUÜ§;���Ú±M��-;�¢a���=�-Ý �=� � ð�¼Éùé1ê���õªèE�,4�|eõ �u;=�Ç¸M�¨¡bf�=��<I��ö,÷4ø8ð " ù,ù

IS

MODIFIABLE

� ;=��Ú°MB��;=¢�����=� �*� � æ¤ò�ó�ô�õ �*�3� ñµò
;=��Ú°MB��;=¢�����=� �*� � ë#��<IL0;=vN<xw�ðyX���ZkzB{_|eõ��Úé_}M��I�e� " �*��� �É7�ð=v0M�:a��<eÞß��ùUÜ[;=��Ú°MB��;=¢�����=� ö,÷4ø ð " ù�L0L0�J��� ���C'����d����������ù

� ;=��Ú°MB��;=¢�����=� �R�=� æ¥ò�ó�ô�õ �R�=� ñÃò
;=��Ú°MB��;=¢�����=� �R�=� ë#��<IL0;�v0< w ðyX&)±ZEzk{-|eõ¡)�é-}� �d;���Ú±M��-;�¢a���=� �*�3� ð���ù�;=<I¢��B���£� ¤��C�¥�*'��¦�É7�ð=vNMB:���<UÞ^��ù,ù

� ;=��Ú°MB��;=¢�����=� Ý ��� � æ�à�õá â¤ñµò
;=��Ú°MB��;=¢�����=� Ý ��� � ë#��<IL0;�v0<kw�ðyXG¼(Z0ãmäeåW��MB¨ ð�¼Éù�Z0;=��Ú°MB��;=¢�����=� �R�=� ð�¼Æ� äk�=ù,ù

Thefamily of g ��æ ¾�Ä�gIÙ5�Rç � þ functionsis usedto identify typescorrespondingto modifiablel-values.
They return û4ü�ý)þ if theargumentis sucha type, ÿ�� �E� þ if it is not. Accordingto thestandard,thetype
of amodifiablel-valuemustnotbeanarraytype,mustnotbeincomplete,mustnotbeconst-qualified
and,if it is anaggregatetype,mustnotcontainnon-modifiablemembers.

4.6.2 Functionsrelatedto types

Two relationsandfive functionsaredefinedin this section.All of themarebi-strict with respectto
bottomandtop elements.Thetwo relationsarespecifiedasimplementation-definedin thestandard.
For this reason,they arenot fully definedhere.Instead,a numberof propertiesthatthey mustsatisfy
is given.
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� � Þ � æ¤ò�ó�ô�õ1ö,÷4ø î'ò�ó�ôsõ1ö,÷4øÉñµò
��; ta:��B����vN~��LUÞ^��~aM�L0<2��;=:�<5ÞT;=:�<eÞT�=M�:xta��;=:�<
�B:�8�¨`� ©I�KÞT;=:�<
8�:a��; ta:a���-��v�~���LeÞ^8�:���; ta:����-����~�MBLN<I��;=:�<�ÞT8a:���; ta:����-��;=:�<�ÞT8�:a��; ta:a���-����MB:xta��;=:�<
¯ MB�<eÞT�-M�8������£ÞT�=MB:xta����MB8���=�
ãm�(ZEè " Z�;=��s*:�<I�*taL0��xð " ùUÜAð bf<ILG� �_�aÞ " ù
ã " Z " Þ "
ã "Bé � "�ê � "Jë Z¦ð "Bé Þ "�ê ù,Ü ð "�ê Þ "Jë ù£� ð "Bé Þ "0ë ù

TYPE

INCLUSION

The type inclusionrelationbetweendatatypeshasthe intuitive meaningthat all valuesof the first
typearealsovalid valuesfor thesecond,i.e. thesetof valuesof thefirst typeis asubsetof thatof the
secondtype. Thestandardspecifiestheaforementionedinclusionsfor character, integer, floatingand
enumerationtypes,andthatall pointerscanberepresentedby someimplementation-definedintegral
type.Thelasttwo propertiesstatethattypeinclusionis a reflexive andtransitive relation.

� � å � æ constant
î¬ò�ó�ô�õ1ö,÷4øÉñÃò

ãGìB� " é � " ê Z¦ð�ìmå " é ù,ÜAð " é Þ " ê ù£�ìð�ìmå " ê ùREPRESENTA-
TION OF

CONSTANTS

This is alsoanimplementation-definedrelationbetweenconstantsanddatatypes.Theintuitivemean-
ing of the statementí[îïO is that the valueof the constantí canbe storedin a variableof type O
without any lossof information. The aforementionedproperty, that this relationmustsatisfy, only
connectsthis relationwith typeinclusion.

� ¢�L0��<EÀxM�ð��CbfL0�����B:�<�æ
integer-constant

î¬ò�ó�ô�õ ö,÷4ø $�4�|eê�ñ! �ðnò�ó�ô�õ ö,÷4ø ù
¢�L0��<EÀxM�ð��CbfL0�����B:�<xð�'(�E��=ù ë��L0L0M�L
¢�L0��<EÀxM�ð��CbfL0�����B:�<xð�'(�*v0M�:a��ð " �*ñ�ù,ùÛë ð�' å " ùÁñ98�:�;=< " �¸¢aLN��<EÀxMBðª�CbfL0�����B:�<xð�'R�*ñ�ù

FIRST TO

REPRESENT

This function returnsthefirst type in a list of possibledatatypes,in which a given integer constant
canberepresented.An erroroccursif theconstantcannotberepresentedin any of thegiventypes.

� ;=:�<Iò(L0M�¨?MB<2� æ¤ò�ó�ô�õ ö,÷4ø ñó �ðnò�ó�ôsõ ö,÷4ø ù
;=:�<Iò(L0M�¨?MB<2��ë��<IL0;�v0<kw�ðyX " Z�zk{_|eõ " é_}v�~���L �u8a:�;=<�ð,ð=vN~��L,Þß;=:�<�ùÁñ9;=:�<��¸8a:���; ta:����-��;=:�<$ù��; ta:����-��v�~���L �u8a:�;=<m;=:�<8�:���; ta:��B����vN~��L �u8a:�;=<�ð,ð=8a:���; ta:����-��v�~���LUÞT;=:�<�ù�ñÉ;�:a<��?8�:���; ta:��B����;=:�<rù��~�M�L0<I��;=:�< �u8a:�;=<m;=:�<8�:���; ta:��B������~�MBLN<I��;=:�<ô�u8a:�;=<�ð,ð=8a:���; ta:����-����~�M�L0<I��;=:�<�ÞT;=:�<¦ùÁñË;=:�<��K8�:���; ta:��B����;=:�<rù��:�8a¨`� ©I� �u8a:�;=<m;=:�<é1êJ��õ¦è��U4�|eõ �u8a:�;=< " ù

INTEGRAL

PROMOTIONS

Thisfunctionperformstheintegralpromotionsto its argument,asspecifiedin ã 6.2.1.1of thestandard.
Theargumentis left unchangedif theintegral promotionscannotbeapplied.
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� ��LN;=<I~�Ç¸M�: È æ¤ò�ó�ô�õ1ö,÷4ø î'ò�ó�ôsõ1ö,÷4øÉñ! �ðnò�ó�ô�õ1ö,÷4ø4ù
��LN;=<I~�Ç¸M�: È ëu�;=����<ILN;=v0<Bw�ðyX¦� " é � " ê �NZð "Bé ëA�=M�:xta���-M�8a��=�\ùaõ¤ð "�ê ëA�=MB:xta����MB8���=��ùÁñË8a:�;=<m�=MB:xta����MB8���=�¡�ð " é ëA�-M�8�������ù�õÑð " ê ë×�-M�8����=�\ùÁñ98�:�;=<���MB8���=�¡�ð " é ë ¯ MB�<�ùaõÐð " ê ë ¯ M���<�ùÁñ98�:�;=< ¯ M���<��;=:�<Iò(LNMB¨?M�<I� " éWö ðyX " Vé Z;=:�<Iò(LNMB¨?M�<I� "Jê ö ðyX " Vê Zð " Vé ëA8�:���; ta:��B�����=MB:xta��;=:�<rù�õÑð " Vê ëA8�:���; ta:��B�����=MB:xta��;=:�<$ùÁñï8�:�;=<�8�:���; ta:����-���=M�:xta��;=:�<��ð,ð " Vé ëA�=M�:xta��;=:�<�ù�ÜÐð " Vê ëA8�:���; ta:��B����;=:�<rù,ùaõ¤ð,ð " Vé ëA8a:���; ta:����-��;=:�<rù�ÜÑð " Vê ëA�=M�:xta��;=:�<¦ù,ùÁñ8�:�;=<´ð,ð=8�:���; ta:����-��;=:�<�ÞT�=MB:xta��;=:�<�ùÁñ9�=M�:xta��;=:�<��K8�:���; ta:����-���=M�:xta��;=:�<rù_�ð " Vé ëA�=M�:xta��;=:�<¦ù�õÐð " Vê ëA�=M�:xta��;=:�<¦ùÁñË8a:�;=<m�=MB:xta��;=:�<��ð " Vé ëA8�:���; ta:��B����;=:�<rùaõÐð " Vê ë×8�:���; ta:����-��;=:�<rùÁñ98�:�;=<�8�:���; ta:��B����;=:�<ª�ð " Vé ëA;=:�<�ùaÜ¤ð " Vê ë×;�:a<�ù�ñ98�:�;=<�;=:�<��¸�BLNL0M�L�ù,ù,ù

USUAL

ARITHMETIC

CONVERSIONS

This functionperformstheusualarithmeticconversionsto its arguments,asspecifiedin ã 6.2.1.5of
thestandard.An erroroccursif theusualarithmeticconversionscannotbeapplied.

� ��L�taò(L0M�¨ÂM�<I��æ¤ò�ó�ôsõ1ö,÷4øÉñ! �ðnò�ó�ô�õ1ö,÷4øcù
��L�taò(L0M�¨ÂM�<I� ë#��<2L0;=vN<xw�ðyX " Z�zB{_|eõ " é_}¯ MB�< �d8�:�;=<��-M�8������é1ê���õªèE�,4�|eõ×�d;=:�<Iò(LNMB¨?M�<I� " ù

DEFAULT

ARGUMENT

PROMOTIONS

This functionperformsthedefault argumentpromotions,asspecifiedin ã 6.3.2.2of thestandard.

� �-�<I;=� ���*� �Aæ¤ò�ó�ô�õ �*�3� ñ! �ðnò�ó�ô�õ1ö,÷4øcù
�-�<I;=� ���*� �|ë#��<IL0;=vN<Bw�ðyX���ZkzB{_|eõ��Úé_}M��I�e� " �*��� �d8�:a;�< "�L0L0�J��� ���C'����d�BLNL0M�L�ù

DATIFY

� �-�<I;=� �)öC�=�µæ¤ò�ó�ôsõ1öC�=� ñ! �ðnò�ó�ô�õ1ö,÷4ø4ù
�-�<I;=� �)öC�=�ïë#��<2L0;=vN<xw�ðyX��fZ�zk{_|eõ���é_}���%�-�<I;=� ���*� ������%�BLNL0M�L�ù

� �-�<I;=� ���(��� æ¥ò�ó�ô�õ �R�=� ñó �ðnò�ó�ô�õ ö,÷4ø ù
�-�<I;=� ���(��� ë#��<IL0;�v0<Bw�ðyX�) Z�zk{-|eõ�)>é-}� �d����<2;=� � �*�3� ��;=<I¢��B���£� ¤��C�¥�*'��¦�d8�:�;=<´ð=����<2;=� �&��÷ ø ¤Áù,ù

� �-�<I;=� ����÷ ø æ¤ò�ó�ôsõ ��÷ øÁñµò�ó�ô�õ1ö,÷4ø
�-�<I;=� ����÷ ø ëu��<ILN;=v0<kw�ðyX�¤�Z�zB{_|eõm¤ é_};=:�< �d;�:a<��; ta:����-��;=:�< �d;�:a<8�:���; ta:��B����;=:�<ô�d8�:���; ta:����-��;=:�<rù

This functionextractsa datatypefrom otherkindsof types.An erroroccursif a datatypecannotbe
extracted,e.g.if theargumentis anarrayor functiontype.Thepartof thefunctionthatconvertsfrom
bit-field typessucceedsfor all possiblearguments.For this reason,it returnsa datatype,insteadof a
monadicelement.



64 Chapter 4. Static semanticdomains

4.6.3 Compatible and compositetypes

Compatibletypes,asdefinedin ã 6.1.2.6of the standardandelsewhere,definea binary relationbe-
tweentypes. This relation is representedby function g �Ï ¾kµ�Ðm��û2gEç � þ . Function ¶³¾kµ�Ðm¾ � g�û�þ , also
definedin ã 6.1.2.6andelsewhere,mapsa pair of compatibletypesto a third type,compatiblewith
both, which sharesthe characteristicsof both types. The two functions g �Ï ¾kµÊÐ���û2gEç � þ�ø¤ý�� � and
¶³¾kµÊÐ�¾ � g�û�þ�ø¤ý�� � aresimilar, with theexceptionthatthey effectively ignorequalifierswhenchecking
for compatibility. All functionsarebi-strictwith respectto bottomandtopelements.

Therelationg ��Ï ¾kµÊÐ���û2gEç � þ for datatypesis partly implementation-definedandfor this reasonitIS

COMPATIBLE is not fully specifiedhere.Somepropertiesthatmustbesatisfiedaregiveninstead.

� ;=�Ç¸M�¨�b(�<I;=��=� ö,÷4ø æ¤ò�ó�ô�õ ö,÷4ø î'ò�ó�ô�õ ö,÷4ø ñÃò
;=�Ç¸M�¨�b(�<I;=��=� ö,÷4ø ð " � " ùÁë×<2L08��
;=�Ç¸M�¨�b(�<I;=��=� ö,÷4ø ð " é � " ê ù�ëA;=�ÇaMB¨�b(�<I;=��=� ö,÷4ø ð " ê � " é ù
;=�Ç¸M�¨�b(�<I;=��=��ö,÷4ø8ð b(<ILG� � é ����b(<ILG� � ê �Wù ëu;=�ÇaMB¨�b(�<I;=��=��öC�=�\ð�� é �C� ê ù
ãm©�ZBè " Z�;=��s*:�<I�*ta�BLÁð " ùUÜ�;=�Ç¸M�¨¡bf��<2;=����� ö,÷4ø ð=�B:�8�¨`� ©*��� " ù

Therelationis reflexiveandcommutative,asstatedby thefirst twoproperties.Compatibilityof pointer
typesis definedin termsof thetypesthatarepointed.For eachenumerationtype,thereis acompatible
integertype.Thistreatmentof compatibletypesomitsthecaseof structure,unionor enumeratedtypes
that aredefinedin separatetranslationunits, asstatedby deviation D-11 in Section2.3. The same
relationfor otherkindsof typesis definedasfollows:

� ;=�Ç¸M�¨�b(�<I;=��=���*�3� æ¤ò�ó�ô�õ �*� � î'ò�ó�ôsõ �*�3� ñÃò
;=�Ç¸M�¨�b(�<I;=��=� �*�3� ëu�;=����<IL0;�v0<�w�ðyX¡��� é �*� ê �NZ�zB{_|eõU��� é �I� ê ��é_}�=M��I�5� "�é �*� é ���IM��I�e� "�ê �I� ê ��� �u;=�Ç¸M�¨¡bf��<2;=������ö,÷4ø,ð "Bé � "�ê ù,Ü ð�� é ë×� ê ù�=�L0LN���°� � é �*' é �y�2��LNL0�J�±� � ê �*' ê �����u;=�Ç¸M�¨¡bf��<2;=����� �*� � ð�� é �*� ê ù?Ü ð�' éfù ' ê ÛëÊ� ùé1êJ��õ¦è��U4�|eõ �u�����=���\ù

� ;=�Ç¸M�¨�b(�<I;=��=�kú=û � æÑò�ó�ô�õ ú�û � î¬ò�ó�ô�õ ú=û � ñµò
;=�Ç¸M�¨�b(�<I;=��=�kú=û � ëu�;=����<ILN;=v0< w ðyX��y� é �N� ê �NZ�zB{_|eõ,�y� é �N� ê ��é_}�=��8�:�v&� " é �Wå é ���*��8�:�vG� " ê �nå ê �����u;=�Ç¸M�¨¡bf��<2;=����� ö,÷4ø ð " é � " ê ù,Ü[;=�Ç¸M�¨�b(�<I;=��=�_ü Ô � ø ðaå é �Wå ê ù,ù

� ;=�Ç¸M�¨�b(�<I;=��=��öC���µæ¤ò�ó�ô�õ öC��� î¬ò�ó�ô�õ öC��� ñÃò
;=�Ç¸M�¨�b(�<I;=��=��öC���ïë��;�����<IL0;=vN<Bw�ðyX���� é �*� ê �NZ�zk{_|eõ,��� é �C� ê ��é_}��� é �I� ê � �d;=�ÇaMB¨�b(�<I;=��=�a�*�3�"ð�� é �*� ê ù�y� é ��� ê � �d;=�ÇaMB¨�b(�<I;=��=�xú=û � ðy� é ��� ê ùé1êJ��õ¦è��U4�|eõ\�d����=���\ù

� ;=�Ç¸M�¨�b(�<I;=��=� �R�=� æ¤ò�ó�ôsõ �(��� î¬ò�ó�ô�õ �R�=� ñµò
;=�Ç¸M�¨�b(�<I;=��=�_�R�=� ëu�;=����<ILN;=v0<�w�ðyX¡��) é �*) ê �NZ�zk{-|eõU��) é �*) ê ��é_}��� é �I� ê � �d;��Ç¸MB¨�bf��<I;����=� �*� � ð�� é �*� ê ù�=�;=<I¢����=��� ¤ é �*� é �*' é �y�2��;=<2¢a���=��� ¤ ê �*� ê �*' ê ���W� ð=¤ é ë×¤ ê ù,ÜAð�� é ë×� ê ùUÜ ð�' é ë×' ê ùé1êJ��õ¦è��U4�|eõ �d����=���\ù
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� ;=�Ç¸M�¨¡bf��<2;=����� ü Ô � ø�æ¤ç�è�é1ê îÚç�è�é1ê¡ñÃò
;=�Ç¸M�¨¡bf��<2;=������ü Ô � ø ë#�;=����<ILN;=v0<Bw�ðyX¡�aå é �=å ê �NZ$=õ¦êG��' é �*) é �*. é ��ëÐå é��' ê �*) ê �*. ê ��ëÐå ê4�6Ãð�' é ë×' ê ù?Ü ð�. é ë×. ê ù?Ü<ð�ãGý�æ-@ × ý × ' é Z�;=�Ç¸M�¨�b(�<I;=��=� ö,÷4ø ð�) é ý*�C) ê ýcù,ù,ù

Whencomparingarraysfor compatibility, theleastupperboundof arraysizesis top whenbothsizes
have beenspecifiedandthey aredifferent. Noticeherethat thepresenceof qualifiersdestroys com-
patibility.

� ;=�Ç¸M�¨¡bf��<2;=�����_þR8a���ö,÷4ø�æ¤ò�ó�ô�õ1ö,÷4øsî'ò�ó�ô�õ1ö,÷4øÉñµò
;=�Ç¸M�¨¡bf��<2;=�����_þR8a�� ö,÷4ø ð " � " ùÛë#;��Ç¸MB¨�bf��<I;����=� ö,÷4ø ð " � " ù IS

COMPATIBLE

IGNORING

QUALIFIERS� ;=�Ç¸M�¨¡bf��<2;=�����_þR8a�� �*� � æ¤ò�ó�ô�õ �*�3� î'ò�ó�ô�õ �*� � ñµò
;=�Ç¸M�¨¡bf��<2;=�����_þR8a����*� �|ë��;=����<2L0;=vN<kw�ðyX¦��) é �*) ê �NZ�zk{_|eõ,��) é �*) ê ��é_}�=M��I�¦� "�é �*� é ���*MB�2�5� "�ê �I� ê ��� �d;��Ç¸MB¨�bf��<I;����=� ö,÷4ø ð "�é � "�ê ù�=�L0L0�J��� � é �*' é �y�*�L0LN�J�°� � ê �*' ê ���W�d;��Ç¸MB¨�bf��<I;����=�-þÆ8�����*�3�rð�� é �*� ê ùUÜ ð�' é(ù ' ê ÛëÊ� ùé1ê���õªèE�,4�|eõ �d����=���\ù

� ;=�Ç¸M�¨¡bf��<2;=�����_þR8a���ú=û � æ¤ò�ó�ô�õ ú=û � î'ò�ó�ô�õ ú�û � ñÃò
;=�Ç¸M�¨¡bf��<2;=�����_þR8a�� ú=û �1ðy� é �C� ê ù ë#;=�ÇaMB¨�b(�<I;=��=� ú=û �1ðy� é ��� ê ù

� ;=�Ç¸M�¨¡bf��<2;=�����_þR8a�� öC�=� æÑò�ó�ô�õ öC�=� î'ò�ó�ô�õ öC�=� ñµò
;=�Ç¸M�¨¡bf��<2;=�����_þR8a���öC�=�¾ëu�;=����<ILN;=v0<Bw�ðyX���� é �C� ê �NZ�zk{-|eõ,��� é �C� ê ��é_}��� é �C� ê � �d;=�Ç¸M�¨�b(�<I;=��=�-þÆ8���� �*� � ð�� é �*� ê ù�y� é ��� ê � �d;=�Ç¸M�¨�b(�<I;=��=�-þÆ8���� ú�û ��ðy� é ��� ê ùé1ê���õªèE�,4�|eõ×�d����=����ù

� ;=�Ç¸M�¨¡bf��<2;=�����_þR8a��0�R�=� æ¤ò�ó�ô�õ��R�=�Õî'ò�ó�ôsõ��(��� ñÃò
;=�Ç¸M�¨¡bf��<2;=�����_þR8a��0�R�=� ë��;�����<IL0;=vN<Bw�ðyX¦��) é �*) ê �NZ�zk{_|eõ,��) é �*) ê ��é_}��� é �C� ê � �%;=�ÇaMB¨�b(�<I;=��=�-þÆ8�����*�3�rð�� é �*� ê ù�=�;=<I¢��B���£� ¤ é �C� é �C' é ���I�;=<I¢����=��� ¤ ê �I� ê �*' ê ����� ð=¤ é ëA¤ ê ùUÜAð�' é ë×' ê ùé1ê���õªèE�,4�|eõ �%����=���1ù

This relationis similar to g ��Ï ¾kµÊÐm�sû2g�ç � þ , only thepresenceof qualifiersin thecomparedtypesdoes
not destroy compatibility. It doeshowever whentherearemembersof structuresor unionsthat are
qualifiedwith differentqualifiers.

� v0M�¨¡bfMB��;�<I��ö,÷4ø�æ¤ò�ó�ôsõ1ö,÷4øLîÚò�ó�ôsõ1ö,÷4øÉñ! �ðnò�ó�ô�õ1ö,÷4øcù
v0M�¨¡bfMB��;�<I� ö,÷4ø ë#�;=����<ILN;=v0< w ðyX¡� "Bé � "�ê �NZ�zk{_|eõe� "Bé � "�ê ��é_}� b(<2LG� � é ����b(<IL&� � ê ��� �dv0M�¨�b(M���;=<I� öC�=� ð�� é ��� ê ù ö ðyX&�fZ�8�:�;=<�bf<ILm� �_�=ù�=��:a8�¨S� ©I��� " ���¡� " �2�B:�8�¨`� ©*�����ÿ�d;=�Ç¸M�¨�b(�<I;=��=��ö,÷4ø8ð=�B:�8�¨`� ©I�y� " ùÉñ98�:�;=< " �¸�BLNL0M�Lé1ê���õªèE�,4�|eõ � ð " é ë " ê ùÁñ98�:�;=< " é �¸��L0LNMBL�ù

COMPOSITE

TYPES

� v0M�¨¡bfMB��;�<I� �*� � æ¤ò�ó�ô�õ �*�3� î'ò�ó�ô�õ �*� � ñc �ðnò�ó�ô�õ �*� � ù
v0M�¨¡bfMB��;�<I�K�*� �|ë��;�����<IL0;=vN<Bw�ðyX���� é �*� ê �NZ�zk{-|eõU��� é �*� ê ��é_}�=M��I�¦� "�é �*� é ���*MB�2�5� "�ê �I� ê ��� � ð�� é ë×� ê ùÁñv0M�¨�b(M���;=<I� ö,÷4ø ð "Bé � "�ê ù ö ðyX " Z�8�:�;=<�M��2�5� " �C� é �=ù_�K��L0L0M�L�=�L0L0�J��� � é �*' é �y�*�L0LN�J�°� � ê �*' ê ���W� ð�' é(ù ' ê ÛëÊ� ùÉñv0M�¨�b(M���;=<I�f�*� �$ð�� é �*� ê ù ö ðyX���Z�8�:�;=<��L0LN�J�°� �ª�C' éRù ' ê �Wù_�K��L0LNMBLé1ê���õªèE�,4�|eõ �d��L0LNMBL�ù
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� v0M�¨�b(M���;=<I� ú�û �µæ¥ò�ó�ô�õ ú=û � î'ò�ó�ôsõ ú�û � ñó �ðnò�ó�ôsõ ú=û ��ù
v0M�¨�b(M���;=<I�ú�û � ë�;=����<IL0;�v0<Bw�ðyX¡�y� é ��� ê �NZ�zk{-|eõU�y� é �C� ê ��é_}�=��8�:�v&� " é �Wå é ���*��8�:�vG� " ê �nå ê �����uv0M�¨¡bfMB��;�<I� ö,÷4ø ð " é � " ê ù ö ðyX " Zv0M�¨¡bfMB��;�<I�¸ü Ô � ø ðaå é �=å ê ù ö ðyX�åKZJ8�:�;=<¡��8�:av&� " �=å-�=ù,ù,ù

� v0M�¨�b(M���;=<I�ÉöC�=�Bæ¤ò�ó�ô�õ öC��� î'ò�ó�ôsõ öC�=� ñc �ðnò�ó�ô�õ öC�=� ù
v0M�¨�b(M���;=<I�ÉöC�=�¾ëu�;=����<ILN;=v0<Bw�ðyX���� é �C� ê �NZ�zk{-|eõU��� é ��� ê ��é-}��� é �I� ê � �dvNMB¨�b(M���;=<I�K�*�3�rð�� é �I� ê ù�y� é ��� ê � �dvNMB¨�b(M���;=<I�¥ú=û � ðy� é ��� ê ùé1êJ��õ¦è��U4�|eõ\�d��L0LNMBL�ù

� v0M�¨�b(M���;=<I� �(��� æÑò�ó�ô�õ �(��� î¬ò�ó�ô�õ �R�=� ñ! �ðnò�ó�ô�õ �R�=� ù
v0M�¨�b(M���;=<I�¸�(��� ëu�;=����<IL0;�v0<Bw�ðyX���) é �*) ê �NZ�zk{-|eõU��) é �*) ê ��é-}��� é �I� ê � �dvNMB¨�bfMB��;=<2� �*�3� ð�� é �*� ê ù�=�;=<I¢����=��� ¤ é �*� é �*' é �y�2��;=<2¢a���=��� ¤ ê �*� ê �*' ê ���W� ð=¤ é ë×¤ ê ùaÜ¤ð�� é ë×� ê ùaÜ¤ð�' é ë×' ê ùÁñ8�:a;�<���;�<I¢��B�=�£� ¤ é �*� é �*' é �x�¸�BLNL0M�Lé1êJ��õ¦è��U4�|eõ �d��L0LNMBL�ù

� v0M�¨�b(M���;=<I� ü Ô � ø�æ¤ç�è�é1êVî'ç�è�é1ê¡ñó �ðnç�è�é1êrù
v0M�¨�b(M���;=<I� ü Ô � øÛë#�;=����<ILN;=v0<Bw�ðyX¡�aå é �Wå ê �NZ$=õ¦ê&��' é �I) é �*. é �ÉëÑå é��' ê �I) ê �*. ê �ÉëÑå ê4�6µð�' é ë×' ê ùaÜ¤ð�. é ë\. ê ùÁñ<IL0� È ��L0���¦�3@k�C' é ��ðyX�ýCZ�vNMB¨�bfMB��;=<2� ö,÷4ø ð�) é ý*�*) ê ýcù,ù¸� ö ðyX�) Z�8�:�;=<,��' é �*) �2. é �Jù-�K��L0LNMBL�ù

This function is usedto determinecompositetypes. According to ã 6.1.2.6of the standard,it just
combinesarraysizesandfunctionparameterlists.

� v0M�¨�b(M���;=<I�-þÆ8����$ö,÷4ø æÑò�ó�ô�õ�ö,÷4øLî'ò�ó�ô�õ1ö,÷4øÉñó �ðnò�ó�ô�õ1ö,÷4øcù
v0M�¨�b(M���;=<I�-þÆ8���� ö,÷4ø ð " � " ùÛë#vNMB¨�b(M���;=<I� ö,÷4ø ð " � " ùCOMPOSITE

TYPES

IGNORING

QUALIFIERS � v0M�¨�b(M���;=<I�-þÆ8����B�*�3� æ¤ò�ó�ôsõ �*� � î¬ò�ó�ô�õ �*�3� ñ! �ðnò�ó�ô�õ �*�3� ù
v0M�¨�b(M���;=<I�-þÆ8����B�*�3�>ë#�;=����<ILN;=v0<Bw�ðyX¦��� é �C� ê �NZ�zk{_|eõ,��� é �*� ê ��é-}�=M��I�5� " é �*� é ���IM��I�e� " ê �I� ê ��� �uv0M�¨¡bfMB��;�<I�Éö,÷4ø8ð " é � " ê ù ö ðyX " Z�8�:�;=<�M��I�5� " �*� é�� � ê �=ù�=�L0LN���°� � é �*' é �y�2��LNL0�J�±� � ê �*' ê ����� ð�' é(ù ' ê ÛëÊ� ùÉñv0M�¨�b(M���;=<I�-þÆ8������*� �rð�� é �*� ê ù ö ðyX��ªZ8�:a;�<���LNL0�J�°� �ª�C' é(ù ' ê �=ù��¸�BLNL0M�Lé1êJ��õ¦è��U4�|eõ �u�BLNL0M�L�ù

� v0M�¨�b(M���;=<I�-þÆ8���� ú=û �µæ¤ò�ó�ô�õ ú=û � î'ò�ó�ô�õ ú=û � ñ! �ðnò�ó�ô�õ ú=û � ù
v0M�¨�b(M���;=<I�-þÆ8���� ú=û � ðy� é ��� ê ù ëv0M�¨�b(M���;=<I� ú�û � ðy� é ��� ê ù

� v0M�¨�b(M���;=<I�-þÆ8���� öC��� æÑò�ó�ô�õ�öC�=� î'ò�ó�ô�õ1öC�=� ñó �ðnò�ó�ô�õ1öC���¦ù
v0M�¨�b(M���;=<I�-þÆ8���� öC��� ëu�;=����<IL0;�v0< w ðyX���� é �C� ê �NZ�zk{_|eõe��� é �*� ê ��é_}��� é �I� ê � �dvNMB¨�b(M���;=<I�-þÆ8��� �*� � ð�� é �*� ê ù�y� é ��� ê � �dvNMB¨�b(M���;=<I�-þÆ8��� ú�û � ðy� é ��� ê ùé1êJ��õ¦è��U4�|eõ\�d��L0LNMBL�ù
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� v0M�¨¡bfMB��;�<I�_þR8����E�R�=�Dæ¤ò�ó�ô�õ��R�=�»î'ò�ó�ô�õ��R�=� ñó �ðnò�ó�ô�õ��(����ù
v0M�¨¡bfMB��;�<I�_þR8���� �R�=� ëu�;=����<ILN;=v0<�w�ðyX���) é �C) ê �NZ�zB{_|eõU��) é �*) ê ��é_}��� é �C� ê � �%vNMB¨�b(M���;=<I�-þÆ8���B�*� �rð�� é �*� ê ù�=�;=<I¢��B���£� ¤ é �C� é �C' é ���I�;=<I¢����=��� ¤ ê �I� ê �*' ê ����� ð=¤ é ëA¤ ê ù�ÜÑð�' é ë×' ê ùÁñ8a:�;=<m��;=<2¢a���=�W� ¤ é �C� é � � ê �*' é �x�a�BLNL0M�Lé1ê���õªèE�,4�|eõ �%��L0LNMBL�ù

This functionis similar to ¶³¾kµÊÐm¾ � g�û�þ�øÑý�� � , with theexceptionthatit alsocombinesqualifiers.

4.6.4 Functionsrelatedto qualifiers
� � � � æ����K{-$�î����K{_$�ñ����¸{_$

� � � Á :�M
	8���� vNMB:���< È MB�=�<I;=��� vNMB:���<I� È M��=�<I;=�=� �Á Á Á Á Á Á �:�M�	�8��� Á :�M
	8���� vNMB:���< È MB�=�<I;=��� vNMB:���<I� È M��=�<I;=�=� �vNMB:���< Á vNMB:���< vNMB:���< vNMB:���<I� È M��=�<I;=�=� vNMB:���<I� È M��=�<I;=�=� �
È M��=�<I;=�=� Á È MB�=�<I;=��� v0M�:���<I� È M��=��<2;=�=� È MB�=�<I;=��� vNMB:���<I� È M��=�<I;=�=� �vNMB:���<I� È M��=�<I;=�=� Á v0M�:���<I� È M��=��<2;=�=� v0M�:���<I� È M��=��<2;=�=� vNMB:���<I� È M��=�<I;=�=� vNMB:���<I� È M��=�<I;=�=� �� � � � � � �

COMBINE

QUALIFIERS

This functionis bi-strictwith respectto bottomandtopelementsandcombinestwo qualifiers.

� � Þ � æ����K{_$Áî����¸{_$�ñÃò
� é Þß� ê ë ð�� é � � ê ë×� ê ù QUALIFIER

INCLUSION

This binary relation betweenqualifierscheckswhetherits first argumentis includedin its second
argument.

� ta�B<EþR8����=;�¢a��L �*� � æ¤ò�ó�ô�õ �*� � ñ����K{_$
ta�B<EþR8����=;�¢a��L-�*� ��ëu��<ILN;=v0< w ðyX��ªZ�zk{_|eõm�'é_}M��I�e� " �*��� �%��L0L0�J��� ���C'���� ta�B<�þÆ8�����;=¢��BL��*�3����ù

GET

QUALIFIER

� ta�B<EþR8����=;�¢a��L�öC�=�Bæ¤ò�ó�ô�õ öC��� ñ����K{-$
ta�B<EþR8����=;�¢a��L öC�=� ë#��<IL0;=vN< w ðyX���ZkzB{_|eõ��Úé_}��� ta�B<�þÆ8�����;=¢��BL��*�3�R����%:�M
	8����eù

� ta�B<EþR8����=;�¢a��L�(��� æ¤ò�ó�ôsõ �(��� ñ���K{-$
ta�B<EþR8����=;�¢a��L �(��� ëu��<ILN;=v0< w ðyX�) ZEzB{_|eõ¡) é_}� � ta��<EþR8a��=;=¢���L-�*� ����;=<I¢��B���£� ¤��C�¥�*'��¦�%��ù

This functionextractsthequalifierof a type.Functiontypesarenotqualified.

� 	�8���=;=� ���*� �Aæ����¸{_$�ñÃò�ó�ô�õ �*�3� ñc �ðnò�ó�ôsõ �*�3� ù
	�8���=;=� ���*� �|ë��<ILN;=v0< w ðyX��Z���<ILN;=v0< w ðyX��ªZ�zk{-|eõ��'é_}M��I�e� " �*� V � �d8�:a;�<�MB�2�e� " �I� � � V ��L0L0�J��� ���C'�����	�8���=;=� � �*� � ��� ö ðyX&�fV�Z�8�:a;�<���LNL0�J�±� �fVy�*'��Wù,ù,ù

QUALIFY



68 Chapter 4. Static semanticdomains

� 	�8���=;=� �)öC�=�Bæ����K{-$�ñµò�ó�ô�õ1öC�=� ñ! �ðnò�ó�ô�õ1öC���¦ù
	�8���=;=� � öC�=� ë#��<IL0;=vN<xw�ðyX��¥Z���<ILN;=v0<kw�ðyX��(Z�zB{_|eõ¡��é_}�«��	8a��=;=� ���*�3�R�&��¬�d��L0L0M�L�ù,ù

� 	�8���=;=� ���(��� æ����K{_$�ñÃò�ó�ô�õ��R�=�Zñ! �ðnò�ó�ô�õ��R�=�)ù
	�8���=;=� � �(��� ëu��<ILN;=v0<kw�ðyX��Z���<2L0;=vN<kw�ðyX&�fZ�zk{-|eõ¡��é_}� ��	8a��=;=� ���*�3�R�&��;=<I¢����=��� ¤��I� V �*'��¦�d8�:�;=<��;=<I¢��B����� ¤��*� � � V �*'��Wù,ù

Thisfunctionreturnsthe � -qualifiedversionof its secondargument.An erroroccursif a functiontype
is used.

4.6.5 Miscellaneousfunctions
� ¢��³� b(�L0�¨Â��<I��LÃæ¥ò�ó�ô�õ1öC�=� ñÃò�ó�ô�õ1ö,÷4øLî����K{-$

¢��³� b(�L0�¨Â��<I��L�ë#��<IL0;�v0<kw�ðyX��(Z�zB{_|eõ¡��é_}M��I�5� " �C��� � � " �*�k��L0LN���°� ���*'��¦� � b(<IL&� �K���*:�M
	8����J���8�:�v&� " �nå-� � � b(<IL&� ��8�:�vm� " �=å-� �y�*:�M�	�8���0�Jù

FIX

PARAMETER

This functionfixesthetypeof a formalparameterby convertingparametersof arrayor functiontypes
to pointers.

� ��L0����~���<I�Et³ta���Dæ�����õ�ñµò�{��
� ��L0����~���8a:�<I��t³ta��� æ¤ò�{��FRESH TAGS

Thesetwo functionsreturnfreshtags,namedandnamelessrespectively. A freshtag is meantto be
distinctfrom all otherexisting tags.Theimplementationof thesefunctionsis omitted.

� ��;��E�BM�� ö,÷4ø æ¤ò�ó�ôsõ ö,÷4ø ñµí
� ��;��E�BM�� �*� � æ¤ò�ó�ô�õ �*�3� ñµí
� ��;��E�BM�� �(��� æ¥ò�ó�ô�õ �R�=� ñÃí

SI ZES OF

TYPES

Theseare implementation-definedfunctions,returningthe sizein bytesof a given data,objectand
membertype.They arestrictwith respectto bottomandtopelements.

� ��;�<I����;=:����E�a<2� æ¤í
SI ZE OF BYTE

This is an implementation-definedconstantelement,representingthe numberof bits in a byte. Its
valuemustsatisfyanumberof requirementsstatedin thestandard.

� ;=�����=;=��Ñ�;=<I¢����=�-·a;��E�µæ¤í9ñÃò
;=�����=;=��Ñ�;=<I¢����=�-·a;��E�ïëu��<ILN;=v0< w ðyX�'(Zxð�'��ß
�ùaÜÑð�' × ��;�����M��1ð=;=:�<�ù � ��;=<2����;=:����E�a<I�1ù,ù

IS VALID

BI T-FIELD SI ZE

This predicatetakesan integernumberandreturnsû4ü�ý)þ if this canbeusedasthesizeof a bit-field,
ÿ�� �E� þ otherwise. Bit-field sizesmustbe non-negative andnot larger thanthe numberof bits in an
integer. Thereturnedvaluesmustsatisfyanumberof requirementsstatedin thestandard.
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� ��8a��¢���æ
constant

ñ
character

|eõ¦ê
� b(L0��¢��#æ

constant
ñ

character
|eõ¦ê

� ;=��¿m��v0;=¨?�� æ
integer-constant

ñÃò
� ;=��·¸<2L0;=:xt �(;=<¯æ

expression
ñµò

� ;=��!?;��-��·¸<ILN;=:xt �(;=<¾æ
expression

ñµò
� �=�B:xta<I~#"R�9æ

string-literal
ñ í

SYNTAX OF

CONSTANTS

Thesefunctionsarerelatedto thesyntaxof C constants.Function
� ýÁÿ*Ù%$ returnsthesetof characters

thatarecontainedin the suffix of a constant;valid suffix charactersare“F”, “L” and“U”. Function
ÐLü�þkÙ%$ actssimilarly for constantprefixes; theonly allowed prefix is “L”. Thenext threepredicates
return û4ü�ý)þ if their argumentis a decimalinteger constant,a string literal or a wide string literal,
respectively. Finally, function

� þ i j)û2´'&´ÿ returnsthelengthof a string(or wide string)literal in char-
acters(or widecharacters).

� <IL0� È ��L0���¦� � � � �»æ¤íïî'íAñ�ðníAñó �ð)(�ù,ù�ñ ðní9ñ*(@ùÉñó �ðníAñ+(@ù
<IL0� È ��L0���¦� ,��I.N�Zë%XG�-ZkX�)±Z¦ð-, × .�ù�ñ �', ö ðyX " Z�<ILN� È ��L0���5� ,¡>×@k�*.����5)°D.,UFñ "�H ù��K8�:�;=<¡)

TRAVERSE

This recursively definedfunction traversesfunction / 0Vú21 3 over the range 4 5#6-687�9 andapplies
function :;0�ú<1>=@?A3�B toeachelementin thisrange.If noerrorsoccurfromany of theseapplications,
û4üa�DCÉþrü � þ returnsa new function that containsthe resultsof the applicationsin the range 4 5#6-687�9 and
agreeswith / outsidethis range.Otherwise,if any errorsoccur, û4üa�DC�þrü � þ generatesanerror.





Chapter 5

Static semanticsof declarations

This chapterdefinesthestaticsemanticsof C declarations,includingexternaldeclarationsandtrans- CHAPTER

OVERVIEWlation units. In Section5.1 the notionsof semanticfunctionsandequationsarepresentedand the
adoptednotationis defined.Thestaticsemanticsof externaldeclarationsandnormaldeclarationsis
definedin Section5.2andSection5.3respectively.

5.1 Static semanticfunctions and equations

Thestaticsemanticsof theC programminglanguageresultin theconstructionof staticenvironments, SEMANTIC

FUNCTIONSwhichmainlycontaintypeinformationaboutprogramidentifiers.Theseenvironmentsareusedin the
following stagesof the semanticdescription,namelytyping anddynamicsemantics.Following the
denotationalapproach,thestaticsemanticsof theC programminglanguageis definedby anumberof
staticsemanticfunctions.

In general,a staticsemanticfunction mapswell formedphrases,as theseare specifiedby the
abstractsyntaxof C, to staticsemanticdomains. For the constructionof staticenvironments,it is
possibleto processonly the partsof a C programthat containdeclarations, sincethesecontainall
thenecessarytype informationaboutprogramidentifiers.1 It is reasonable,therefore,to restrictthe
definitionof staticsemanticsto declarations.For eachnon-terminalsymbolusedin thegrammarthat
definesthe abstractsyntaxof declarations(seeSection2.2.1),a staticsemanticfunction is defined
which mapswell formed phrasesgeneratedby this non-terminalto an appropriatelychosenstatic
semanticdomain.This functionis denotedby E-FHGIFJ .

The definition of a staticsemanticfunction is given by a numberof semanticequations. In the SEMANTIC

EQUATIONSabstractsyntax,non-terminalsymbolsaredefinedin rulescontainingoneor morealternative clauses.
For eachsuchclause,thedefinitionof thestaticsemanticfunctionrequiresthepresenceof asemantic
equation.Therefore,therewill beasmany semanticequationsastherearealternative clausesfor the
non-terminalin theabstractsyntax.Theright-handsideof eachsemanticequationmayusethestatic
semanticmeaningsof subphrases,asexpressedby theabstractsyntax,respectingthusthecomposi-
tionalcharacterof denotationalsemantics.Thedefinitionof semanticequationsmayalsobeinductive,
basedon thelengthof syntacticproductions.

This small exampleclarifies the notationthat will be usedfor the definition of staticsemantic NOTATION

EXAMPLEfunctionsusingequations.Considerthe hypotheticalnon-terminalsymbolnon-term, definedin the
abstractsyntaxby thefollowing rule:

1 ThisapproachdependsondeviationD-4 in Section2.3,whichguaranteesthatnoprogramidentifiers,otherthanlabels,
canbedefinedin expressionsor statementsand,consequently, all typeinformationcanbegatheredfrom declarations.
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K
non-term

æ æ ë
term non-term

�
( other-non-term)

�(©
whereterm andthe parenthesesareterminalsymbolsandother-non-termis anothernon-terminal
symbol.Noticethatthedefinitionof non-termis recursive, asspecifiedby thefirst alternative clause.
Supposethatanappropriatestaticsemanticdomainfor therangeof non-term’s is L . Therefore,the
staticsemanticfunction for non-termmapswell formedphrasesgeneratedby non-termto elements
of L . Similarly, supposethat LNM is therangeof thestaticsemanticfunctionfor other-non-term. The
definitionof thestaticsemanticfunctionfor non-termcangivenasfollows:

� D �
non-term

�H æ�O
D �
term non-term

�H ë (expressionof type
O

, whichmayuseexpression
D �
non-term

�H of type
O

)D �
( other-non-term)

�H ë (expressionof type
O

, whichmayuseexpression
D �
other-non-term

�H of type
OUV

)D � ©³�H ë (constantexpressionof type
O

)

The first line statesthat the static meaningof non-termis representedby elementsof domain L .
The next threelines are the semanticequationsdefining E)F non-termFJ . They corresponddirectly to
thealternative clausesin theabstractsyntaxof non-term. A similar definitionmustbegiven for the
non-terminalsymbolother-non-term.

Therearesomecaseswherethestaticmeaningof a phrasemustprovide morethanonepiecesofMULTIPLE

STATIC

MEANINGS
information. This canbeachievedby usinga productdomainastherangeof thesemanticfunction;
this approachis followed in many casesin thesemanticdescriptionthat follows. However, in some
casesthereis clearlyoneprominentstaticmeaning,which is usedmostof thetime,andoneor more
othermeaningswhich arerarely used. In this cases,it is convenientto split the semanticfunction
in two or more functions,eachone returninga differentaspectof the whole staticmeaning. The
functionthatcorrespondsto theprominentmeaningcanbestill denotedby E-F�GPFJ for brevity. Functions
correspondingto alternative meaningsaredenotedby prependingcaligraphicletters,as in QRE)F@GSFJ .
Eachfunctionis definedseparately, usingaseparatesetof semanticequations.

5.2 External declarations
� D �

translation-unit
�H æ� �ð)Tm6�ê"ù

D �
external-declaration-list

�H ëuL0��v¦D �
external-declaration-list

�HVU �TRANSLATION

UNITS

Thestaticmeaningof a translationunit is definedasthetypeenvironmentthatreflectsall theexternal
declarationsthatthetranslationunit contains.Theenvironmentthat is usedasa basis,i.e. beforeany
externaldeclarationshave takenplace,is theemptytypeenvironment.Thepresenceof function ü�þ�¶
is explainedin Chapter6. For the time being,let it besaidthat ü�þ�¶ allows the typeenvironmentto
containrecursively definedtypes.Thereadermaywantto treatit astheidentity function,if thathelps
hisor herunderstanding.

� D �
external-declaration-list

�H æ�Tm6�ê�ñó �ð)Tm6�ê"ù
D �
external-declaration

�H ë�D �
external-declaration

�H
D �
external-declaration external-declaration-list

�H ëD �
external-declaration

�HXW D � external-declaration-list
�H

EXTERNAL

DECLARATION

L ISTS
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Thestaticmeaningof anexternaldeclarationlist is a functionfrom environmentsto environments.2

Theresultof this functionis thetypeenvironmentthatresultsfrom applyingthelist of externaldec-
larationsto an initial environment,which is given asthe function’s argument. Notice the monadic
inversecompositionoperator“ Y ” in thesecondsemanticequation,which passestheresultof its first
operandasanargumentto its secondoperand.

� D �
external-declaration

�H æ�TG6�ê�ñc �ð)TG6�ê"ù
D �
declaration

�H ë�D �
declaration

�H
D �
declaration-specifiers declarator

D
declaration-list statement-listH �H ë%X U ZD �

declaration-specifiers
�H@U ö ðyX����f�AZP[E� U]\ � U]^ �NZD �

declarator
�H%U \ � ö ðyX���ä-�*� V �NZ�zk{_|eõ�� V é_}��8�:�v&� " �nå-� �_Z [ U \ ��ä-�C� V �é�ê���õ¦èE�,4�|eõ\�d��L0LNMBL�ù,ù

EXTERNAL

DECLARA-
TIONS

Thestaticmeaningof anexternaldeclarationis againa functionfrom environmentsto environments,
with thesamebehaviour asbefore. If theexternaldeclarationis simply a declaration,its meaningis
simply used.Otherwise,if it is a functiondefinition,thefunction’s identifierandtypearecalculated
in ` and abM respectively, andif it is reallya function,theenvironmentis updated.3

5.3 Declarations
� D �

declaration-list
�H æ�TG6�ê�ñ! �ð)TG6�ê�ù

D � ©³�H ë#8a:�;=<
D �
declarationdeclaration-list

�H ëÉD �
declaration

�HcW D � declaration-list
�H

DECLARATION

L ISTS

Thestaticmeaningof a declarationlist andthecorrespondingsemanticfunctionarevery similar to
thoseof externaldeclarationlists.

� D �
declaration

�H æ�Tm6�ê�ñó �ð)Tm6�ê"ù
D �
declaration-specifiers init-declarator-list ;

�H ëÉD �
declaration-specifiers

�HcW D � init-declarator-list
�H DECLARA-

TIONS

Still the samestaticmeaningfor declarations.Notice that the semanticfunctionsfor declaration-
specifiers and init-declarator-list, which aredefinedbelow, matchin sucha way asto allow sucha
simplesemanticequationfor thedeclaration.

� D �
declaration-specifiers

�H æTm6�ê�ñó �ðnò�ó�ô�õ öC��� îÐð)Tm6�ê�ñ+����õÚî'ò�ó�ôsõ öC�=� ñ! �ð)Tm6�ê"ù,ù�îdTG6�ê�îdTm6�ê"ù
D �
storage-class-specifiertype-qualifiertype-specifier

�H ëdX U ZD �
type-specifier

�H@U ö ðyX¦���f� U]\ � U]^ �NZD �
type-qualifier

�H � ö ðyXG� V Z�8a:�;=<U��� V �ND � storage-class-specifier
�H � U \ � U ^ �Jù,ù

DECLARATION

SPECIFIERS

2 Thepresenceof theerrormonad
 

in thesemanticfunctionssimply indicatesthatanerrormayoccurwhenthestatic
semanticsis determined.For brevity, the error monadis overlooked by the textual descriptionsin the sequel. Without
this simplifying convention, the phrase“function from environmentsto environments”would have been“function from
environmentsto environments,allowing for errors”.

3 This approachallows the useof the typedefstoragespecifierin function definitions,as statedby deviation D-9 in
Section2.3.
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Thestaticmeaningof declarationspecifiersis a functionthatis somewhatmorecomplicatedthanthe
previousones.Thefunction’s argumentis theinitial typeenvironment.Theresultis a productwhich
contains:thetypethat is specified;themeaningof thestoragespecifierthat is applied;andtwo new
typeenvironmentswhichencorporatetheeffectof thedeclarationspecifiers.

Thereasonwhy therearetwo suchenvironments,insteadof one,is thebehaviour of thedeclaration
“struct tag; ” which, as statedin ã 6.5.2.3of the standard,definesa new structuretag for an
incompletestructuretypeandoverridesany definitionsof thesametag in enclosingscopes.On the
contrary, “struct tag x; ” doesnothave thesameeffect: if thetaghasalreadybeendefinedin an
enclosingscope,thepreviousdefinitionis usedandno new structuretag is defined.Themeaningof
thedeclarationspecifier, in this case“struct tag ”, shouldclearlyincorporatebotheffects.Thus,
thefirst elementin theaforementionedpair is theenvironmentthatwill resultif thesubsequentinit-
declarator-list is notempty, whereasthesecondelementis theresultif it is empty. In mostdeclaration
specifiersthetwo environmentsareequal.

� D �
storage-class-specifier

�H æ�Tm6�ê¡ñe�f��õ î¬ò�ó�ô�õ öC��� ñó �ð)Tm6�ê"ù
D � ©³�H ëdX U ZBX¡��ä-�C�a�NZJ;=�Ç¸M�¨�b(�=��<I�Lð���ùÁñ U � ä¦Fñ9;��-�¦:aM�L0¨?��R� ��� �³�¸�BLNL0M�L
D �
typedef

�H ë%X U ZEX¦��ä-�*�a�NZ U � ä¦Fñ9;=���¦< �³b(���-����� �_� �
STORAGE

SPECIFIERS

Thestaticmeaningof a storagespecifieris a functionwhosefirst argumentis theinitial typeenviron-
mentandits secondargumentis a pair, containingtheidentifier ` that is definedandits type a .4 The
resultis thetypeenvironmentafter ` is appropriatelyassociatedwith a .5 Only completetypescanbe
usedwith theemptystoragespecifier.6

5.3.1 Basictypesand qualifiers
� D �

type-qualifier
�H æ¤ò�ó�ô�õ1öC�=� ñ! �ðnò�ó�ô�õ1öC���ªù

D � ©³�H ë<	�8���=;=� �ÿ:�M
	8����
D �
const

�H ëg	8����=;�� ��vNMB:���<
D �
volatile

�H ëh	8����=;�� � È M��=�<I;=�=�D �
const volatile

�H ëh	8�����;=� � v0M�:a��<2� È MB�=�<I;=���

TYPE

QUALIFIERS

Thestaticmeaningof qualifiersis a function from denotabletypesto denotabletypes. Theresultis
simply thequalifiedversionof thefunction’s argument.

4 Again, a simplifying conventionis usedin the textual descriptionsof higher-orderfunctions,suchasthe meaningof
storagespecifiers.A function

� æ#O é ñhO ê ñÉZJZJZ ñhO ^ ñ�O
is consideredin its informal descriptionto have

'
argumentsof types

Oji
. Thereadershouldbewarnedthat, for brevity, a function

�FæPO é î�O ê îÿZJZJZ�î�O ^ ñkO
is also

consideredasa functionof
'

argumentsof types
Oji

.
5 This approachis reasonablefor theemptystoragespecifierandtypedef, which aretheonly onesconsideredaccording

to deviationD-5 in Section2.3.
6 This resultsfrom deviationD-2 in Section2.3.
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� D �
type-specifier

�H æ�Tm6�ê�ñó �ðnò�ó�ô�õ1öC�=� îdTm6�êVîdTG6�ê"ù
D �
void

�H ëdX U ZJ8�:�;=<,�=M��2�e� È MB;=�G�I:�M
	8����C��� U � U �D �
char

�H ëdX U ZJ8�:�;=<,�=M��2�e� vN~��L_�*:�M
	8����C��� U � U �
D �
signed char

�H ë�X U Z08a:�;=<U�=MB�2�e� ��; ta:��B����vN~��L-�I:�M�	�8���N��� U � U �
D �
unsigned char

�H ë�X U Z�8a:�;=<U�=MB�2�e� 8�:a��; ta:a���-��v�~���L�I:�M�	�8���N��� U � U �
D �
short int

�H ë%X U Z�8�:�;=<,�=M��2�5� ��~�MBLN<I��;=:�<��2:aM�	8a��C��� U � U �
D �
unsigned short int

�H ë�X U Z�8�:a;�<,�=MB�2�e� 8�:���; ta:��B������~aM�L0<2��;=:�<³�I:�M
	8����C��� U � U �
D �
int

�H ëdX U Z�8�:�;=<,�=M��I�¦� ;=:�<��I:�M�	�8���N��� U � U �
D �
unsigned int

�H ë�X U Z�8a:�;=<U�=MB�2�e� 8�:a��; ta:a���-��;�:a<³�2:aM�	8a����y� U � U �
D �
long int

�H ë%X U Z�8�:�;=<,�=M��2�5� �=M�:³ta��;�:a<�I:�M�	�8������� U � U �
D �
unsigned long int

�H ë�X U ZJ8�:a;�<,�=MB�2�e� 8�:���; ta:��B�����=MB:xta��;=:�<³�I:�M�	�8���C�y� U � U �
D �
float

�H ë�X U ZJ8�:�;=<,�=M��2�e� ¯ M��<��I:�M�	�8���N��� U � U �
D �
double

�H ë�X U Z�8�:�;=<,�=M��2�e� �-M�8a��=�a�I:�M
	8�������� U � U �
D �
long double

�H ë�X U Z08a:�;=<U�=MB�2�e� �=M�:³ta����MB8���=�a�I:�M
	8�������� U � U �
D �
struct-specifier

�H ë�D �
struct-specifier

�H
D �
union-specifier

�H ë�D �
union-specifier

�H
D �
enum-specifier

�H ë%D �
enum-specifier

�H
D �
typedef-name

�H ë%X U ZkD � typedef-name
�H%U ö ðyXG�fZJ8�:�;=<?���f� U � U �Jù

TYPE

SPECIFIERS

Thestaticmeaningof a typespecifieris a functionthat takesthe initial environmentasanargument
andreturnsa triple. The first returnedelementis the specifiedtype, whereasthe secondandthird
elementsaretheupdatedtypeenvironments(seethediscussionin Section5.3 wherethemeaningof
declarationspecifierswasdefined).Thesemanticequationsarestraighforward,with theexceptionof
structure,unionandenumerationspecifierswhicharetreatedseparatelyin following sections.

5.3.2 Initializations
� D �

init-declarator-list
�H æ¥ò�ó�ô�õ1öC�=� î-ð)TG6�ê�ñe�f��õ î¬ò�ó�ô�õ1öC���Vñó �ð)Tm6�ê"ù,ù îlTG6�ê@îdTm6�ê�ñó �ð)Tm6�ê"ù

D � ©³�H ë%X����f�AZP[�� U]\ � U�^ �NZ�8�:�;=< U]^
D �
init-declarator init-declarator-list

�H ëdX¦���f�mZ [ � U \ � U ^ �NZD �
init-declarator

�H%U \ � ö ðyX¡��ä-�C� V �NZZ [ U \ ��ä-�C� V � ö ðyX U V ZkD � init-declarator-list
�H ���f�nZ [ � U V � U V �Jù,ù

DECLARATOR

L ISTS WITH

INITIALIZERS

Thestaticmeaningof a declaratorlist with initializers is usedin connectionwith thatof declaration
specifiers,asdiscussedin Section5.3. Its argumentsare: a , the specifiedtype; o#p , the methodfor
updatingtheenvironment; qsr , theinitial environmentif at leastoneidentifieris containedin thelist;
and qut , theinitial environmentif thelist is empty. Theresultis theupdatedenvironment.Noticethat
whenthelist is empty qut is simply returned,otherwiseit is notusedat all.

� D �
init-declarator

�H æ�TG6�ê@î'ò�ó�ô�õ1öC�=� ñ! �ð-����õÚî'ò�ó�ôsõ1öC�=�¦ù
D �
declarator

�H ë�D �
declarator

�H
D �
declarator = initializer

�H ëdX¦� U �C�a�NZD �
declarator

�H � U �C�a� ö ðyX¡��ä-�*� V �NZD �
initializer

�H@U � V ö ðyXG� V V Z�8�:�;=<,��ä-�*� V V �Jù,ù

DECLARATORS

WITH

INITIALIZERS

Thestaticmeaningof adeclaratorwith initializer is afunctionmappingthecurrentenvironmentq and
thespecifiedtype a to apair, whichcontainsthedeclaredidentifieranda(possibly)updatedtype.The
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only casewhenthe updatedtype is different from a is when a is an incompletearraytype andthe
initializer specifiesthenumberof its elements.In thiscase,theupdatedtypeis acompletearraytype.

� D �
initializer

�H æ�TG6�ê�ñÃò�ó�ô�õ1öC���Vñó �ðnò�ó�ôsõ1öC�=�¦ù
D �
expression

�H ë%X U ZBX��fZ�zk{_|eõ�� é-}�L0LN���°� ��V���Á5��� ð=;=�Ç¸M�¨¡bf��<2;=������ð���V��IM��I�5� v�~���L-�I:�M
	8������=ùaÜ,;=��·¸<2L0;=:xt �(;=<ªð
expression

ù,ùKõð=;=�Ç¸M�¨�b(�<I;=��=��ð�� V �2MB�2�e� vmv�~���L <-�2:aM�	8a��C�=ù¸Ü?;���!?;=���B·a<ILN;=:xt �(;=<¦ð
expression

ù,ùñ98�:�;=<��L0LN�J�±� � V �I�=��:xta<I~#"Æ��ð
expression

ùy�k�K8�:�;=<��é1êJ��õ¦è��U4�|eõ �u8a:�;=<¡�
D � D

initializer-list H �H ëdX U ZBX��(Z�zB{_|eõ¡��é_}�L0LN���°� � V ��Á5���ÉD �
initializer-list

�H@U � V ö ðyX�'(Z�8�:a;�<���LNL0�J�±� � V �I'��=ùé1êJ��õ¦è��U4�|eõ �u8a:�;=<¡�

INITIALIZERS

The staticmeaningof an initializer is a function taking the environmentandthe specifiedtype and
returninga(possibly)updatedtype,asdiscussedbefore.Noticethatarrayscanbeinitializedby string
or widestringliterals,or by anexplicit list of initializers.

� D �
initializer-list

�H æ�TG6�ê�ñµò�ó�ô�õ1öC�=� ñó �ðní¤ù
D �
initializer

�H ë�X U ZBXG�fZJ8�:�;=<U@
D �
initializer , initializer-list

�H ë%X U ZBXG�fZBD � initializer-list
�H@U � ö ðyX�'(Z�8�:�;=<´ðI@ª>T'�ù,ù

INITIALIZER

L ISTS

Thestaticmeaningof aninitializer list is a functionreturningthenumberof elementsin thelist.7

5.3.3 Structuresand unions

Structureandunionspecifiersareprobablythemostcomplicatedaspectto bedefinedin thesemantics
of the typesystemof C. This is dueto thepresenceof incompletestructureanduniontypesandthe
relatedintricaciesin thestandard.

� D �
struct-specifier

�H æ�Tm6�ê�ñó �ðnò�ó�ô�õ1öC�=� îwTm6�ê�îwTm6�ê"ù
D �
struct I

D
struct-declaration-list H �H ë%X U ZU � ä¦Fñ9��L0����~Â<I�Et�<I�Eta����<2L08�v0<�� ö ðyX U.x ZU x � ä�<I��tas*¿¬<2�Eta����<ILN8�v0<�� ö ðyX&»NZD �

struct-declaration-list
�H � U x ��¼���� ö ðyX�� U Vy�C¼¸�NZ$=õ¦ê " ëô��<IL08�v0<�� »��C¼��4�6 U V � ä5FñË<I��t " � ö ðyX U
y Z�8a:�;=<U�=MB�2�e� " �I:�M�	�8���N��� U�y � U�y �Jù,ù,ù,ù

D �
struct

D
struct-declaration-list H �H ë%X U ZD �

struct-declaration-list
�H � U �C¼_��� ö ðyX¦� U V �C¼K�NZ8�:�;=<,�=M��I�5� ��<2L08�v0<�� ��L0����~���8�:a<2�Et³ta���G�*¼����I:�M�	�8������� U V � U V �Jù

D �
struct I

�H ë%X U ZU � ä&<I��t±<I��ta����<IL08�vN<B� ö ðyX¡� U V � " �NZ U � ä¦FñË��L0����~Â<2�Et±<I��ta����<ILN8avN<E� ö ðyX U x Z�8�:�;=<,�=M��2�5� " �*:�M�	�8���N��� U V � U x �Jù,ù

STRUCTURE

SPECIFIERS

Thestaticmeaningof astructurespecifieris a functionwith thesamebehaviour astheonefor normal
typespecifiers.Thedefinitionof this functionis rathercomplicatedand,for thisreason,it is described
in detail. We distinguishbetweenthreecasesof structurespecifiers,as suggestedby the abstract
syntax.

7 Theargumentsof this functionareignoredin this implementation,becauseof deviationD-4 in Section2.3.Also,notice
thatdeviationD-6 disallows theuseof partiallybrackettedinitializer lists.
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z Definition of a tagged structure. This is the mostcomplicatedcase. Startingwith the initial
environment q , a freshstructuretag is generated,resultingin qs{ . The fresh tag, which con-
tainsan incompletetype, is necessaryin orderto hidedefinitionsof thesametag in enclosing
scopes.8 Let | be this freshtag. Startingwith the emptymemberenvironment,the structure
declarationlist is processedandresultsin thecorrectmemberenvironment } for thestructure.
The(possibly)updatedtypeenvironmentthatresultsfrom thisprocessis denotedby q M . Finally,
thecompletetypeupdatesthetagin qsM , resultingin q�~ , andthecorrectfinal resultis returned.

z Definitionof an untaggedstructure. In this case,it is not necessaryto definea freshtag,since
untaggedstructuredefinitionscannotbe recursive. Thestructuredeclarationlist is againpro-
cessed,startingfrom the emptymemberenvironment. Theresultis the correctmemberenvi-
ronment} andthe(possibly)updatedtypeenvironment qsM . Finally, thestructuretype is put in
qsM andis associatedwith a freshunnamedtag.

z Declaration or useof a tagged structure. This is the only actualcasewherethe two returned
environmentsaredifferent,asdiscussedin Section5.3.Thefirst stepis to lookupfor thenamed
tag in the initial environment,with the side effect that a fresh tag is created,if it doesnot
exist locally or in any enclosedscope. Let O be its type and quM the (possibly)updatedtype
environment.Obviously, q M is theresultingenvironmentin thecase“struct tag x; ”, i.e.
whenthe init-declarator-list is not empty. On theotherhand,a freshtagmustbegeneratedin
thecase“struct tag; ”, i.e.whenthe init-declarator-list is empty. This resultsin q { , which
is thesecondtypeenvironmentto bereturned.

� D �
union-specifier

�H æ�Tm6�ê¡ñ! �ðnò�ó�ô�õ öC�=� îwTm6�ê�îwTm6�ê"ù
D �
union I

D
struct-declaration-list H �H ëdX U ZU � ä5FñË��L0����~?<I�Et±<2�Eta��8�:�;=M�:(� ö ðyX U.x ZU.x � ä�<I�Etas*¿�<I��ta��8�:�;=MB:(� ö ðyX�»NZD �

struct-declaration-list
�H � U x �C¼��E� ö ðyX¡� U V �C¼¸�NZ$=õ¦ê " ëô8a:�;=M�:�� »N�*¼��4�6 U V � ä5FñË<I��t " � ö ðyX U
y Z�8�:�;=<,�=M��2�5� " �*:�M�	�8������� U�y � U�y �Jù,ù,ù,ùD �

union
D

struct-declaration-list H �H ë�X U ZD �
struct-declaration-list

�H � U �C¼_��� ö ðyX�� U V��C¼K�NZ8�:�;=<,�=M��I�¦� 8�:�;=M�:�� ��L0����~���8a:�<I��t³ta���G�C¼����I:�M
	8�������� U V � U V �Jù
D �
union I

�H ëdX U ZU � ä&<I��t°<I��ta��8�:a;�MB:R� ö ðyX¦� U V � " �NZ U � ä¦Fñ9��LN�B��~?<I��t±<I��ta��8�:a;�MB:(� ö ðyX U]x Z�8�:�;=<,�=M��I�¦� " �*:�M
	8�������� U V � U.x �Jù,ù

UNION

SPECIFIERS

Thestaticmeaningfor unionspecifiers,aswell asits implementation,isverysimilarto thatof structure
specifiers.

� D �
struct-declaration-list

�H æ�TG6�ê�î�à�õá â¬ñc �ð)Tm6�ê�îWà�õá â�ù
D �
struct-declaration

�H ë�D �
struct-declaration

�H
D �
struct-declarationstruct-declaration-list

�H ë�D �
struct-declaration

�HcW D � struct-declaration-list
�H

STRUCTURE

DECLARATION

L ISTS

Thestaticmeaningof structuredeclarationlistsis simplyafunctionupdatingthememberenvironment
andthetypeenvironment.Its definitionis straightforward.
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� D �
struct-declaration

�H æ�Tm6�ê�îWà õ�á±â¥ñ! �ð)TG6�ê�î�à�õá âÉù
D �
struct-specifiers struct-declarator-list

�H ëdX¦� U �*¼¸�NZD �
struct-specifiers

�H%U ö ðyX¡���f� U V �NZkD � struct-declarator-list
�H@U V �e¼ ö ðyX�¼ V Z�8�:�;=<,� U V �C¼ V �Jù,ù

STRUCTURE

DECLARA-
TIONS

Thestaticmeaningof structuredeclarationlists is againa functionupdatingthememberenvironment
andthetypeenvironment.Thelatteris updatedbyprocessingthestruct-specifiers, whereastheformer
by processingthestruct-declarator-list.

� D �
struct-specifiers

�H æ�TG6�ê�ñ! �ðnò�ó�ô�õ öC��� îlTG6�ê�ù
D �
type-qualifiertype-specifier

�H ëdX U ZD �
type-specifier

�H@U ö ðyX����f� U \ � U ^ �NZkD � type-qualifier
�H � ö ðyX&� V Z�8�:�;=<,��� V � U \ �Jù,ù

STRUCTURE

SPECIFIERS

Structurespecifierscan be viewed as a specialcaseof declarationspecifiers,with two exceptions
which affect thesemanticfunction. First, no storagespecifiersareallowedandthereturningproduct
is greatlysimplified.Second,only oneresultingenvironmentis necessary, becausetherecanbenotag
declarationswith emptydeclaratorlists.

� D �
struct-declarator-list

�H æ�Tm6�ê¡ñµò�ó�ô�õ öC�=� ñïà�õá â¥ñ! �ð�à�õá âÉù
D �
struct-declarator

�H ëdX U ZBX��(ZBX&¼RZD �
struct-declarator

�H%U � ö ðyX���ä-�C� V �NZ�¼Æ� ä¦Fñ � V �=ùD �
struct-declarator struct-declarator-list

�H ë%X U ZBX&�(ZEXG¼(ZD �
struct-declarator

�H%U � ö ðyX���ä-�C� V �NZ�¼Æ� ä¦Fñ � V � ö ðyXG¼ V ZkD � struct-declarator-list
�H%U �U¼ V ù,ù

STRUCTURE

DECLARATOR

L ISTS

Thestaticmeaningof astructuredeclaratorlist is afunctionmappingthecurrenttypeenvironment,the
specifiedtypeandtheinitial memberenvironmentto anupdatedmemberenvironment.Its definition
is straightforward.

� D �
struct-declarator

�H æ�TG6�ê�ñÃò�ó�ô�õ öC�=� ñ! �ð-����õ'îÚò�ó�ôsõ �(��� ù
D �
declarator

�H ëdX U ZBX��(ZD �
declarator

�H%U � ö ðyX���ä-�C� V �NZ7K;=�Ç¸M�¨�b(�=��<I� ð�� V ùÁñ9��L0LNMBL¦�(zk{-|eõ¡� V é_}� �%8�:�;=<,��ä-�2�R�é1ê���õ¦èE�,4�|eõ\�%��L0LNMBL�ù
D �
declarator : constant-expression

�H ë%X U Z�XG�fZD �
declarator

�H%U � ö ðyX���ä-�C� V �NZ�D� � �
constant-expression

� � U ö ðyX�'(Z7K;=���¥���=;��-Ñ�;=<2¢a���=��·¸;��E��ð�'�ùÁñ9��L0LNMBL¦�(zk{-|eõ¡� V é_}MB�2�e� ;=:�<��I��� �u8a:�;=<U��ä-�I��;�<I¢��B�=�W� ;=:�<��*�¥�C'����MB�2�e� 8�:a��; ta:a���-��;�:a<³�C�E���u8a:�;=<U��ä-�I��;�<I¢��B�=�W� 8a:���; ta:����-��;=:�<¥�*�¥�*'����é1ê���õ¦èE�,4�|eõ �u�BLNL0M�L�ù,ù

STRUCTURE

DECLARATORS

Thestaticmeaningof astructuredeclaratoris afunctiontakingasargumentsthecurrenttypeenviron-
mentandthespecifiedtype. It returnsthedeclaredidentifierandtheassociatedmembertype.Notice
that in the caseof ordinaryfields only completeobjecttypesareallowed. Furthermore,in the case
of bit-fieldsonly int, andunsignedint areallowed.9 Thedynamicmeaningfunction �S��4 4%G#9 9 simply
returnsthevalueof aconstantexpressionandwill bedefinedin Part IV.

8 It is alsonecessarythata freshtagis visible in thestructuredeclarationlist, to allow recursively definedstructures.
9 Notethatsignedint bit-fieldscannotbedefinedusingthis approach.Theproblemis dueto thefactthatsignedint and

int areidentifiedasthesametypein
ò�ó�ô�õ �*� �

. SeedeviationD-7 in Section2.3.
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5.3.4 Enumerations
� D �

enum-specifier
�H æ�TG6�ê�ñc �ðnò�ó�ô�õ�öC���´îlTG6�ê@îwTm6�ê"ù

D �
enum I

D
enumerator-list H �H ë�X U ZD �

enumerator-list
�H � U �C©��x�*
x� ö ðyX�� U V���©J�*'¸�NZ$=õ¦ê " ëô�B:�8�¨`� ©*�4�6 U V � ä5FñË<I��t " � ö ðyX U
y Z�8�:�;=<,�=M��2�5� " �*:�M�	�8������� U�y � U�y �Jù,ù

D �
enum

D
enumerator-list H �H ë%X U ZD �

enumerator-list
�H � U �C©��x�*
x� ö ðyX�� U V���©J�*'¸�NZ8�:�;=<,�=M��I�¦� ��:�8�¨ � ©I���*:�M
	8����C��� U V�� U V��Jù

D �
enum I

�H ëdX U Z U � ä�<I��t°<I��ta���B:�8�¨ � ö ðyX�� U V � " �NZJ8�:�;=<,�=M��I�e� " �I:�M
	8�������� U � U �Jù

ENUMERATION

SPECIFIERS

Thestaticmeaningof anenumerationspecifieris againa functionwith thesamebehaviour astheone
for normaltypespecifiers.Thestandardforbidsthedeclarationof incompleteenumerationsand,there-
fore, thetwo returnedenvironmentsareequal.Thereareagainthreecasesof enumerationspecifiers
but thedefinitionof theirmeaningsis relatively straightforward. Noticethatthevaluesof enumerators
startwith thenumberzero.

� D �
enumerator-list

�H æ�Tm6�ê@îlTG6��fá îÚí9ñó �ð)Tm6�ê@îlTG6��Ká î¬í¤ù
D �
enumerator

�H ëÉD �
enumerator

�H
D �
enumerator enumerator-list

�H ë%D �
enumerator

�HXW D � enumerator-list
�H

ENUMERATOR

L ISTS

Thestaticmeaningof anenumeratorlist is afunctionupdatingthetypeenvironment,theenumeration
environmentandtheconstantvaluethatwill begivento thenext enumerationconstant.Its definition
is straghtforward.

� D �
enumerator

�H æ�Tm6�ê�îwTm6 �fá î'íAñó �ð)Tm6�ê�îwTG6��Ká�î'í¤ù
D �
I
�H ë%X�� U �*©��I'K�NZU � ä5FñË;=�-����:�8a¨?��vNMB:���<�� '�� � ö ðyX U V Z�©�� ä5Fñ9'�� ö ðyX�© V Z�8�:�;=<,� U V �C© V �C'U>\@��Jù,ù

D �
I = constant-expression

�H ëdX¦� U �I©��C'¸�NZ�D� � �
constant-expression

� � U ö ðyX�) ZU � ä5FñË;=�-����:�8a¨?��vNMB:���<�� )�� � ö ðyX U V Z�©�� ä¦Fñ )Â� ö ðyX&© V Z�8a:�;=<U� U V �C© V �*)¬>\@��Jù,ù,ù

ENUMERATORS

Thestaticmeaningof enumeratorsis thesameasthatof enumeratorlists. Justnoticethatif aconstant
expressionis specifiedas the value for the enumerationconstant,its value is usedinsteadof the
parameterandnumberingcontinuesfrom thesuccessorof thisvalue.
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5.3.5 Declarators
� D �

declarator
�H æ�TG6�ê�ñµò�ó�ô�õ1öC�=� ñ! �ð-����õÚî'ò�ó�ôsõ1öC�=�ªù

D �
I
�H ë�X U ZEXG�fZ�8�:a;�<,��ä-�*�a�

D �
declarator [ constant-expression]

�H ëdX U ZBX��fZ�zk{_|eõ¡��é-}� � �D� � �
constant-expression

� � U ö ðyX�'(Zð�'��A
�ùsñ D �
declarator

�H%U �L0LN����� �ª�C'��x�K��L0LNMBL�ùé1êJ��õ¦è��U4�|eõ\�d��L0LNMBL
D �
declarator [ ]

�H ë%X U ZBX&�fZ�zk{-|eõ¡��é_}� �	D �
declarator

�H%U ��LNL0�J�±� �ª��Á5�é1êJ��õ¦è��U4�|eõ\�d��L0LNMBL
D �
* type-qualifierdeclarator

�H ë�X U ZBXG�fZD �
type-qualifier

�H MB�2�e� b(<2Lm� �_���I:�M
	8������ ö ðyXG��V�ZkD � declarator
�H@U ��VWù

D �
declarator ( parameter-type-list)

�H ë�X U ZBXG�fZLN�Bv´ð��,D �
parameter-type-list

�H ùsð-� U ù ö ðyX U +-ZD �
parameter-type-list

�H@U + å � ö ðyXsåKZ�zk{_|eõ�� é-}MB�2�e� " �C�E� � D �
declarator

�H@U ��8�:�vG� " �nå-�é1ê���õ¦èE�,4�|eõ\�%��L0LNMBL�ù,ù

DECLARATORS

Theprimarystaticmeaningof adeclaratoris a functiontakingasargumentsthecurrenttypeenviron-
mentandthespecifiedtype. It returnsthedeclaredidentifierandits type. Its definition is relatively
straightforward. In arraydeclarators,if aconstantvalueis specifiedwithin thebrackets,it is evaluated
usingthedynamicsemanticfunction �S�X4 4@G�9 9 . In functiondeclarators,a new scopeis openedfor the
function prototypeandthe type environment q]� that correspondsto it is calculated.The parameter
typelist is thenprocessed.

� � D � declarator
�H æ¤ò

� D � I �H ë<ILN8a�
� D � declarator [ constant-expression]

�H ë#�����=���
� D � declarator [ ]

�H ëu����=���
� D �

* type-qualifierdeclarator
�H ë#����=���

� D � declarator ( parameter-type-list)
�H ëu����=���

DECLARATORS�
-MEANING

Thisalternative is anauxiliarystaticmeaningfor declarators,representedby atruthvalue.It is û4ü�ý)þ if
thedeclaratorconsistsof a singleidentifier, ÿ�� �E� þ otherwise.Thismeaningis only usedto determine
whetheradeclaratoris a leave at theabstractsyntaxtree.

� �?D �
declarator

�H æ�Tm6�ê�ñó �ð)Tm6�ê"ù
�?D �

I
�H ëdX U Z���L0L0M�L

�?D �
declarator [ constant-expression]

�H ëh�,D �
declarator

�H
�?D �

declarator [ ]
�H ëg�?D �

declarator
�H

�?D �
* type-qualifierdeclarator

�H ë<�,D �
declarator

�H
�?D �

declarator ( parameter-type-list)
�H ë ð � D � declarator

�H ùÁñe�,D �
parameter-type-list

�H �H�,D � declarator
�H

DECLARATORS�
-MEANING

Thisalternative staticmeaningfor declaratorsis usedfor determiningthetypeenvironmentthatis as-
sociatedwith functionprototypescopes.It is afunctionfrom typeenvironmentsto typeenvironments.
Assumingthatthedeclaratoris usedfor thedeclarationof a function,theargumentis theinitial type
environmentjust beforethe function’s parametersaredeclared.In otherwords,it is assumedthat a
new scopemustalreadybeopenfor thefunctiondefinitionandmustbepassedhere.Theresultis the
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initial typeenvironmentfor the function’s body, after the function’s parametershave beendeclared.
An erroroccursif thedeclaratoris notusedfor thedefinitionof a function.

� D �
parameter-type-list

�H æ�TG6�ê�ñÃç�è"é�ê¡ñ! �ðnç�è"é�ê�ù
D � ©³�H ë%X U Z�8�:�;=<
D �
...

�H ëdX U Z����=�=; bf��;=�
D �
parameter-declaration parameter-type-list

�H ëdX U Z�ð�D � parameter-declaration
�H@U ù W ð�D � parameter-type-list

�H%U ù

PARAMETER

TYPE L ISTS

Thestaticmeaningof parametertypelists is afunctiontakingthetypeenvironmentfor afunctionpro-
totypescopeandreturninga functionwhich updatesthefunctionprototype.Its definitionis straight-
forward.

� �?D �
parameter-type-list

�H æ�Tm6�ê�ñó �ð)Tm6�ê"ù
�?D � ©³�H ë#8�:�;=<
�?D �

...
�H ëu8�:�;=<

�?D �
parameter-declaration parameter-type-list

�H ëh�,D �
parameter-declaration

�HcW �,D � parameter-type-list
�H

PARAMETER

TYPE L ISTS�
-MEANING

This alternative staticmeaningfor typeparameterlists is usedfor determiningthe typeenvironment
that is associatedwith function prototypescopes. It is a function from type environmentsto type
environments.Theupdatedtypeenvironmentcontainsthedeclarationof parameterscontainedin the
parametertypelist.

� D �
parameter-declaration

�H æ�TG6�ê�ñÃç�è�é1ê¡ñó �ðnç�è�é1ê$ù
D �
declaration-specifiers declarator

�H ëdX U ZBXÁåKZD �
declaration-specifiers

�H@U ö ðyX����f�AZ [ � U \ � U ^ �NZD �
declarator

�H%U � ö ðyX¦��ä-�*� V �NZ$=õ¦êG� " �*�k�ÉëT¢��³� b(�L0�¨?�B<2�BL���V4�6>å �#" ù,ù
D �
declaration-specifiers abstract-declarator

�H ë�X U ZEXsåKZD �
declaration-specifiers

�H@U ö ðyX����f�AZ [ � U \ � U ^ �NZD �
abstract-declarator

�H@U � ö ðyXG��V�Z$=õ¦êG� " �*�k�ÉëT¢��³� b(�L0�¨?�B<2�BL�� V4�6>å �#" ù,ù

PARAMETER

DECLARA-
TIONS

The staticmeaningof parameterdeclarationsis similar to that of parameterdeclarationlists. Just
notice two things. First, sincethe type environment q hasalreadybeenfixed, it alreadycontains
whatever identifiersmaybedefinedbecauseof declaration-specifiers andtheresultsqur and qst need
notbeused. Second,Ù%$%��Ðm�\üa�_µ>þ\û�þrü is used,in orderto translatearrayandfunctiontypesto pointer
types.

� �?D �
parameter-declaration

�H æ�Tm6�ê�ñó �ð)Tm6�ê"ù
�?D �

declaration-specifiers declarator
�H ë�X U ZD �

declaration-specifiers
�H@U ö ðyX����f�AZ [ � U \ � U ^ �NZD �

declarator
�H%U \ � ö ðyX���ä-�*� V �NZ$=õ¦êG� " �*�k�ÉëT¢��³� b(�L0�¨?�B<2�BL�� V4�6 U]\ � ä¦Fñ9;=���¦:�M�L0¨?���� M��I�5� " �C��� � �=ù,ù

�?D �
declaration-specifiers abstract-declarator

�H ëdX U ZD �
declaration-specifiers

�H@U ö ðyX����f�AZ [ � U \ � U ^ �NZ�8�:�;=< U \ ù

PARAMETER

DECLARA-
TIONS�

-MEANING
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Thisalternative staticmeaningfor parameterdeclarationsis againusedin for determiningthetypeen-
vironmentthatis associatedwith functionprototypescopes.It is similarto thecorrespondingmeaning
for parametertypelists.

� D �
abstract-declarator

�H æ�Tm6�ê�ñÃò�ó�ôsõ1öC�=� ñ! �ðnò�ó�ô�õ1öC�=�ªù
D � ©³�H ëdX U Z�8�:�;=<
D �
abstract-declarator [ constant-expression]

�H ë%X U ZEXG�fZ�zk{_|eõ���é_}� � �D� � �
constant-expression

� � U ö ðyX�'(Zð�'��A
�ùsñ D �
abstract-declarator

�H%U ��LNL0�J�±� �ª�*'��³�K��L0LNMBL�ùé1êJ��õ¦è��U4�|eõ\�d��L0LNMBL
D �
abstract-declarator [ ]

�H ëdX U Z�XG�fZ�zk{-|eõ¡� é_}� �	D �
abstract-declarator

�H@U ��LNL0�J�°� �ª�NÁ5�é1êJ��õ¦è��U4�|eõ\�d��L0LNMBL
D �
* type-qualifierabstract-declarator

�H ë%X U ZBX��(ZD �
type-qualifier

�H MB�2�e� b(<2Lm� �_���I:�M
	8������ ö ðyXG� V ZkD � abstract-declarator
�H%U � V ù

D �
abstract-declarator ( parameter-type-list)

�H ëdX U ZBX��(ZLN�Bv´ð��,D �
parameter-type-list

�H ùsð-� U ù ö ðyX U +-ZD �
parameter-type-list

�H@U + å � ö ðyXsåKZ�zk{_|eõ�� é-}MB�2�e� " �C�E� � D �
abstract-declarator

�H@U ��8�:�v&� " �nå-�é1ê���õ¦èE�,4�|eõ\�%��L0LNMBL�ù,ù

ABSTRACT

DECLARATORS

Thestaticmeaningof abstractdeclaratorsis similar to thatof declarators,with theexceptionthatno
identifieris returned.Its definitionis similaralso.

5.3.6 Typenames
� D �

typedef-name
�H æ�TG6�ê�ñó �ðnò�ó�ô�õ1öC���¦ù

D �
I
�H ë�X U Z U � ä�;=�-��� ö ðyXV�BZ�zB{_|eõX�)é_}< �³bf�B���B�ª� ���U�d8�:�;=<��é1êJ��õ¦è��U4�|eõ\�d��L0LNMBL�ù

TYPE

SYNONYMS

Thestaticmeaningof a typesynonym, i.e. anidentifierdeclaredwith the typedefstoragespecifier, is
simply a function from thecurrenttypeenvironmentto the typedenotedby thesynonym. An error
occursif theidentifieris nota typesynonym.

� D �
type-name

�H æ�TG6�ê�ñó �ðnò�ó�ô�õ öC�=� ù
D �
type-qualifiertype-specifierabstract-declarator

�H ë%X U ZD �
type-specifier

�H@U ö ðyX����f� U]\ � U]^ �NZkD � type-qualifier
�H � ö ðyX&� V ZkD � abstract-declarator

�H@U]\ � V ù,ù
TYPE NAMES

The staticmeaningof a type nameis a function from the currenttype environmentto the type de-
notedby thetypename.Noticethat,while processingthetypename,thetypeenvironmentis possibly
updated.10 However, this updatedenvironmentis discarded,in accordanceto deviation D-4 in Sec-
tion 2.3.

10 To beprecise,theonly modificationin thetypeenvironmentthatis allowedby thestandardat thispoint is thedefinition
of astructure,unionor enumerationtag.



Chapter 6

Static semanticsof recursively definedtypes

This chapterdealswith the static semanticsof recursively definedtypes. Section6.1 identifiesa CHAPTER

OVERVIEWnumberof problemsin thepresentstaticsemanticby studyingexamplesof recursively definedtypes.
It alsomotivatesthe changesthat take placein the following sections. In Section6.2, the domain��� â that representstype environmentsis revisited andreplacedby a modifiedversion,suitablefor
recursively definedtypes.Finally, in Section6.3 theprocessof fixing typeenvironmentsis formally
defined.

6.1 Someexamples

Thesimplestexampleof a recursively definedstructuretypeis givenin thefollowing declaration: SIMPLE

RECURSION

struct tag { struct tag * p; };

thatis, astructuretypecontainingapointerto asimilarstructure.Thestaticsemanticsof C,asdefined
in thepreviouschapters,canonly associate�4û��_j%� with type O , where:

O � � û4ü�ý�¶�û�4aû���jKj)þ�Ä�4��4û��_j%�D�u��9���E�� ÐX���1	¾�ç
��4 Ð¡û4ü�43¾�ç
��4 Os� � i ¾P¡�ý�� � 9-9�� i ¾P¡�ý&� � 9 J 9
Os�¢� � û4ü�ý�¶�û�4aû���jKj)þ�Ä�4��4û��_j%�D�u��9��
£�9

where � is theuniquenumberassociatedwith this tag. Notethat O � is theincompletetypeassociated
with the freshtag that is declareduponenteringthestructuredeclarationlist. Clearly this is not the
intendedstaticmeaningof this declaration.Thestructure’s member� Ðc� shouldnotbea pointerto an
incompletestructure,but a pointerto thecompletestructuretypecontainingit. It is easyto seethat
thepresentstaticsemanticsfails to correctlyrepresentrecursively definedtypes.

A correctstaticmeaningfor thisdeclarationmustassociate�4û��_j%� with type O , whereO is theleast LEAST FIXED

POINTSsolutionof theequation:

O � � û4ü�ý�¶�ûd4aû��_jfj�þ�Ä�4��4û��_j%�¤�u��9���E�� ÐX���1	¾�ç
��4 Ð¡û4ü�43¾�ç
��4 O¤� i ¾P¡�ý�� � 9-9�� i ¾P¡�ý�� � 9 J 9
Since O is anelementof domain ¥w¦%§S¨�lEn�o , it possibleto expressit by meansof the leastfixedpoint
operator, appliedto a functionfrom ¥w¦%§©¨ lEnEo to ¥w¦%§S¨ lEn�o :

ÙV$ª?�«�O¤6 � û4ü�ý�¶�û¬4aû���jKj)þ�Ä4��4û��_j%�D�u��9���E�� ÐX���1	¾�ç
��4 Ð¡û4ü�43¾�ç
��4 O¤� i ¾P¡�ý�� � 9-9�� i ¾P¡sý�� � 9 J 9
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In a similar way it is possibleto correctlydefinethestaticsemanticsof mutually recursive typeMUTUAL

RECURSION definitions.Considerthefollowing declarationlist, definingtwo structuretags �4û��_j¤$%� and �4û��_j¤®@� :
struct tagx { struct tagy * py; };
struct tagy { struct tagx * px; };

The typesthat a correctstaticmeaningof this declarationlist mustassociatewith the two tagsare
againthosegivenby theleastsolutionof thefollowing systemof equations:

O�¯ � � û4ü�ý�¶�û�4aû��_jfj)þ�Ä�4��4û��_j¤$%�¤�u��9���E�� Ðb®%���1	¾�ç
��4 Ð¡û4ü�43¾�ç
��4 O�° � i ¾P¡sý�� � 9-9�� i ¾P¡�ý�� � 9 J 9
O�° � � û4ü�ý�¶�û�4aû��_jfj)þ�Ä�4��4û��_j¤®%�¤��± 9���E�� Ðb$%���1	¾�ç
��4 Ð¡û4ü�43¾�ç
��4 O�¯¤� i ¾P¡�ý�� � 9-9�� i ¾P¡sý�� � 9 J 9

In orderto expressthis solutionasa closedformula, it is necessaryto groupthe two typesin a pair
andapplytheleastfixedpointoperatorto a functionoverpairsof types.Theresultof theexpression:

Ù%$²?�«´³IO�¯D�EO�°�µ
6
³ � û4ü�ý�¶�ûd4aû��_jfj)þ�Ä4��4û���jH$%�¤�u��9���E�� Ð#®%���1	¾�ç
��4 Ð¡û4ü�43¾�ç
��4 O�°�� i ¾P¡�ý�� � 9-9�� i ¾P¡�ý�� � 9 J 9� û4ü�ý�¶�ûd4aû��_jfj)þ�Ä4��4û���jH®%�¤��± 9���E�� Ð#$%���1	¾�ç
��4 Ð¡û4ü�43¾�ç
��4 O�¯�� i ¾P¡sý�� � 9-9�� i ¾P¡�ý�� � 9 J 9mµ�B

is thepair thatcorrespondsto theleastsolutionof thesystem,andit is easyto extractits two elements.

This approachcanbegeneralizedfor any finite numberof typesdefinedby mutualrecursion.AsGENERALIZA-
TION shown above, a tuplemustbeusedto groupthetypesbeforetheleastfixedpoint operatoris applied.

However, this maybea problemin thedefinitionof staticsemantics,sincethenumberof typesthat
participatein themultiple recursionis not fixed. Evenworse,this numberdependson thesyntaxof
C programs.In orderto avoid introducingproductswith a variablenumberof elements,a different
solutionis adopted,a variationof which wasfirst proposedin [Seth80]. Insteadof applyingtheleast
fixedpoint operatorto a function that updatesa tupleof types,theproposedsolutionappliesit to a
functionupdatingthewholetypeenvironment.

Consideragainthefirst givenexampleof asinglerecursively defineddatatype.In orderto obtain
thecorrectdatatypefor �4û��_j%� , thefollowing algorithmis used,whichwill becalledtypeenvironment
fixing. Thefirst few stepsandthelimit areshown in Figure6.1.Thestaticmeaningof thedeclaration
is first appliedto the initial type environmentand the result is a type environmentcontainingthe
aforementionedincorrecttype for �4û��_j%� . This canbe usedasa first approximation.(In Figure6.1
theemptyenvironmentis usedasthe initial environmentin “Pass#0” andthefirst approximationis
labeled“Pass#1”.) Subsequently, let usconsiderapplyingthestaticmeaningof thedeclarationagain,
this time usingthefirst approximationasthe initial typeenvironment. Ignoring for themomentthe
error that would occurfrom the redefinitionof �4û��_j%� , the new type environmentwould be a better
approximation.As shown in Figure6.1 underthe label “Pass#2”, the typeassociatedwith �4û��_j%� in
thisapproximationwouldbeamorecompletestructuretype,containingapointerto thestructuretype
that wasgiven by the previous approximation.By repeatingthis, the type environmentthat would
resultin eachstepwouldbeabetterapproximationof thepreviousone.Theleastupperboundof this
infinite sequenceof typeenvironmentswould containthecorrecttype informationfor �4û��_j%� . In this
way it is possibleto obtainthecorrecttype informationfor any numberof typesgivenby mutually
recursive definitions.
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Figure 6.1: Exampleof typeenvironmentfixing (simple).

(Pass#0) ¶ <I��tI· Fñ �

(Pass#1) ¶ <I��tI· Fñ ��<2L08�v0<�� <I��t³ta�B�±� ¶ <I��tI·��0@0����¼ é �¼ é ë D ¶ b%·�Fñ9M��I�5� bf<ILG� M��2�e� ��<IL08�v0<�� <I��t³ta��� � ¶ <2�EtI·E�J@0���NÁ5���I:�M
	8����C� ���*:�M
	8����C� H

(Pass#2) ¶ <I��tI· Fñ ��<2L08�v0<�� <I��t³ta�B�±� ¶ <I��tI·��0@0����¼ ê �¼ ê ë D ¶ b%·�Fñ9M��I�5� bf<ILG� M��2�e� ��<IL08�v0<�� <I��t³ta��� � ¶ <2�EtI·E�J@0����¼ é ���*:aM�	8a��C� �y�*:�M�	�8���N� H

(Pass#3) ¶ <I��tI· Fñ ��<2L08�v0<�� <I��t³ta�B�±� ¶ <I��tI·��0@0����¼ ë �¼ ë ë D ¶ b%·�Fñ9M��I�5� bf<ILG� M��2�e� ��<IL08�v0<�� <I��t³ta��� � ¶ <2�EtI·E�J@0����¼ ê ���*:aM�	8a��C� �y�*:�M�	�8���N� H
�J�J�

(LUB) ¶ <I��tI· Fñ ��<2L08�v0<�� <I��t³ta�B�±� ¶ <I��tI·��0@0����¼H¸5�¼ ¸ ë D ¶ b%·�Fñ9M��I�5� bf<ILG� M��2�e� ��<IL08�v0<�� <I��t³ta��� � ¶ <2�EtI·E�J@0����¼ ¸ �y�2:aM�	8a���� ���*:�M�	�8����� H

However, thereis still a minor problemwith the proposedsolution. The functionsfor updating PROBLEMS IN

UPDATINGtypeenvironments,definedin Section4.5.1,generateanerrorif anidentifieror a tagthathasalready
beendefinedis redefinedin the samescope.Obviously, type environmentsdo not know of “better
approximations”,exceptfor the simplecaseof structureor union tagsthat have just beendeclared.
Thismustbecorrectedbeforetheproposedsolutionfor recursively definedtypescanbeadopted.

Theuseof the leastfixedpoint operatorto take the leastupperboundof the infinite sequenceof
generatedtypeenvironmentsin thealgorithmdescribedbefore,leadsto the adoptionof the domain
orderingrelationfor expressing“betterapproximations”of typesandtypeenvironments.Therelation
O�¹»º	Os¼ is taken to meanthat “data type Os¼ is at leastasgood an approximationas O�¹ ”. This is
generalizedfor otherkinds of types. Also, for the caseof type environments,the domainordering
specifiesthat q ¹ º�q ¼ if andonly if, for every identifier ` , the type that q ¼ associateswith ` is at
leastasgoodan approximationasthe onethat q ¹ associateswith ` . The domainorderingthat has
beendefinedin Chapter4 needsnot be modified,sinceit expressescorrectlythis notion of “better
approximation”.

Onemight considerthat,asa conclusionfrom thepreviousdiscussion,theproblemsin updating A TRICKY

EXAMPLEtype environmentscould be solved by redefiningthe updateoperations,in sucha way as to allow
updatingany identifierwith a “betterapproximation”of its associatedtype.However, this is not true,
aswill be shown in the following example. Let us considerthe following situation,in which the
declarationlist that is of primary interestis locatedin anenclosedscope.In additionto that,notice
that the recursively definedstructuretype alreadyexists in the parentscopeandthat identifier �2���
shouldbeassociatedwith thestructurecontaining�8$%� , not � ÐX� .

struct tag { int x; };
{

struct tag a;
struct tag { struct tag * p; };

}
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Figure6.2: Exampleof typeenvironmentfixing (tricky).

(Outer, #0) ¶ <I��tI· Fñ ��<IL08�vN<�� <2�Et³ta���±� ¶ <I�EtI·E�J@0����¼¾½��¼ ½ ë D ¶ � ·�Fñ9M��I�5� ;�:a<�I:�M�	�8���N� H

(Inner, #1) ¶ �H· Fñ MB�2�e� ��<ILN8avN<�� <I�Et³ta���±� ¶ <I��tI·��J@N�y��¼�½B���I:�M
	8������
¶ <I��tI· Fñ ��<IL08�vN<�� <2�Et³ta���±� ¶ <I�EtI·E�À¿E����¼ é+ �¼ é+ ë D ¶ bV·�FñËMB�2�e� b(<ILG� MB�2�e� ��<ILN8avN<�� <I�Et³ta���±� ¶ <I��tI·��À¿��y�NÁ5����:aM�	8a���� ���*:�M�	�8����� H

(Inner, #2) ¶ �H· Fñ MB�2�e� ��<ILN8avN<�� <I�Et³ta���±� ¶ <I��tI·��À¿��y��¼ é+ ���*:�M
	8����C�
¶ <I��tI· Fñ ��<IL08�vN<�� <2�Et³ta���±� ¶ <I�EtI·E�À¿E����¼ ê+ �¼ ê+ ë D ¶ bV·�FñËMB�2�e� b(<ILG� MB�2�e� ��<ILN8avN<�� <I�Et³ta���±� ¶ <I��tI·��À¿��y��¼ é+ ���*:�M
	8����C� ���*:�M
	8������ H

�0�J�

(Inner, LUB) ¶ �H· Fñ �
(LUB of unrelatedtypes,seefootnote1)

¶ <I��tI· Fñ ��<IL08�vN<�� <2�Et³ta���±� ¶ <I�EtI·E�À¿E����¼ ¸+ �¼ ¸+ ë D ¶ bV·�FñËMB�2�e� b(<ILG� MB�2�e� ��<ILN8avN<�� <I�Et³ta���±� ¶ <I��tI·��À¿��y��¼ ¸+ ���I:�M
	8������ ���*:aM�	8a��C� H

(Inner, correct) ¶ �H· Fñ MB�2�e� ��<ILN8avN<�� <I�Et³ta���±� ¶ <I��tI·��J@N�y��¼ ½ ���I:�M
	8������
¶ <I��tI· Fñ ��<IL08�vN<�� <2�Et³ta���±� ¶ <I�EtI·E�À¿E����¼�¸+ �¼ ¸+ ë D ¶ bV·�FñËMB�2�e� b(<ILG� MB�2�e� ��<ILN8avN<�� <I�Et³ta���±� ¶ <I��tI·��À¿��y��¼ ¸+ ���I:�M
	8������ ���*:aM�	8a��C� H

By applyingtheproposedsolutionto the innerdeclarationlist, oneendsup with the infinite se-
quenceof type environmentsthat is shown in Figure6.2. It shouldbe mentionedthat, for the time
being, the updateoperationfor type environmentsunconditionallyreplacestype information if an
identifierhasalreadybeendefined.The initial typeenvironmentfor the innerdeclarationlist corre-
spondsto a newly openedscope,basedon theenvironmentresultingfrom theouterdeclaration.It is
labelled“Outer, #0” in thefigure.Thefirst stepis labelled“Inner, #1”, andsoonfor subsequentsteps.

Thefirst thing to noticeis that,in thefirst stepthetypeassociatedwith �2��� is correctandthetype
associatedwith �4û��_j%� is indeedafirst approximation.However, thesecondstepincorrectlyassociates
�2��� with thenewly definedstructuretype,andthis associationis repeatedin all subsequentsteps.On
theotherhand,the typesassociatedwith �4û��_j%� arecorrect.Theresultof this inconvenientsituation
is that in thefinal typeenvironment,takenasthe leastupperboundof theinfinite sequence,thetype
associatedwith �4û��_j%� would be correctbut the type associatedwith �2��� would be the leastupper
boundof thetwo unrelatedstructuretypes,which is clearlywrong.1

After all this, it is evident that theproblemlies on thebehaviour of theupdateoperationon typeUPDATING

MECHANISM environments,in the caseof identifier redefinition. Specifically, thereis a conflict amongseveral
desiredcasesof redefinition,assummarizedin thefollowing requirements:

(R1) Identifier redefinitionshouldnot normally be allowed, i.e. the static meaningof “ int x;
double x; ” shouldclearly be an error. This requirementis satisfiedby the presentstatic
semantics.

1 Thefinal environmentin Figure6.2 is not entirelycorrect.Theleastupperboundfor ¶ �¤· is not thetop element,since
thetwo typesarenot completelyunrelated.However, it is clearlynotavalid denotabletype.



6.2. Typeenvir onmentsrevised 87

Figure 6.3: Intendedbehaviour of typeenvironmentupdating.

Ordinary update

� � � FñË;=�-� � � normally while fixing

existing
ëÊ�

existing
Ûë��

existing
ëÊ�

existing
Ûë��

existing Á new impossible error impossible update

existing
ÛÁ new update error impossible ignore

Tag update

� � � FñË<I��t � � normally while fixing

existing
ëÊ�

existing
Ûë��

existing
ëÊ�

existing
Ûë��

existing Á new
Ü

jd(existing) impossible update impossible update

existing Á new
Ü�7

jd(existing) impossible error impossible update

existing
ÛÁ new update error impossible ignore

(R2) It shouldbeallowedto redefinestructureor uniontags,on conditionthatthey werepreviously
justdeclared,asin thecaseof “struct tag; struct tag E int x;

J
; ”. Thisis also

satisfiedby thepresentstaticsemantics.
(R3) During thefixing process,redefinitionof anidentifierusinga “betterapproximation”shouldbe

allowedandperformed,asin thecaseof �4û��_j%� in Figure6.2,pass#2. This requirementis not
satisfiedby thepresentstaticsemantics.

(R4) During thefixing process,redefinitionof anidentifierusinga typethat is not a “betterapprox-
imation” shouldbe allowed but ignored,as in the caseof �2�b� in Figure6.2, pass#1. This
requirementis notsatisfiedby thepresentstaticsemantics.

It is not hardto seethat requirementsR1 andR2 arein conflict with R3 andR4. Thereseems
to beno plausiblesolutionwithout takingspecialmeasuresfor thefixing process.Oneapproachto
fix this problemis to includeinformationaboutthe fixing processin typeenvironments.As shown
in the next section,a truth value is includedto determinewhetherthe fixing processhasstarted.
Theupdateoperationsshouldalsobe revisedto usethis informationin sucha way asto satisfythe
aforementionedrequirements.Figure6.3 shows the desiredbehaviour for the updateoperationson
typeenvironments.By “jd(existing)” it is meantthattheexistingvalueis a structureor uniontagthat
hasjust beendeclared;aswill beseenin thefollowing section,thefunction g �EÃ þ�¶ � �1ü�þ�ÄÆÅ���j is used
to determinethis. Possiblebehaviours are: update, i.e. redefinethe identifier; ignore, i.e. keepthe
existing definition; error, i.e. disallow the redefinitionandgeneratean error; and impossible, i.e. a
situationthatcannever happenor, if it does,theresultof theoperationis of no importance.

6.2 Typeenvir onmentsrevised

In the light of the conclusionsdrawn in the previous section,the domain
��� â that representstype SUMMARY OF

CHANGESenvironmentsis subjectto revision. Themainmodificationthatis requiredis theadditionof informa-
tion aboutthefixing process.Additionaloperationsmustbedefinedin relationwith this information.
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Someof the existing operations,suchasordinaryandtag update,mustchangein order to usethe
newly availableinformation. Others,suchasthe raw lookupoperations,mustonly changeslightly,
becauseof the modificationin the domain’s definition. Finally, someoperationsremainunchanged
andwill notberepeatedin thissection.Theupdateoperationsareexamplesof thelastcategory.

ä U æÂTG6�ê ë ð-����õ�ñµò�ó�ô�õ ÷ öC� ù îÑð-�f��õ�ñÃò�ó�ô�õ ö,÷4ø ù î¬ò>îdTG6�ê
DEFINITION

A truthvalueis addedasanelementof theproduct.It will be û4ü�ý)þ if thefixing progressis underway,
ÿ�� �E� þ otherwise.

� U �9æ�Tm6�ê
U �<ë �y���*���2����=���a���,�EMPTY

ENVIRONMENT

Theemptyenvironmentis notbeingfixed,whenit is constructed.

� � � � LN��vA;=�-���Õæ�Tm6�ê@îw����õ ñÃò�ó�ôsõ ÷ öC�
U � ä�L0�uv×;=���-�Zë$=õ¦ê&��)liI�*)lÃC�*. y i8½ � U +¥��ë U4�6µð�) i ä£ÛëÊ� ùÉñï) i ä���ð U + ÛëÊ� ùÉñ U + � ä�L0�uv×;=���-�x�¸�BLNL0M�L

ORDINARY

RAW LOOKUP

This is justaminormodification,in orderto allow for theextraelement7�~�Ä ¯ of thetypeenvironment.

� � � � LN��vA<I�Et��Õæ�Tm6�ê�îd�f��õ�ñ ò�ó�ô�õ ö,÷4ø
U � ä�L0�uv×<I��t��Zë$=õ¦ê&��)liI�*)lÃC�*. y i8½ � U +¥��ë U4�6µð�)lÃaäWÛë�� ùÉñï)lÃ�ä�� ð U +�ÛëÊ� ùÉñ U +_� ä&LN��vA<I�Et��x�¸�BLNL0M�L

TAG RAW

LOOKUP

A minormodificationagain.

� � � � FñË;=�-� � �Õæ�TG6�ê@î¬�f��õÚî'ò�ó�ô�õ ÷ öC� ñó �ð)Tm6�ê"ù
U � ä¦FñË;=�-�©�E�Zë$=õ¦ê&��)liI�*)lÃC�*. y i8½ � U +¥��ë U4�6 . y iÅ½ Ü¤ð�)li�ä£ÛÁ ��ùÁñË8a:�;=< U �. y iÅ½&õ¤ð�) i äVëÊ� ùÉñ98�:�;=<,��) i DEä5Fñe� H �C) Ã �*. y i8½�� U + ���a�BLNL0M�L

ORDINARY

UPDATE

This is oneof theoperationsthatchangedthemost.It reflectstherequirementsthatweresummarized
in theupperpartof Figure6.3. In orderto simplify theoperation’s definition,thetwo impossiblecases
on theupperrow aretreatedasif they wereupdate, andtheoneon thelower row asif it wasignore.
It is easyto seethat,for thecase7�~�Ä ¯ �|ÿ�� �E� þ , theresultis thesameasin theold definition.

� � � � FñË<I��t � �»æ�Tm6�ê@îw����õÚî'ò�ó�ô�õ�ö,÷4øÉñó �ð)TG6�ê�ù
U � ä¦FñË<I�Et " � ë$=õ¦ê&��) i �*) Ã �*. y i8½ � U + ��ë U4�6 . y iÅ½ Ü¤ð�)lÃaäWÛÁ " ùÉñ98�:�;=< U �. y iÅ½ õ¤ð�)lÃaä�ë�� ù�õ,;=��¿m��vN����LN�B�fÀ³��t ð�)lÃ�äªùÁñ98�:�;=<,��)wiI�*)lÃ2D�ä¦F ñ "_H �*. y i8½ � U +¥���K��L0L0M�L

TAG UPDATE

This operationalsorequireda lot of changes.It reflectsthe requirementssummarizedin the lower
partof Figure6.3. In orderto simplify theoperation’s definition,thetwo impossiblecaseson thetwo
upperrows aretreatedasif they wereupdate, andtheoneon the lower row asif it wasignore. It is
easyto seeagainthat,for thecase7�~�Ä ¯ �|ÿ�� �E� þ , theresultis thesameasin theold definition.
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� � � � FñË��L0����~�<2�Et � �»æ�TG6�ê@îd�f��õ îÚò�{��\ò�ó�ô�õ ñ! �ð)Tm6�ê"ù
U � ä�Fñï��LN�B��~?<I��t�Æ�� ë$=õ¦êG��) i �*) Ã �*. y i8½� U + �Éë U" ë^)wÃ¸ä4�6 zB{_|eõ " é_}� � zk{_|eõ�Æ´é-}<2�Eta����<ILN8�v0<ï� U � ä¦Fñ9<I��t°��<ILN8�v0<�� ��L0����~���<I�Et³ta��� ä-��Á5� �<2�Eta��8�:�;=M�: � U � ä¦Fñ9<I��t°8�:�;=M�:�� ��L0����~a��<2�Et³ta��� ä-�CÁ5� �é�ê���õ¦èE�,4�|eõ\�d��L0LNMBL��<IL08�vN<�� »��C¼���� ð-Æ'ë×<2�Eta����<ILN8�v0<�ù�ñË8�:a;�< U �K��L0LNMBL8�:a;�MB:�� »��C¼��£� ð-Æ'ë×<2�Eta��8�:�;=M�:�ùÁñË8a:�;=< U �¸��L0LNMBL�B:�8�¨`� ©I� � ð-Æ'ë×<2�Eta����:�8a¨HùÁñ98�:�;=< U �¸�BLNL0M�Lé1ê���õ¦èE�,4�|eõ��%��L0L0M�L

FRESH TAG

A minormodification,in orderto allow for theextraelement7�~�Ä ¯ of thetypeenvironment.

� � � æ�Tm6�ê�ñ*TG6�ê
� U ë	�y���C���2����=���a� U � OPEN SCOPE

Newly openedscopesarenotbeingfixed.

� Ç^� æ�Tm6�ê�ñ*TG6�ê
Ç�U ëu$=õªêG��)liI�*)wÃC�*. y iÅ½ � U +¥��ë U 4�6 U + CLOSE SCOPE

A minormodificationagain.

� ;=�.�(MBvN���"ð � � � ;=����ù�æ�Tm6�ê�ñ+�f��õ´ñÃò
;=�.�(MBvN���"ð U �Cä�;=�-��ù ëu$=õªê&��)liI�*)wÃ��*. y iÅ½ � U +¥��ë U 4�6£7�ð�)wi_äVë�� ù LOCAL

ORDINARY

� ;=�.�(MBvN���"ð � � � <I��t)ùUæ�TG6�ê�ñe�f��õ�ñÃò
;=�.�(MBvN���"ð U �Cä�<I�Et)ù ëd$=õ¦êm��)wi2�C)lÃ*�*. y i8½ � U +¥��ë U 4�6�7�ð�)lÃ�äVëÊ� ù LOCAL TAG

Moreminormodifications.

� ;=:�;=<I��¢�� æ�Tm6�ê�ñó �ð)Tm6�ê"ù
;=:�;=<I��¢�� U ë%$=õ¦êG��)wiI�*)lÃ*�C. y i8½ � U +¥��ë U 4�6�7f. y i8½ ñ98�:�;=<,��)liI�*)wÃ��I<2L08��K� U +¥���¸�BLNL0M�L INITIALIZE

FIX ING

This functionsetsthetruthvaluefor fixing to û4ü�ý)þ , declaringthestartof thefixing process.An error
occursif theenvironmentis alreadybeingfixed.

6.3 The fixing process

The algorithm for fixing type environmentshasbeendescribedinformally in Section6.1. In this
sectionit is formally defined. In addition, it is specifiedwhereandwhenthis fixing processtakes
place.
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� L0��v æHð)TG6�ê�ñ! �ð)Tm6�ê"ù,ùÁñ*Tm6�ê�ñó �ð)Tm6�ê"ù
L0��vBëdXm�-ZBX U Z�$=õ¦ê#ÈVë�� U ö ;=:�;=<I��¢��U4�6?¨?vN�=MwÈG�DEFINITION

Function ü�þ�¶ performsthe fixing of type environmentsfor recursively definedtypes. It takes two
arguments:thestaticsemanticmeaningof a declarationlist, i.e.a function : from typeenvironments
to typeenvironments;andan initial typeenvironment q . It returnsthe typeenvironmentthat results
from first applying : to q andthenfixing all recursively definedtypes.Themonadicclosureoperator
µ�¶ � ¾ is usedin this function’s definition. Thestartingenvironmentfor theclosureis É , i.e. the type
environmentwhich resultsfrom thefirst passin Figure6.1.Noticealsohow É is initializedfor fixing.
In orderto verify that theresultof themonadicclosureoperationis indeedthe leastupperboundof
theinfinite sequenceof graduallyfixedenvironments,recallthedefinitionof µ�¶ � ¾ and ¶ � ¾ :

µ�¶ � ¾RÉ�:Ê� ¶ � ¾�ÉË?�«¬ÌV6�Ì�ÍÎ:ÏBÐ�
ÑÒ
tPÓÔ� ?�«dÌ%6PÌ�Í²:ÏB t É

Thedefinitionis somewhatperplexedby thefactthaterrorsareallowed;however, it is easyto seethat
theleastupperboundof theinfinite sequenceis taken.

Theequationfor thestaticmeaningof translation-unit, asshown in Section5.2,involvesacall toWHERE AND

WHEN ü�þ�¶ . Thesameis truefor declarator andabstract-declarator in Section5.3.5,whenfunctiondeclara-
tionsareinvolved. Its presenceis obviouslynecessaryat thesepoints,sincerecursive definitionsmay
occurat file scopeor functionprototypescope.In general,ü�þ�¶ mustbecalledwhenever a new scope
thatmaycontainrecursive typedefinitionsis opened.However, aswasevidentin Chapter5, thepro-
posedstaticsemanticsonly opensnew scopeswhennecessaryinformationcanonly beobtainedfrom
them.Therefore,only file scopeandfunctionprototypescopesneedto befixed. For all otherscopes
including function scopeandblock scopes,ü�þ�¶ is calledin the typing inferencerules,presentedin
Part III andin theequationsfor thedynamicsemantics,presentedin Part IV.
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Typing semantics





Chapter 7

Typing judgements

This chapterintroducesthe notionsof typing semantics,typing judgementsandtyping derivations, CHAPTER

OVERVIEWthatwill betheprimaryissuesof interestin Part III. In Section7.1a brief introductionis attempted.
Section7.2 describesthe typing judgementsthatareusedthroughoutPart III in thedefinitionof C’s
typingsemantics.Finally, in Section7.3a numberof issuesis discussed,relatedto theuniquenessof
typing resultsandtypingderivationsfor givenprogramphrases.

7.1 Intr oduction to typing

Typingsemanticsis usedin theformaldefinitionof programminglanguagesin orderto defineaspects
thatcannotbeexpressedbyacontext-freegrammar. Theprimaryaimof alanguage’s typingsemantics
is theassociationof phrases, participatingin syntacticallywell-formedprograms,with phrasetypes.
In this way, valuableinformation is given concerningthe meaningof programphrases.In simple
programminglanguages,typingsemanticscanoftenreplacethelanguage’sabstractsyntaxcompletely.
That is, thesyntacticproductionscanbedefinedat the sametime whenphrasetypesareassociated
with programphrases.In thiscase,thelanguage’s staticsemanticsis alsodefinedaspartof thetyping
semantics.However, in thecaseof a complex programminglanguagesuchasC, thethreephasesof
abstractsyntax,staticsemanticsandtypingneedbeseparate.

Sincethe primary interestin typing is to definea relationbetweenprogramphrasesandphrase TYPING

JUDGEMENTStypes,a formal way is neededto describethis relation. This is achieved by meansof typing judge-
ments, alsocalledin literaturetypingassertions. Themostcommonform of a typing judgementis the
following:

ÕÖØ× 0©Ù
where

Õ
is a typeassignment,1 i.e.agivenassociationof identifierswith types,

×
is aprogramphrase

and Ù is aphrasetype.Theintuitivemeaningof this judgementis that
×

is awell-typedphraseof type
Ù , undertheassumptionsstatedin

Õ
. In specifyingthetyping semanticsof a complex programming

language,additionalformsof typingjudgementsmaybenecessary. Typingjudgementsmaybeviewed
astruthvaluepredicates,thatcanbe û4ü�ý)þ or ÿ�� �E� þ . A typing judgementis û4ü�ý)þ if it canbeprovedto
holdusingthelanguage’s typingsemantics.Otherwise,it is ÿ�� �E� þ .

The typing semanticsof a programminglanguageis mostcommonlydefinedasa consistentset TYPING RULES

of axiomsand inferencerules, which arecommonlycalledtyping rules. Axioms aretypically used
to definethe typing semanticsof simple phrases,whereasinferencerules are usedin the caseof

1 Typeassignmentsarealsocalledtypingcontexts in literature.
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Figure7.1: Typingsemanticsfor a simplehypotheticalexpressionlanguage.

Typing rules

Ú;Û 'Uæ(���0bô� ;=:�<�� (const)
ð�ä æk;�:a<�ù

is in
ÚÚ;Û äZæ(�
�0b�� ;=:�<B� (ide)

ÚÛÝÜ é æR���0bô� ;=:�<E� Ú;ÛÐÜ ê æR���0bô� ;=:�<��Ú;ÛÐÜ é > Ü ê æ(���0bô� ;=:�<�� (plus)

ÚÛÝÜ é æR�
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if

Ü
then

Ü é
else

Ü ê æÆÕ (cond)

Exampleof typing derivationð-Þ¬æk;=:�<�ù
is in

ÚÚ;Û Þ æ(���0bô� ;=:�<�� ÚÛRß æ(���0b�� ;�:a<��Ú;Û Þ ë ß æ(���0bô� �MBM��J� Ú�ÛRß ¿Hæ(�
�0b�� ;=:�<B� ð-Þ¬æ�;=:�<�ù
is in

ÚÚÛ Þ æR���0bô� ;=:�<��
Ú;Û

if
Þ ë ß

then
ß ¿

else
Þ æ(���0b�� ;�:a<��

compoundphrasesthatconsistof smallersub-phrases.Sinceaxiomscanbeconsideredasa special
caseof inferencerules,the latter areobviously the most importantissuein the formal definition of
typingsemantics.Thegeneralform of aninferencerule is thefollowing:

à ¹ à ¼ 6s6s6 à tá (rule)

where“rule” is anidentifierspecifyingtherule’s uniquename,â is anaturalnumberandmaybezero
andall othercomponentsaretyping judgements.In particular, thetyping judgements

à Ä aretherule’s
premiseswhereasthetyping judgement

á
is therule’s conclusion. Theintuitive meaningof this rule

is that, on conditionthat the premisesare û4ü�ý)þ , the conclusionis also û4ü�ý)þ . In the casewhereno
premisesarepresent( âã�Øä ), theinferencerule representsanaxiom.

As an example,a small numberof typing rules for a hypotheticalsimpleexpressionlanguage
is given in the upperpart of Figure7.1. The rule “ide” is the only onethat makesuseof the type
assignmentandits premiseis givenherein aninformalway.

Theproof of a typing judgementusinga setof typing rulesis calledtypingderivation. A typingTYPING

DERIVATIONS derivationtypically combinesa numberof typing rulesin a tree-like structure,in sucha way thatthe
conclusionof onerule becomesa premiseof someotherrule. In this way, typing derivationsmaybe
consideredascomplex inferencerules. As mentionedpreviously, a typing judgementis û4ü�ý)þ if and
only if it canbe proved in the language’s semantics,i.e. if thereexists a valid typing derivation. A
small exampleof a typing derivation for thesamehypotheticalexpressionlanguageis shown in the
lowerpartof Figure7.1.

A numberof typingproblemsthat play an importantrole in the semanticsof programminglan-TYPING

PROBLEMS guagescanbe identified. Typing problemsarefamiliesof questionsthat mustbesolved. Eachpar-
ticular questionin sucha family is calledan instanceof the problemandis generallyrelatedto the
validity of typing judgements.A proofof thesolutionmustbegivenin termsof typingderivations.A
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typing problemis solvableif a proof of thesolutioncanbegiven for every instanceof this problem.
Of course,thetypingsemanticsof aprogramminglanguageis moreusefulif solvabletypingproblems
canbedefined.For a morethoroughdiscussionof typing andtyping problems,thereaderis referred
to [Mitc90, Mitc96].

It is possibleto askmany differentkinds of questionsabouta typing judgement.Probablythe
mostimportanttypingproblemsin programminglanguagesemanticsarethefollowing, whicharethe
only onesstudiedin therestof this thesis.2

z Decisionproblem:Givena typing judgement
ÕåÖe× 0�Ù , determinewhetherit is û4ü�ý)þ , i.e. if

thereexistsa valid typingderivationwith this typing judgementasits conclusion.In casesuch
a derivationexists,animportantquestionto beasked is whetherthis derivationis unique.This
issueis furtherdiscussedin Section7.3.

z Typeinference:Givenasyntacticallywell-formedprogramphrase
×

anda typeassignment
Õ

,
find a phrasetype Ù suchthatthetyping judgement

ÕÊÖ+× 0�Ù is û4ü�ý)þ . If sucha typecanbe
inferred,an importantissueis whetherit is unique.The issueof uniquenessof theunderlying
typingderivationis againimportant.

Thetype inferenceproblemis “harder” thanthedecisionproblem,in thesensethat the lattercanbe
reducedto theformer. Thatis, if thetypeinferenceproblemcanbesolved,thenthedecisionproblem
canalsobesolved.

7.2 Typing judgements

Thetypingsemanticsof C, asspecifiedinformally in ã 6 of thestandard,is largelycomplicated.Apart
from themaintyping relation,anexampleof which waspresentedin theprevioussection,a number
of otherformsof typing judgementsarenecessaryun orderto simplify thetyping rules.A summary
of all formsof typing judgementsthatareusedin C’s typingsemanticsis givenin Table7.1.

As waspreviously mentioned,in simpleprogramminglanguagesit is possibleto definetypeas- TYPE

ASSIGNMENTSsignmentsat thesametime with typing. However, in thecaseof realprogramminglanguages,such
asC, this cannotbe donein an easyandelegantway. Instead,the variouskinds of environments
thatareproducedfrom thestaticsemanticsareusedastypeassignments.Typeenvironmentscontain
all necessaryinformationaboutthenamespacesof ordinaryandtagidentifiersandareusedin most
typing judgements.Anotherkind of staticenvironmentthat is usedasa typeassignmentis member
environments,containinginformationaboutthemembersof structuresor unions.

Themaintyping relationis expressedby typing judgementsof theform: MAIN TYPING

RELATION

q Ö
phrase 0'Ù

whereq is a typeenvironment,phraseis asyntacticallywell-formedprogramphraseand Ù is aphrase
type. As mentionedin thepreliminarydiscussion,the intuitive meaningof sucha judgementis that
thephraseis well typedandhastype Ù , giventheidentifierdeclarationsthatareincludedin q .
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Table7.1: Summaryof typing judgements.

Main typing relation
U Û

phrase
æÆÕ

Thegivenphrasecanbeattributedphrasetype
Õ

in typeenvironment U .
Predicatesasjudgementsæ

Predicate
æ

is
<ILN8��

, where
æ

canbeany valid predicateover truthvalues
ò

.Þ ëRç
Elements

ÞK�Aç?ålO
areequal,w.r.t. domainequalityin

O
.Î æ ëèÈ

Thestaticsemanticvaluation
Èeåÿ �ð)O ù

producesthe(non-error)value
Î?åwO

.

Judgementsrelatedto envir onments
U Û äwéw�

Identifier
ä

is associatedwith identifiertype
�

in typeenvironmentU .¼ Û ädéW)
Identifier

ä
is associatedwith membertype

)
in memberenvironment

¼
.

Judgementsrelatedto expressions
U ÛÝÜeê " Expression

Ü
canbeassignedto anobjectof datatype " .U ÛÝÜ ë

NULL Expression
Ü

is anull pointerconstant.U ÛRëíì �
Typename

ë
denotestype

�
in typeenvironment U .

Ordinarypredicatescanbeusedin theplaceof typing judgements.Predicatesaremeta-languagePREDICATES

expressionsresultingin truth values,i.e. elementsof domain ¥ . A predicatewhosevalueis û4ü�ý)þ is
consideredasa typing axiom,i.e. asa û4ü�ý�þ typing judgement.On theotherhand,a predicatewhose
valueis ÿ�� �E� þ , £ or î , simplycannotbeusedin a typingderivation.Specialcasesof predicatesused
astyping judgementsareequalitytestsof theform ÌR�Øï , betweenelementsÌ and ï of domainL .

Anotherform of typing judgement,which is really a specialnotationfor a simplepredicate,isSTATIC

VALUATIONS usedto allow the useof staticvaluationsin typing rules. Staticvaluationsoften result in elements
of domain =@?ALãB , where L is any domainand = is theerrormonaddefinedin Section4.4. A typing
judgementof theform:

ð 0Å�<É
whereð îÐL andÉTîñ=@?ALãB , hastheintuitivemeaningthatthestaticvaluationÉ resultsin anormal,i.e.
non-error, value ð of theunderlyingdomainL . This typing judgementis equivalentto thepredicate:

Ée� ý i g�ûPò ð

but thespecialform is usedfor brevity.

Thenext two formsof typing judgementsarestronglyrelatedto staticenvironmentsandareusedENVIRONMENT

RELATED to extract typing informationfrom them. The differencebetweenthe two lies in the kind of static
environmentthatcontainsthetypeinformation.In thecaseof typing judgement:

q Ö `ãóãô

2 Othertyping problemsaretypeinhabitation, andcontext derivation. Thefirst is aboutfindinga programphrasewhich
inhabitsagivenphrasetypeunderagiventypeassignment.Thesecondis concernedwith determiningtypeassignments.
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theinformationis containedin typeenvironment q andidentifiersareassociatedwith identifiertypes.
Ontheotherhand,in thecaseof typing judgement:

} Ö `;óÝ/
the informationis containedin the memberenvironmentof a structureor union andidentifiersare
associatedwith membertypes.

The last threeforms of typing judgementsareusedin the typing semanticsof expressions.A ASSIGNABIL-
I TYtyping judgementof theform:

q ÖØõ÷ö O
whereq is atypeenvironment,

õ
is anexpressionphraseand O is adatatype,hastheintuitivemeaning

thatthevalueof expression
õ

canbeassignedto anobjectof type O , giventhetypeenvironment q .
A specialform of typing judgementis usedto identify null pointerconstantsin expressions: NULL POINTER

CONSTANTS

q ÖØõ � NULL

where q is a type environmentand
õ

is an expressionphrase.The intuitive meaningof this typing
judgementis that

õ
is anull pointerconstant,giventhetypeenvironment q .

Thelastform of typingjudgementis usedto simplify theassociationof typenameswith denotable TYPE NAMES

types.A judgementof theform:

q Öùøgú a
where q is a typeenvironment,

ø
is a phrasegeneratedby thenon-terminalsymboltype-name, and

a is a denotabletype, hasthe intuitive meaningthat
ø

is a synonym for the type a , given the type
environmentq .

Typing judgementsmay alsoappearin a negative sense.For the main type relation,a negative NEGATIVE

TYPING

JUDGEMENTS
judgementhastheform:

qíû Ö phrase 0SÙ
andthe intuitive meaningis that the positive judgementüeý phrase þ´ÿ is not ������� , that is, there
doesnot exist a typing derivation with it as the conclusion. Negative judgementsare only useful
whentherelatedtypingproblemsaresolvable,sinceotherwiseit cannotbedeterminedwhethersuch
aderivationexists.
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Figure 7.2: Exampleof non-uniquetypingresultsandderivations.

Typing rules

�	��
��������� ������� (const)
�	�������������  !�
�	������"�#%$&�  �� (coerce)

�'�(�*)+��������� �,�-�.� �	���0/	�������1� �����2�
�	���3)546�7/8��������� �,�-��� (plus-val)

�	�9� ) ��"�#%$&� �,�-��� �	��� / ��".#%$:� �,�-�.�
�8���3);4&�7/	��".#%$:� �,�-�.� (plus-exp)

Two typing resultsfor the phrase: <�=

�	� <>= ��������� ������� (const)
�8� <�= ��������� �,�-��� (const)

�	� <�= ��".#%$:� �,�-�.� (coerce)

Two typing derivations for the judgement: �	� <�= 4�?@��"�#%$&� �,�-���
�8� <�= �1������� �,�-�.� (const) �	�A?@��������� �,�-�.� (const)

�	� <�= 4B?@�������1� �����2� (plus-val)

�	� <�= 4B?@��"�#%$&� �,�-��� (coerce)

�	� <>= �������1� �����2� (const)

�	� <�= ��"�#%$&� �,�-��� (coerce)
�	�A?@��������� �,�-�.� (const)

�	�A?C��"�#%$&� �,�-��� (coerce)

�	� <�= 4�?C��"�#%$&� �,�-��� (plus-exp)

7.3 Discussionof uniquenessin typing

Thetypingsemanticsof a realprogramminglanguage,expressedin theform of inferencerules,oftenINTRODUC-
TION AND

EXAMPLE
leadsto ambiguity problems. Thereare two forms of suchproblemsthat appearin the study of
C’s typing semantics,asdefinedin the next chapters.Both problemsarepresentedin this section
andbriefly discussed.They areintroducedin a small examplethat usesa very small subsetof the
typing rulesfor C, slightly distortedfor thesake of simplicity. Thecompleteexampleis illustratedin
Figure7.2. Theupperpartof thefigurecontainsfour typing rules:

D Ruleconst, statingthatintegernumbersareconstantvaluesof type E�FG� .
D Rulecoerce, statingthataconstantvaluecanbecoercedto anon-constantvalue,if thefactthat

it is constantis not important.This rule is essential,in orderto avoid duplicatingall rulesthat
donotcarefor constantvalues.

D Rulesplus-valandplus-exp aretwo similar rulesfor the typing semanticsof the additionop-
erator. This operatordistinguishesbetweenconstantandnon-constantvalues.Thesumof two
constantvaluesis aconstantvalue,in thesensethatit canbecomputedatcompile-time.Onthe
otherhand,thesumof two non-constantvaluesis a non-constantvalueandmustbecomputed
at run-time.Noticehow thepresenceof rulecoercemakesit unnecessaryto includeall possible
combinationsof constantandnon-constantvalues.
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The lower part of the samefigure identifiestwo kinds of potentialproblemsthat arerelatedto the
typing of expressions.The first hasto do with the uniquenessof the typing results,andthe second
with theuniquenessof typing derivations.Both issuesarediscussedin thefollowing paragraphs.All
typing derivationsin thefigurearetaggedwith thenamesof thetyping rulesthatareapplied,for the
sake of clarity.

Considerthe simpleexpression“42”, consistingof just an integer number. The middle section UNIQUENESS

OF RESULTSof Figure7.2 shows two valid typing derivationsthatconcludein two differentphrasetypesfor this
phrase:H5IKJML ENFO��P and �RQ;STL ENFO��P . Thisprovesthatthetyping results,asfar asthemaintyping relation
for thisexampleis concerned,arenotunique.In fact,thephrasetypesthatareassociatedwith program
phrasesneednot be unique. In somecases,it is useful or even necessaryto consideran integer
numberasa constantinteger value,e.g. in the caseof C’s constantexpressions,definedin U 6.4 of
the standard.In othercases,however, this informationis not necessaryandthe moregeneraltype
of integer expressioncanbe used. In conclusion,non-uniquenessof typing resultsdoesnot posea
problem,sincedifferentphrasetypesrepresentdifferentaspectsin thesemanticsof programphrases.

The lower sectionof Figure7.2 shows two differentvalid derivations,both concludingwith the UNIQUENESS

OF

DERIVATIONS
sametypingresultfor thesimpleexpression“42+1 ”. Thisexpressionis finally associatedwith phrase
type �RQ;SVL ENFO��P , thatis,anintegerexpression.Bothderivationsstartfrom thefactthatthetwo operands
areconstantintegervalues.Theupperderivationfirstaddsthetwoconstantvaluesandthencoercesthe
resultto anintegerexpression.On theotherhand,thelower derivationfirst coercesthetwo operands
andthenaddsthetwo resultingintegerexpressions.

Of courseboth derivationsarevalid and,sincethe typing result is the same,they both describe
the samesemanticaspectof the given expression. However, as will be illustratedin Part IV, the
dynamicsemanticsfor a well-typedprogramphraselargely dependson the typing derivation that is
used. Consequently, the issueof non-uniquenessof typing derivationsdoesposea problemfor the
typing semanticsof C. In order to overcomethis problem,it mustbe guaranteedthat the dynamic
semanticsthatcorrespondto all possibletypingderivationsfor a programphraseareall equal.In the
examplethatwasdiscussedabove, theresultof first addingandthencoercingmustbeguaranteedto
beequalto theresultof first coercingandthenadding.
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Typing semanticsof expressions

This chaptercontainsthe typing rulesfor expressions,i.e. inferencerulesaiming primarily at asso- CHAPTER

OVERVIEWciatingexpressionswith phrasetypesby meansof formal typing derivations.Section8.1definesthe
maintyping relation,correspondingto typing judgementsof the form üíýXW¢þwÿ . Its structurecor-
respondsto the structureof U 6.3 of the standard,with small deviations. In Section8.2 typing rules
correspondingto otherformsof typing judgementsaredefined.

8.1 Main typing relation

Themaintyping relationfor expressionscorrespondsto typing judgementsof theform: INTUITIVE

MEANING

üýYW þ©ÿ
whereW is anexpression,ü is thetypeenvironmentfor thescopewhich containstheexpression,and
ÿ is a typethatis attributedto W . Theintendedmeaningof typingderivationsfor theaforementioned
typing judgementis double. First, if a typing derivation canbe found having this judgementasits
conclusion,then W is awell typedexpressionof type ÿ , i.e. it compliesto thetypingrulesaccordingto
thestandardandhastheappropriatetype.Second,it mustnotbepossibletoproducetypingderivations
for not well typed expressions,i.e. incorrectexpressionscontainingone or more violationsof the
typingrulesstatedin thestandard.Valid valuesfor ÿ are:

H;IZJ[L \5P Attributedto constantexpressionswhichcanonly betreatedasr-values.Con-
stantexpressionsneednot accessthe programstate,i.e. the valuesof stored
objects,in orderto beevaluated.

�RQ;SVL ]KP Attributedto non-constantexpressionswhich canonly betreatedasr-values.
Evaluationof non-constantexpressionsgenerallyrequiresaccessto the pro-
gramstate.

J2H;IZJ2���	L ^BP Attributed to non-constantexpressionsthat designateobjects and can be
treatedasl-values.

As hasbeendiscussedin Section7.3,thetypesthatcanbeattributedto expressionsarenotunique. UNIQUENESS

ISSUESThis is primarily theeffect of the implicit coercionrulesthataredefinedin Section8.1.15.Further-
more,for agiventyping judgementit maybepossibleto producedifferenttypingderivations.This is
a resultof thedistictionbetweenconstantandnon-constantexpressions,that is introducedin U 6.4of
thestandard.In all arithmeticoperationsthetyping rulesmustdistinguishbetweenconstantandnon-
constantvalues,i.e. expressionsof types H;IZJ_L \5P and �RQ5SVL \5P , aswasillustratedin theexamplegiven
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in Section7.3. As hasalreadybeenmentioned,the dynamicsemanticsthat correspondto different
possiblederivationsmustbeequal.

8.1.1 Primary expressions

The typing semanticsof primary expressionsis describedin U 6.3.1of the standard.As the reader
wouldexpect,typesof theform H;IZJ_L \5P areattributedto all kindsof constants,whereasstringliterals
andidentifiersdesignatingobjectshave typesof theform J2H;IZJ2���	L ^BP .

`ba-ced #�fhg-i�j(k
�	�9gl��������� mon a-p ��"o� (E1)FLOATING

CONSTANTS

`ba-ced #�fhg-i�jAq ‘F’ r�	�9gl��������� s-n.����� (E2)

`ba-ced #�fhg-i�j(q ‘L’ r�	�9gl��������� �,n��>t�uemon a�p �,"�� (E3)

Thetypeof afloatingconstantis determinedby its suffix, asstatedin U 6.1.3.1of thestandard.Absence
of a suffix makesit a doubleconstant.

`ba�ced #�fe
5i�j9k � `bv ".wx�,y_���.fe
5i 9� j d-zx` �2{>n.|}"~$ z " ` "��-�ofe
��b���,�-���N��n.�>t�ue�,�-�!� a � ` � t��-".m�ue�,n.�>t�ue�,�-���ei
�	��
���������  �� (E4)INTEGER

CONSTANTS

`ba-ced #�fe
5i�j9k �;� `bv "�w%�,y_���>fe
5i 9� j d-zx` �2{>n.|}"~$ z " ` "��-�ofe
��b���,�-��� a � ` � t��-"�moue�,�-���N�,n��>t�ue�,�-�!� a � ` � t���"�moue��n.�>t�ue�,�-�5�,i
�	��
����������  �� (E5)

`ba-ced #�fe
5i�j(q ‘U’ r  �� j d�zx` �2{>n.|�"�$ z " ` ".�-��fe
��2� a � ` � t��-"�moue�,�-��� a � ` � t��-"�moue�,n��>t�ue�,�-���,i
�	��
�1�������  �� (E6)

`ba-ced #�fe
5i�j(q ‘L’ r  �� j d�zx` �2{>n.|�"�$ z " ` ".�-��fe
��2���,n.�>t�ue�,�-�!� a � ` � t��-".m�ue�,n���t�ue�������,i
�	��
���������  �� (E7)

`ba-ced #�fe
5i�j(q ‘U’ � ‘L’ r  �� j d-z%` �2{>n�|}"�$ z " ` ".�-��fe
��b� a � ` � t��-".m�ue�,n.�>t�ue�,�-���ei
�	��
���������  �� (E8)

Thetypesof integerconstantsaresomewhatmorecomplicated,asstatedin U 6.1.3.2of thestandard.
They aredeterminednotonly by thesuffix, but alsoby thebaseof thesystemin which theconstantis
expressed.

$ z " d #1fe�2i�j9k
�	������������� ������� (E9)CHARACTER

CONSTANTS

$ z " d #1fe�2i�j(q ‘L’ r�	������������� �0wx�-� z �R� (E10)

Characterconstants,asstatedin U 6.1.3.4of thestandard,aredistinguishedin normalandwide.

$ z " d #1fh��i;j(k 
'j���".�>t��N��� c fh�.iK4�?
�	�9�C���,����� a "3� � z%z �b�8� n p�� � wx�-� z �N�-n.� a ��������
K��� (E11)STRING

L I TERALS
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$ z " d #1fh�.i�j(q ‘L’ r 
8jB�,"��>t��N��� c fh��i-4�?
�8�9�C�1������� a "*� � z%z �b�	� n p�� � �7w���� z �o�N�-n�� a �����h��
K��� (E12)

Stringliteralsarealsodistinguishedin normalandwide, asstatedin U 6.1.4of thestandard.They are
l-valuesof appropriatearraytypes.

�8���'���-n z y_���1� �5�
�	�������,����� a "3� �5� (E13) IDENTIFIERS

�8���'���-n z y_���1� g��
�	������".#%$:� g�� (E14)

�8���'��"�� a y_uew%n�� ` ��� 
-�
�'�(�6�1������� �,�-�.� (E15)

Identifiersthatarepresentin theenvironmentareattributedthetypesthattheenvironmentassociates
with them. Objectdesignatorsarel-values,functiondesignatorsarer-valuesandenumerationcon-
stantsareconstantvaluesof type int.

8.1.2 Postfix operators

Thetyping semanticsof postfixexpressionsis describedin U 6.3.2of thestandard.Postfixincrement
anddecrementoperatorsaredefinedin Section8.1.3.

�8� *( �3) + �0/ ) ���,����� a "*� �5�
�	���3) [ �0/ ] ���,����� a "*� �5� (E16) ARRAY

SUBSCRIPTS

As specifiedin U 6.3.2.1of thestandard,theconnectionbetweenarraysandpointersis obviousin the
definitionof thearraysubscriptingoperator. Its type relieson thecorrecttyping for indirectionand
theadditionoperator.

�8�����1"�#%$:� $;� z � cea �-w��  ����o����� �	� arguments �1� z t	� ����	��� ( arguments) ��".#%$:�  �� (E17) FUNCTION

CALLS

The typing rule for functioncalls is straightforward. The typesof actualargumentsmustmatchthe
typesof formalarguments,in thefunctionprototype.Thefollowing rulesdefinethetypingsemantics
for arguments.

�8���8��� z t	� �K��� (R1)

�(� j�"��,�,� $ ` � ` �K�
�8���'��� z t�� �o� (R2)

�8�����  �	� arguments ��� z t�� �o� �o¡3� j¢ &£9�
�	��� , arguments ��� z t�� �Z¡¤� (R3)

�8�����1"�#%$:�  !� �	� arguments ��� z t�� �o� �(� j¥".�,��� $ ` � ` � �  ¡ � j�� z t�¦ z n�y_n.�N"§ 
�	��� , arguments ��� z t	� �o� (R4)

A function’sargumentsaredistinguishedin two categories:thosepassedasparametersthatarespecif-
ically declaredin thefunction’s prototypeandthosepassedin theellipsispart.RulesR1andR3 treat
argumentsthatcorrespondto thefirst category, whereasrulesR2 andR4 treatargumentscorrespond-
ing to thesecondcategory. In thefirst category, argumentsareconvertedasif by assignmentto the
appropriateparametertype. In thesecondcategory, thedefault argumentpromotionsareapplied.
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�	�������,����� a "3� n pN� � ` � z%a w%��� ¨x�~©-���~ª2��� ©(�9���+« «+¡*� j¬� a ���,� c �@ª�«
�	�9� . �6�1������� a "*� « ¡ � (E18)MEMBER

OPERATORS

�	������".#%$:� ` � z%a w%��� ¨x�~©-��� ©(���+�'«  9� j�m����N� c �6«
�	�9� . ���".#%$:�  �� (E19)

�	�������,����� a "3� n pN� � a �-�,n��8� ¨x��©K���~ª2�¤� ©l���+��« «+¡*� j�� a ���,� c �:ª®«
�	��� . ����������� a "3� «+¡�� (E20)

�	������".#%$:� a �-�,n��8� ¨x�~©-��� ©(���+�+«  �� j¬mo���N� c �:«
�	�9� . �6�1"�#%$:�  !� (E21)

Thetyping rulesfor thedot operatordependon two independentfactors.Thefirst is whethertheleft
operandis a structureor a union; this factordoesnot affect the type of the whole expression.The
secondis whethertheleft operandis anl-value.If it is, theresultof theexpressionis alsoanl-value,
otherwiseit is not. Thus,four typing rulesfor thedotoperatorarenecessary.

�	������".#%$:� $�� z � n p�� � ` � z%a w%��� ¨���©-���~ª2����� ©(�9���'« «+¡*� j¬� a ���,� c �@ª�«
�	�9� -> �6�1������� a "*� «�¡¯� (E22)

�	������".#%$:� $�� z � n p�� � a �-�,n��8� ¨x�~©-���~ª2���¤� ©l���+��« « ¡ � j�� a ���,� c �:ª®«
�	��� -> ����������� a "3� «+¡�� (E23)

In thecaseof thearrow operator, on theotherhand,the resultis alwaysan l-value. Thereis only a
distinctionbetweenstructuresandunions.

8.1.3 Unary operators

Thetypingsemanticsof unaryoperatorsis describedin U 6.3.3of thestandard.

�	�������,����� a "3� «[� � `b° w%���,� z fe«8i � `b± n�mo� d � p �,"�fe«	i  �� j�mo���N� c �&«
�	��� ++ ��".#%$:�  �� (E24)POSTFIX

INCREMENT

�	�������,����� a "3� «[� � `b° w%���,� z fe«8i � `b± n�mo� d � p �,"�fe«	i  �� j�mo���N� c �&«
�	��� -- ��".#%$:�  �� (E25)POSTFIX

DECREMENT

�	�������,����� a "3� «[� � `b° w%���,� z fe«8i � `b± n�mo� d � p �,"�fe«	i  �� j�mo���N� c �&«
�	� ++ ����".#%$:�  �� (E26)PREFIX

INCREMENT

�	�������,����� a "3� «[� � `b° w%���,� z fe«8i � `b± n�mo� d � p �,"�fe«	i  �� j�mo���N� c �&«
�	� -- ����".#%$:�  �� (E27)PREFIX

DECREMENT

Incrementanddecrementoperatorscanbeappliedto modifiablel-valuesof scalartype. Theresultis
notanl-value.

�	�������,����� a "3� �5�
�	� &����".#%$:� $�� z � �5��� (E28)ADDRESS

OPERATOR

�	�9����"�#%$:� g��
�	� &����".#%$:� $�� z � g��¤� (E29)

Theaddressof anobjector functiondesignatoris attributedanappropriatepointertype. Noticethat
anobjectdesignatorhastype J2H;IZJ2���	L ²�P , i.e.bit-fieldsarenot allowed,andthata functiondesignator
hastype �RQ5SVL´³�P .
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�8�����1"�#%$:� $;� z � ���¤�
�	� * ���1������� a "*� �5� (E30) INDIRECTION

OPERATOR

�8�����1"�#%$:� $;� z � g����
�	� * ����"�#%$&� g�� (E31)

The indirectionoperatoris the inverseof theaddressoperator. Pointersto objectsandfunctionsare
takenbackto objectandfunctiondesignatorsrespectively.

�8�����1�������  �� � `�µ3z ���N�-y["��N�,w�f� Ki  ¡ � j¬�,�-�N¦ z n.y_n��N"G 
�'� + �����������  ¡ � (E32) UNARY PLUS

�8�����1"�#%$:�  !� � `�µ*z �,�N�-y_"��N�,w�f� Ki  �¡*� j��,�-�N¦ z n.y_n��N"M 
�'� + ����"�#%$&�  ¡ � (E33)

�8�����1�������  �� � `�µ3z ���N�-y["��N�,w�f� Ki  �¡3� j¬�,�-�N¦ z n.y_n��N"G 
�'� - �����������  �¡�� (E34) UNARY M INUS

�8�����1"�#%$:�  !� � `�µ*z �,�N�-y_"��N�,w�f� Ki  ¡ � j��,�-�N¦ z n.y_n��N"M 
�'� - ����"�#%$&�  ¡ � (E35)

Unarysignoperatorstake anarithmeticoperandandapplytheintegral promotions.They distinguish
betweenconstantandnon-constantoperands.

�8�����1�������  �� � `b¶ �-�N"�t z ����f� Zi  �¡3� j�������¦ z n�y[n��N"G 
�	�9·7�����������  �¡¤� (E36) BI TWISE

NEGATION

�8�����1"�#%$:�  !� � `b¶ �-�N"~t z ����f� Ki  �¡¸� j¬�,�-�N¦ z n.y_n��N"§ 
�	�9·7����".#%$:�  �¡�� (E37)

Thebitwisenegationoperatortakesan integral operandandapply the integral promotions.It distin-
guishesbetweenconstantandnon-constantoperands.

�8��� == ¹ ��º�	� ! ���1º (E38) LOGICAL

NEGATION

Thelogical negationoperatoris definedin termsof theequalityoperator;a zerovalueis taken to be
thefalsetruthvaluein C.

�8�����1������� a "*� «[� �5� `b» �,� d "��,m*fe«8i
�	� sizeof ����������� ` �,¼2" �.� (E39) SI ZEOF

OPERATOR

�	������"�#%$&� g��
�8� sizeof ����½ (E40)

�8�����1"�#%$:�  !� � `�¾ n.y¸$���".�N"�f� Ki
�	� sizeof ����������� ` �,¼2" �.� (E41)

�	��¿¥À�� � `�¾ n�y¸$��,"��N"�fe�1i
�8� sizeof ( ¿ ) ��������� ` �,¼2" ��� (E42)

Thesizeofoperatorcomesin two flavours. Thefirst flavour takesanexpressionasits operand.The
expressionmustnot bea functiondesignator. It mustalsobeof a complete,nonbit-field type. Three
typing rulesareneededto definetheserequirements;rule E40 is neededto invalidatefunctiondes-
ignatorsbecauseof their implicit coercionC4 to functionpointers.Thesecondflavour of thesizeof
operatortakes a type nameas its operand. Again, the type that is denotedby the namemust be
complete.
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8.1.4 Castoperators

Thetypingsemanticsof castoperatorsis describedin U 6.3.4of thestandard.

�	������".#%$:� Á>� �	��¿�À¥n pN� � ��n��,m7�Nª��
�	� ( ¿ ) ����".#%$:� ��n.��m�� (E43)

Expressionsof any typecanbecastto a qualifiedor unqualifiedversionof thetypevoid.

�	�����������1�  �� � `b° wx����� z f� Ki �	��¿�À�� ¡ � `b° wx����� z fe� ¡ i  ¡ � j�m������ c �&� ¡
�	� ( ¿ ) ���������1�  ¡ � (E44)

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	��¿¥À¬� ¡ � `b° w%���,� z fe� ¡ i  ¡ � j�mo���N� c �:� ¡
�	� ( ¿ ) ����"�#%$:�  ¡ � (E45)

Otherwise,thetype \ of theoperandandthespecifiedtargettype \;Â mustbebothscalar. A distinction
is madebetweenconstantandnon-constantoperands.

8.1.5 Multiplicati veoperators

Thetypingsemanticsof multiplicative operatorsis describedin U 6.3.5of thestandard.

�8��� ) ���������  ) � �8��� / ���������  / �� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�	���*) * �0/	���������  ¡ � (E46)MULTIPLICA-

TION

�8�9� ) ��"�#%$&�  ) � �'�(� / ��"�#%$&�  / �� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�	�9�*) * �0/	��"�#%$&�  ¡ � (E47)

�8��� ) ���������  ) � �8��� / ���������  / �� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�	���*) / �0/	���������  ¡ � (E48)DIV ISION

�8�9� ) ��"�#%$&�  ) � �'�(� / ��"�#%$&�  / �� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�	�9�*) / �0/	��"�#%$&�  ¡ � (E49)

The multiplication anddivision operatorsarevery similar. They take two arithmeticoperandsand
applytheusualarithmeticconversions.They distinguishbetweenconstantandnon-constantvalues.

�	���*)+���������  .)~� �	�9�0/����������  b/x�� `b¶ �-�N"~t z ����f� �)%i � `b¶ �-�N"~t z ����f� b/bi  ¡ � j�� z �,�N� ¾ n��-�8Ã� .)��~ b/bÄ
�	�9� ) %� / ���������  �¡¤� (E50)MODULO

OPERATOR

�	���*)+��"�#%$&�  .)~� �	���7/���"�#%$:�  �/x�� `b¶ �-�N"~t z ����f� ) i � `b¶ �-�N"~t z ����f� / i  �¡*� j�� z �,�N� ¾ n��-�8Ã� ) �~ / Ä
�	��� ) %� / ��"�#%$&�  �¡¤� (E51)

Themodulooperatoris similar to themultiplicationanddivisionoperators,with theexceptionthatits
operandsmustbeintegral.
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8.1.6 Additi ve operators

Thetypingsemanticsof additive operatorsis describedin U 6.3.6of thestandard.

�	��� ) ���������  ) � �	��� / ���������  / �� `�µ3z ���N�-y["��N�,w�f� .)xi � `�µ3z �,�N�-y_".���,w5f� �/bi  ¡ � j¥� z �,�N� ¾ n����'Ã� .)��� b/bÄ
�	���*) + �0/����������  ¡ � (E52) ADDITION

�	��� ) ��".#%$:�  ) � �	��� / ��"�#%$&�  / �� `�µ3z ���N�-y["��N�,w�f� .)xi � `�µ3z �,�N�-y_".���,w5f� �/bi  ¡ � j¥� z �,�N� ¾ n����'Ã� .)��� b/bÄ
�'�9�*) + �0/���"�#%$&�  ¡ � (E53)

�8��� ) ��"�#%$:� $;� z � � ) ��� �	�9� / ��"�#%$&�  / � � `�¾ n�y¸$��,"��N"�fe� ) i � `b¶ ����"�t z ����f� / i
�	��� ) + � / ��"�#%$&� $�� z � � ) ��� (E54)

�8���3)'��"�#%$:�  �)~� �	���7/	��".#%$:� $�� z � ��/x��� � `b¶ �-�N"~t z ����f� �)%i � `�¾ n.y¸$���".�N"�fe��/bi
�	���*) + �0/	��"�#%$&� $�� z � ��/%��� (E55)

Whentwo arithmeticoperandsareadded,theusualarithmeticconversionsareappliedandadistinction
is madebetweenconstantandnon-constantvalues.Thelasttwo rulesaresymmetric,with respectto
theorderof thetwo operandsanddefinethetyping of pointerarithmetic.Theoneoperandmustbea
pointerto acompleteobjecttype,whereasthesecondmustbeof anintegral type.

�	���3)����������  .)~� �	���0/	���������  b/x�� `�µ3z ���N�-y["��N�,w�f� ) i � `�µ3z �,�N�-y_".���,w5f� / i  �¡*� j¥� z �,�N� ¾ n����'Ã� ) �� / Ä
�	��� ) - � / ���������  �¡¤� (E56) SUBTRACTION

�	���*)+��".#%$:�  .)~� �	���0/	��"�#%$&�  b/x�� `�µ3z ���N�-y["��N�,w�f� ) i � `�µ3z �,�N�-y_".���,w5f� / i  �¡*� j¥� z �,�N� ¾ n����'Ã� ) �� / Ä
�'�9� ) - � / ��"�#%$&�  �¡�� (E57)

�8���3)'��"�#%$:� $;� z � ��)���� �	�9�0/	��"�#%$&�  b/x� � `�¾ n�y¸$��,"��N"�fe��)%i � `b¶ ����"�t z ����f� b/bi
�	���*) - �0/	��"�#%$&� $�� z � ��)���� (E58)

�	�9� ) ��"�#%$&� $;� z � � ) ��� �	��� / ��".#%$:� $�� z � � / ���� `�¾ n�y*$;�,"��N"�fe��)xi � `�¾ n.y¸$;�,".��"�fe��/2i � `�¾ n�y¸$����N� p �,"oÅ a ���!fe��)��~��/2i
�	���3) - �0/	��"�#%$:� $;� z m�� cec �R� (E59)

The typing rulesfor subtractionaresimilar to the onesfor addition. The differencelies on the last
rule. Pointersubtractionis not symmetricwith respectto the orderof the two operands.Operands
of integral typesmaybesubtractedfrom pointersto completetypes,but not vice versa.However, as
specifiedby thelastrule,two pointersto completetypesmaybesubtracted,onconditionthatthetypes
arecompatibleignoringqualifiers.Theresultis of type S¸����ÆKENÇ~Ç � .

8.1.7 Bitwise shift operators

Thetypingsemanticsof bitwiseshift operatorsis describedin U 6.3.7of thestandard.

�	��� ) ���������  ) � �	��� / ���������  / �� `�µ3z ���N�-y["��N�,w�f� .)xi � `�µ3z �,�N�-y_".���,w5f� �/bi  ¡) � j��,�-�N¦ z n�y_n.��"§ .)  ¡/ � j¬������¦ z n�y[n��N"G b/
�	���3) << �7/8�1�������  ¡) � (E60) LEFT SHIFT
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�8�(�*)+��"�#%$:�  �)~� �8���7/���"�#%$:�  �/x�� `�µ3z �,�N�-y_".�N��w5f� ) i � `�µ*z �,�N�-y_"��N�,w;f� / i  �¡) � j��,�-�N¦ z n.y_n��N"M )  �¡/ � j¥�,�-�N¦ z n�y_n.�N"G /
�	��� ) << � / ��".#%$:�  �¡) � (E61)

�'�9�*)'���������  .)~� �'�9�0/����������  b/x�� `�µ3z �,�N�-y_".�N��w5f� ) i � `�µ*z �,�N�-y_"��N�,w;f� / i  ¡) � j��,�-�N¦ z n.y_n��N"M )  ¡/ � j¥�,�-�N¦ z n�y_n.�N"G /
�	��� ) >> � / ���������  �¡) � (E62)RIGHT SHIFT

�8�(�*)+��"�#%$:�  �)~� �8���7/���"�#%$:�  �/x�� `�µ3z �,�N�-y_".�N��w5f� ) i � `�µ*z �,�N�-y_"��N�,w;f� / i  �¡) � j��,�-�N¦ z n.y_n��N"M )  �¡/ � j¥�,�-�N¦ z n�y_n.�N"G /
�	��� ) >> � / ��".#%$:�  ¡) � (E63)

Typing rulesfor left andright bitwiseshift operatorsarevery similar. They take arithmeticoperands
and apply the integral promotionsto both operands.They distinguishbetweenconstantand non-
constantvalues.

8.1.8 Relational operators

Thetypingsemanticsof relationaloperatorsis describedin U 6.3.8of thestandard.

�8���*)'���������  .)~� �8���0/����������  �/x�� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�	�9� ) < � / ��������� ������� (E64)LESS THAN

�8�9�*)+��"�#%$&�  .)~� �'�(�0/	��"�#%$&�  b/x�� `�µ3z �,�N�-y_".�N��w5f� ) i � `�µ*z �,�N�-y_"��N�,w;f� / i  �¡*� j¥� z �,�N� ¾ n����+Ã� ) �� / Ä
�	��� ) < � / ��"�#%$&� �,�-��� (E65)

�	���3)��1"�#%$:� $;� z � ��)~�¤� �	�9�0/	��"�#%$:� $;� z � ��/x��� � `�¾ n.y¸$;���N� p �,"oÅ a ����fe��)b�~��/2i
�	���*) < �0/	��".#%$:� �,�-�.� (E66)

�8���*)'���������  .)~� �8���0/����������  �/x�� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�	�9�*) > �0/	��������� ������� (E67)GREATER

THAN

�8�9� ) ��"�#%$&�  ) � �'�(� / ��"�#%$&�  / �� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�	���3) > �0/	��"�#%$&� �,�-��� (E68)

�	��� ) �1"�#%$:� $;� z � � ) �¤� �	�9� / ��"�#%$:� $;� z � � / ��� � `�¾ n.y¸$;���N� p �,"oÅ a ����fe� ) �~� / i
�	��� ) > � / ��".#%$:� �,�-�.� (E69)

�8���*)'���������  .)~� �8���0/����������  �/x�� `�µ3z �,�N�-y_".�N��w5f� ) i � `�µ*z �,�N�-y_"��N�,w;f� / i  ¡ � j¥� z �,�N� ¾ n����+Ã� ) �� / Ä
�8�9� ) <= � / ��������� �,�-��� (E70)LESS OR

EQUAL

�8�9�*)+��"�#%$&�  .)~� �'�(�0/	��"�#%$&�  b/x�� `�µ3z �,�N�-y_".�N��w5f� ) i � `�µ*z �,�N�-y_"��N�,w;f� / i  �¡*� j¥� z �,�N� ¾ n����+Ã� ) �� / Ä
�	��� ) <= � / ��".#%$:� �,�-�.� (E71)

�	���3)��1"�#%$:� $;� z � ��)~�¤� �	�9�0/	��"�#%$:� $;� z � ��/x��� � `�¾ n.y¸$;���N� p �,"oÅ a ����fe��)b�~��/2i
�	���3) <= �0/	��"�#%$:� ������� (E72)

�8���*)'���������  .)~� �8���0/����������  �/x�� `�µ3z �,�N�-y_".�N��w5f� .)�i � `�µ*z �,�N�-y_"��N�,w;f� �/bi  ¡ � j¥� z �,�N� ¾ n����+Ã� .)b�� b/%Ä
�8�9�3) >= �7/	��������� �,�-��� (E73)GREATER OR

EQUAL
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�	���*)+��".#%$:�  .)~� �	���0/	��"�#%$&�  b/x�� `�µ3z ���N�-y["��N�,w�f� ) i � `�µ3z �,�N�-y_".���,w5f� / i  �¡*� j¥� z �,�N� ¾ n����'Ã� ) �� / Ä
�	���*) >= �7/8��".#%$:� �,�-�.� (E74)

�8���3)'��"�#%$:� $;� z � ��)���� �	�9�0/	��"�#%$&� $;� z � ��/x��� � `�¾ n.y¸$;���N� p �,"oÅ a ���!fe��)��~��/2i
�	���3) >= �0/	��"�#%$&� �,�-��� (E75)

Typing rulesfor all relationaloperatorsarevery similar. The operandsmay eitherbe arithmeticor
pointersto objecttypes,whichmustbecompatibleignoringqualifiers.

8.1.9 Equality operators

Thetypingsemanticsof equalityoperatorsis describedin U 6.3.9of thestandard.

�	���3)����������  .)~� �	���0/	���������  b/x�� `�µ3z ���N�-y["��N�,w�f� ) i � `�µ3z �,�N�-y_".���,w5f� / i  �¡*� j¥� z �,�N� ¾ n����'Ã� ) �� / Ä
�	��� ) == � / �������1� �,�-�.� (E76) EQUALITY

�	��� ) ��".#%$:�  ) � �	��� / ��"�#%$&�  / �� `�µ3z ���N�-y["��N�,w�f� .)xi � `�µ3z �,�N�-y_".���,w5f� �/bi  ¡ � j¥� z �,�N� ¾ n����'Ã� .)��� b/bÄ
�	��� ) == � / ��".#%$:� �,�-�.� (E77)

If theoperandsareof arithmetictype,theequalityoperatorsimplydinstiguishesbetweenconstantand
non-constantvalues.
�8��� ) ��"�#%$:� $;� z � È ) ��� �	��� / ��"�#%$&� $�� z � È / ��� � `�¾ n�y¸$����N� p �,"ZÅ a ���!f�È ) ��È / i

�	��� ) == � / ��".#%$:� �,�-�.� (E78)

Pointersto objector functiontypesmaybecomparedfor equality. Thepointedtypesmustbecompat-
ible ignoringqualifiers.

�8��� ) ��"�#%$:� $;� z � � ) ��� �	�9� / ��"�#%$&� $;� z � n pN� � ��n��,m0�~ª������
�	��� ) == � / ��".#%$:� �,�-�.� (E79)

�8��� ) ��"�#%$:� $;� z � n p�� � ��n��,m��~ª2�¤��� �	��� / ��"�#%$&� $�� z � � / ���
�	��� ) == � / ��".#%$:� �,�-�.� (E80)

A pointerto any objecttypemaybecomparedfor equalityto a pointerto a qualifiedor unqualified
versionof void.
�8��� ) ��"�#%$:� $;� z � È ) ��� �	��� / j NULL�	�9�*) == �0/	��"�#%$&� �,�-��� (E81)

�8��� ) j NULL �	��� / ��"�#%$&� $�� z � È / ���
�	�9�*) == �0/	��"�#%$&� �,�-��� (E82)

A pointerto any objector functiontypemaybecomparedfor equalityto a null pointerconstant.

�	���3)����������  .)~� �	���0/	���������  b/x�� `�µ3z ���N�-y["��N�,w�f� ) i � `�µ3z �,�N�-y_".���,w5f� / i  �¡*� j¥� z �,�N� ¾ n����'Ã� ) �� / Ä
�	��� ) != � / �������1� �,�-�.� (E83) INEQUALITY

�	��� ) ��".#%$:�  ) � �	��� / ��"�#%$&�  / �� `�µ3z ���N�-y["��N�,w�f� .)xi � `�µ3z �,�N�-y_".���,w5f� �/bi  ¡ � j¥� z �,�N� ¾ n����'Ã� .)��� b/bÄ
�	��� ) != � / ��".#%$:� �,�-�.� (E84)
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�	���3)��1"�#%$:� $;� z � È;)~��� �	���0/	��"�#%$&� $�� z � È�/x��� � `�¾ n�y¸$����N� p �,"oÅ a ���!f�È;)��~È�/2i
�	���*) != �7/8��".#%$:� �,�-�.� (E85)

�	���3)��1"�#%$:� $;� z � ��)~�¤� �	�9�0/	��"�#%$:� $;� z � n pN� � ��n��,m��~ª2�¤���
�	���*) != �0/	��".#%$:� �,�-�.� (E86)

�	���3)��1"�#%$:� $;� z � n p�� � ��n.�,m���ª2�¤��� �'�(�0/	��"�#%$&� $;� z � ��/%���
�	���*) != �0/	��".#%$:� �,�-�.� (E87)

�	���3)��1"�#%$:� $;� z � È;)~��� �	���0/+j NULL�8���3) != �0/	��"�#%$&� �,�-��� (E88)

�	���3)Mj NULL �	�9�0/���"�#%$&� $;� z � È�/x���
�8���3) != �0/	��"�#%$&� �,�-��� (E89)

Typingrulesfor theinequalityoperatorareverysimilar to thosefor theequalityoperator.

8.1.10 Bitwise logical operators

The typing semanticsof bitwise logical operatorsis describedin U�U 6.3.10,6.3.11and6.3.12of the
standard.

�	���*)+���������  .)~� �	�9�0/����������  b/x�� `b¶ �-�N"~t z ����f� �)%i � `b¶ �-�N"~t z ����f� b/bi  ¡ � j�� z �,�N� ¾ n��-�8Ã� .)��~ b/bÄ
�	�9� ) &� / ���������  �¡¤� (E90)BI TWISE

CONJUNCTION

�	��� ) ��"�#%$&�  ) � �	��� / ��"�#%$:�  / �� `b¶ �-�N"~t z ����f� �)%i � `b¶ �-�N"~t z ����f� b/bi  ¡ � j�� z �,�N� ¾ n��-�8Ã� .)��~ b/bÄ
�	���3) &�0/	��"�#%$&�  ¡ � (E91)

�	��� ) ���������  ) � �	�9� / ���������  / �� `b¶ �-�N"~t z ����f� �)%i � `b¶ �-�N"~t z ����f� b/bi  ¡ � j�� z �,�N� ¾ n��-�8Ã� .)��~ b/bÄ
�	�9�*) | �0/	���������  ¡ � (E92)BI TWISE

DISJUNCTION

�	���*)+��"�#%$&�  .)~� �	���7/���"�#%$:�  �/x�� `b¶ �-�N"~t z ����f� ) i � `b¶ �-�N"~t z ����f� / i  �¡*� j�� z �,�N� ¾ n��-�8Ã� ) �~ / Ä
�	���3) | �0/	��"�#%$&�  ¡ � (E93)

�	���*)+���������  .)~� �	�9�0/����������  b/x�� `b¶ �-�N"~t z ����f� ) i � `b¶ �-�N"~t z ����f� / i  �¡*� j�� z �,�N� ¾ n��-�8Ã� ) �~ / Ä
�	�9� ) ˆ � / ���������  �¡¤� (E94)BI TWISE

EXCLUSIVE

DISJUNCTION �	��� ) ��"�#%$&�  ) � �	��� / ��"�#%$:�  / �� `b¶ �-�N"~t z ����f� �)%i � `b¶ �-�N"~t z ����f� b/bi  ¡ � j�� z �,�N� ¾ n��-�8Ã� .)��~ b/bÄ
�	���3) ˆ �0/	��"�#%$&�  ¡ � (E95)

Thetypingrulesfor bitwiselogicaloperatorsareverysimilar. Bothoperandsmustbeof integral types
andthe usualarithmeticconversionsareapplied. A distinctionbetweenconstantandnon-constant
valuesis made.

8.1.11 Logical operators

The typing semanticsof logical operatorsis describedin U�U 6.3.13and6.3.14of the standard.The
typingrulesaresomewhatperplexedby theshort-circuitsemanticsof thetwo operators.All operands
mustbeof scalartype.
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�8���3)'���������  .)~� �8���0/����������  �/x� � `b° w%���,� z f� .)�i � `b° w%���,� z f� b/bi
�8���3) &&�0/	��������� �,�-�.� (E96) LOGICAL

CONJUNCTION

If bothoperandsto the logical conjunctionoperatorareconstantvalues,the resultis alsoa constant
value.

�	���*)+���������  .)~� �	���7/8�1"�#%$:�  �/x�� `b° wx����� z f� .)xi � `b° w%���,� z f� �/2i �5w��-".w�É » n�n.��".����Ê�ËRf~� �e�*)�� �-�.i
�	���*) &&�7/8�������1� �,�-��� (E97)

If theleft operandis aconstantvaluethatevaluatesto zero,theresultis aconstantvalue.It will alsobe
zero,asis specifiedby thedynamicsemanticsfor the logical conjunctionoperator. This rule reflects
theshort-circuitsemantics.
�8��� ) ��"�#%$:�  ) � �	��� / ��".#%$:�  / � � `b° w%���,� z f� ) i � `b° wx���,� z f� / i

�	�9� ) &&� / ��"�#%$&� �,�-��� (E98)

Finally, if bothoperandsarenon-constantvalues,theresultis alsoanon-constantvalue.

�8���3)'���������  .)~� �8���0/����������  �/x� � `b° w%���,� z f� .)�i � `b° w%���,� z f� b/bi
�8���3) || �0/	��������� �,�-�.� (E99) LOGICAL

DISJUNCTION�	���3)��1�������  .)~� �	���0/	��"�#%$&�  b/x�� `b° wx����� z f� ) i � `b° w%���,� z f� / i w��-".w�É » n�n��,".��� Ê�Ë f~� �,� ) � ���.i
�8��� ) || � / ��������� �,�-��� (E100)

�8���3)'��"�#%$:�  �)~� �	���7/	��".#%$:�  b/x� � `b° w%���,� z f� .)%i � `b° wx���,� z f� b/bi
�	�9� ) || � / ��"�#%$&� �,�-��� (E101)

Thetypingrulesfor thelogicaldisjunctionoperatoraresimilar to theonesfor thelogicalconjunction.
Theonly differenceis in theshort-circuitsemantics:theresultvalueis known to bea constantif the
valueof theleft operandis constantandnon-zero.

8.1.12 Conditional operator

Thetyping semanticsof theconditionaloperatoris describedin U 6.3.15of thestandard.Thetyping
rulesareagainsomewhatperplexedby theshort-circuitsemantics,in thecaseof arithmeticoperands.
Thefirst operandmustalwaysbeof scalartype.

�	�������������  �� � `b° w%���,� z f� Zi �	���3)'���������  .)~� �	�9�0/	��"�#%$&�  b/x�� `�µ3z ���N�-y["��N�,w�f� .)xi � `�µ3z �,�N�-y_".���,w5f� �/bi  ¡ � j¥� z �,�N� ¾ n����'Ã� .)��� b/bÄ w���"�w�É » n�n.�,"����®Êof~� ����� �-�.i
�	��� ? �*) : �0/	���������  ¡ � (E102)

�	�9�����������  �� � `b° w%���,� z f� Zi �	���*)'��"�#%$&�  .)~� �	���0/	���������  b/��� `�µ3z ���N�-y["��N�,w�f� ) i � `�µ3z �,�N�-y_".���,w5f� / i  �¡*� j¥� z �,�N� ¾ n����'Ã� ) �� / Ä �5wx�-"�wxÉ » n.n��,"���� Ê f~� �e�[� �-�.i
�	�9� ? � ) : � / ���������  �¡¤� (E103)

�8�����1"�#%$:�  !� � `b° w%���,� z f� Ki �	���3)'��"�#%$:�  �)~� �	���7/8��".#%$:�  b/x�� `�µ3z �,�N�-y_".���,w5f� ) i � `�µ3z �,�N�-y_".���,w5f� / i  ¡ � j¬� z �,��� ¾ n.�-�'Ã� ) �� / Ä
�	��� ? � ) : � / �1"�#%$:�  �¡¤� (E104)

Whenthesecondandthird operandsarearithmetic,theusualarithmeticconversionsareapplied.The
resultmayonly bea constantvaluein two cases:(i) if thefirst operandis a constantzerovalueand
thethird operandis alsoconstant,asspecifiedby thefirst rule; or (ii) if thefirst operandis a constant
non-zerovalueandthesecondoperandis alsoconstant,asspecifiedby thesecondrule. Thethird rule
coversall othercases.
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�	������".#%$:�  �� � `b° w%���,� z f� Ki �	���3)��1"�#%$:� ` � z%a w%��� ¨x�~©-��� �	���0/	��"�#%$&� ` � zxa wx��� ¨x��©K���
�	��� ? �*) : �0/	��"�#%$&� ` � zxa wx��� ¨x��©K��� (E105)

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	���3)��1"�#%$:� a �-�,n��'� ¨x��©K��� �	���0/	��".#%$:� a ����n.�8� ¨���©-���
�	�9� ? �*) : �0/	��"�#%$&� a �-�,n.�'� ¨���©K�¤� (E106)

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	��� ) �1"�#%$:� ��n��,m1� �	��� / ��".#%$:� ��n.��m��
�	��� ? � ) : � / �1"�#%$:� ��n��,m1� (E107)

If thesecondandthird operandsareof thesamestructureor uniontype1 or of typevoid, theresultis
of thesametype.

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	���3)��1"�#%$:� $;� z � È;)N��� �	���0/	��"�#%$&� $�� z � È�/x���� `�¾ n.y¸$����N� p �,"oÅ a ���!f�È�)%��È�/2i È ¡ � j�wxn.y¸$;n ` �,��"ZÅ a ���3Ã�È;)b��È�/�Ä
�	�9� ? � ) : � / ��".#%$:� $�� z � ÈK¡¤��� (E108)

Thesecondandthird operandsmaybepointersto compatibleobjector functiontypes,ignoringqual-
ifiers. In thiscase,theresulthasthecompositetype.

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	��� ) �1"�#%$:� $;� z � È ) ��� �	��� / j NULL�	��� ? �3) : �0/���"�#%$&� $;� z � È;)~��� (E109)

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	���3)Mj NULL �	�9�0/	��"�#%$&� $;� z � È�/x���
�	��� ? � ) : � / ��"�#%$&� $;� z � È / ��� (E110)

Thesecondoperandmaybeanull pointerconstant;in thiscasethethird operandmaybeapointerto
anobjector functiontypeandtheresultis of thesametype.Thesameappliessymmetrically.

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	��� ) �1"�#%$:� $;� z � � ) �¤� �8�(� / ��"�#%$:� $;� z � n p�� � ��n��,m��~ª / �����ªR)�jCt�".�2Å a ���,� d " z ��) ��Ì���0/'j NULL�	��� ? �3) : �0/	��"�#%$:� $;� z � n p�� � ��n��,m��~ªR)�Íª2/x����� (E111)

�	������".#%$:�  �� � `b° w%���,� z f� Ki �	��� ) �1"�#%$:� $;� z � n p�� � ��n.�,m��~ª ) ����� �	��� / ��".#%$:� $�� z � � / ����BÌ���3)Mj NULL ª2/�j�t�".�bÅ a ����� d " z ��/
�	��� ? �3) : �0/	��"�#%$:� $;� z � n p�� � ��n��,m��~ªR)�Íª2/x����� (E112)

Finally, thesecondoperandmaybeapointerto a qualifiedor unqualifiedversionof void; in this case
thethird operandmaybea pointerto anobjecttypeandtheresultis a pointerto void, qualifiedwith
all thequalifiersof thetwo operands.Thesameappliessymmetrically. Thevoidpointeroperandmust
notbea null pointerconstant,in orderto disambiguatethesetwo rulesfrom theprevioustwo.

8.1.13 Assignmentoperators

Thetypingsemanticsof assignmentoperatorsis describedin U 6.3.16of thestandard.

�	���3)��1������� a "*� «[� � `b± n.m�� d � p �,"�fe«8i  9� j�m����N� c �&« �	���0/+�Î 
�	���*) = �7/8��".#%$:�  �� (E113)SIMPLE

ASSIGNMENT

Theleft operandin a simpleassignmentmustbea modifiablel-valueandtheright operandmustbe
assignableto thetypeof theleft operand.
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�8���3) = �3) op �0/	��"�#%$&�  ���	���3) op= �0/	��"�#%$6�  �� (E114) COMPOSITE

ASSIGNMENT

The typing of compositeassignmentsis definedin termsof the typing of simpleassignments.The
typingrulesfor thecorrespondingbinaryoperatorsguaranteethattheoperandshavearithmetictypes,
appropriatefor eachoperator.

8.1.14 Commaoperator

Thetypingsemanticsof thecommaoperatoris describedin U 6.3.17of thestandard.

�8���3)'��"�#%$:�  �)~� �	���7/	��".#%$:�  b/x�
�8���3) , �7/���"�#%$:�  �/x� (E115)

The type of left operanddoesnot affect the type of the result. However, both operandsmust be
expressionsandtheresultis notanl-value,a functiondesignatoror aconstantexpression.Thelastis
specifiedin U 6.4of thestandard.

8.1.15 Implicit coercions

A numberof implicit coercionsarespecifiedin U 6.2of thestandard.Thesecoercionsareexpressedby
meansof inferencerules,whichattribute“additional” typesfor expressions,e.g.in thepresenceof the
declaration“ int x; ”, expression“x ” canhave type J2H;IZJ2���	L´ÏKÐRÑ	L ENFO�5Ò~FOÏKÓ1��IZJoPeP but also �RQ;SVL E�FG��P ,
asspecifiedby inferenceruleC1. Thefirst wouldbeusedif “x ” wastheleft operandof anassignment,
whereasthesecondwouldwouldbeusedin mostotherplaces.

�8�����1������� a "*� n pN� �  !��ª���� � `�¾ n.y¸$;�,".��"�f� Zi
�8������"�#%$&�  �� (C1)

As specifiedin U 6.2.2.1of the standard,an l-valuethat doesnot have arraytype is convertedto the
value storedin the designatedobject, except when an l-value is explicitly requiredby the typing
semanticsof a particularoperator. Theassumptionthatobjectstypesarecompleteis implicit in the
standard.

�8�����1������� a "*� � z%z �b�	� ����
-���
�	������".#%$:� $�� z � �5��� (C2)

Similarly, l-valuesof array typesareconvertedto pointersto arrayelements,asspecifiedagainin
U 6.2.2.1of thestandard.

�8�����1������� a "*� p �,� d "��,m8� Ô���ª!�~
K���  �j¥mo���N� c �:Ô
�	������".#%$:�  �� (C3)

This implicit coercionis specifiedin U 6.2.1.1of thestandard.Accordingto it, bit-fieldsmaybeused
in expressionswhenever thecorrespondingintegertypesmaybeused.

�	������".#%$:� g��
�8�����1"�#%$:� $;� z � g���� (C4)

In U 6.2.2.1of thestandardit is specifiedthat functiondesignatorsareconvertedto pointersto func-
tions.2
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�	�9�����������  ��
�	������".#%$:�  �� (C5)

Finally, animplicit coercionthatis notspecifiedin thestandardbut is anecessaryonefor theproposed
typesystems.Expressionswith constantvaluescanbeconsideredasexpressionswith non-constant
values.Thus,expression“1” canbeattributedtype H;IZJ[L ENFO��P , but also �RQ;S�L ENFO��P .

8.2 Auxiliary rules

A numberof auxiliary rules is usedto definethe typing semanticsof auxiliary typing judgements,
whichareusedin orderto simplify themaintyping rules.Mostof theserulesareverysimplydefined
in termsof predicates,staticdomainfunctionsor othertyping judgements.

8.2.1 Typing fr om declarationsÕ � j¬�!� ���,mo"��
�8���'� Õ (T1)

An identifier Ö declaredin anenvironment ü is simplyattributedtheidentifiertype × that ü associates
with it.

«Ø� j¢©�� �R�
©(�9���+« (T2)

Thecaseof identifiersdeclaredin memberenvironmentsis similar. They areattributedthemember
typesassociatedwith themby thememberenvironments.

8.2.2 Typenames
ÈA� jÙq¤Ú´¿_Úr ��	��¿¥À¬È (T3)

Thetypethat is denotedby a typenameÛ in a typeenvironment ü is simply thedenotabletypethat
resultsfrom applyingthestaticmeaningof Û to ü .

8.2.3 Assignmentrules

This setof rulesdefineswhenexpressionW is “assignable”to a datatype \ . Thedefinition is taken
from U 6.3.16.1of the standard.Oneshouldkeepin mind that W is the right operandin a simple
assignment,whereas\ is the datatypeof anobjectthat will storethe valueof W . Whetherthe left
operandof theassignmentis indeedamodifiablel-valueis not theissueat thispoint.

�	������".#%$:�  �� � `�µ*z �,�N�-y_"��N�,w�f� Ki � `�µ3z �,�N�-y_".�N��w5f� ¡ i
�8�����  ¡ (A1)

An expressionof arithmentictype \ canbeassignedto anobjectof any arithmetictype \;Â .
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�8�����1"�#%$:�  !� � `�¾ n.y¸$���".�N"�f� Ki
�	�����Î (A2)

An expressionof type \ canbeassignedto anobjectof thesametype,providedthat it is a complete
type.

�	������".#%$:� $�� z � ÈZ�¤� � `�¾ n.y¸$����N� p �,"oÅ a ����f�È;��ÈK¡eiª*j�t�".�bÅ a ����� d " z È ª ¡ j�t�"��2Å a ���,� d " z È ¡ ªOÜ�ª ¡
�	�����X$�� z � È ¡ � (A3)

A pointerto a type Ý canbeassignedto anobjectof typepointerto Ý�Â on conditionthat Ý and Ý1Â are
compatible,ignoringqualifiers,andthatall qualifiersin Ý arepresentin Ý Â .
�8�����1"�#%$:� $;� z � ���¤� ª3j�t�".�2Å a ���,� d " z � ªOÜª ¡

�	�����Þ$;� z � n p�� � ��n.�,m��~ª ¡ ��� (A4)

�8�����1"�#%$:� $;� z � n p�� � ��n.�,m0�~ª2�¤��� ª ¡ j�t�"��2Å a ���,� d " z � ¡ ªGÜª ¡
�	�����ß$�� z � � ¡ � (A5)

A pointerto atype Ý canbeassignedto anobjectof typepointerto (possiblyqualified)void, andvice
versa. The conditionagainthat mustbe satisfiedis that the type pointedby the left operandof the
assignmentshouldincludeall qualifiersof thetypepointedby theright operand.

�	����j NULL�8�����Þ$;� z � È ¡ � (A6)

A null pointerconstantcanbeassignedto any pointertype.

8.2.4 Null pointer constants
�8�����1�������  �� � `b¶ �-�N"�t z ����f� Zi �5w���"�w�É » n�n.�,"����®Êof~� �,��� �-�.i

�	����j NULL
(N1)

�8�����1�������  �� � `b¶ �-�N"�t z ����f� Zi �5w���"�w�É » n�n.�,"����®Êof~� �,��� �-�.i �	��¿¥À�n pN� � ��n��,m��N�-n.� a �����
�	� ( ¿ ) ��j NULL

(N2)

As specifiedin U 6.2.2.3of thestandard,anintegral constantexpressionthatevaluatesto zero,or such
anexpressioncastto type“void * ”, is anull pointerconstant.

1 SeedeviationD-11 in Section2.3.
2 Theonly exceptionhereis thesizeofoperator, whosetypingsemanticsin ruleE40preventsthis implicit coercion.





Chapter 9

Typing semanticsof declarations

Thischaptercontainsthetyping rulesfor declarations,i.e. inferencerulesaimingprimarily at associ- CHAPTER

OVERVIEWatingdeclarationsandrelatedphraseswith phrasetypesby meansof formal typing derivations.The
typing rulesfor externaldeclarationsaredefinedin Section9.1,whereasthosefor otherdeclarations
aredefinedin Section9.2.

9.1 External declarations

The typing semanticsof externaldeclarationsis specifiedin U 6.7 of the standard. Its definition is
straightforward.

�8� external-declaration-list ��#�mo"�wx��	� external-declaration-list ��� a �-�,� (X1) TRANSLATION

UNITS

Any valid list of externaldeclarationsformsa translationunit.

�8� external-declaration ��#�m�".w�� �8� external-declaration-list ��#�mo"�wx��	� external-declaration external-declaration-list ��#�mo"�wx� (X2) EXTERNAL

DECLARATION

L ISTS
Thistypingruleallows formingsequencesof externaldeclarations,providedthatthepartsthemselves
arevalid externaldeclarations.

�8� declaration ��mo"�wx��8� declaration ��#�mo"�w�� (X3) EXTERNAL

DECLARA-
TIONS

Any valid declarationalsoformsanexternaldeclaration.

�8� declarator ��m��Nn z � cea �-w7�  ��,�o��� �b¡3� j z ".wGf,à_q�Ú declarator Úr7á q�Ú declaration-list Úr i�feâ3�Ri� ¡ � declaration-list ��mo"�wx� � ¡ � statement-list� ` �Ny_���  !��	� declaration-specifiers declarator q declaration-list statement-listr ��#�mo"�wx� (X4)

This typing rule reflectsthe typing semanticsof function definitions,as specifiedin U 6.7.1 of the
standard,andis probablythemostcomplicatedonein thetyping semanticsof declarations.Thefirst
conditionis that thedeclaratormustindeedbea functiondeclarator. Then,thetypeenvironmentfor
thefunction’s bodyis constructedandfixed,by first addingtheformalparametersandthenaddingall
declarationsfrom thefunction’s declarationlist. In addition,thedeclarationandstatementlists must
bevalid andthereturnedtypefrom thestatementlist mustindeedbetheonespecifiedin thefunction’s
declarator.
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9.2 Declarations

Thetypingsemanticsof declarationsarespecifiedin U 6.5of thestandard.It shouldbementionedthat
notall non-terminalsymbolsfrom theabstractsyntaxgrammarof C needbeattributedtypes.In some
cases,all thenecessaryinformationis alreadypresentin thetypeenvironment,e.g.in rulesD8 andD9
aboutthetyping of declarators,andcanbeextractedfrom there.Thetyping rulesaretrivial in many
cases.

�	���+�1m�".w�� (D1)DECLARATION

L ISTS

�	� declaration ��mo"�w�� �	� declaration-list ��m�".w���	� declarationdeclaration-list ��m�".w�� (D2)

Declarationlistsmaybeemptyor mayconsistof oneor moredeclarations.

�	� init-declarator-list ���,m��Nn z�	� declaration-specifiers init-declarator-list ; ��m�".w�� (D3)DECLARA-
TIONS

Thetypingrule for declarationsonly requiresthattheinitializer declaratorlist is valid.

9.2.1 Declarators

�	���+�1��mo�Nn z (D4)DECLARATOR

L ISTS WI TH

INITIALIZERS �	� init-declarator ���,mo�Nn z �	� init-declarator-list ���,mo�Nn z�	� init-declarator init-declarator-list ���,m��Nn z (D5)

A list of declaratorswith initializersmaybeeitheremptyor mayconsistof severaldeclaratorswith
initializers.

�	� declarator �1m��Nn z � ÈZ��	� declarator ���,mo��n z (D6)DECLARATORS

WI TH

INITIALIZERS �	� declarator �1m��Nn z � �5� �	� initializer ���,�-�,�®� �5��	� declarator = initializer ���,m��Nn z (D7)

Declaratorsmayor maynot have initializers. If no initializer is present,any denotabletypemaybe
specifiedby thedeclarator. If aninitializer is present,thetypespecifiedby thedeclaratormustbean
objecttypeandtheinitializer mustbevalid for thisobjecttype.

�	���+�+�-n z y_����� ÈZ�
�8������m��Nn z � ÈK� (D8)SIMPLE

DECLARATORS

�	���+�+�¯��$;".m�" c � ÈK�
�	���6�1m��Nn z � ÈZ� (D9)

Simpledeclaratorscorrespondto ordinaryidentifiersthatmaybeobjectdesignatorsor typesynonyms.
Thecorrespondingdenotabletypesareextractedfrom thetypeenvironment.

�	� declarator �1m��Nn z � ÈZ� �	� constant-expression ���������  �� � `b¶ �-�N"�t z ����f� Ki
�	� declarator [ constant-expression] ��mo��n z � ÈK� (D10)ARRAY

DECLARATORS
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�	� declarator ��mo�Nn z � ÈZ��8� declarator [ ] ��mo��n z � ÈK� (D11)

In thecaseof arraydeclarators,thenecessarytypeinformationis extractedfrom thetypeenvironment.

�	� declarator ��mo�Nn z � ÈZ��8� * type-qualifierdeclarator ��mo��n z � ÈK� (D12)

Again thetypeinformationis extractedfrom thetypeenvironment.

�}f�ãOq¤Ú declarator Úr i �	� declarator ��mo�Nn z � ÈZ��8� declarator ( parameter-type-list) ��m��Nn z � ÈK� (D13) FUNCTION

DECLARATORS

ãGq�Ú declarator Úr �	� declarator ��mo�Nn z � cea �-w0�  !�e�o��� � ¡ � j z "�w§f,àMq¤Ú parameter-type-listÚr i1feâ*�.i� ¡ � parameter-type-list �K$ z n���� �o��	� declarator ( parameter-type-list) ��m��Nn z � cea �-w7�  ��,�o��� (D14)

In thecaseof functiondeclarators,two subcasesmustbedistinguished.If the functiondeclaratoris
not “terminal”, in thesencethatthedeclaratorit containsis notasimpleidentifier, thenthenecessary
type informationis simply extractedfrom the typeenvironment. On the otherhand,if the function
declaratoris “terminal”, the type informationis againextractedfrom the type environmentandthe
parametertypelist mustbevalid andmustcorrespondto thefunction’s type.

9.2.2 Function prototypesand parameters

�8���8�o$ z n���� � � � (D15) PARAMETER

TYPE L ISTS

�l� j�"��,�,� $ ` � ` �-�
�8� ... �Z$ z n���� �o� (D16)

�8� parameter-declaration �o$;� z �  �� �	� parameter-type-list �Z$ z n���� ��� � ¡ � j¢ 6£9�
�	� parameter-declaration parameter-type-list �o$ z n.��� � ¡ � (D17)

The casesof emptyandellipsisparametertype lists arestraightforward. In thecaseof a parameter
typelist consistingof aseriesof parameterdeclarations,all componentsmustbevalid andthetypeof
thefirst parameteris prependedto thefunctionprototypethatcorrespondsto all otherparameters.

�	� declarator ��m��Nn z � n p�� �  ���ª2����8� declaration-specifiers declarator �Z$�� z �  !� (D18) PARAMETER

DECLARA-
TIONS

In thecaseof parameterdeclarations,thenecessarytypeinformationis extractedby thetypeenviron-
ment.

9.2.3 Initializations

Thetyping semanticsof initializationsis specifiedin U 6.5.7of thestandard.Deviation D-6 statedin
Section2.3shouldbekeptin mind.

�8�����  � `b° wx���,� z f� KiKä_� `b° � zxa w%�2å}�-�,n��3f� Ki
�8�������,�-�,�®� n pN� �  !�~ª���� (I1) SIMPLE INI -

TIALIZATION
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�	���Ù�Î  �j¥m������ c �&Ô
�	�������,�-�,�®� p ��� d ".�,m'� Ô1��ª!�~
K�¤� (I2)

An expressionthatcanbeassignedto ascalar, structureor uniontypeis avalid initializer for suchan
object.Initializersfor bit-fieldsmustbevalid initializersfor thecorrespondingdatatypes.

� `b° � z �,�>t�æ��,��f��Oi � `�¾ n�y¸$����N� p �,"ZÅ a ���!fe����n p�� � wx�-� z �~ª2�,i
�	�������,�-�,�®� � z%z ����� çK�~
K��� (I3)STRING INI -

TIALIZATION

� `�è �,mo" ° � z �,�>t�æ��,�!f��Oi � `�¾ n�y*$;����� p ��"ZÅ a ����fe���~n p�� � �7w��-� z ���Nª��,i
�	�������,�-�,�}� � z%z �b�	� çK�~
K��� (I4)

Stringandwidestringliteralsarevalid initializersfor arraysof theappropriatecharactertype,or any
typecompatibleto that.Thelengthof thearraysis of no importancehere.

�	� initializer-list ���,�-�,��ue�M� �5��	�(q initializer-list r ���,�-�,�®� � zxz ����� ����
K��� (I5)AGGREGATE

INITIALIZA-
TION �	� initializer-list ���,�-�,�Nu ` � ©-��	�(q initializer-list r ���,�-�,�®� n p�� � ` � zxa wx��� ¨���©K�h�Nª���� (I6)

�	� initializer-list ���,�-�,�Nu a � ©-��	�(q initializer-list r ���,�-�,�®� n p�� � a �-�,n.�'� ¨���©-���~ª2��� (I7)

Exceptfor thecaseof rulesI3 andI4, initializersfor aggregatetypesmustbebracketedlistsof initial-
izers.Threecasesaredistinguished:array, structureandunioninitializers.Theinitializer list in each
casemustbeof theappropriatephrasetype.

�	� initializer ���,�-�,�®� �5��	� initializer ���,�-�,��ue�M� �5� (I8)ARRAY INI -
TIALIZATION

�	� initializer ���,�-�,�}� ��� �	� initializer-list ���������Nue�M� �5��	� initializer initializer-list ���,�-�,��ue�M� �5� (I9)

An initializer list for anarraytypemustconsistof a sequenceof oneor moreinitializersfor thetype
of thearray’s elements.

�	� initializer ���,�-�,�}� «[� Ã��o�~«��~© ¡ Ä_� j&él©
�	� initializer ���,�-�,��u ` � ©K� (I10)STRUCTURE

INITIALIZA-
TION �	� initializer ���,�-�,�}� «[� Ã��o�~«��~© ¡ Ä_� j&él© �	� initializer-list �1�������Nu ` � © ¡ ��	� initializer initializer-list ���,�-�,�Nu ` � ©K� (I11)

An initializer for a structuremustconsistof a sequenceof oneor moreinitializersfor thestructure’s
members,in theorderin whichthemembersweredeclared.Thenumberof initializersin thesequence
needsnotbeequalto thenumberof membersin thestructure.

�	� initializer ���,�-�,�}� «[� Ãe«���© ¡ Ä[� j6é(©
�	� initializer ���,�-�,�Nu a � ©K� (I12)UNION INI -

TIALIZATION

An initializer for aunionmustconsistof asingleinitializer for theunion’s first declaredmember.
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Typing semanticsof statements

Thischaptercontainsthetypingrulesfor statements,i.e. inferencerulesaimingprimarily at associat- CHAPTER

OVERVIEWing statementsandstatementlists with phrasetypesof theform ê���ëì�[L \5P by meansof formal typing
derivations. Section10.1definesthe main typing relationfor statementlists, whereasSection10.2
doesthesamefor statements.Thestructureof the lattercorrespondsroughlyto thestructureof U 6.6
of thestandard.In Section10.3a final typing rule thatcorrespondsto missingoptionalexpressionsis
defined.

10.1 Statementlists

Thetypingsemanticsof statementlists is only indirectlydefinedin thestandard.

�8���8� ` ��y[���  !� (S1) EMPTY

STATEMENT

L IST

An emptystatementlist canbeattributedany typeof theform ê���ëí�_L \5P .
�8� statement� ` �Ny_���  �� �	� statement-list� ` �Ny_���  !��	� statementstatement-list� ` �Ny_���  !� (S2) NON-EMPTY

STATEMENT

L IST

A non-emptystatementlist canbeattributedtype ê���ëí�_L \5P if all its componentscanbeattributedthe
sametype.

10.2 Statements

The typing semanticsof statementsis definedin U 6.6 of the standard.Furtherdistinction is made
betweendifferentkindsof statements.

10.2.1 Empty and expressionstatements

Thetypingsemanticsof theemptyandexpressionstatementsis definedin U 6.6.3of thestandard.

�8� ; � ` �Ny_���  !� (S3) EMPTY

STATEMENT

An emptystatementcanbeattributedany phrasetypeof theform ê���ëì�_L \5P .
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�	� expression ��"�#%$:�  �¡¤��	� expression; � ` �Ny_���  �� (S4)EXPRESSION

STATEMENT

An expressionstatementcanalsoattributedany phrasetypeof theform ê���ëì�_L \5P , onconditionthatits
expressionis attributedavalid expressiontype.

10.2.2 Compoundstatement

Thetypingsemanticsof compoundstatementsis definedin U 6.6.2of thestandard.

� ¡ � j z ".wîq¤Ú declaration-list Úr feâ3�.i � ¡ � declaration-list ��mo"�wx� � ¡ � statement-list� ` �Ny_���  ���	�lq id declaration-list statement-listr � ` �Ny_���  �� (S5)BLOCKS

Compoundstatementsor blockscanbeattributedtype ê���ëì�ML \5P on two conditions:(i) its declaration
list canbeattributedtype Æ1�KïxJ ; and(ii) its statementlist canbeattributedtype ê���ëì�_L \5P .

10.2.3 Selectionstatements

Thetypingsemanticsof selectionstatementsis definedin U 6.6.4of thestandard.

�	� expression ��".#%$:�  ¡ � � `b° w%���,� z f� ¡ i �	� statement� ` ��y[���  ���	� if ( expression) statement� ` �Ny_���  �� (S6)IF-THEN

STATEMENT

�	� expression ��"�#%$&�  �¡¤� � `b° wx���,� z f� �¡�i�	� statement)+� ` �Ny_���  �� �	� statement/�� ` �Ny_���  ���	� if ( expression) statement) else statement/	� ` �Ny_�0�  !� (S7)IF-THEN-ELSE

STATEMENT

In bothformsof the if statement,theconditionmustbeattributeda valid scalarexpressiontype. The
typesof the two clausesdeterminethe type of the whole statement.If the if statementhasan else
clause,thenbothclausesmustbeattributedthecommonresulttype.

�	� expression ��".#%$:�  ¡ � � `b¶ �-�N"~t z ���of� ¡ i  ¡ ¡ � j¬�,�-�N¦ z n�y_n.�N"5f� ¡ i �	� statement� ` �Ny_���  ���	� switch ( expression) statement� ` �Ny_���  !� (S8)SWITCH

STATEMENT

Thecontrollingexpressionof theswitch statementmustbeattributedavalid integral expressiontype.
Thestatementforming its bodydeterminesthetypeof thewholestatement.

10.2.4 Labeledstatements

Thetypingsemanticsof labeledstatementsis definedin U 6.6.1of thestandard.In general,thetypeof
a labeledstatementis determinedby thetypeof theunderlyingstatement,without thelabel.

�	� constant-expression ���������  �¡¤� � `b¶ �-�N"�t z ����f� �¡ei �8� statement� ` �Ny_���  ���	� case constant-expression: statement� ` �Ny_���  �� (S9)CASE LABEL

As specifiedin U 6.6.4.2of thestandard,theexpressionpresentin a case-labeledstatementmustbea
constantintegral expression.

�	� statement� ` �Ny_�0�  !��	� default : statement� ` �Ny_���  �� (S10)DEFAULT

LABEL
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�	� statement� ` �Ny_���  ���8� I : statement� ` �Ny_���  �� (S11) IDENTIFIER

LABELS

Thetypingsemanticsof thesetwo casesis straightforward.

10.2.5 Iteration statements

Thetyping semanticsof iterationstatementsis definedin U 6.6.5of thestandard.In general,thetype
of aniterationstatementis determinedby thetypeof its body.

�8� expression ��".#%$:�  ¡ � � `b° w%���,� z f� ¡ i �	� statement� ` �Ny_���  ���	� while ( expression) statement� ` �Ny_���  !� (S12) WHILE

STATEMENT

�8� statement� ` �Ny_���  �� �	� expression ��"�#%$:�  �¡¤� � `b° wx����� z f� �¡�i
�	� do statementwhile ( expression) ; � ` �Ny_���  !� (S13) DO-WHILE

STATEMENT

Thetypingsemanticsof thewhileanddostatementsis similar. Thecontrollingexpressionmustbeof
avalid scalarexpressiontype.

�	� expression-optional)��1"�#%$:�  �)~� �	� expression-optionalð ��"�#%$:�  ð ��	� expression-optional/8�1"�#%$:�  �/x� � `b° wx���,� z f� b/bi �	� statement� ` ��y[���  ���8� for ( expression-optional) ; expression-optional/ ; expression-optionalð ) statement� ` �Ny_���  �� (S14) FOR

STATEMENT

Thetypingof thefor statementis slightly morecomplicated.All expressionsmustbeattributedvalid
expressiontypes.In addition,thesecondexpression,which controlsthestatement,mustbeof scalar
type.

10.2.6 Jump statements

Thetypingsemanticsof jumpstatementsis definedin U 6.6.6of thestandard.

�8� continue ; � ` �Ny_���  �� (S15) CONTINUE

STATEMENT

�8� break ; � ` �Ny_���  �� (S16) BREAK

STATEMENT

�8� goto I ; � ` �Ny_�0�  !� (S17) GOTO

STATEMENT

Thesethreestatementscanbeattributedany typeof theform ê���ëì�_L \5P .

�8� return ; � ` �Ny_���  �� (S18) RETURN

STATEMENT

Accordingto thestandard,a returnstatementthatdoesnot specifythereturnedvaluecanbeusedin
any function,providedthatthereturnedvalueis not used.Thus,this form of thereturnstatementcan
beattributedany typeof theform ê���ëì�_L \5P .

�	� expression �Î 
�8� return expression; � ` �Ny_���  �� (S19)

This form of the return statementis the one that determinesthe typesof all statements.It canbe
attributedtype ê���ëì�[L \5P , onconditionthatthespecifiedexpressionis assignableto thedatatype \ .
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10.3 Optional expressions

�	���+�1������� �,�-�.� (S20)M ISSING

EXPRESSION

In for statements,it is possibleto omit any of thethreecontrollingexpressions.In orderto preservethe
simpletyping semanticsof the for statement,suchmissingexpressionsareattributedtype H5IKJML ENFO��P ,
which is a valid scalartypeandcanbeusedin thedesiredway. This typeis preferredover �RQ5SVL ENFO��P ,
sincemissingoptionalexpressionscouldbereplacedby theconstantexpression“1”.
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Dynamic semantics





Chapter 11

Dynamic semanticdomains

Thischapterdefinesthedomainsthatareusedfor thedescriptionof thedynamicsemanticsof C. Do- CHAPTER

OVERVIEWmainsaredefinedtogetherwith operationsthatareallowedon their elements.Section11.1discusses
the structureof dynamicsemanticdomains. In Section11.2 a few auxiliary domainsaredefined,
whereasSection11.3definesthedomainsthatareusedfor the representationof C’s types. Thedy-
namicsemanticsof C is definedby meansof a numberof monads.The valuemonadis definedin
Section11.4andthepowerdomainmonadin Section11.5. Section11.6presentsanabstractdefini-
tion of theprogramstate,andthedefinitionof monadscontinuesin Section11.7with thecontinuation
monad,Section11.8with theresumptionmonadtransformerandSection11.9with themonadusedfor
expressions.In Section11.10andSection11.11thedynamicdomainsfor environmentsandscopes
aredefinedrespectively, whereasSection11.12presentsmonadsthat areresponsiblefor statement
semantics.Finally, in Section11.14asetof auxiliary functionsis defined.

11.1 Domain ordering

The domainorderingrelationis easilydefinedfor mostdynamicsemanticdomains,sincetheseare
typically definedby usingstandarddomainconstructors.Thisorderingis againvery important.It rep-
resentsexecutionpropertiesof C programs.Bottomelementsmodelnon-termination,asis usuallythe
casewith dynamicsemanticsandtopelementsmodeltheoccurenceof errors,usuallyrun-timeerrors.
Intermediatevaluesrepresentresultsof computationswhich produceat leastsomenon-erroneousre-
sults.Non-terminationanderrorsarepropagatedwhennecessarybyvariousoperationsof thedynamic
domainsandby monadoperations.

11.2 Auxiliary domains
ñ ò �ÞóGô�õ (undefined) OBJECT

IDENTIFIERS

Theelementsof domain ö6÷®ø areusedto uniquelyidentify objectsin memory. A completedefinition
of thisdomainis notgivenhere.However, it is expectedthatinformationaboutobjecttypesbepresent
in elementsof ö6÷}ø . It shouldbenotedthatobjectscontainedin otherobjects,e.g.arrayelementsor
structuremembers,arenot assignedseparateidentifiers:elementsof ö6÷®ø correspondto the largest
possibleobjects.

ù ��"��M� pN� "�w%�>úX�CóGô�õ
FunctionFG�Kû	ü	Ð.Ñ!�Kï��oý returnsa freshidentifierfor anew objectof type ² .
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ñ g �Xþ;ÿ�� (undefined)FUNCTION

IDENTIFIERS

In thesameway, domain
�����

representsuniqueidentifiersfor functions.Thetypesof functionsare
keptseparatelyandneednotbepresentin elementsof

�����
.

ù �-".��� a �-wx�N�,n�� �	þ;ÿ��
FunctionFO�Kû
	��;FOï���E2ÏRF returnsa freshidentifierfor anew function.

ñ ç ������� j óGô�õ��	ó��������ADDRESSES

Theaddressesof objectsin memoryarerepresentedby elementsof domain ������� . Suchaddresses
containtwo piecesof information:the(possibly)largerobjectthatcompletelycontainstheaddressed
objectandtheoffsetof theaddressedobjectin thelargerobject.

ñ � �Þó�������� j  
ñ ! ��"�#$��ó&%'� j  

Thedomainof offsets,aswell asthatof offsetsto specificbits in a byte,is simply a synonym for the
domainof integernumbers.

ù ��m�m z � cece` "�� ú �( *)+������),�����
��m�m z � cece` "�� ú j.-�
 Z -�ç Z0/ ���0Ã ò � � Ä�j�ç1#2��Ã ò � � 4&
43 ` �,¼2".n c fe��iNÄ

FunctionI�Æ1Æ-��ü§Ç~Ç�ê��K� ý returnstheaddressof anobjectof type ² thatis displacedby 5 positionsfrom
a similar objectwith given address6 . This function is usedfor calculatingthe addressesof array
elements.

11.3 Types

Thedomainsdefinedin this sectionrepresentdynamicelementsof variouskindsof statictypes,with
the exceptionof phrasetypesthat are treatedin a different way in the next chapters. Table 11.1
presentsthedefinitionsof dynamicsemanticdomainsfor types.It shouldbenotedthatdomainssuch
as 798 areflat domainswhoseelementsrepresentthevaluesof thecorrespondingtypes.All integral
domains,e.g. 7;:=< and79>9? , aresubdomainsof @ . Pointersarerepresentedasaddressesor aspecial
valuedenotingthenull pointer. Thedynamicmeaningof structuresandunions,treatedasdatatypes,
is a mappingreturningtheir members’values. The domainconstructor L L'ACB Ö}P PEDGFIH is definedin
Section11.10.2.

Thedynamicmeaningof objecttypesis straightforward. Singleobjectsarerepresentedby their
addressesandarraysby functionsreturningthemeaningsof their elements.Functiontypesarerep-
resentedby functionsfrom the dynamicmeaningof their argumentsto the dynamicmeaningof an
expressioncomputation,resultingin the returnedtype; L LKJ*P PMLONQP H is definedin Section11.10.3and
monad R in Section11.9. The definition of dynamicsemanticdomainsfor denotable,memberand
valuetypesis alsostraightforward. It shouldalsobementionedthatif two typesS and T arecompati-
ble,i.e. E2ê�U[ÏRë9S7I���E2ÐZJ2�WVXS�ÒGTZY , thenthecorrespondingdynamicsemanticdomainsarealsocompatible,
i.e. L L'S¸P P�[ L LMT�P P .
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Table11.1: Dynamicsemanticdomainsfor variouskindsof statictypes.

Data types

� ����n��,m¸� �]\X^'_ j `
� ��w���� z � � \X^'_ j a4b
� � ` � t��-"�mouew���� z � � \X^'_ j adc�b
� � a � ` � t��-".m�uewx�-� z � � \X^'_ j a4`eb
� � ` �-n z �Nue�,�-�Z� �Q\X^'_ j adc�c
� � a � ` � t��-".m�u ` ��n z ��ue�,�-��� � \X^'_ j a4`eb
� ���,�-�Z� � \X^'_ j adcgf
� � a � ` � t��-".m�ue�,�-��� � \X^'_ j a4`4f
� ���,n��>t�ue�,�-�o� �]\X^'_ j adcih
� � a � ` � t��-".m�ue�,n.�>t�ue�,�-��� � \X^'_ j a4`jh
� ��s-n.���Z� � \X^'_ j a�þ
� ��mon a-p ��";� � \X^'_ j a4k
� ���,n��>t�uemon a�p �,";� �Q\X^'_ j a4h�k
� � $�� z � �5��� � \X^'_ j �����mln`
� � $�� z � g���� � \X^'_ j þ;ÿ��oln`
� ��"�� a y¥� �N��� � \X^'_ j a4p�q
� � ` � zxa wx��� ¨x��©K��� �]\X^'_ j �G�rf���&sÞ� ��©�t	�Z� �]\X^'_
� � a �-�,n.�+� ¨x��©K��� � \X^'_ j �G�rf���&sÞ� ��©�t	�Z� � \X^'_

Object types

� �¯n pN� �  !��ª���� �]uXvxw j �����
� �¯� z%z ����� ���N
-��� � uXv w j  y)ß� ����� � uXv w

Function types

� � cea �-w0�  !���o��� � z|{~} j � � ��� �$���|u'_O)+�}f~� �e 5� � \X^'_ i
Denotabletypes

� ����� � \E� } j � �,��� � uXvxw
� �eg�� � \E� } j þ;ÿ��

Member types

� ����� �$�Z�$� j � ����� � uXvxw
� � p �,� d ".��m8�  ���ª!�~
K��� � �Z�$� j �������d"�#$��ó&%'�

Value types

� �, 5� �$� ^'� j � �, 5� � \X^'_
� �eg�� �2� ^'� j þ;ÿ��

ù �Nn µ mom z ú �&� �,��� � uXv w ),�����
�Nn µ mom z��2����� Ê�� �X� j �,m
�Nn µ mom z��'�����K��� ú � �0� j.-���� Z �Nn µ mom z ú f2��� ¹ i

OPERATIONS

ON

ADDRESSES

ù cez n�y µ mom z ú ��������)ß� ����� � uXv w
cez n�y µ mom z��2����� Ê�� �X� j �,m
cez n�y µ mom z��'�����K�m� ú � ��� j�-®ç Z -�� Z f]�o� ¹ i¡ Cf]��¢
5i£) cez n�y µ mom z ú f,��mom z � cece` "�� ú �*çoiZ��½

Thesetwo functionsconvert betweenaddressesand dynamicmeaningsof objects. In the caseof
singleobjects,their addressesareidenticalwith their dynamicmeanings.Theaddressof anarrayis
theaddressof its first element.

ù w%� ` � ÊG¤¥*ÊI¦ �:� �e 5� � \X^'_ )ß� �e ¡ � � \X^'_ TYPE CASTING

This functionmodelsthedynamicsemanticsof typecasting.It convertsadynamicvalueof type \ to
oneof type \;Â . Its definitionis omittedhere.

ù ¼�" z n�§���� a " Ê �&� �e 5� � \X^'_
ù wx�-"�wxÉ » n.n��,"����}Ê��&� �e �� � \X^'_ ),¨ ZERO VALUES

Thesetwo functionscreateanddetectzerodynamicvaluesof a given datatype \ . Zero valuesare
speciallytreatedby C in initializationsandpseudo-booleanconditions.Function©o�R��Ï£ª1IZJ2���Z« returns
azerovalueof type \ , while function ï¬O�Kï®m¯CÏKÏRJ2�KIZFd« returns������� if its parameteris non-zero,Ç�IZJ2ê��
otherwise.Theirdefinitionsareomittedhere.
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11.4 Valuemonad

Thetrivial identitymonadis usedfor representingthecomputationof constantvalues,thatis, compu-
tationsthatdo not affect theprogramstateor any otherpartof theabstractinterpreter’s environment.
Thedefinitionof monad° is givenbelow.

ñ Á �²±0f]³[i j ³DEFINITION

Equalityanddomainorderingaretrivially defined,andthedefinitionsof themonad’s operationsare
alsotrivial. Themonad’s unit is definedby:

ù a �����0´���³µ)¶±0f]³[i
a ����� ´ j ��m

andthebindoperatorby:

ù 3�· ´ 3V�d±0f]¸*i��Cf]¸9)¶±0f]¹§i~iO)º±7f]¹Gi
Á»· ´ g�j gOÁ

It is easyto seethatmonad° satisfiesthethreemonadlawsandpreservesbottomandtopelements.

An operationfor generatingerrorscanalsobedefined,usingthe top elementasa representationERRORS

for errors.However, it shouldbenotedthaterrorsareonly propagatedby usingthebind operatoron
strict functions.

ù " zxz n z ´ �j±7f]³[i
" zxz n z ´ j ½

Finally, a polymorphicoperationfor convertingelementsof type ¼mVX½�Y to elementsof type °jVX½�YL I FTING

is requiredin thesequel.Thisoperationneedsonly distinguishthecaseof errors.

ù �,� c �r¾Q¿ ´ �ÁÀ�f]¸*i�)º±7f]¸¸i
�,� c �r¾Q¿ ´ j ���,m3�~-ÃÂ Z ½@�

Theinverseoperationis alsoneeded.It is definedas:

ù �,� c � ´ ¿�¾T�e±0f]¸*iO)�À�f]¸*i
�,� c �G´ ¿�¾ j�-�Á Z feÁOj(½_i�) a �����*Á0��" zxz n z ¾

11.5 Powerdomain monad

Theconvex powerdomainmonadÄ hasbeendefinedin Section3.3.6andmany of its propertieshave
alreadybeendiscussedthere.A summaryof its definitionis repeatedherefor completeness.Monad
Ä is usedin therestof thethesisto representnon-deterministiccomputations.It is definedas:

ñ � �ÆÅ;f]³[i j ³�ÇDEFINITION

Theunit is simply thesingletonoperationfor theconvex powerdomain:
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ù a �-�,�rÈì�(³É)CÅ5f]³[i
a �-�,�rÈ�j.-�Á Z q�Ú�Á;Úr

andthebindoperatoris definedusingthe �RQ��ËÊ function.

ù 3O· È 3ì�ÌÅ;f]¸*i��@f]¸»)ÍÅ;f]¹Gi~i�)ÍÅ;f]¹Gi
�Î· È g jÎ"�#�� Ç g0�

Theresultingmonadsatisfiesthethreemonadlawsandpreservesbottomandtopelements.Moreover,
thepowerdomainoperatorÏ Ê canbeusedondomainsof type ÄWVXÐÑY :
ù 3�Ò Ç 3T�ÓÅ;f]³[i��ÔÅ;f]³[iO)ÍÅ5f]³[i
Thisoperatorimplementsthecombinationof multiplevaluesin asingleelementof ÄWVXÐÎY andis used
in expressingthesemanticsof non-determinism.

11.6 Program state

Thedomainof programstates: is oneof themostdelicatedynamicdomainsin thespecificationof
thesemanticsof C. In this thesis,domain : is definedonly indirectlyasanabstractdatatype,by fear
thatacompletedefinitionwouldbeoverly complicatedandwould imposeunnecessaryrestrictionson
thesemantics.

ñ � �Õc (undefined)

Elementsof : areprogramstates,i.e.abstractrepresentationsof thecontentsof thecomputer’s mem-
ory whentheC programis executed.Programstatesshouldreflectthememorymodelsuggestedin
thestandard,whereeachmemorylocationcontainsa singlebyteandthevaluesof objectsarestored
in aseriesof consecutive memorylocations.In brief, aprogramstateshouldknow:

D whichmemorylocationsareoccupied;D whatthecontentsof theoccupiedlocationsare;andD whatsideeffectshave beengeneratedsincethelastsequencepoint.

A setof operationsallows themanipulationof programstates.Therequirementsfrom theseoper-
ationsarebriefly statedbelow.

ù ` �N����" µ ���,n.wx����"×Ö �&� ��«:� �$�Z�$��)Øcd)+c OBJECT

ALLOCATION

This functionallocatesanobjectin memory. Theaddressof theobjectis givenin thefirst parameter,
while theinitial programstateis givenin thesecond.Notethataddressesarenot absoluteandthis is
the reasonwhy they arepassedasparameters;it not the responsibilityof function ê��bI��b�rÙ_JNJ2ÏKï�I��b�£Ú
to find a freeaddressfor a new object.Theresultis thenew programstate.An erroneousstateÛ(Ü is
returnedin caseof anerror, e.g.if thegivenaddresshasalreadybeenallocated.

ù ` �N����" v " ` � z n�� Ö �&� ��«:� �$�Z�$��)Øcd)+c OBJECT DEAL-
LOCATION

This function deallocatesan object from memory. The addressof the object is given in the first
parameter, while theinitial programstateis givenin thesecond.Theresultis thenew programstate.
An erroneousstateÛeÜ is returnedin caseof anerror, e.g.if thegivenaddresshasnotbeenallocated.
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ù ` �N���N".|�".��mmÖm¤¥3ÊÙ�&� ��«:� �$�Z�$�n)+c()X� �e 5� � \X^'_READ ACCESS

This functionreadsthevalueof anobjectfrom memory. Theaddressof theobjectis givenin thefirst
parameter, andtheprogramstatein thesecond.Theresultis thecontentsof thataddress,regardedas
avalueof datatype \ . It is requiredthat ^ and \ satisfythecondition \ þ�[ÎÆ�I���ENÇXÝ(V~^;Y . It shouldbe
notedthatanerrormustoccurif type ^ is not compatiblewith the typeof valuestoredin thegiven
address,asstatedin U 6.3 of thestandard.An errorshouldalsooccurif a write sideeffect is pending
for the samememorylocation. Moreover, if the contentsof a volatile addressareread,a readside
effectshouldbegenerated.

ù ` �N���N" è_z �,��" ÊG¤¥1Ö �&� �,«:� � �O�2� )ß� �e �� �]\X^'_Z)+cd)ØcWRITE

ACCESS

This functionwritesa valueto anobjectstoredin memory. Theaddressof theobjectis given in the
first parameter, thevalueto bewritten is given in thesecondparameterandtheprogramstatein the
third. The result is the new programstate. It is againrequiredthat ^ and \ satisfy the condition
\ þ�[ Æ1I���ENÇXÝ(V~^;Y . Also, anerrormustoccurif type ^ is notcompatiblewith thetypeof valuestored
in thegivenaddress,asstatedin U 6.3of thestandard,or if a write sideeffect is pendingfor thesame
memorylocation.In addition,a new write sideeffect shouldbegenerated.

ù ` �N���N" ¾ n.y_y_�,���Þcd)ØcCOMMIT

CHANGES

This function implementssequencepoints. It takes asa parameterthe currentprogramstatesand
performsall pendingsideeffects.Theresultis thenew programstate.

11.7 Continuation monad

Continuationshave beensuggesteda long timeagofor specifyingthesemanticsof programminglan-CONTINUA-
TIONS guageswith complex controlstructures.Theirpresencein thedevelopedsemanticsis mainlydictated

by C’s jumpstatements.

ñ b j cd)�Å;f]�'i
ñ � (undefined)

Theelementsof domain 8 arecontinuations,i.e. functionsthattakeasparameterthecurrentprogram
stateandreturnthefinal resultof theprogram’s execution.It shouldbementionedthatthefinal result
is in generalnon-deterministic1 andthis is thereasonwhy thepowerdomainmonadis used.Thefinal
resultof the program’s executionis representedby an elementof the domain � of answers.This
domainneedsnotbedefinedin this thesis.Usefuloptionsfor its elementsare:

D The int resultof functionmain;D Thefinal programstate;orD A functionfrom inputsto outputs,assumingthatlibrary I/O functionshave beenmodelled.

The continuationmonadhasbeenone of the first applicationsof monadsin the semanticsofDEFINITION

programminglanguages.Its definitionfollows:



11.7. Continuation monad 133

ñ � ��ß�f]³[i j f]³à)+b§iO)Øb
Intuitively, elementsof á�VXÐÎY representcomputationsthatresultin avalueof type Ð . Themeaningof
sucha computationis a functionwhich, given thecontinuationthatcorrespondsto what follows the
computation,parameterizedby thecomputation’s result,returnsacontinuationfor thewholeprogram
includingthecomputation.Theunit of monadá is definedas:
ù a �-�,�0â �(³É)+ß1f]³[i

a �-�,�0âVj.-�Á Z -Ãã Z ãOÁ
whereasthebindoperatoris definedas:
ù 3O· â 3ì�(ß�f]¸*i��@f]¸»)Øß�f]¹Gi~i�)+ß�f]¹Gi

��· â g�j�-Ãã Z �RfQ-®ç Z gOç�ã-i
It is easyto show that thethreemonadlaws aresatisfied.However, thecontinuationmonaddoesnot
preserve bottomandtopelements,i.e. �;F�Eb��ä�ådæ*ç[¶ådä�èKæ�é .

Errorsin computationsareagainrepresentedby topelementsof domainsconstructedwith á . ERRORS

ù " zxz n z â ��ß�f]³[i
" zxz n z âVj ½WâEêKëiì

It is easyto verify thaterrorsarecorrectlypropagated,thatis:
" zxz n z â(·Gâ'g�jB" z%z n z â
«í· â fQ-�ç Z " z%z n z â i�jB" z%z n z â

The samepropagatingpropertiescanbe verified for bottomelementsådä�èKæ�é , which representnon-
termination.

Two polymorphicfunction arerequiredfor the lifting of computationsexpressedby previously L I FTING

definedmonads.The primary lifting function is JNENÇ��ïî ¥ ä while J�ENÇ��¡ð ¥ ä is definedin termsof other
alreadydefinedlifting functions.

ù �,� c � ´ ¿ â �j±7f]¸¸iZ),ß�f]¸*i
�,� c � ´ ¿ â j a �-�,� â

ù �,� c � ¾Q¿ â �ÌÀ�f]¸¸iZ),ß�f]¸*i
�,� c � ¾Q¿ âVjÎ�,� c �G´ ¿ âOñ��,� c � ¾M¿ ´

Threespecialfunctionsfor thecontinuationmonadaredefinednext, togetherwith anon-determi-
nistic optionoperator. They areusefulin thedevelopedsemanticsandwill beusedin the following
sections.

ù " ` wx�2$;" �Þbò)+ß�f]¸¸i
" ` wx�2$;" j�-®� Z -Ãã Z �

ESCAPE

This functiontakesacontinuationó asaparameter. It returnsacomputationwhich ignoresits normal
continuationandusesó instead.It is usefulin specifyingthesemanticsof jumpstatements.

1 According to the author’s interpretationof the standard,C allows the developmentof programsthat may produce
differentanswersdependingon implementation-definedor unspecifiedmatters,suchasevaluationorder. An exampleof
suchaprogramis discussedin Section17.3.
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ù t�".� ° �N���N" â �(ß�fMc;i
t�".� ° �N���N" â jô-�ã Z -7� Z ã§�}�

ACCESS THE

STATE

ù ` ".� ° �N���N" â �&fMce)Øc;iO)+ß1fMc;i
` ".� ° �N���N" â j�-�g Z -�ã Z -7� Z ãG�0fhg§��i

Thesetwo functionsareusedfor accessingtheprogramstate,which is hiddeninsidecontinuations.
Theresultof õ��K�Iö��bI��b� ä is a computationwhich resultsin thecurrentprogramstate,leaving it intact.
Function ê��K�Iö��bI1�b��ä takesasparametera function ³ from statesto states.It returnsa computationin
which thecurrentprogramstateis modifiedby applying ³ andwhoseresultis theprogramstateprior
to themodification.2 It shouldbenotedthat õ��K�Iö��bI��b� ä couldhavebeendefinedin termsof ê��K�Iö��bI1�b��ä
as:

t�".� ° �N���N" â j ` ".� ° �N���N" â �,m
ù 3Ë÷ â 3:��ß�f]¸¸im�jß�f]¸¸iO)+ß�f]¸¸i

�.)(÷ â ��/íjô-�ã Z -0� Z fe�.)ZãG��iWÒ ÇGfe�b/�ãG��i
OPTION

OPERATOR

Thepolymorphicoptionoperatorexecutesoneof its operandsin a non-deterministicway. Thesame
continuationandprogramstateis usedin bothcasesandthefinal programanswersarecombined.

11.8 Resumptionmonadtransformer

In orderto expressthedynamicsemanticsof interleaved evaluationof C expressions,a specialtypeMOTIVATION

of recursive domainis needed.This domainrepresentsthe notionof interleavedcomputations. An
interleaved computationcan be viewed as a sequenceof atomic steps. In isolation, theseatomic
stepsareperformedoneafteranother, until theexpression’s evaluationis complete.However, in the
presenceof othercomputations,it is allowedthat thesequencesof atomicstepsareinterleaved. The
atomicstepsof any givencomputationmustbeexecutedin order, but this processcanbeinterrupted
by theexecutionof atomicstepsbelongingto differentcomputations.

In this sectionwe attemptto definea domaincapableof modellinggenericinterleaved computa-
tionsof type øÕVXÐÎY . Onepossiblesolutionis thedomainwhichcontainsaselementstheresumptions
of computationsdefinedby ø . This domainis denotedas ùWVXøCY0VXÐÑY and satisfiesthe following
isomorphism:

ñ ú fQûAixf]³[iôü ³ýl�û�f ú fQûlixf]³[i~i
In this domain,atomicstepsarearbitrarycomputationsdefinedby ø . Theleft partof thecoalesced
sumrepresentsanalreadyevaluatedresult,i.e. a computationthatconsistsof zeroatomicsteps.The
right partrepresentsacomputationthatrequiresat leastoneatomicstep.Theresultof thisatomicstep
is anew elementof theresumptiondomain.

Resumptionshave beenlong suggestedasa modelof interleavedexecutionin programminglan-
guages.For an extensive treatment,the readeris referredto [dBak96], wheredomainslike the one

2 Theresultof ` "�� ° �����N" â is usefulin thecaseof postfixunaryassignmentoperators.
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definedabove arecalledbranching domainsandmany variationsfor specificinstancesof ø areex-
plored. In the presentthesis,a structuredgeneralizationof this techniqueis attempted.The atomic
stepsareallowed to representany type of computationandaredefinedby an arbitrarymonad ø .
In this way, a monadtransformeris defined,which transformsmonadø to a new monad ùWVXø�Y of
interleaved computations.Thedefinitionof this monad,its propertiesandimplementationaregiven
in thenext subsections.

11.8.1 Definition

Considera locally continuousarbitrarymonadø . In orderto definethe monadtransformerù it is GOAL

necessaryto defineamonadù�VXøCY . Therefore,it is necessaryto define:

D A domainconstructor, i.e.adomain ùWVXø�Y0VXÐÎY for eachdomainÐ ;D A functionmapping, i.e. a continuousfunction ùWVXø�Y0V�³�YËþ
ùWVXø�Y0VX½�YÞþ ùWVXøCY0VXÿ�Y for each
continuousfunction ³þ¡½¶þ ÿ ; andD Theunit andbind operators,whichmustsatisfythethreemonadlaws.

Moreover, thedomainconstructorshouldsatisfytheaforementionedisomorphism.

Consideran arbitrary monad ø and an arbitrary domain Ð . Then it is possibleto definean PRELIMINAR-
IESendofunctor

��� � æ þ����	� þ
���	� usingthefollowing domainconstructor:���� ë f���i�j9³ lÓû�f���i
For an arbitrarycontinuousfunction ³Âþ&½ôþ ÿ , function

��� � æ�V�³�Y þ ��� � æ�VX½�Y�þ ��� � æ�VXÿ�Y is
definedasfollows:� ��� ë�fhg-i�j���,�-���N�,� z ñ=ûTfhg-i>�
Lemma 11.1.

��� � æ1V�³�Y��0ENF�� [ E�F���� øÕV�³�Y
Proof: Accordingto thepreviousdefinition:����� ��������� �"!$#&%'�)(+*,�"!$-	./�"!$#10324�����657� �"!$#&%'�)(8�"!$#10329����� :

Also, let ;����� �=<�>�?	@BA�CED >�?	@FA C
be the endofunctorinducedby

����� �
on the category of

ep-pairs:GHI�J K$L�MONQPRHSI�J K7L�MONGHI�J K$LUTV NQPXWYHSI�J K$LUTV6Z N\[�HSI�J K7LUTV^] N"_
Accordingto Theorem3.18,domain ` is an initial objectin category

>�?	@ A C
andthereis a unique

ep-pair ab < ` Dc� ��� � � ` �
with ab (ed�fg.hf1i

.

Let usnow defineadiagramj <lkmDn>�?	@ A�C
as:o PpW GHrqI�J K LtsrN\[ GHrqI�J K L Tu N"_ qwvyx

Following theprocessdescribedin [Gunt92, p. 325] let usdefineadomainz �
asfollows:{FI'P)|}L�~ q N q�vhx��������r��� ~ qS� H q I�J K LtsrN��p~ q P�H qI�J K L Tu ] N�L�~ qy�Q� N��

andapoint-wiseorderingof its elements:
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L�~ q N q�vhx�� L�� q N qwvyxp�������r��� ~ qS� � q
Let usalsodefineacone a� < j D z �

with ep-pairs a�7� <U� � ��� � � ` ��D z �
givenby:T� Zq LY�wNQPXL�~6��N,� vyx [

where
~6�RP�� LYH � I�J K L Tu ] N�� � �¡� H q�¢£�I�J K L Tu ] N/N�LY�wN�[�¤¦¥ �LYH � ¢£�I�J K L Tu Z NU� �§� � H q I�J K L Tu Z N/N�LY�wNB[�¤¦¨ �T� ] q L�~�NQP�~ q

In [Gunt92, p. 325] it is provedthatthecone a� definedin this way is colimiting. Also, by continuity
of ;����� �

if follows that thecone ;����� ��� a� �B< ;����� �©� j ��D ;����� ��� z ���
is alsocolimiting and,dueto

Theorem3.22,theuniquemediatingep-pair aª ��� �«<������ ��� z ����D z �
betweencones ;����� ��� a� �

anda��¬ is an initial ;� ��� �
-algebra.The mediatingep-pair aª���� �

satisfiesthe following propertiesfor allX® k
:T¯ ZI�J K �7H I�J K L T� Zq NQP T� Zq°�	�HSI�J K$L T� ] q N���T¯ ] I�J K P T� ] q°�	�

Taking into accountthat the domain
� ��� � � z � �

hasbeendefinedas ±³² 29� z � �
, the aboveISOMORPHISM

ESTABLISHED proof that aª ��� �
is a unique ;����� �

-algebraestablishesan isomorphismbetweendomains z �
and±e² 24� z ���

. Thecomponentsof aª ��� �
arecontinuousfunctionsof thefollowing types:T¯6ZI�J K1´¶µX·&¸ LY{FI¹NQº»{FIT¯ ] I�J K ´ {FI¼º µ'·g¸ LY{FI©N

Noticehowever that theexistenceof the ep-pair aª ��� �
hasbeenproved but the ep-pairhasnot been

constructed.

With all this in mind, it is a reasonablechoiceto definethe domainconstructorof the monadDOMAIN

CONSTRUCTOR transformer½ asfollows:¾ L ¸ N�L µ NQP�{FI
Considera continuousfunction

�¿<�ÀÁD Â
. A continuousfunction

� � <©Ã � D Ä �
canbeFUNCTION

MAPPING definedasfollows:V I L�~ q N q�vhx PXLYÅ¶Æ J Çq V ~ q N q�vhx
wherefunction È�É � Ê� <��/ÀËDÌÂg��DÌ� ���� É � ` ��DÌ� ���� Ê � ` �

is definedas:Å Æ J ÇÍ V P)ÎÅ Æ J Çq°�	� V PXÏ,Ð ÑUÒÓ� V [/Ð ÑUÔ�� ¸ LYÅ¶Æ J Çq V NwÕ
In this way, it is reasonableto definethefunctionmappingrequiredfor themonadtransformer½ as:¾ L ¸ N�L V NQP V I

Theunit function Ö !$�Ø×6ÙØÚÜÛ6Ý�< ± D ½ �/2Þ�ß� ± �
canbedefinedasfollows:UNIT AND

BIND à Ñ�Ðâá°ã"äæåhç6èQPpL�~ q N,é vhx [
where

~ Í P)Î�ê~ q P�Ð ÑUÒ�èë[ � ¨gì
Also, the bind operator í3î ÙØÚÜÛ6Ý í < ½ �/2Þ�ß�/À��ï��/À³D ½ �/2ð�ß�/Âg� �ëD ½ �/2ð�ß�/Âg�

canbedefinedas
follows:
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L�~ q N qwvyx¼ñ ã/äòåyç V PXL ó Æ J Çq V ~ q N qwvyx
wherefunction ô É � Ê� <��/ÀõD�Ä�����DÌ� ���� É � ` ��DÌ� ���� Ê � ` �

is definedas:ó Æ J ÇÍ V P�Îó Æ J Çq°�	� V PXÏ�ö�è � L V è�N qy�Q� ["Ð ÑUÔ�� ¸ L ó Æ J Çq V N¶Õ
Theorem11.2(1ST MONAD LAW).

� Ö !$�Ø×6ÙØÚÜÛ6Ý	÷h� î ÙØÚÜÛ6ÝO��(Ë�1÷
MONAD LAWS

Proof: Theleft handsideis equalto
� ô É � Ê� ��� Ö !�� ×6ÙØÚÜÛ6Ý	÷h� � � �ùø�ú

If  (üû
then ô É � Êý �)� Ö !$�Ø×6ÙØÚæÛUÝQ÷h� � ( ô É � Êý ��f+(þf+(+���&÷ß� ý

If Xÿ û
then ô É � Êý �)� Ö !$�Ø×6ÙØÚæÛUÝQ÷h� � ( ô É � Êý �)� �,!�-S÷h��(+���1÷h� �

Therefore,for all  it is ô É � Ê� ��� Ö !$�Ø× Ù ÚÜÛ6Ý ÷ß� � (+���1÷h� � :
Lemma 11.3. ô É � É� Ö !$�Ø×UÙØÚæÛUÝ}(m���
Proof: By inductionon  . If  (üû

then ô É � Éý Ö !$�Ø× Ù ÚÜÛ6Ý (
f ( ���������
If Xÿ û

let usassumethatit holdsfor ��
	 . Then:ô6É � É� Ö !�� ×6ÙØÚÜÛ6Ý( *�����Q� Ö !$�Ø× ÙØÚÜÛ6Ý Ó� � ./�"!$#&0 24� ô É � É� ¬�� Ö !�� × ÙØÚÜÛ6Ý �65( *�����°�"!$-� ./�"!$#�0329� ���F�65( *,�"!$-Q./�"!$#�0 ���R5( *,�"!$-Q./�"!$#r5( ��� :
Theorem11.4(2ND MONAD LAW). �»î ÙØÚÜÛ6Ý Ö !$�Ø×6Ù ÚÜÛ6Ý7( �
Proof: Let � ( � � � � �ùø�ú . Startingfrom theleft handsideandusingLemma11.3wehave:�»î ÙØÚæÛUÝ Ö !$�Ø× ÙØÚÜÛ6Ý (+� ô É � É� Ö !$�Ø× ÙØÚÜÛ6Ý � � � �ùø�ú (+� ��� � � � �ùø�ú (+� � � � ��ø^ú ( � :
Lemma 11.5. ô É � Ê� �10 �"!$#R(m�"!$#�0329� ô É � Ê� ¬�� ���
Proof: If  (üû

bothsidesareequalto
f

. If Xÿ û
, from thedefinitionof ô É � Ê� �

wehave:ô6É � Ê� ��� �"!$#&%'�)(n� �"!$#&0 29� ô É � Ê� ¬�� ��� ��% :
Lemma 11.6. ô É � �� ������	� ô Ê	� �� � ����Ó� � � � ø�ú ��( � ô Ê	� �� � ��0ë� ô É � Ê� ���
Proof: By inductionon  . If  (»û

thenbothsidesareequalto � . If mÿ û
, assumethat it holds

for ��
	 . Then:
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ô É � �� ������	� ô ÊQ� �� � ����Ó� � � � ø^ú �( *����� ô Ê	� �� � ����Ó� � ./�"!$#&0 24� ô É � �� ¬�� ������£� ô ÊQ� �� � ����Ó� � � � ø^ú � �65( d
Definitionof ô É � Ê� �)� �,!�-�Ó�

andinductive hypothesis
i*����� ô Ê	� �� � � ô6É � Ê� ��� �"!$-�Ó� �Ø./�"!$# 0 24� ô ÊQ� �� ¬�� � 0 ô É � Ê� ¬�� ���65( * ô Ê	� �� � 0 ô É � Ê� �10 �"!$-	./�"!$#10324� ô ÊQ� �� ¬�� � ��0329� ô É � Ê� ¬�� ���65( d

Lemma11.5twice
i* ô Ê	� �� � 0 ôlÉ � Ê� �10 �"!$-	. ô ÊQ� �� � 0 �"!$#�0 29� ô É � Ê� ¬�� ���65( * ô Ê	� �� � 0 ô É � Ê� �10 �"!$-	. ô ÊQ� �� � 0 ô É � Ê� �&0��"!$#r5( ô Ê	� �� � 0 ô6É � Ê� �10ë*,�"!$-	./�"!$#S5( ô Ê	� �� � 0 ô É � Ê� �10 ���( ô Ê	� �� � 0 ô6É � Ê� � :

Theorem 11.7(3RD MONAD LAW). �»î ÙØÚÜÛ6Ý ������U�� î ÙØÚÜÛ6Ý � ��( �»î ÙØÚÜÛ6ÝO� î Ù ÚÜÛ6Ý �
Proof: Let � ( � � � � �ùø�ú . Startingfrom theleft handsideandusingLemma11.6wehave:�»î ÙØÚæÛUÝ&������6�� î ÙØÚÜÛ6Ý � �( � ô É � �� ������l�� î ÙØÚÜÛ6Ý � � � � � �ùø�ú( � ô É � �� ������£� ô ÊQ� �� � ����Ó� � � � ø^ú � � � � �ùø�ú( � � ô Ê	� �� � 0 ô É � Ê� ��� � � � ��ø^ú( � ô Ê	� �� � � ô É � Ê� � � � � � �ùø�ú( � ô6É � Ê� � � � � �ùø�ú î Ù ÚÜÛ6Ý �( � � � � ��ø^ú î ÙØÚÜÛ6Ý�� î ÙØÚÜÛ6Ý �( �»î ÙØÚæÛUÝO� î ÙØÚÜÛ6Ý � :
11.8.2 Definition of the isomorphism

Someoperationsinvolving domainsof thetype ½ �/2Þ�ß� ± �
canbedefinedin amuchmorenaturalwayBACK TO THE

ISOMORPHISM in theisomorphicdomain ±ð² 29� ½ �/2Þ�ß� ± � �
. For this reason,it is usefulto definetheep-pair aª���� �

whichestablishestheisomorphism.Then,it is possibleto defineoperationsin any of thetwo domains
andinducethecorrespondingoperationson theotherdomainby applying aª ��� �

appropriately.

Consideranarbitraryelement
� � � � ��ø^ú�® z �

. Accordingto thedefinitionof z �
we know that� � (ü� ���� � � ab C �ß� � � � � � . Then,wecandistinguishtwo cases:! If � � � � (m�"!$-÷

for some
÷ ® ± , then:� � (+*,�"!$-	./�"!$#&0 24�/� � ¬����� � � ab C � �65$� �"!$-÷ß�)( �,!�-r÷

! If � � � � (m�"!$#1% �"� � for some
% � � � ® 29�/� � ��� � � ` � �

then:� � (+*,�"!$-	./�"!$#&0 24�/� � ¬����� � � ab C � �65$� �"!$#&% �"� � ��( �"!$#R�/24�/� � ¬����� � � ab C � �7% �"� � �
Theorem 11.8. If

� � � � �ùø�úE® z �
then,with theexceptionof � ý , all elements� � areeitherleft or

right summands.Thatis, exactlyoneof thefollowing is true:



11.8. Resumptionmonadtransformer 139

(a) � ý (Ëf$#&%3÷ ® ± �(' 'ÿ û)� � � ( �,!�-r÷
(b)

' '® k*�+%3% �&® 24�/� � ¬����� � � ` � ��� � � ( �,!�#�% � #Þ% ý (Ëf
Moreover,

' '® k*�% � (ü29�/� � ¬����� � � ab C � �7% �"� �
Proof: Directly, from thepreviousremark.

:
Let usnow attemptto definetheep-pair aª ��� �«<	����� ��� z �ë��D z �

. Theembeddingpartis easy. DEFINITION OF,- I�J K
If . ® ±e² 29� z �ë�

thenwedefine:T¯6ZI�J K �©PXL�~ q N q�vhx�� {FI [
where

~ Í P)Î�ê~ q PXÏ,Ð ÑUÒß["Ð ÑUÔ � ¸ L T� ] q�¢ù� N°Õ��R[ � ¨�ì
The projectionpart is definedby distinguishingtwo cases,basedon Theorem11.8. Consideran
element� ( � � � � ��ø^ú�® z �

.! If
' Xÿ û)� � � (m�"!$-S÷

, for some
÷ ® ± , thenwedefine:aª C ��� � � ( �"!$-S÷

! If
' X® k*� � � ( �,!�#&% � , with

% � ® 29�/� � ¬����� � � ` � �
, thenwedefine:

aª C ��� � � ( �"!$# /10
�ùø�ú 29� a� A� ¬�� �7% �32

First, noticethat for all  ® k
we have

29� a� A� ¬�� �ë<724�/� � ¬����� � � ` � �BD+29� z �ë�
andtherefore24� a� A� ¬�� ��% � ® 29� z � �

. It mustnow beprovedthat theleastupperboundexists. It suffices
to show thatelements

29� a� A� ¬�� � % � form an
k

-chain,whichis statedby thefollowing theorem.

Theorem11.9.
' '® k*�r29� a� A� ¬�� ��% �54 24� a� A� ��% �"� �

Proof: Wehave:24� a� A� ¬�� �7% � (c29� a� A� ¬�� ���/29�/� � ¬����� � � ab C � ��% �"� � �)( 29� a� A� ¬�� 03� � ¬����� � � ab C � �7% � � �
Since

2
is locally-monotone,it sufficesto show that a� A� ¬�� 0�� � ¬����� � � ab C � 4 a� A� . Let . ® � � ��� � � ` �

and� ( � � � � � ø�ú¼® z �
with:� ( a� A� ¬�� �/� � ¬����� � � ab C � . �

Then,by definitionof a� A� ¬�� :� �( 6 �/� � ��� � � ab C ��0��7�7�y� � ¬�8��� � � ab C � ���/� � ¬����� � � ab C � . � .S%:9 5�
	�/� � ¬����� � � ab A �}0+�7�7�h� � ¬����� � � ab A � ���/� � ¬����� � � ab C � . �¼.S% ÿ 5�
	
( 6 �/� � ��� � � ab C ��0��7�7�y� � ¬�8��� � � ab C �}03� � ¬����� � � ab C � � . .S%:9 ��;	�/� � ¬����� � � ab A �}0+�7�7�h� � ¬����� � � ab A �}03� � ¬����� � � ab C � � . .S% ÿ ��;	
Also, let < ( � < � � � ø�ú ® z �

with:< ( a� A� .
Thenagain:
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< � ( 6 �/� � ��� � � ab C ��0+�7�7�ß� � ¬����� � � ab C � � . .S%:9 ��
	�/� � ¬����� � � ab A ��0��7�7�ß� � ��� � � ab A � � . .S% ÿ ��
	
For

%:9 5�
	 it is obviousthat � � ( < � . For
% ÿ ��
	 wehave:� �( �/� � ¬����� � � ab A ��0+�7�7�h� � ��� � � ab A �}0�� � ¬����� � � ab A �}03� � ¬����� � � ab C � � .( �/� � ¬����� � � ab A ��0+�7�7�h� � ��� � � ab A �}0�� � ¬����� � � ab A 0 ab C � � .4 �/� � ¬����� � � ab A ��0+�7�7�h� � ��� � � ab A �}0�� � ¬����� � � ���F� � .( �/� � ¬����� � � ab A ��0+�7�7�h� � ��� � � ab A � � .( < � :

Thenext thing to do is to prove that aª���� �
is anep-pair, thatis, prove that aª C ��� � 0 aª A ��� � ( ���

and
,- I�J K

IS AN

EP-PAIR aª A ��� � 0 aª C ��� � 4 ���
. In fact,astrongerresultis provedby thefollowing two theorems.

Theorem 11.10. aª C ��� � 0 aª A ��� � (m���
Proof: Bothsidesof theequationarefunctionsof type ±�² 29�/����� ����D ² 29�/����� ���

. Proceedby
caseanalysison theargumentof this functionandusingthedefinitionsof aª A ��� �

and aª C ��� �
. First case:� aª C ��� � 0 aª A ��� � ��� �"!$-÷ß�)( aª C ��� � � aª A ��� � � �,!�-S÷h� �)( aª C ��� � � � � � ��ø^ú

where� ý (õf
and � � (m�"!$-S÷

for Xÿ û
. Then:aª C ��� � � � � � ��ø^ú ( �"!$-S÷

Secondcase:� aª C ��� � 0 aª A ��� � ��� �"!$#&%'�)( aª C ��� � � aª A ��� � � �,!�#&%'� ��( aª C ��� � � � � � ��ø^ú
where� � (m�"!$#R�/24� a� C � ¬�� �7%'�

for X® k
. Then:aª C ��� � � � � � ��ø^ú( �"!$# / 0

�ùø�ú 29� a� A� ¬�� ���/24� a� C � ¬�� ��%'� 2
( �"!$# / 0

�ùø�ú 29� a� A� ¬�� 0 a� C � ¬�� ��% 2
( �"!$# /=/ 0

��ø^ú 29� a� A� ¬�� 0 a� C � ¬�� � 2 % 2( dÓ2
is locally continuous

i
�"!$# / 2 / 0

�ùø�ú a� A� ¬�� 0 a� C � ¬�� 2 % 2( d a� is colimiting
i�"!$#R�/24� ������%'�( �"!$#R� ���E%'�( �"!$#1% :
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Theorem11.11. aª A ��� � 0 aª C ��� � (m���
Proof: Both sidesof the equationare functionsof type

����� �4D ����� �
. Consideran element� (4� � � � ��ø^úp® ����� �

. Proceedby caseanalysisbasedon Theorem11.8andusingthedefinitionsofaª A ��� �
and aª C ��� �

. First case,if � ý (Ëf
and

' 'ÿ û)� � � ( �,!�-S÷
, for some

÷ ® ± , then:� aª A ��� � 0 aª C ��� � � � ( aª A ��� � � aª C ��� � � �¼( aª A ��� � � �"!$-S÷h��(+� < � � ��ø^ú
where< ý (Ëf

andfor all 'ÿ û
:< � ( *,�,!�-£./�"!$#10329� a� C � ¬�� �65$� �"!$-S÷h��( �"!$-÷

It is trivial to verify that < ( � . Secondcase,if
' m® k*� � � ( �"!$#�% � , with

% ��® 24�/� � ¬����� � � ` � �
,

then:� aª A ��� � 0 aª C ��� � � � ( aª A ��� � � aª C ��� � � �¼( aª A ��� � / �"!$# / 0
��ø^ú 29� a� A� ¬�� �7% � 2>2 (n� < � � ��ø^ú

where< ý (Ëf
andfor all 'ÿ û

:< �( *,�"!$-Q./�"!$#�0329� a� C � ¬�� �65 / �,!�# / 0
��ø^ú 24� a� A� ¬�� ��% � 2=2

( �"!$# / 29� a� C � ¬�� � / 0
�ùø�ú 29� a� A� ¬�� �7% �32>2(+d

Continuityof
29� a� C � ¬�� �$i

�"!$# / 0
�@?Yø^ú �/29� a� C � ¬�� ��0 24� a� A� ? ¬�� � �7% �@? 2

( �"!$# /A0
� ? ø^ú 29� a� C � ¬�� 0 a� A� ? ¬�� ��% �@? 2(+d

By thefollowing Lemma11.12andbecause
29� a� C � ¬�� 0 a� A�@? ¬�� �7% � ? arean

k
-chain

i
�"!$# / 0

�@?CB�� % � 2( �"!$#&% �
Again it is trivial to verify that < ( � .

:
Lemma 11.12. If

% � (õ24�/� � ¬����� � � ab C � �7% � � � for all '® k
and ED ÿ  , then:29� a� C � ¬�� 0 a� A�@? ¬�� �7% � ? (ü% �

Proof: Usingthedefinitionsof a� C � ¬�� and a� A�F? ¬�� :24� a� C � ¬�� 0 a� A�@? ¬�� �7% �F?( 24�/� � ¬����� � � ab C �70��7�7�l0 � � ? ¬�8��� � � ab C � �7% �@?( �/24�/� � ¬����� � � ab C � �}0+�7�7��0329�/� � ? ¬�8��� � � ab C � � �$% � ?( 24�/� � ¬����� � � ab C � ���G�7�7��29�/� � ? ¬�8��� � � ab C � �7% �F? �7�7���( 24�/� � ¬����� � � ab C � ���G�7�7��% � ? ¬�� �7�7���(+d
Repeating D �  timesin total

i% � :
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What remainsto be doneis to prove that aª ��� �
is indeeda mediatingep-pairbetweencones

,- I�J K
IS

MEDIATING

EP-PAIR
;����� �©� a� �

and a��¬ . This is provedin thefollowing two theorems.

Theorem 11.13. aª A ��� � 0������ ��� a� A� ��( a� A�"� �
Proof: Bothsidesof theequationarefunctionsof type

� �"� ���� � � ` � D z �
. Proceedby caseanalysis

on theargumentof this function.First case:� aª A ��� � 03����� ��� a� A� � ��� �"!$-S÷h�( aª A ��� � �/����� �©� a� A� ��� �"!$-÷ß� �( aª A ��� � �Ø*,�,!�-Q./�,!�#10 29� a� A� �65$� �"!$-S÷h� �( aª A ��� � � �,!�-÷h�( � � � � � ø�ú
where� ý (õf

and � � (m�"!$-3÷
for

% ÿ û
. It caneasilybeverifiedthatalso a� A�"� � � �"!$-3÷h��( � . Second

case,startingfrom theleft handside:� aª A ��� � 03����� ��� a� A� � ��� �"!$#&%'�( aª A ��� � �/� ��� � � a� A� ��� �"!$#&%'� �( aª A ��� � �Ø*,�,!�-Q./�,!�#10 29� a� A� �65$� �"!$#&%'� �( aª A ��� � � �,!�#��/24� a� A� ��%'� �( � � � � � ø�ú
where� ý (õf

and� � ( �"!$#��/24� a� C � ¬�� ���/29� a� A� ��%'� �)( �,!�#��/29� a� C � ¬�� 0 a� A� �7%'�
Consideralsotheright handside:a� A� � � � �"!$#1%'�)( � < � � � ø�ú
Two casesaredistinguishedagain.If

% �
	 9  then a� C � ¬�� 0 a� A� (Ë� � ¬����� � � ab C ��0+�7�7�60�� � ¬����� � � ab C �
and

therefore:� �( �"!$#R�/24�/� � ¬����� � � ab C ��0��7�7�60 � � ¬����� � � ab C � �7%'�( � �"!$#�0329�/� � ¬����� � � ab C � ��0+�7�7��0�24�/� � ¬����� � � ab C � � �$%( d
Lemma11.1appliedrepeatedly

i�/� � ��� � � ab C �}0+�7�7�l03� � ��� � � ab C ��0 �"!$#$��%( �/� � ��� � � ab C �}0+�7�7�l03� � ��� � � ab C � ��� �"!$#&%'�( d
Definitionof a� A�"� � i< �

Ontheotherhand,if
% �
	Fÿ  then a� C � ¬�� 0 a� A� (ü� � ¬�8��� � � ab A ��0+�7�7��0 � � ��� � � ab A �

andtherefore:
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� �( �"!$#��/24�/� � ¬�8��� � � ab A �}0+�7�7��03� � ��� � � ab A � �7%'�( � �"!$#10 29�/� � ¬�8��� � � ab A � �70+�7�7��0329�/� � ��� � � ab A � � �7%(+d
Lemma11.1appliedrepeatedly

i�/� � ¬����� � � ab A ��0��7�7�l03� �"� ���� � � ab A �}0 �"!$#���%( �/� � ¬����� � � ab A ��0��7�7�l03� �"� ���� � � ab A � ��� �"!$#&%'�(+d
Definitionof a� A�"� � i< �

Therefore,in general� ( < .
:

Theorem11.14.
����� ��� a� C � �}0 aª C ��� � ( a� C �"� �

Proof: Bothsidesof theequationarefunctionsof type z � D�� �"� ���� � � ` �
. Proceedby caseanalysis

on the argumentof this function, accordingto Theorem11.8. Consideran arbitraryelement� (� � � � �ùø�ú)® z �
. First case,if � ý (Ëf

and
' 'ÿ û)� � � (m�"!$-S÷

, for some
÷ ® ± , then:�/� ��� � � a� C � �}0 aª C ��� � � �( � ��� � � a� C � ��� aª C ��� � � �( ����� ��� a� C � ��� �"!$-B÷h�( *,�"!$-Q./�"!$#�0329� a� C � �65$� �"!$-÷ß�( �"!$-S÷( � �"� �( a� C � � � �

Secondcase,if
' X® k*� � � ( �,!�#&% � , with

% � ® 29�/� � ¬����� � � ` � �
, then:�/� ��� � � a� C � �}0 aª C ��� � � �( ����� ��� a� C � ��� aª C ��� � � �

( ����� ��� a� C � � / �"!$# / 0
��ø^ú 29� a� A� ¬�� ��% � 2=2

( *,�"!$-Q./�"!$#�0329� a� C � �65 / �,!�# / 0
�ùø�ú 29� a� A� ¬�� �7% � 2>2

( �"!$# / 24� a� C � � / 0
��ø^ú 24� a� A� ¬�� ��% �H2=2(+d

Similarly to thesecondcasein theproofof Theorem11.11
i�"!$#&% � � �( � �"� �( a� C � � � � :
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11.8.3 Specialoperations

The two functions
# Ö !

and I ×�JLK
convert an interleaved computationof type ½ �/2Þ�ß�/ÀO�

to a nonBRIDGE TO

INTERLEAVED

COMPUTA-
TIONS

interleaved computationof type
29�/À��

andvice-versa. The namesof thesefunctionsindicatetheir
behaviour. If an interleaved computationis viewed asa sequenceof atomicsteps,the first function
runs this sequencewithout allowing othercomputationto intervene.Thesecondfunctionconvertsa
wholecomputationto asingleatomicstepin aninterleavedcomputation.M Ô à Ñ ´ ¾ L ¸ N�L µ NQº ¸ L µ NÔ à Ñ³PONQPFL öSR � Ï à ÑUÐ áyåU[�ö�¤ � ¤ ñ åTR}Õw��T¯ ] I�J K NM U áWVYX ´O¸ L µ N�º ¾ L ¸ N�L µ NU áWVYX P ö�¤ � T¯6ZI�J K L Ð ÑUÔ¹L�¤ ñ å)L à ÑUÐ áyå�� T¯6ZI�J K �}Ð ÑUÒØN/N/N
Thefollowing theoremconnectsthebehaviour of thetwo functions.

Theorem 11.15.
# Ö !E0 I ×�JLKü( ���

Proof: Accordingto thedefinitionsof I ×�JLK
and

# Ö !
andusingtheequationalpropertyof theleast

fixedpointoperator, wehave:# Ö !Ë� I ×�JLK�%'�( # Ö !Ë� aª A ��� � � �"!$#��/% î Û � Ö !$�Ø×lÛO0 aª A ��� � 0��"!$-£� � � �( ZS[ ��� � ��* Ö !�� × Û .\�%A�l% î Û � 5£0 aª C ��� � ��� aª A ��� � � �,!�#��/% î Û � Ö !$�Ø× Û 0 aª A ��� � 0 �"!$-£� � � �( * Ö !$�Ø×UÛ .\�%A��% î Û]ZS[m��� � ��* Ö !$�Ø×UÛ .\�%A��% î Û � 5£0 aª C ��� � �65� aª C ��� � � aª A ��� � � �"!$#R�/% î Û¿� Ö !�� ×UÛë0 aª A ��� � 0 �"!$-£� � � � �( * Ö !$�Ø×UÛ .\�%A��% î Û]ZS[m��� � ��* Ö !$�Ø×UÛ .\�%A��% î Û � 5£0 aª C ��� � �65� �"!$#��/% î ÛË� Ö !�� ×UÛë0 aª A ��� � 0 �"!$-£� � �( % î Û � Ö !$�Ø×UÛ�0 aª A ��� � 0 �"!$-£� î Û]ZS[ ��� � ��* Ö !$�Ø×UÛ .\�S%A�l% î Û � 5£0 aª C ��� � �( % î Û ������ Ö !$�Ø× Û � aª A ��� � � �,!�-�Ó� � î Û ZS[ ��� � ��* Ö !$�Ø× Û .\�S%A�l% î Û � 5	0 aª C ��� � � �( % î Û ������^ZS[ ��� � �Q* Ö !$�Ø×UÛ .\�S%A�6% î Û � 5£0 aª C ��� � ��� aª A ��� � � �"!$-�Ó� � �( % î Û �������* Ö !$�Ø×UÛ .\�%A��% î Û]ZS[ ��� � ��* Ö !�� ×UÛ .\�%A�l% î Û � 5£0 aª C ��� � �65� aª C ��� � � aª A ��� � � �"!$-�Ó� � � �( % î Û �������* Ö !$�Ø×UÛ .\�%A��% î Û]ZS[ ��� � ��* Ö !�� ×UÛ .\�%A�l% î Û � 5£0 aª C ��� � �65$� �,!�-�Ó� �( % î Û ������ Ö !$�Ø×6Û=��( % î Û Ö !$�Ø× Û( % :
In order to define an interleaved computationof type ½ �/2Þ�ß� ± �

, it is assumedthat an non-INTERLEAVING

BEHAVIOUR deterministicoption operatoris definedfor computationsrepresentedby monad
2

. This option
operatoris denotedas _ Û andhasthetype:M `"a å ` ´O¸ L µ Ncb ¸ L µ N�º ¸ L µ N
Thesubscriptmaybeomittedif it canbededucedfrom thecontext.

Assumingtheexistanceof operator_ Û , it is possibleto defineanoperatorof theresumptionmonad
transformerfor performingtheinterleaving of computations.It is definedasfollows:
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M `Ldfe ã/äæåhç ` ´ ¾ L ¸ N�LCg�N�b ¾ L ¸ N�LCh NQº ¾ L ¸ N�LCgibjh Ndfe ã/äæåhç P:NkP�L öcR � ö�W�~£[/�^_ �Ï�öSl é � � ñ ã/äæåhç L öSlLm � à ÑUÐ á ã/äòåyç Wfl é [Ylnm°_�N\[/ö�¤ é �Ï�öSl m � ~ ñ ã/äòåyçrL öSlhé � à ÑUÐ áyã/äæåhç	Wflyé^[Wl m _�N\[�ö�¤ m �Ð ÑUÔ¹L�¤Fé ñ å¼L ö$~ ? � à ÑUÐ áyårLoR¹W�~ ? [/�^_�N/N a ¤ m ñ å¼L ö7� ? � à ÑUÐ áyårLoR W�~£["� ? _�N/N/N°Õ¡Õ�N
Thesubscriptmaybeomittedif it canbededucedfrom thecontext. If oneof the two computations
doesnot requirethe executionof any atomicstep,i.e. if oneof the two computationshasalready
beenexecuted,thentheothercomputationis executedandthetwo resultsarecombined.Otherwise,if
bothcomputationsrequireat leastoneatomicstep,thenthereis a non-deterministicoptionof which
computationwill startexecuting.

11.9 Monad for expressionsemantics

Monad R representsthe computationof C expressions.Suchcomputationscanaffect the program DEFINITION

stateandcanbeinterleaved. For thedefinitionof R , theresumptionmonadtransformeris appliedon
thecontinuationmonadp .q R ´sr L µ N P ¾ LutQN�L µ N
Theunit, bind operationandotherpropertiesof monadR arespecifiedin termsof thecorresponding
operationsobtainedfrom theresumptionmonadtransformer.

Again the top elementof domain R � ± �
representserrorsin computations.Non-terminationand ERRORS

errorsareagaincorrectlypropagated.M VhÔ�ÔwvßÔyx ´zr L µ NVhÔ�ÔwvßÔ x P|{
A numberof polymorphicfunctionsareneededfor convertingbetweenvaluesfromvariousmonad L I FTING

domains.Functions
-"�W}ß× ~G���

and
-"��}ß× ����~

areprimitive,whereasall othersaredefinedin termsof other
lifting functions.M Ò Ðo��á\���Ex ´ t LCg�NQº r LCg�NÒ Ðo��á ���Ex P U áWVYXM Ò Ðo��á\x��E� ´=r LCg�NQº�t LCg�NÒ Ðo��á\x��E��P8Ô à Ñ
Thesetwo functionsconvert betweeninterleavedandnon-interleavedcomputations.M Ò Ðo��áL� �cx ´�� LCg�NQº r LCg�NÒ Ðo��áL� �cx P8ÒâÐo��á ���Ex ��ÒâÐo��á�� �c� �}Ò Ð���á^� � �M Ò Ðo��á � �cx ´j� LCg�NQº r LCg�NÒ Ðo��á�� �cx P Ò Ðo��á ���Ex �}Ò Ðo��á�� �c�

Thefollowing functionsimplementspecialoperationsfor monadR .
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M � Vhá��ùáW��áWV x ´=r L��	N� Vhá��ùáW��áWV x PÁÒ Ðo��á\���Ex � VßáW��áW��áWV �ACCESS THE

STATE M U Vhá��ùáW��áWV@x ´ L��Fº��	NQº r L��	NU Vhá��ùáW��áWV@x P Ò Ðo��á\���Ex � U Vhá��ùáW��áWV@�
Thesetwo functionsare lifted versionsof the correspondingfunctionsfor the continuationmonad.
They areusedin thedefinitionof thefollowing functions.M � Vhá�����Ò à V �c���� ´ Ï Ïâ¤�Õ Õf���f� º r L/Ï Ïf�£Õ Õu�Y���,N� Vhá�����Ò à V �c���� P öS�w� � � VßáW�ùá��^áWV x ñ L à ÑUÐ á���L U á��^áWV\�EV\�F  �c���� �w��N/NREADING

VALUES

This functionreadsthevalueof anobjectthat is storedin memory. It takesasparametertheaddress
of theobjectandreturnsacomputationresultingin thestoredvalue.Parameters

%
and ¡ mustsatisfy¡ <Ü(¢��£Ó×,��}Y¤ %

. Theresultinginterleaved computationrequiresonestepfor accessingtheprogram
state.M X à á��y�^Ò à V � �� � ´ Ï Ïâ¤�Õ Õ ���f� ºÞÏ Ïf�£Õ Õ �Y��� º r L/Ï Ïf�£Õ Õ �Y��� NX à á��y�^Ò à V � �� � P ö¥� � � ö¥� � U VßáW��áW��áWV x�L U áW�^á�V ¦rÔ¡Ð áWV � �� � � � �^N ñ L à ÑUÐ á�� L U á��^áWV\�EV\�F  �c���� � � N/NWRITING

VALUES

This functionwritesa valueto anobjectstoredin memory. It takesasparameterstheaddressof the
objectandthe valueto be stored. Again, it mustbe ¡ <Ü(§��£�×,�W}Y¤Ë%

. The result is a computation
whichstoresthevaluein thecurrentprogramstateandreturnsthevaluethatwaspreviouslystoredin
theobject.It requiresonestepfor accessingtheprogramstate.M U Vn¨�XQá ´zr LC©FNU Vn¨�XQá P Ò Ðo��án���Ex�L U VháW��áW��áWV U áW��áWV@ª3vn«*«rÐ á ñ L ö¬ � à ÑUÐ á à N/NSEQUENCE

POINTS

This functionreturnsa computationwhich generatesa sequencepoint. Theprogramstateis changed
by applyingthefunction I ×�£�×�J"®�¯L°±°��Ø×

. Onestepis required.M � à Ò Òo²EPwX	ÔwV U�U ÐovhÑ ´=r LCg�NQº�tÓLCg�N� à Ò Òo²EPwX	ÔwV U�U ÐovhÑ P öcR � Ò Ðo��á x��E� LoR ñ L öc� � U Vn¨�XQá ñ L öc³ � à Ñ�Ðâá��^N/N/NFULL

EXPRESSIONS

This function converts the interleaved computation,which representsa full expression,to a non-
interleavedcomputation.A sequencepoint is generatedafterthefull expressionhasbeenevaluated.

11.10 Envir onments

Thedomainsdefinedin this sectionrepresentvariouskindsof dynamicenvironments.Suchenviron-
mentsareeitherthedynamicequivalentof staticenvironments,or provide informationaboutaspects
of theprogramthatis not includedin theprogramstate,suchasthemeaningsof definedfunctions.

11.10.1 Typeenvir onments

Dynamictypeenvironmentsassociateidentifierswith theirdynamicmeanings.Sinceastaticmeaning
of an identifier is requiredto beknown beforea dynamicmeaningcanbegiven,dynamictypeenvi-
ronmentsarecloselyrelatedto statictypeenvironment.Givena statictypeenvironment ´ , * * ´ 5 5�µ�¶7·

is
thedomainof dynamictypeenvironmentsthatarerelatedto ´ .
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q ¸ ´ Ï Ï�¹�Õ Õoº^»¼� P LC½ ´^¾G¿3À(Á Ï Ïf¹cÂz½lÕ Õ,Ncb�Ï Ï"Ã�¹wÕ ÕfºL»w�
DEFINITION

Justasstatictypeenvironments,dynamictypeenvironmentsareorganizedin a tree-like structureof
nestedscopes.In thefirst partof theproduct,eachidentifieris associatedwith its dynamicmeaning.
Noticetheuseof thedependentfunctionhere.Thesecondpartof theproductrepresentsthedynamic
environmentof theenclosingscope.It is equalto � in thecaseof theoutermostscope.

Givenastatictypeenvironment́ , thedynamicmeaningof identifier Ä is anelementof thedomain* * ´�Å±Ä 5 5
. Thisdomainis definedasfollows:Ï Ïo¹cÂz½6Õ Õ�PÇÆ£Ð U�È vnÉ¼�^ÒhLC¹°[�½�Ð� @V�NQºÊ©p[ËLÌ@Í À ¹¶Ï ½$Ôw�yÎ�Ðo FV�ÕyÏ ÐÑkvßÔw«*��Ò Ï ÑlÕ=Ò Ï ÏfÑÓÕ ÕC� � »Ï@Ó�Ô ÀyÕ�ÖØ× Í À ÒÙ©

If Ä is anidentifierdeclaredlocally in ´ anddoesnotcorrespondto a typedef, thenits dynamicmeaning
is anelementof thedynamicdomainthatcorrespondsto its staticdenotabletype. Otherwise,it is an
elementof thetrivial domainÚ .

Thefollowing operationsaredefinedfor dynamictypeenvironments.M `�Û�` ´ ¹ ´^ÜÝ Ó�Þ�Ï Ï"Ã�¹�Õ ÕfºL»w�QºÞÏ Ïo¹�Õ Õoº^»¼�¹ Û ¸ PÇß À Ó ¤jà6P�öS½ � Æ£Ð U�È v\Éw��ÒyLC¹°[Y½$Ðo @VUNQº à [ËLÌ Í À ¹wÏ ½$Ôw�yÎ�Ðo FV�ÕyÏ ÐÑkvßÔw«*�^ÒÓÏ ÑlÕ=Òá{Ï ÓGÔ ÀyÕ\Ö(× Í À Ò à×fÝ W�¤jà,[ ¸ _
OPEN SCOPE

This operationcreatesa dynamictype environment,taking asparametersthe relatedstaticenviron-
mentandthedynamicenvironmentthatcorrespondsto theenclosingscope.Local identifiersthatdo
not correspondto a typedefareassociatedwith the error value � , reflectingthe fact that they rep-
resentobjectswhich have not beengivenanaddressyet. This is fixedby thedynamicsemanticsof
declarations.M ` Ã ` ´ ¹ ´^ÜÝ Ó�Þ�Ï Ïf¹wÕ Õoº^»w�QºÞÏ Ï"Ã�¹�Õ Õoº^»¼�¹¥Ã ¸ PÇß À Ó�W�¤�[ ¸ C _�P ¸ ×fÝ ¸ C CLOSE SCOPE

Thisoperationreturnsthedynamicenvironmentcorrespondingto theenclosingscopeof â .M É¡ÔwV\��áWV ´ ¹ ´^ÜãÝ Ó Á Ï Ïo¹�Õ Õ º^»¼� º ¾G¿HÀ º � L/Ï Ïf¹wÕ Õ º^»w� NÉ¡ÔwV\��áWV»P öS¹ � ö ¸ � ö½ �ß À Ó�É�ÔwV\�^á�V@äWåfæ ´ Ñ ´^çéèQê�À � � » Á Ï ÏfÑ�Õ Õ � � »É�ÔwV\�^á�V@äWåfæ�P�öSÑ � ËnÌ Í À Ñ(Ï Ðë Ò|É�ÔwV\�^áWV�ìfíïî ë ÑkVnÎ(ð�ñ�ò�V\É¡áLó3ìV Ò ÑkV\Îãô à ÑkÉ¡á"ÐovßÑÉ�ÔwV\�^á�V ìfíïî ´ ë ´7çéèQê�À õYöø÷SÁ s(ùQú�º s�û Í À Ó�ºðÏ Ï ë Õ Õ õYöø÷É�ÔwV\�^á�V@ìfíïîSP�ö ë � ö ¯ � ö�ü � ËLÌ Í À ë Ï Ðv\ñ�ò Ï ��[YýØÕ Ò W ¯ [�ü¶_��Ô¡Ô¼�Gþ�Ï ë ? [ � Õ�ÒÌöÿ � LCÿ��gì¶NU�OLCÿ�� � NQº É�ÔwV\�^áWV ìfíïî ë ? ¯ Lïü���ÿ `wU Ð��\V\v\�lL ë N/Nl[�{W�¤+à"[ ¸ C _üP ¸×fÝ Æ£Ð U�È v\Éw��ÒhLC¹¶[Y½�Ðo FVUN�º�{�[ËLÌ Í À ¹¶Ï ½�Ô¼�yÎ�Ðo @V�ÕyÏ ÐÑkvßÔw«*�^ÒÓÏ ÑlÕ=Ò à ÑUÐ á�W�¤ à |�½��ºÊÉ¡Ô¼Vn��áWV ä�åfæ Ñù�¶[ ¸ C _Ï ÓGÔ ÀyÕ\Ö(× Í À Òá{

CREATE

OBJECT
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This function createsthe objector function that correspondswith identifier Ä in the given dynamic
environment. The result is the updateddynamicenvironment. An error occursif Ä is not defined
locally in theenvironmentor if it is a typedef. If theobjectis anarray, all of its elementsarecreated.M �^ÒâÒovnÉ¼�^á�V ´ ¹ ´^ÜãÝ Ó Á Ï Ïo¹�Õ Õoº^»¼��º ¾G¿HÀ º�t LC©FN�^ÒâÒovnÉ¼�^á�V¿P öS¹ � ö ¸ � ö½ �ß À Ó��^Ò Ò�vnÉ¼�^áWV�äWåfæ ´ Ñ ´^çéèQê�À � � » Á Ï ÏfÑ�Õ ÕC� � »©º t LC©FN�^Ò Ò�vnÉ¼�^áWV�äWåfæ�P�öSÑ � öS� � ËLÌ@Í À Ñ Ï Ðë Ò|��Ò Òov\Éw��áWVyìfíïî ë �V Ò à ÑUÐ á à�^Ò Ò�vnÉ¼�^áWV�ìfíïî ´ ë ´7çéèQê�À õYöø÷ Á Ï Ï ë Õ Õ õYöø÷ º�tÓLC©ëN�^Ò Ò�vnÉ¼�^áWV�ìfíïîSP�ö ë � ö¥� � ËLÌ@Í À ë Ï@Ðv\ñ�ò Ï ��[YýØÕ Ò U Vhá��ùáW��áWV@��L U á��^áWV
	�Ò Ò�vnÉ¼�^áWV ìfíïî�� � � 
� �^N ñ L öã¬ � à ÑUÐ á à N��Ô¡Ô¼�Gþ�Ï ë ? [ � Õ�ÒÇ�fvhÒ� �Ò ÑëÏ ìw[ ����� ÕUL öÿ � ��Ò Òov\Éw��áWV�ìfí î ë ? Lf�éÿ�N/NÓL à ÑUÐ á à NW�¤ à [ ¸ C _ P ¸×fÝ Æ	Ð U�È vnÉ¼�^ÒhLC¹°[�½�Ðo FV�NQº�{�[ËLÌ Í À ¹wÏ ½$Ôw�yÎ�Ðo FV�ÕyÏ ÐÑkvßÔw«*�^Ò�Ï ÑlÕ>ÒÇ��Ò Òov\Éw��áWVyäWåfæ�ÑL�¤jà ½�NÏ ÓGÔ ÀyÕ\Ö(× Í À Òá{

ALLOCATE

OBJECT

This functionallocatestheobjectthatcorrespondswith identifier Ä in thecurrentprogramstate.The
result is a computationwith an unimportantresult. An error occursif Ä is not definedlocally in
the environmentor if it is a typedef. If the objectis an array, all of its elementsareallocated. If Ä
correspondsto a function,theprogramstateremainsunaltered.M  @V U á"ÔwvYþ ´ ¹ ´7ÜÝ Ó Á Ï Ïo¹wÕ ÕfºL»w�	º ¾w¿HÀ º t LC©ëN @V U á"ÔwvYþ=P ö¥¹ � ö ¸ � ö½ �ß À Ó� @V U á"ÔwvYþ ä�åfæ ´ Ñ ´^çéè3ê�À � � » Á Ï ÏoÑÓÕ Õ � � » º t LC©ëN @V U á"ÔwvYþ ä�åfæ PgöÑ � ö¥� � ËnÌ Í À Ñ Ï@Ðë ÒÇ @V U á"ÔwvYþ ìfíïî ë �V Ò à Ñ�Ðâá à @V U á"ÔwvYþ ìfí î ´ ë ´LçéèQê�À õYö ÷SÁ Ï Ï ë Õ Õ õYö ÷ º�t LC©FN @V U á"ÔwvYþ ìfí î Pgö ë � öc� � ËLÌ Í À ë Ï Ðv\ñWò Ï �w[YýßÕ Ò U VßáW��áW�^á�V � L U áW��áWV��V U á,ÔwvYþ ìfí î�� � � 
� �^N ñ L ö¥¬ � à ÑUÐ á à N��Ô¡Ôw�GþëÏ ë ? [ � Õ�ÒÇ�fvßÒo �ÒâÑFÏ ì�[ ����� ÕùL öSÿ �  @V U á"ÔwvYþ ìfí î ë ? Lf��ÿ�N/N�L à ÑUÐ á à NW�¤jà"[ ¸ C _ P ¸×fÝ Æ	Ð U�È vnÉ¼�^ÒhLC¹°[�½�Ðo FV�NQº�{�[ËLÌ Í À ¹wÏ ½$Ôw�yÎ�Ðo FV�ÕyÏ ÐÑkvßÔw«*�^Ò�Ï ÑlÕ>ÒÇ FV U á"Ô¼v�þ äWåfæ ÑBL�¤ à ½�NÏ ÓGÔ ÀyÕ\Ö(× Í À Òá{

DESTROY

OBJECT

This functiondeallocatestheobjectthatcorrespondswith identifier Ä from thecurrentprogramstate.
Theresultis a computationwith anunimportantresult. An erroroccursif Ä is not definedlocally in
theenvironmentor if it is a typedef. If theobjectis anarray, all of its elementsaredeallocated.If Ä
correspondsto a function,theprogramstateremainsunaltered.M Òov\v�� à X ´ ¹ ´7ÜãÝ Ó Á Ï Ïf¹�Õ Õoº^»¼�Qº ½ ´^¾w¿HÀ(Á � L/Ï Ïf¹SÂj½UÕ Õ,NÒov\v�� à X8P öS¹ � U á"Ô¡ÐoÉ�á���L ö ¸ � ö¥½ �ß À Ó�W�¤�[ ¸ C _£P ¸×fÝ Æ	Ð U�È vnÉ¼�^ÒhLC¹°[�½�Ðo FV�NQº�{�[ËLÌ Í À ¹wÏ ½$Ôw�yÎ�Ðo FV�ÕyÏ ÐÑkvßÔw«*�^Ò�Ï ÑlÕ>Ò ¤ à ½Ï ÓGÔ ÀyÕ\Ö(× Í À Òá{rN

LOOKUP
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This function returnsthe dynamicmeaningof identifier Ä in â . An error occursif Ä is not defined
locally in theenvironmentor if it is a typedef.

11.10.2 Member envir onments

Dynamicmemberenvironmentassociateidentifiersthataremembersof structuresor unionsto their
dynamicmeanings. Again, the static memberenvironmentsmust be known. They comein two
flavours. In the first case,the dynamicmeaningsof membersare elementsof dynamicdatatype
domains.In thesecond,they areelementsof dynamicmembertypedomains.Thus,thefirst casecor-
respondsto treatingamemberasthevaluethatit contains,whereasthesecondcorrespondsto treating
it asanl-value.

Givenastaticmemberenvironment� andanidentifier Ä thatisdeclaredin � , thedynamicdomains* * � Å Ä 5 5���� ·
and

* * � ÅÊÄ 5 5
��� �
that aredefinedbelow representthe two aforementionedflavoursof

dynamicmeanings.Ï Ï"!*Âz½UÕ Õu�Y���RPÇß À Ó�W � [/¤ q [/¤jà _�P#! ×fÝ ËLÌ@Í À ¤jà"½¥Ï Ðv\ñWò Ï �w[YýßÕ Ò Ï Ïf�£Õ Õ �Y���ñ�Ð áWNkVhÒ� FÏ $ [�ýw[ � Õ�Ò Ï Ï� @��á"Ðo� þ%$}Õ Õ �Y���Ï Ó�Ô À�Õ�ÖØ× Í À ÒÙ© DEFINITION

Ï Ï"!*Âz½UÕ Õ ���f� P|ß À Ó�W � [�¤ q ["¤ à _�P&! ×fÝL�¤jà@½¹P±{rN	ºÊ©p[}Ï Ï ¤+à ½UÕ Õf���f�
It shouldbenotedthatarraymemberscanonly begivenmeaningsof thesecondflavour.

Thefollowing two functionsareusedfor lookingup thedynamicmeaningof structureandunion LOOKUP

membersrespectively.M U á"Ô à É¡á('=V\«*ñFVßÔ*) ´,+�¿)¿HÕ º ½ ´L¾G¿HÀ Á Ï Ï�!�Âz½lÕ Õo���o�M à ÑUÐovßÑ-'zVn«*ñ�VhÔ ) ´,+�¿H¿HÕ ºÊ½ ´n¾G¿3ÀØÁ Ï Ï.!*Â ½UÕ Õ ���f�
Both functionstake asparameterstheaddressof thestructureor unionobjectandtheidentifierof the
member. Theirdefinitionis implementation-definedandis omittedhere.

11.10.3 Function prototypes

The dynamicdomainsrelatedto function prototypes.Given a function prototype/ ,
* * / 5 51032 P · is the

domainof dynamicvaluesfor theactualparametersof functionswhoseprototypeis / .q Ï Ï 4QÕ Õ"5�6 õ � P 7 ´�8 Á Ï Ï 4(Â97�Õ Õ
DEFINITION

For eachof the function’s parametera dynamicmeaningis associated.That is, for a given function
prototype/ anda given integer number: , * * /]Å;: 5 5

is thedomainof possibledynamicvaluesfor the
: -th argumentof / . Thisdomainis definedbelow.Ï Ï 4(Â<7\Õ Õ)P ß À Ó�W � [�¤ C [�= A(>?> _�P@4 ×fÝL � ¥�7 ¥ � N�ºÞÏ Ï ¤ C 7�Õ Õ �Y��� [= A1>?> �OL.7Ó¨ � NÓº +�Õ�A [ ¾
Notice that the presenceof ellipsis in function prototypesperplexes the definition of this domain.
Thedynamicmeaningof actualparametersthat fall in thepartof theprototypeafter theellipsisare
elementsof thespecialdomain

ÃCBED
, definedasthecoalescedsumof all dynamicdatatypedomains.
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q +�Õ�A P F� vHGJI�K�LNM.OQP Ï Ïo�£Õ Õ �Y���
11.10.4 Function codeenvir onments

Functioncodeenvironmentsassociatefunctionidentifiers,i.e.elementsof domainRTS�U to thedynamic
meaningsof their definitions. The useof pointersto functionsin C, combinedwith type casting,
enforcesrun-timecheckingof functiontypesin thesemanticsof functioncalls.Thus,thestatictypes
of functionsmustbeincludedin thedynamicenvironment.q ó ´WV Ï ¿ P XZY Ý º V ´^çéè3ê�À\[�] » Þ Ï Ï V Õ Õ ["] »

DEFINITION

Thedefinitionof functioncodeenvironmentsis straightforward. They arefunctionstakingasparam-
etera function identifier. Notice the useof a dependentproductin the result. The first part of the
productis thefunction’s statictypeandthesecondpartis thedynamicmeaning.

Thefollowing operationsaredefinedfor functioncodeenvironments.M ` Ï ` Õ ´^V Ï ¿ b_X`Y Ý º � L V ´^çéè3ê�À [�] » Þ Ï Ï V Õ Õ [�] » Nó�Ï �bahÕ PcL óS�ba9cP {rN	º à Ñ�Ðâá�L ó¥�ba¶N6[3VhÔ�ÔwvßÔLOOKUP

Thisoperationreturnsthedynamicmeaningof agivenfunctionin agivenfunctioncodeenvironment.
An erroroccursif thefunctionis notdefined.M ` Ï ` �º ` Õ ´^V Ï ¿ b9XZY Ý b�L V ´7çéèQê�À ["] » Þ�Ï Ï V Õ Õ [�] » NQº � L V Ï ¿ Nó�Ï �bad�ºfe$ÕgP à ÑUÐ á ów|��ba�� ºge��UPDATE

This operationupdatesthe functioncodeenvironment ô by settingthedynamicmeaningof functionhji
to k . Theresultif theupdatedenvironment.

11.11 Scopes

The modelling of nestedscopesin dynamictype environmentsis not adequatefor the developedMOTIVATION

semantics.C allowsjumpsof variouskindsbetweendifferentandevenunrelatedscopes.Furthermore,
thestandardrequiresthatobjectallocationanddeallocationmusttakeplacein jumpsbetweendifferent
scopes.For thesereasons,aspecialtreatmentof scopesis requiredin thedynamicsemanticsof C.

Every scopeis identifiedby an elementof domain lnm-oqpdr`sut , i.e. an integer number. The topDEFINITION

elementof this domaincorrespondsto theoutermostscope.Domain lnm-oqp�r representsinformation
aboutscopesandtheirstructure.q � Ë Ï ê�Ày¾G¿ P vq w ´ � Ë Ï ê�À P � Ë Ï ê�Ày¾w¿ b�L�� Ë Ï ê�Ày¾G¿ º � Ë Ï ê�Ày¾G¿ N�b L�� Ë Ï ê�À�¾w¿ º ÜãÝ ÓßNb$L�� Ë Ï ê�Ày¾G¿ º�¹ ´^ÜÝ Ó Á Ï Ï"Ã�¹�Õ Õ º^»¼� º t L/Ï Ï�¹�Õ Õ º^»¼� N/Nb$L�� Ë Ï ê�Ày¾G¿ º�¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õ º^»¼� º t L/Ï Ï"Ãé¹�Õ Õ º^»¼� N/N



11.11. Scopes 151

The first part of the productin lnm-oqpdr is the identifier of the currentscope. The secondpart is a
functionmappingeachscopeidentifier to the identifierof theenclosingscope,representingthusthe
tree-like structureof scopes.The third part is a function which associatesscopeswith their static
typeenvironments.Finally, thefourthandfifth partsassociatescopeswith theactionsof creatingand
destroying objects,i.e.with thenotionsof thedynamicmeaningof declarationsthataremadein these
scopes.

Thefollowing functionsconcerningscopesandscopeinformationareusefulin thespecification
of thesemanticsfor C statements.M U ÉwvYX�V\²E«éXQá þ A ´ � Ë Ï ê�ÀU ÉwvYX�V\²E«éXQá þ A PcWu{[Y{[�{r|n{x�º�¹h�¶[�{[Y{�_ EMPTY SCOPE

An emptyscopeinformationcontainsonly the outermostscope.The last two partsare � sincethe
outermostscopecontainsnostatementsandjumpstherearenotallowed.M U ÉwvYX�V\yãVßá{zY  ´ � Ë Ï ê�À º � Ë Ï ê�Ày¾w¿U ÉwvYX�V\yãVßá{zY =P ö w � ß À Ó�W � [�¤ C [�¤ A [/¤9| [�¤�}ß_ P w ×fÝ � GET

IDENTIFIER

This functionreturnstheidentifierof thecurrentscope.M  @V\N�ÑkV\~�Òov\É � ´ � Ë Ï ê�À�¾w¿ º ÜãÝ Ó�ºLC¹ ´^ÜÝ Ó Á Ï Ï"Ã�¹�Õ Õ º^»¼� º t L/Ï Ï�¹�Õ Õ º^»w� N/N�ºLC¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õoº^»¼�Qº�t L/Ï Ï"Ãé¹�Õ Õoº^»w�,N/N�º�� Ë Ï ê�À º � L�� Ë Ï ê�À N @V\N�ÑkV\~�Òov\É �=P ö�¤ � ö¹ � ö V | � ö V } � ö w � ß À Ó�W � [�¤ C [�¤ A [/¤ | [�¤ } _ P w ×fÝà ÑUÐ á�W�¤�[,¤ C |Ø¤��º � �¶[�¤ A |Ø¤��ºÊ¹h�¶[�¤9|¡| ¤��º V | �°[�¤9}h|Ø¤��º V }y�ß_
DEFINE BLOCK

Thisfunctiondefinesanew scope.Its parametersaretheidentifierfor thenew scope,its statictypeen-
vironment,thefunctionsfor thecreationanddestructionof localobjectsandthestructurerepresenting
currentscopeinformation.Theresultis theupdatedscopeinformation.M VhÑk �~}ÒovnÉ�� ´ � Ë Ï ê�À º � L�� Ë Ï ê�À NVhÑk �~}ÒovnÉ��=P ö w � ß À Ó�W � [/¤ C [/¤ A [/¤ | [/¤ } _ÓP w ×fÝ à Ñ�Ðâá�W�¤ C � [/¤ C ["¤ A ["¤ | [/¤ } _ END BLOCK

This functionleavesthecurrentscopeandreturnsto theenclosingone.M Ð Ñk�3É¼v�X)V ´ � Ë Ï ê�Ày¾G¿ ºÞL�� Ë Ï ê�À ºÊg�NQº � Ë Ï ê�À º�gÐ Ñk�3É¼v�X)V¿P ö�¤ � ö V � ö w � ß À Ó�W � [/¤ C [/¤ A [/¤ | [/¤ } _ÓP w ×fÝ V W�¤�["¤ C [/¤ A [/¤ | [/¤ } _ IN SCOPE

Thispolymorphicfunctionsetsthecurrentscopeto theoneidentifiedby its first parameter.M U ÉwvYX�V�� U V ´ � Ë Ï ê�À ºðL�� Ë Ï ê�À ºÊg�NQº � Ë Ï ê�À ºÊgU ÉwvYX�V�� U V»P ö w � ö V � ö w ? � V�w USE SCOPE

This polymorphicfunctionis mostlyusedon elementsof domainsof type �T� � ± �
and ��� � ± �

, which
have thegeneralform lnm-o�pdr D

andaredefinedin Section11.12.Viewedunderthis perspective, it
returnsacomputationwhich thescopeinformationgivenby thefirst parameter.
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M U ÉwvYX�V\yãvßáWv ´ � Ë Ï ê�À º � Ë Ï ê�Ày¾G¿ ºÊ¹ ´^ÜãÝ Ó Á Ï Ïf¹wÕ Õoº^»w�Qº t LC¹ ? ´^ÜÝ Ó�Þ�Ï Ïf¹ ? Õ Õoº^»¼�/NU ÉwvYX�V\yãvßáWv P ö w � ö$¤ � öS¹ � ö ¸ �ß À Ó�W � [�¤ C [/¤ A [/¤9|Ø[/¤9}h_ùP wÐ U 	�ÑkÉwV U áWvßÔ ´ � Ë Ï ê�Ày¾G¿ º�� Ë Ï ê�Ày¾G¿ º çÐ U 	�ÑkÉwV U áWvßÔ P�ö$¤ � NkPëL öSR � ö �Q� L�¤EP � NQºõá"Ô à V�[L � P±{rN	ºÊ�f��Ò U V�[R3L�¤ C � N/NÉwv\«�«*vßÑ�	�ÑkÉwV U áWvhÔ ´ � Ë Ï ê�Ày¾G¿ b � Ë Ï ê�Ày¾G¿ º � Ë Ï ê�Ày¾G¿Éwv\«�«*vßÑ�	�ÑkÉwV U áWvhÔcP�NkPëL öcR � ö�W�¤�[ � _ � L Ð U 	�ÑkÉwV U áWvhÔ©¤ � NÓºË¤p[L Ð U 	�ÑkÉwV U áWvhÔ � ¤ëN�º � [R W�¤ C ¤O[/¤ C � _�N� U É¼VhÑk  ´ � Ë Ï ê�Ày¾G¿ b � Ë Ï ê�Ày¾G¿ º ¹ ´7ÜÝ Ó Á Ï Ïo¹wÕ ÕfºL»w�	º�tÓLC¹ ? ´^ÜÝ Ó�ÞOÏ Ïf¹ ? Õ Õoº^»w�,N� U É¼VhÑk  P�NkPëL öcR � ö�W�¤�[ � _ � ö¥¹ � ö ¸ � L�¤�P � N�º à ÑUÐ á�WC¹°[ ¸ _l[R W�¤�["¤ C � _H¹ ¸ ñ L ö�WC¹ ? [ ¸ ? _ �ß À Ó�¹ ? ? P ¤ A �×fÝ ¤ | � ¹ ? ? ¸ ? ñ L ö ¸ ? ? �à ÑUÐ á�WC¹ ? ? [ ¸ ? ? _�N/N N @V U ÉwVßÑQ  ´ � Ë Ï ê�Ày¾G¿ b � Ë Ï ê�Ày¾G¿ º ¹ ´7ÜÝ Ó Á Ï Ïo¹wÕ Õ ºL»w� º�tÓLC¹ ? ´^ÜÝ Ó�ÞOÏ Ïf¹ ? Õ Õ º^»w� N @V U ÉwVßÑQ  P�NkPëL öcR � ö�W�¤�[ � _ � ö¥¹ � ö ¸ � L�¤�P � N�º à ÑUÐ á�WC¹°[ ¸ _l[¤ } ¤ ¹ ¸ ñ L ö ¸ ? �ß À Ó�¹ ? P&¤ A L�¤ C ¤ëN×fÝ R3W�¤ C ¤�[ � _H¹ ? ¸ ? N,Nÿ P�Éwv\«*«�vßÑ�	�ÑkÉwV U áWvßÔFW � [/¤ë_×fÝ  @V U ÉwVßÑQ �W � [�ÿ^_3¹ ¸ ñ L ö©WC¹ ? [ ¸ ? _ �� U É¼VhÑk �WCÿ6[/¤ë_Q¹ ? ¸ ? N

GO TO SCOPE

This function performsa changein the static and dynamicenvironments,requiredwhen jumping
betweendifferent scopes. It takes as parametersthe currentscopeinformation,an identifier for a
targetscopeandthecurrentstaticanddynamicenvironments;it returnsacomputationresultingin the
environmentscorrespondingto the targetscope.This computationensuresthatall objectsgoingout
of scopearedestroyed andall objectscominginto scopearecreated.Thetree-like structureusedin
thescopeinformationis usedfor thispurpose.q � V P � Ë Ï ê�Ày¾w¿ b�LC¹ ´^ÜãÝ Ó Á Ï Ïo¹�Õ Õoº^»¼��º V N

SCOPES AND

CONTINUA-
TIONS

Thedomain lT� representsacontinuationthatjumpsto adifferentscope.Thefirst partof theproduct
is the identifierof the scopewherethe jump is made. The secondpart is a functionwhich, given a
staticanddynamicenvironmentfor thescopeidentifiedby thefirst part,returnsacontinuation.M «*�E� V\��ª ´ � Ë Ï ê�Ày¾G¿ ºÞLC¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õ º^»¼� º V NQº � V«*�E� V\��ª P ö �Q� ö V � W�¤O[ V _
Thissimplefunctioncreatesanelementof lT� from its components.M ÉwvßÑ-�7VhÔ�áW�Eª ´ � Ë Ï ê�À�¾w¿ º V º � VÉwvßÑ-�7VhÔ�áW�Eª P ö �Q� ö%� � «��b� V\�Eª ¤EL ö¹ � ö ¸ � � N
This function convertsa continuationto an elementof l�� , usingthe given scopeidentifier for the
targetscope.
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M à U V@ª3vßÑUá"Ð Ñ à �^á"Ð�vhÑ ´ ¹ ´7ÜãÝ Ó Á Ï Ïf¹�Õ Õoº^»¼�Qº � Ë Ï ê�À º � V º t LC©ëNà U V@ª3vßÑUá"Ð Ñ à �^á"Ð�vhÑ P öS¹ � ö ¸ � ö w � ön� � ß À Ó�W�¤�[ V _ÓP�� ×fÝU ÉwvYX�V\yãvßáWv w ¤ ¹ ¸ ñ L ö¥¹ ? [ ¸ ? � V U É¼��X)VBL V ¹ ? ¸ ? N/N
This function performsa jump usinga continuationfrom a differentscope. The currentstaticand
dynamictypeenvironmentsarepassedasparameters,togetherwith thecurrentscopeandthecontin-
uationthat will be used. In its definition, function ÖSI J"®*¯y!¹×,�"! Ö £Ó×,��¯y!

usesfunction IE� ¯LKãJJ�z¯6×�¯
to

changeto theproperenvironmentfor thetargetscopeandthenfunction
J IE� £ KãJ to performthejump.

Theresultis acomputationof unimportantresult.

11.12 Monads for statementsemantics

Two familiesof monadsaredefinedin thissectionfor representingthedynamicsemanticsof C state-
ments. Thesemonadsareclosely relatedandpresentmany similarities. In brief, the family � of
monadsrepresentscomputationscorrespondingto theexecutionof statements,whereasthefamily �
of monadsis usedfor the extractionof otheruseful informationconcerningthe executionof state-
ments.q ÿ ´�� � L µ N P � Ë Ï ê�À º � V b � V ºÞL/Ï Ïf�£Õ ÕC�Y���	º � V N�º t L µ N

MONAD �
For a given datatype ¡ , monad �T� is usedin thedynamicsemanticsof statementsin thebodyof a
functionwhoseresulttypeis ¡ . Elementsof domain �T� � ± �

arefunctionswhoseparametersare:! Thecurrentscopeinformation;! A pairof continuationscorrespondingto breakandcontinuestatements;! A functionmappingpossibleresultsof thecurrentfunctionto correspondingcontinuations.

Theresultis acomputationresultingin ± . All parametersmaybeviewedasinformationthatis passed
to thecomputation.Theunit of monad�T� is definedas:M à ÑUÐ áH� ´Oµ º � � L µ Nà ÑUÐ á � P öSl � ö w � ö©W.� � [���|¡_ � ö%��� � à ÑUÐ á � l
thatis, thegivenparametersaresimply ignored.Thebindoperatoris definedas:M ` ñ � ` ´@� � LCg�N�b�LCg�º � � LCh N/N	º � � LCh3Nÿ ñ � V P ö w � ö�W.� � [
� |§_ � ö%��� � ÿ w W.� � [
� |§_j��� ñ � L ön� � V � w W.� � [
� |§_����ßN
which meansthatthevaluesof theparametersareusedthroughoutthewholecomputation.It is easy
to seethatthismonadsatisfiesthethreemonadlaws.q � ´�� � L µ N P � Ë Ï ê�À º � V b � V ºÞL/Ï Ïf�£Õ Õ �Y��� º � V N�ºðLC©Eº V NQº µ

MONAD �
In a way similar to monad ��� , monad ��� is definedfor all datatypes ¡ . Elementsof type ��� � ± �

are
functionswhich take asparametersall thethosedescribedabove andalsothefollowing:! A continuationcorrespondingto thestatement’s normalcompletion.

Theresultis notacomputation,but only anelementof type ± . Thetype Ú D � hasbeenchosenfor
thelastparameter, insteadof just � , sothat ��� ��� �

and ��� � � �
arethesamedomain.This is a useful

propertythatwill beusedlater. Theunit of monad� � is definedas:
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M à Ñ�Ðâá�� ´�µ º � � L µ Nà Ñ�Ðâá���P öSl � ö w � ö�W.� � [
� | _ � ön� � � öT� � l
ignoringall parameters,whereasthebindoperatoris definedas:M ` ñ � ` ´ � � LCg�NEb�LCg�º � � LCh3N/NQº � � LCh N� ñ � V P ö w � ö�W.���Ø[
� |§_ � ö%��� � ö�� � ß À Ó¡� P�� w W.��� [�� |§_-���¢� ×fÝ V � w W.���Ø[
��|¡_j�����

Again it is easyto verify thatthemonadsatisfiesthethreemonadlaws.

Similarly to the previously definedmonads,top elementsof monads � � and � � representtheERRORS

occurenceof errors.M VhÔ�ÔwvßÔ � ´@� � L µ NVhÔ�ÔwvßÔE�mPÇ{
M VhÔ�ÔwvßÔ � ´ � � L µ NVhÔ�ÔwvßÔE��PÙ{

The following functionsareuseful for converting betweenvariouskinds of monads.PrimitiveL I FTING

functionsare
-"�W}ß× ����£

and
-"�W}ß×E¤ ��¥

andall otherfunctionsarederived.M Ò Ðo��á x��%� ´=r LCg�N�º � � LCg�NÒ Ðo��á x��%� P öcR � ö w � ö©W.� � [
� | _ � ö%��� � � à Ò Òo²�PwXQÔwV U�U ÐovßÑ+R
M Ò Ðo��á�� �%� ´+� LCg�N�º � � LCg�NÒ Ðo��á�� �%� P à Ñ�Ðâá �
M Ò Ðo��áL� ��� ´�� LCg�NQº � � LCg�NÒ Ðo��á � ��� P8Ò Ð���ánx����Ó� Ò Ðo��á\���Ex � Ò Ðo��á � �E���}Ò Ðo��á � � �M Ò Ðo��áL� ��� ´T� LCg�N	º � � LCg�NÒ Ðo��á � ����PÁÒ Ðo��á � ���6� ÒâÐo��á � � �M Ò Ðo��á�� �%� ´j� LCg�NQº � � LCg�NÒ Ðo��á � �%�mP Ò Ðo��á\x��%� �}Ò Ðo��á\�Y�cxÓ�}Ò Ðo��á � �E�M Ò Ðo��á ���%� ´ t LCg�NQº � � LCg�NÒ Ðo��á\���%�mP Ò Ðo��ánx��%����ÒâÐo��á\���Ex

Thefollowing functions,mostof whicharepolymorphic,defineaspectsof theexecutionbehaviour
of statements.
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M ÔwV U à Òâá � ´ ¹ ´7ÜÝ Ó Á Ï Ïf¹�Õ ÕfºL»w�QºÞÏ Ïo�£Õ Õ �Y��� º � � LC©FNÔwV U à Òâá � P öS¹ � ö ¸ � öS� � ö w � ö�W.� � [
� | _ � ö%� � � à U V ª3vßÑUá"Ð Ñ à �^á,ÐovhÑj¹ ¸¦w L.� � �^N FUNCTION

RESULTS

Thisfunctionterminatesexecutionof thefunctionbodyby returningtheresultvaluegivenby its third
parameter. The first two parametersare the staticanddynamictype environments. The result is a
statementcomputationof anunimporantresult.M � à Ñkñ�vn �þ ´ � � L1§�NQº r L/Ï Ïf�£Õ Õ �Y��� N� à Ñkñ�vn �þ³P ö¥ÿ � Ò Ðo��á\���Ex�L ö�� � ÿ�{«Wu{[�{�_QL/LoÉwvßÑ��7VßÔ¡á��Eª5{rNU�¢�6NÓL öS³ � � {rN/N
This functionconvertsa statementcomputationrepresentingthebodyof a functionto anexpression
computation.The resultof the expressioncomputationis the result that is returnedby the function
body.M à U V ´@� � LCg�NQºÞLCg�º � � LC©FN/N�º � � LC©FNà U V¿P ö�� � ö V � ö w � ö�W.� � [
��|¡_ � ö%��� � öT� � V LY� w W.� � [
� |§_����¢�UN w W.� � [
��|¡_j���¡� COMBINING �

AND �

This polymorphicfunctionis thebridgebetweenmonads�T� and ��� . It resemblesthebind operator.
Thevaluethat is hiddenin themonadin the first parameteris appliedto the function in thesecond
parameterandtheresultis returned.M �fvhÒ Ò�vnÎ ´ � � LCg�NQº � � LC©FN�º � � LCg�N�fvhÒ Ò�vnÎþP ö$� � ö V � ö w � ö�W.� �ß[
� |§_ � ö%��� � ö�� � � w W.� � [
��|§_�����L öS³ � ÿ w W.� �Ø[�� |§_-���¢�6N
This polymorphicfunctionspecifiesthatthestatementwhosesemanticsin isolationis definedby the
first parameteris followed, undernormalorderof execution,by the statementwhosesemanticsis
definedby thesecondparameter. Theresultis theupdatedsemanticsof thefirst parameter.M � Vhá{~}ÔwV\�E� ´ ¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õoº^»¼�Qº � � LC©ëN� Vhá{~}ÔwV\�E� P ö¥¹ � ö ¸ � ö w � ö©W.� � [
� | _ � ön� � � à U V@ª3vhÑUá"ÐâÑ à ��á"ÐovßÑ ¹ ¸�w � � BREAK AND

CONTINUE

M � Vhá�ªQvhÑUá"Ð Ñ à V ´ ¹ ´7ÜÝ Ó Á Ï Ïo¹�Õ Õ ºL»w� º � � LC©ëN� Vhá�ªQvhÑUá"Ð Ñ à V¿P öS¹ � ö ¸ � ö w � ö�W.� � [
� | _ � ö%� � � à U V@ª3vhÑUá"ÐâÑ à ��á"ÐovßÑ ¹ ¸¦w � |

Thesefunctionstake asparametersthe currentstaticand dynamictype environmentsandreturna
statementcomputationthatcorrespondsto executionof a breakor continuestatementrespectively.M U Vhá{~}ÔwV\�E� ´ � � LCg�NQº � � LCg�NU Vhá{~}ÔwV\�E�=P ö$� � ö w � ö�W.� � [
� | _ � ö%� � � ö%� � � w WoÉ¼vhÑ-�7VßÔ¡áW��ª¼L U É¼v�X)V�yVhá{zY  w NÓL¨� à N\[(� | _-� � �M U Vhá�ªQvhÑUá"Ð Ñ à V ´ � � LCg�N	º � � LCg�NU Vhá�ªQvhÑUá"Ð Ñ à V¿P ö�� � ö w � ö©W.� � [
� |§_ � ön��� � ö�� � � w W.� � [�ÉwvßÑ��7VßÔ¡á��Eª)L U ÉwvYX�V\yãVßá{zY  w NQL¨� à N"_����¡�

Thesepolymorphicfunctionstake asparametersthesemanticsof a statementin isolationandsetthe
continuationcorrespondingto thebreakandcontinuestatementsrespectively to thecontinuationunder
normalorderof execution.
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11.13 Label envir onments

An additionaltypeof dynamicenvironment,relatedto thesemanticsof statements,is alsorequired.LABELS

Domain©«ª3¬ representslabelenvironmentswhichassociatelabelidentifiersto continuations.A fixing
processsimilar to theoneusedfor statictypeenvironmentsin Chapter6 mustbeusedfor labelenvi-
ronments,since(possiblynon-terminating)loopscanbedefinedusinglabelsandthegotostatement.q  ´¯® Ì ù P L ¾G¿HÀ º � V NEb ç
Thefirst partof theproductis thefunctionfor theassociationof identifiers.Thesecondpartis a truth
valuewhich denoteswhetherthefixing processhasstarted.The following functionsaredefinedfor
managinglabelenvironments.M N° ´,® Ì ù

 ° PcW Î[��f�^Ò U Vl_EMPTY

LABELS

This functionreturnsanemptylabelenvironment.All labelidentifierscorrespondto non-terminating
continuationsandthefixing processhasnotyetstarted.M Ð ÑUÐ á{±fNkPu± È ´,® Ì ù�º � � L ® Ì ùÓNÐ ÑUÐ á{±fNkPu± È P ö  � ß À Ó�W�¤ > [
=Na à é _�P  ×fÝ ÆZ=Na à é º à Ñ�Ðâá�W�¤ > [,á"Ô à VU_6[3VßÔ¡Ô¼vhÔINITIALIZE

FIX ING

This functioninitializesthefixing process.An erroroccursif thishasalreadybeenstarted.M ÔwV\É�± È ´ L ® Ì ùOº � � L ® Ì ùÓN/NQº ® Ì ù�º � � L ® Ì ùÓNÔwV\É�± È P ö V � ö  � ß À Ó ��P V� ñ Ð ÑUÐ á{±fNkPu± È ×fÝ «*É\Òov-�U� VFIX LABELS

This functionperformsthefixing of labelenvironments.It usesthemonadicclosureoperatorandit
similar in its definitionto operator

�,!�� ×N²�Z¥[
for typeenvironments.M � Vhá È �Fñ�VhÒ ´ ¾w¿HÀ º ¹ ´7ÜãÝ Ó Á Ï Ïf¹�Õ Õoº^»¼�Qº ® Ì ù�º � � LC©ëN� Vhá È �Fñ�VhÒmP ö½ � ö¥¹ � ö ¸ � ö  � ö w � ö�W.� �ß[
� |§_ � ö%��� �ß À Ó � Vhá È ��ñ�VhÒo����Î ´c¾w¿HÀ º ® Ì ù�º � V� Vhá È ��ñ�VhÒo����ÎmP�öS½ � ö  � ß À Ó�W�¤ > [
=�a à é _�P  ×fÝ =�a à é ��L�¤ > ½©P�ÎrN	º�{�[	¤ > ½×fÝ à U V@ª3vßÑUá"Ð Ñ à �^á"Ð�vhÑz¹ ¸¦w L � Vßá È �Fñ�VßÒo�E�yÎ ½  N

GET LABEL

This functiontakesasparametersan identifier, thecurrentstaticanddynamictypeenvironmentand
a labelenvironment.It returnsa statementcomputation,correspondingto thecontinuationassociated
with theidentifierin thelabelenvironment.An erroroccursif thereis nosuchlabelidentifier.M U Vhá È �Fñ�VhÒ ´j¾G¿HÀ ºÞLC¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õoº^»¼�	º � � LC©ëN/NQº ® Ì ùOº � � L ® Ì ùÓNU Vhá È �Fñ�VhÒ P ö¥½ � öSÿ a � ö  � ö w � ö�W.��� [
� |§_ � ö%��� � ö%� �ß À Ó U Vhá È ��ñ�VhÒo����Î ´ Ï Ïf� ? Õ Õ �Y��� º � V º ® Ì ù�º ® Ì ùU Vhá È ��ñ�VhÒo����ÎmPgö½ � ö%� ? � ö  � ß À Ó�W�¤ > [
=Na à é _ÓP  ×fÝ =Na à é�³ L�¤ > ½©P)ÎrN	ºðW�¤ > |\½��ºf� ? �¶[�=�a à é _l[�{×fÝ U Vhá È ��ñ�VhÒo����Î ½©Lo«��b� V\�Eª�L U ÉwvYX�V\yãVßá{zY  w NÓL ö¥¹ | � ö¦´ ¸ | ÿ*a¹ | ¸ | w W.� � [
� | _�� � �UN/N 

SET LABEL

This functionupdatesthelabelenvironmentby settingthecontinuationassociatedwith identifier Ä to
thevaluegivenby µ i . An erroroccursif thelabel identifierhasalreadybeendeclaredandthefixing
processis notunderway.
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Caselabels,i.e. constantexpressionswhich follow thecasekeyword in thebodyof switch state- CASE LABELS

ments,form onemorekind of dynamicenvironment. However, no fixing processis requiredhere,
sincetherecannotbeany loopscausedby this kind of labels. Domain �^ª3¶u� is usedfor associating
caselabelswith continuations.Thedatatype ¡ is thetypeof thecontrollingexpressionof theswitch
statement.q � ´·V Ì@Í � P L/Ï Ïf�ùÕ Õ �Y��� º�� V N�bz� V
The first part of the productis a function mappingthe valuesof constantexpressionsto the corre-
spondingcontinuations.Thesecondpartis thecontinuationthatcorrespondsto thedefaultlabel.M � ° ´¸V Ì Í �� ° P|{ EMPTY CASES

This functionreturnsanemptycaselabelenvironment.All continuationsaresetto erroneousvalues.M � Vhá�ªQ� U V � � �N¹ ´ Ï Ïf� ? Õ Õ �Y��� º ¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õ ºL»w� º V Ì@Í �N¹ º � � LC©FN� Vhá�ªQ� U V � � �N¹ P öc� � ö¹ � ö ¸ � ö ��� ö w � ö�W.� � [�� | _ � ön� � �ß À Ó � Vßá�ª3� U V\�E�yÎ ´ Ï Ïf� ? Õ ÕC�Y���	º V Ì@Í �N¹ º � V� Vßá�ª3� U V\�E�yÎ P�öS� � ö ��� ß À Ó�W�¤ > [
� } _�P � ×fÝ L�¤ > �<cP±{rN	º ¤ > ��[`� }� P � Vhá�ªQ� U V\�E�yÎ]� �×fÝ L.�7P {rNQº à ÑUÐ á à [ à U V@ª3vhÑUá"ÐâÑ à ��á"ÐovßÑ ¹ ¸¦w �

GET CASE

This function takesasparametersthe valueof the controlling expression,the currentstaticanddy-
namictypeenvironmentandacaselabelenvironment.It returnsastatementcomputation,correspond-
ing to thecontinuationassociatedwith thecontrollingexpressionin thegivencaselabelenvironment.
A computationdoingnothingis returnedif thevalueof thecontrollingexpressiondoesnotcorrespond
to acaselabelandthedefaultlabelhasnotbeenassociated.M U Vhá�ªQ� U V � � �N¹ ´ Ï Ïf� ? Õ ÕC�Y���	ºÞLC¹ ´7ÜÝ Ó Á Ï Ïf¹wÕ Õ º^»w� º � � LC©ëN/NQº V Ì Í �N¹ º � � L V Ì Í �N¹ NU Vhá�ªQ� U V � � � ¹ P öS� � ö¥ÿ*a � ö ��� ö w � ö�W.� � [
� | _ � ö�� � � ö�� �ß À Ó U Vßá�ª3� U V\�E�yÎ ´ Ï Ïf� ? Õ Õ �Y��� º � V º V Ì Í �N¹ º V Ì@Í �N¹U Vßá�ª3� U V\�E�yÎ Pgö¥� � ön� ? � ö ��� ß À Ó�W�¤ > [
� } _ÓP � ×fÝ L�¤ > �¹P±{rN	ºÞW�¤ > |����ºg� ? �°[
� } _l[�{×fÝ U Vßá�ª3� U V\�E�yÎ �¹Lo«*�E� V\��ª¼L U ÉwvYX�V\yãVßá{zY  w N�L ö¹N| � ö ´ ¸ |�ÿ*aã¹N| ¸ | w W.� � [
��|¡_j���¡�UN/N �

SET CASE

This functionupdatesthecaselabelenvironmentby settingthecontinuationassociatedwith thegiven
caseexpressionto thevaluegivenby µ i . An erroroccursif thesamecaseexpressionhasalreadybeen
associated.M U Vhá{�Vn�f� à Ò á � � �N¹ ´ LC¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õ º^»¼� º � � LC©ëN/NQº V Ì@Í �N¹ º � � L V Ì Í �N¹ NU Vhá{�Vn�f� à Ò á � � � ¹ P ö¥ÿ*a � ö ��� ö w � ö©W.� � [
� | _ � ön� � � ö�� �ß À Ó U Vßá{�Vn�f� à Ò áW�E�yÎ ´ � V º V Ì Í �N¹ º V Ì@Í �N¹U Vßá{�Vn�f� à Ò áW�E�yÎmP�ö%� ?} � ö ��� ß À Ó�W�¤ > [
� }°_�P � ×fÝ L.��}�P {rN	ºðW�¤ > [{� ?} _U[�{×fÝ U Vßá{�Vn�f� à Ò áW�E�yÎ Lo«*�E� V\��ª)L U É¼v�X)V�yVhá{zY  w NÓL öS¹�| � ö ´ ¸ |¼ÿ*a¹N| ¸ | w W.� � [
� |§_j���¡�UN/N �

SET DEFAULT

Thisfunctionupdatesthecaselabelenvironmentbysettingthecontinuationassociatedwith thedefault
labelto thevaluegivenby µ i . An erroroccursif thedefaultlabelhasalreadybeenassociated.
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11.14 Auxiliary functionsM UNº Ðo��á ´,8 ºÞL 8 ºÊg�NQº 8 º gUNº Ðo��á P öc� � ö V � ö �Q� V L � �T�^NSHIFT

This polymorphicfunctionshiftsfunction
�

, whosedomainis » , by
h

placesto theleft. Thatis, theh
-th elementof

�
becomesthe

û
-th elementof theresultingfunction.M ��VhÔ¼v�'zV\«�ñ�VßÔ�� ´ Ï Ï ¤�Õ Õo���o� º t LC©ëN

��VhÔ¼v�'zV\«�ñ�VßÔ ìfíïî�� � � 
� P ö¥�w� � � à ÒâÒo²EPwXQÔ¼V U�U Ð�vhÑ1L X à á�����Ò à V � �� ìfí î�� � � 
� �w� �\VßÔwv@����Ò à V � N ñ L ö¥� � à ÑUÐ á à N
��VhÔ¼v�'zV\«�ñ�VßÔ�¼(½¾½Q¼À¿ � ó � q � P öc�ba � ��VhÔ¼v�	�Ô¡Ôw�Gþ ó �ba ���VhÔ¼v�'zV\«�ñ�VßÔ í(Á Â ÃYå.Ä ä3� Å � �� q � P öc� � � ß À Ó���P5 F�^á"Ð�� þ ö¨Æ � $ ×fÝ� à Ò Òo²�PwXQÔwV U�U ÐovßÑ1L X à á��y�^Ò à V � �� í(Á Â ÃYå.Ä ä3� Å � �� q � �w� �\VßÔwv@����Ò à V � N ñ L ö¥� � à ÑUÐ á à N

ZERO MEMBER

This functionstoresa zerovaluein theobjectwhoseaddressis specifiedby its first parameter. It is
usedin initializations.M ��VhÔ¼v�	�Ô�Ôw�Gþ ó ´ L 8 ºÞÏ Ï ë Õ Õ õYöø÷ NQº 8 º t LC©ëN

��VhÔ¼v�	�Ô�Ôw�GþEó P öS�ba � ö �Q� L � ¥gì¶N�º à ÑUÐ á à [��VßÔwv\'=V\«*ñFVßÔ ó Lf� a ì¶N ñ L öc³ ���VßÔwv
	�Ô¡Ô¼��þ ó L UNº Ðo��á � �ba¶NÓL ����� N/N
ZERO ARRAY

This functionis usedin theinitializationof arrayelementsthatarenotexplicitly initialized.M ��VhÔ¼vn��á"Ô à É�á*) ´ LC½ ´^¾w¿HÀ Á Ï Ï.!*Â ½6Õ Õo���o�$NÓº t LC©ëN
��VhÔ¼vn��á"Ô à É�á ) P öS� � a � ß À Ó�W � [/¤ q ["¤ à _ P#! ×fÝ�fvßÒo �ÒâÑëÏ � [ � ÕUL öÿ � ß À Ó�½©P�¤ q ÿ ×fÝ ��VßÔwv\'zVn«*ñ�VhÔ �¢ÇJÈ Lf� � aã½�N/N�L à ÑUÐ á à NZERO

STRUCTURE

This functionis usedin theinitializationof structuremembersthatarenotexplicitly initialized.M �fvhÒ� �Ò ÑëÏ ` [ ` Õ ´ L 8 b 8 N�ºÞL 8 º�t LC©FN/N�º t LC©ëNQº t LC©ëN�fvhÒ� �Ò ÑëÏ �6[
=\Õ P ö V � ö�� � L.�r¥�=ØNQº �fvßÒo ^Ò ÑëÏ �É� � [
=\Õ V L.� ñ L ö¥³ � V ��N/N�[Z�

This functiontakesasparametersa range
*  .\Êß5

over the integernumbers,a function
�m< » D p � Ú �

andacomputationË < p � Ú �
. Theresultis thefollowing computation:

Ë«î ����Ì3Í3�l���� î ����Ì3Í � � �l�)�Y,Î 	 � � î �7�7� î ����ÌqÏ ¬�� �6����Ê �;	 � � î ����Ì�Ï^�l��Ê��
M U áWvßÔwV\�ùá"Ô�Ð Ñ �QÈ Ð ánó ´

string-literal
ºÞL 8 º +�¿)¿3Õ N�º 8 º t LC©ëNM U áWvßÔwV@¦rÐo FVn��á"Ô�Ð Ñ �QÈ Ð á ó ´

string-literal
ºÞL 8 º +�¿)¿HÕ NQº 8 º t LC©ëN

Thesetwo functionsstorethestringliteral (normalor wide)givenby thefirst parameterto thememory
locationsthataregivenby thesecondparameter. Thethird parameteris thesizeof thecharacterarray
thatwill hold thestringliteral. Type Ð is thetypeof thearray’s element.Theresultis a computation
with anunimportantresult.
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Dynamic semanticsof expressions

Thischapterdefinesthedynamicsemanticsof C expressions.Section12.1containsanintroductionto CHAPTER

OVERVIEWthedynamicsemanticfunctionsandequationsfor expressions.Thedefinitionof semanticsstartswith
thesemanticsof primaryexpressionsin Section12.2andendswith thesemanticsof implicit coercions
in Section12.9.

12.1 Dynamic semanticfunctions and equations

In general,a dynamicsemanticfunctionmapswell typedprogramphrasesto dynamicsemanticdo- SEMANTIC

FUNCTIONSmains. A programphraseis well typedif thereexists a typing derivation for it. The conclusionof
this typing derivationspecifiesthephrasetype,which is usedto determinewhich dynamicsemantic
function is used. Thus, the definition of dynamicsemanticfunctionsfollows not only the abstract
syntaxof C, but alsothelanguage’s typingsemantics.

Considera non-terminalsymbolnt which producesphrasesthatcanbeattributedthephrasetypeÑ
. Thedynamicsemanticsof a programphraseÒ definedby this non-terminalsymbol,with respect

to type
Ñ
, is denotedby

* * Ò 5 5¨Ó
. In this, it is assumedthat a typing derivation exists, concludingin

the judgement́ÕÔ·Ò < Ñ
for someenvironment ´ . This environmentis usuallya parameterof the

dynamicsemanticfunction.
In general,programphrasesthat can be attributed a given phrasetype

Ñ
may be producedby

differentnon-terminalsymbols. For this reason,in the restof Part IV, a line of the form
* * Ñ 5 5&< ±

specifiesthatdomain ± is usedto representthedynamicsemanticmeaningof programphrasesthat
canbeattributedphrasetype

Ñ
.

Dynamicsemanticequationsarebasedon typingrules.Considerfor examplea ruleof theform: SEMANTIC

EQUATIONSÖ � �7�7� Ö �´×ÔØÒ < Ñ (R)

Then,adynamicsemanticequationcorrespondingto this rulehastheform:

(R)
Ï Ï.ÙrÕ ÕQÚ P

(expressionwhichcanusethedynamicsemanticsof phrasespresentin Û à )
In thecaseof anequationcorrespondingto many typing rulessharinga commonform, thecommon
form of therulesis written first followedby thenumbersof thetyping rules.Theequationis written
next.
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As in thecaseof staticsemanticmeanings,it is possibleto have morethanonedynamicsemanticMULTIPLE

DYNAMIC

MEANINGS
meaningsfor agivenprogramphraseandphrasetype.Thesemeaningscorrespondto differentaspects
of execution.Themultiplemeaningsaredistinguishedby prependingcaligraphicletters,asin Ü * * Ò 5 5¨Ó

.
Thefunctionscorrespondingto eachof themultiplemeaningsaredefinedseparately.

The dynamicsemanticmeaningof expressionsis typically a function returningan expressionDYNAMIC

MEANING OF

EXPRESSIONS
computation.Thedynamicsemanticfunctionsfor programphrasesthatcanbeattributedexpression
phrasetypesaregivenbelow.M Ï Ï��7��Ò�Ï ��Õ,Õ Õ ´ ¹ ´7ÜãÝ Ó�º � L/Ï Ïf�£Õ Õ �Y��� NM Ï ÏâÒ"�7��Ò à V�Ï ¤ÕtÕ Õ ´ ¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ ÕfºL»w�	º V Ï ¿ º r L/Ï Ïâ¤�Õ Õ ���o� NM Ï Ï�V\PwX1Ï l°ÕtÕ Õ ´ ¹ ´^ÜÝ Ó Á Ï Ïf¹�Õ Õ º^»¼� º V Ï ¿ º r L/Ï Ï l�Õ Õ"Ý��(Þ�N
Themeaningof a constantexpressionof type ß £l-r* ¡ 5

is a function from thestatictypeenvironment
to anelementof domain à �Ø* * ¡ 5 5���� · �

. It cannotaccessany of thedynamicenvironments,nor thepro-
gramstate.The meaningsof non-constantexpressionsalsotake thedynamictypeenvironmentand
the function codeenviromentasparametersandreturninterleaved computationsthat canaffect the
programstate.M Ï Ï���Ô � Ï 4�ÕtÕ Õ ´ ¹ ´7ÜÝ Ó Á Ï Ïf¹wÕ Õoº^»w�Qº V Ï ¿ º r L/Ï Ï 4QÕ Õ 5�6 õ �,N

DYNAMIC

MEANING OF

ARGUMENTS

Thedynamicsemanticfunctionfor thenon-terminalsymbolarguments, with respectto thephrasetype£l#uá¼* / 5
, is a functiontakingasparametersthestaticanddynamictypeenvironmentsandthefunction

codeenvironmentandreturningan interleaved computationof thearguments’dynamicvalues.The
programstatecanbeaffected.M â Ï Ï�V\PwX1Ï � ? Õ,Õ Õ å.ãåäZ� � � ´ ¹ ´7ÜãÝ Ó Á Ï Ïf¹�Õ Õ º^»¼� º V Ï ¿ º r L/Ï Ïf�£Õ Õ �Y��� N

CONVERSION

AS IF BY

ASSIGNMENT

The alternative dynamicsemanticfunction æ correspondsto assignabilitytyping judgementsof the
form ´çÔéè ê ¡ . Its type is similar to the normalmeaningfor expressions,with respectto the
phrasetype

JL[)K�* ¡ 5
.M ë Ï Ï

constant
Õ Õ � ´ Ï Ïf�ùÕ Õ �Y���

CONSTANTS

This functionspecifiesthedynamicmeaningof constantsof type ¡ . Its completedefinitionis omitted
in this thesis.

Providedthat ´ìÔíè < ß £6-�* ¡ 5
and

� Ibî !¹×�JHá	#Q£l-7� ¡ �
, it is possibleto defineanalternative dynamicCONSTANT

EXPRESSIONS semanticmeaningfor constantintegral expressionsasfollows:M ï3ë Ï Ï
constant-expression

Õ Õ ´zÜÝ Ó�º � L 8 N
ï3ë Ï Ï.ðÕ Õ�P ö¥¹ � Ò Ðo��á\� � � L/Ï Ï"ðÕ ÕÀñå¼ ÄH� � � ¹hN

Thismeaninghasbeenusedin Part II andPart III of this thesis.
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12.2 Primary expressions
. . .¹<ò&óõôö�7�E÷qø �bù (Rules:E1,E2andE3) FLOATING

CONSTANTS

ú ø ø¨óöù ùÀûåü(ýHþ ÿ��������	��
�������3ø ø¨ó3ù ù ÿ

Thedynamicmeaningof floatingconstantsis simply theirvalue.

. . .�<ò�� ô����b÷qø �bù (Rules:E4,E5,E6,E7andE8) INTEGER

CONSTANTS

ú ø ø���ù ù?ûåü(ýHþ ÿ��������	��
�������3ø ø���ù ù ÿ

Similarly with integerconstants.

. . .�<ò��^ô����b÷�ø �*ù (Rules:E9andE10) CHARACTER

CONSTANTS

ú ø ø���ù ù û1ü1ýHþ ÿ�� �����	��
�� ����3ø ø���ù ù ÿ

Similarly with characterconstants.

(E11)
ø ø"!*ù ù ý ûåü(ý #%$Jþ ü'&(&¾ü*)�þ +-,*.Eþ /(0
ü'&21 3%+-45#
ü(ý��61 7�� � �����	�8��9:�;�=<>�?�@BADC>E �GF-HJI;KMLMNONOH ü5&*&Qü6)¢þ +-,*.Eþ /(0
ü'&21 3%+-45#
ü(ý(�P1 Q8��R ��S8TVUXW5YZS;[J� ü5&*&¾ü*)¡þ +-,6.Eþ /*0
ü5&%1 3%+-45#
ü1ý(�61 Q;�]\2^`_a-b ÷��F-�8c%d=e�f�g��hI;HJS;ij�5HJ��	k l��� +-,*.�þ /*0
ü5&%1 3%+-4'#
ü(ý(� ! C E �nmpoqf]�=rn��
�� �� C E m

(E12)
ø ø"!*ù ù?ý ûåü(ý #%$Jþ ü'&(&¾ü*)�þ +-,*.Eþ s	/(0
ü'& th1 3%+-45#
ü(ý��61 7�� �G�����	�8�=9:�8�u<>�?�@BADC>E �GF-HJI;KMLMNONOH ü5&*&Qü6)¢þ +-,*.Eþ s	/(0
ü'& th1 3%+-45#
ü(ý��61 Q8�:R ��S8TVUXW5YZS;[J� ü5&*&Qü6)�þ +-,6.�þ s	/*0
ü5& th1 3%+-45#
ü1ý��P1 Q8� \2^`_a-b ÷��F-� c%d=e f�g��hI;HJSOvp�NOS;ij�hHw��	k l��� +-,*.�þ s	/*0
ü5& th1 3%+-4'#
ü(ý�� ! COE �nmxoyf]��rj�;
����� C>E m

STRING

L I TERALS

The dynamicmeaningof string literals is a computationresultingin their addressin memory. The
computationaffectstheprogramstateby storingthestringliteralsin memory.

(E13)
ø ø-z�ù ù?ý ûåü(ý #%$Jþ {��|�����	�;��9:�8�u<>�N÷��F-�Z}Jd=e�f"÷�I;I8~�
	�G�D9Mz�m

(E14)
ø ø-z�ù ùP$-�'�öþ ���|�����	�8�u9:�8�=<��N÷��F-� }Jd=e f"÷�I;I;~�
	�|�D9�z�m

(E15)
ø ø-z�ù ù û1ü1ý�þ � 3%t"� �����	��
�����M�

IDENTIFIERS

The dynamicmeaningof identifiersdesignatingobjectsor functionsis their associatedvaluein the
dynamictypeenvironment.In thecaseof enumerationconstants,it is just theirvalue.

12.3 Postfix operators

(E16)
ø ø-���

[
���

]
ù ù ý û1ü1ý #%$Jþ {�� � ø ø

*(
�M�

+
���

)
ù ù ý ûåü(ý #%$Jþ {��

ARRAY

SUBSCRIPTS

The dynamicmeaningof array subscriptsis indirectly specified,as suggestedin the standard,by
meansof theindirectionoperatorandpointerarithmetic.
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(E17)
ø ø-�

( arguments)
ù ù $-�'�`þ ÿ�� �����	�;�=9:�8�=<��ø ø-��ù ù $-�'�Zþ �ht &bþ � #%3%/bþ ÿJ1 �w� � � �D9�<��-�xø ø

arguments
ù ù ü5&*��þ �J� �X9�<Go�f]� R-� E \%�;�B_ �

�`�O� @ � E��O���-÷ � E � g�S;�Z���Goyf]��rn�÷��F-� }Jdue <�ø � E ùMo�f]� R ó \h� E _ ��g�  I8K������h�Wb÷�S¡fåó \ F-
���[�ø � \"¢ ù�m�£ � E � � \ S;HJHwI8H m%m��A�¤n@B¥;¦ a � @y� S;HJHwI8Hjm

FUNCTION

CALLS

Thefunctionpointerandtheactualargumentsarefirst evaluatedandtheir interleaving is allowed. If
thefunctionpointeris notnull, asequencepoint is generatedandthefunctionis calledwith thegiven
actualarguments.An erroroccursif thetypeof thepointedfunctionis not compatiblewith thetype
of thefunctionpointerthatwasusedto accessit.

(R1)
ø ø-§\ù ù ü'&(��þ �w¨w� �������8�u9:�8��<���
�����ª©

(R2)
ø ø-§\ù ù?ü'&(��þ �w�G�����	�8��9:�;�=<>��
�����«©

(R3)
ø ø-�

, arguments
ù ùÀü'&(�jþ �J¬*���������8�=9:�;��<�� ø ø"��ù ù $-�]�Zþ ÿ�� �D9�<��-� ø ø

arguments
ù ù ü'&(�jþ �w� �D9�<Go�f]� R ��\h�;��_ �
�����®f�g�¯��F-��fh°M±;m � � m%²	±�³£ �>´ m

(R4)
ø ø-�

, arguments
ù ùÀü'&(�jþ � ¬ ���������8�=9:�;��<��f
ø ø-��ù ùP$-�'�`þ ÿ��B�D9�<Goqf�
������µD[J��g���ÿZ¶·Éÿ�¬'m%m«�-� ø ø

arguments
ù ù?ü'&(�jþ �w�B�D9�<Go�f]� R ��\5�;�B_ �
�����®f�g�¯��F-��fh°M±;m �;� m%²	±�³£ �>´ m

The dynamicmeaningof actualargumentsperformstheir interleaved evaluation. If the type of the
correspondingformal argumentis known, thenanactualparameteris convertedasif by assignment
to thetypeof theformal argument.Otherwise,in thecaseof parameterspassedin theellipsispartof
aprototype,thedefault argumentpromotionsareperformed.

(E18)
ø ø-�

.
z-ù ùÀý ûåü(ý #%$Jþ ¸¡¬P�|�����	�8�=9:�8�=<>��ø ø-��ù ùÀý ûåü(ý #%$Jþ +-,*.�þ ¹(t &(#%/*tbþ º-1 »;�616¼]� ���D9�<Go�f]� C �J
 ����Vf�g��hHJ
�[J�5½�S;KpW>S;H » C z�m%m

(E19)
ø ø-�

.
z-ù ù $-�]�Zþ ÿ�� �����	�;��9:�Z��<��*ø ø-��ù ù $-�]�Zþ ¹�t &*#%/*tEþ º-1 »8� � �D9�<�o�f]� �B¾ E ��
�����®f �B¾ E z�m%m

(E20)
ø ø-�

.
z-ù ù ý ûåü(ý #%$Jþ ¸ ¬ � �����	�8�=9:�8�=<>��ø ø-��ù ù ý ûåü(ý #%$Jþ +-,*.�þ #%3%� +-33þ º-1 »8�61P¼'� � �¿9�<|o�f]� C ��
�� ��®f�
�� �I8��½ÀS8KpW�S8H » C z�m%m

(E21)
ø ø-�

.
z-ù ù6$-�]�Zþ ÿ��������	�;��9:�Z��<��*ø ø-��ù ù6$-�]�Zþ ¹�t &*#%/*tEþ º-1 »8� ���D9�<�o�f]� �B¾ E ��
�����®f �B¾ E z�m%m

MEMBER

OPERATORS

Thedynamicmeaningof thedotoperatoris relatively simple.Theaddressof thememberor its stored
valuecaneasilybefound.

(E22)
ø ø-�

->
z�ù ù ý ûåü(ý #%$Jþ ¸ ¬ � �����	�8�=9:�8�u<��*ø ø-��ù ù $-�]�Zþ �ht &Eþ +-,6.Eþ ¹�t &(#%/*tbþ º-1 »;�616¼]� � � �¿9�<Goqf]� �ÂÁ �

�`�O� @ � Á �����-÷ C � 
�����®f�g��hHw
�[J�h½ÀS;KxW�S;H » C z�m��A�¤n@B¥;¦ a � @y� S;HJHwI8Hjm
(E23)

ø ø-�
->
z�ù ù ý ûåü(ý #%$Jþ ¸ ¬ � �����	�8�=9:�8�u<��*ø ø-��ù ù $-�]�Zþ �ht &Eþ +-,6.Eþ #%3%� +-33þ º-1 »;�616¼]� � � �X9�<Go�f]� �ÃÁ �

�`�O� @ � Á �����-÷ C � 
�����®f�
����I;� ½ÀS;KpW>S;H » C z�m��A�¤n@B¥;¦ a � @y� S;HJHwI8Hjm

Thedynamicmeaningof thearrow operatoris a little morecomplicated.In caseof a null pointer, an
errormustbegenerated.
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12.4 Unary operators
�<òy� ôq÷����E÷�
�SÉø � ù

. . .
�&ô �ÄN>�>�h�F Å �

�,ò
op

� ô¡S;ÆJ� ø �bù (Rules:E24,E25,E26andE27) UNARY

ASSIGNMENTS

ú ø ø
op

��ù ùP$-�'�`þ ÿ��G�����	�8��9:�Z��<��ø ø-��ù ù?ý ûåü(ý #%$Jþ ¸��B�X9�<|oyf]� � ¾ �k S8��Ç��b÷�
�S ¾ ¶·Éÿ � ¾ o�f]� � �?�@BA R ��È"\%É�_ � ø ø
op

ù ù ÿ � a-b ��
��ZÇB�E÷�
�S ÿZ¶· ¾ � ¾ ��È o�f]��rn��
����� É m%m%m

Thel-valueis first evaluated.Thestoredvalueis retrievedfrom memoryandtherequiredoperationis
performed.Thentheupdatedvalueis storedin memoryandtheresultis returned.

The dynamicsemanticfunction for unaryassignmentoperatorsis definedasfollows, usingthe
semanticsof additionandsubtraction.It is parameterizedby thedatatypeof theoperand.

Ê ø ø
unary-assignment

ù ù ÿ ô ø ø-��ù ù"Ë%Ì º £¯ø ø-�`ù ù]Ë%Ì º¿Í ø ø-�`ù ù"Ë%Ì º
ø ø
++

f
prefix

m�ù ù ÿ ��� � � ?�@BA ��È �×ø ø
+
ù ù ÿJ1 ÿJ1 ÿ R ��\ �3ø ø

1
ù ù ÿ _ a-b R ��È]\%��È�_

ø ø
++

f
postfix

m�ù ù ÿ ��� � � ?�@BA ��È �ìø ø
+
ù ù ÿJ1 ÿJ1 ÿ R ��\ �3ø ø

1
ù ù ÿ _ a-b R ��È]\h��_

ø ø
--

f
prefix

m�ù ù ÿ ��� � � ?�@BA � È �×ø ø
-
ù ù ÿJ1 ÿJ1 ÿ R ��\ �3ø ø

1
ù ù ÿ _ a-b R � È \%� È _

ø ø
--

f
postfix

m�ù ù ÿ ��� � � ?�@BA � È �ìø ø
-
ù ù ÿJ1 ÿJ1 ÿ R ��\ �3ø ø

1
ù ù ÿ _ a-b R � È \h��_

Theparameterof thesefunctionsis theinitial valueandtheresultis thepair of theupdatedvalueand
thereturnedvalue. In thecaseof postfixunaryassignmentoperators,thereturnedvalueis theinitial
value.In thecaseof prefixunaryassignmentoperators,thereturnedvalueis theupdatedvalue.

(E28)
ø ø
&
��ù ù $-�]�Zþ �ht &bþ {�� � �����	�;��9:�8�u<>�*ø ø-��ù ù ý ûåü(ý #%$Jþ {�� �X9�<Go�f�
 �����µD��-÷Xµ¿�hI%L�NON>H { m

(E29)
ø ø
&
��ù ùP$-�]�Zþ �ht &bþ �w� �G�����	�;��9:�8�u<��*ø ø-��ù ù6$-�]�Zþ �w�B�¿9�<Go�f�
������µu���÷�m ADDRESS

OPERATOR

Thedynamicsemanticsof theaddressoperatoris simple.A null pointercannever beobtained.

(E30)
ø ø
*
��ù ù?ý ûåü(ý #%$Jþ {����������8�u9:�8�u<>�*ø ø���ù ùP$-�]�Zþ �5t &�þ {�� ���X9�<Go�f]� � Á��
�`��� @ �ÂÁ �����-÷ C � 
����� C��A�¤n@B¥;¦ a � @y� S;HJHwI8Hjm

(E31)
ø ø
*
��ù ùP$-�]�Zþ ���|�����	�8�=9:�8�=<>��ø ø-��ù ù6$-�]�öþ �ht &bþ �2� �B�¿9�<Go�f]� � E �
�`��� @ �ÂÁ �����-÷ � E � 
����� � E��A�¤n@B¥;¦ a � @y� S;HJHwI8Hjm

INDIRECTION

OPERATOR

In thedynamicmeaningof the indirectionoperator, a checkfor null pointersis performed.An error
occursif anull pointeris dereferenced.

The dynamicsemanticfunction for unaryoperatorsis definedbelow, parameterizedby the data UNARY

OPERATORStypeof theoperand.Thecompletedefinitionof this functionis omittedin this thesis.

Ê ø ø
unary-operator

ù ù ÿ ô ø ø��`ù ù"Ë%Ì º £ ø ø-�`ù ù]Ë%Ì º

Thefollowing equationsdefinethedynamicmeaningsof expressionsusingarithmeticunaryop-
erators.
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�,òy� ô����E÷qø �bù
. . .�,ò

op
� ô¡���b÷3ø � È ù (Rules:E32,E34andE36)

ú ø ø
op

��ù ù û1ü1ýHþ ÿ ¬ � �����	�*ø ø���ù ù ûåü(ý�þ ÿ�� �Îoqf�
�����Mµ�ø ø
op

ù ù ÿ ¬�µD[J��g�� ÿZ¶·Éÿ ¬'m
�,òy� ô�S8ÆJ�@ø �bù

. . .�,ò
op

� ô¡S;ÆJ� ø � È ù (Rules:E33,E35andE37)

ú ø ø
op

��ù ùP$-�'�`þ ÿ ¬ �G�����	�8�=9:�8�=<>�*ø ø���ù ùP$-�]�Zþ ÿ��	�¿9�<|oyf�
�� ��Mµ¦ø ø
op

ù ùQÿ ¬ µ¿[w�>g���ÿZ¶·Éÿ ¬ m

The dynamicmeaningof expressionsusingthe unaryplus,minusor bitwisenegationoperatorsare
simple.

(E38)
ø ø
!
��ù ù(ÏÐ� ø ø��

==
^ ù ù(Ï

Logicalnegationis definedin termsof equalityto zero,assuggestedin thestandard.

(E39)
ø ø
sizeof

��ù ù û1ü1ýHþ ¹�� Ñ�$ t]� �����	��
������g��ÒZS;I8FOf � m
(E41)

ø ø
sizeof

��ù ù û1ü1ýHþ ¹�� Ñ�$ t]� �����	��
������g��ÒZS;I8FOf"�:m
(E42)

ø ø
sizeof ( Ó )

ù ù?û1ü1ýHþ ¹�� Ñ�$ t]�G�����	��
������g��ÒZS;I8FOf-ÔXm
SI ZEOF

OPERATOR

Thedynamicmeaningof thesizeofoperatoris alsoverysimple.

12.5 Castoperators

(E43)
ø ø
( Ó )

��ù ùP$-�'�`þ û]+-� Õ��G�����	�8��9:�;�=<>�*ø ø���ù ùP$-�]�Zþ ÿ��B�X9�<|oyf]� � ��
������
=m

In thecaseof castingto void, thevalueof anexpressionis simplydiscarded.

(E44)
ø ø
( Ó )

��ù ù?û1ü1ýHþ ÿ�¬*�|�����	�uø ø���ù ù?ûåü(ý�þ ÿ����Öo�f�
�����Mµ¿[w�>g���ÿZ¶·Éÿ�¬'m
(E45)

ø ø
( Ó )

��ù ù $-�'�`þ ÿ ¬ � �������Z��9:�;�=<>�*ø ø���ù ù $-�]�Zþ ÿ�� �X9�<|oyf�
�� ���µD[J��g�� ÿZ¶·dÿ ¬'m

Otherwise,a typecastingis performed.

12.6 Binary operators

Threedynamicmeaningsfor binaryoperatorsaredefined.Theprimarymeaningof a binaryoperatorMEANINGS OF

BINARY

OPERATORS
is a functiontakingtwo parametersof types ×�Ø and ×�Ù andreturninga resultof type × . All datatypes
aregivenasparameters.Thecompletedefinitionof this functionis omittedin this thesis.

Ê ø ø
binary-operator

ù ù ÿ�ÚJ1 ÿ2Û�1 ÿ ô ø ø-�;�\ù ù]Ë%Ì ºDÍ ø ø-����ù ù"Ë%Ì º £ ø ø-�`ù ù"Ë%Ì º

Thesecondalternativedynamicmeaningfor binaryoperatorsmodelstheirapplicationonconstant
values.Theparameters×�Ø and ×�Ù specifythedatatypesof the two operandsbeforeconversion.The
parameters×�ÜØ and ×�ÜÙ specifythetypesafter thenecessaryconversionshave takenplace.Finally, the
parameter× specifiesthedatatypeof theresult.
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Ê Ý ø ø
binary-operator

ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ôßÞ�f
ø ø-�8�\ù ù"Ë%Ì º m Í Þ�f
ø ø����uù ù]Ë%Ì º m¡£àÞ�f
ø ø��jù ù"Ë%Ì º m
Ý ø ø

op
ù ù ÿwÚJ1 ÿ%Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ��� R É � \%É � _ �

É �Âoqf�
�� ��MµD[w�>g�� ÿ2áw¶·Éÿ ¬á mpo�f]� � ���
É �Àoqf�
�� ��MµD[w�>g�� ÿhâ�¶·Éÿ ¬â mpo�f]� � ���
�����®f
ø ø

op
ù ù ÿ ¬Ú 1 ÿ ¬Û 1 ÿ R � � \%� � _ m%m%m

Thedefinitionof thismeaningis simpleanduniformfor all binaryoperators.
The third alternative dynamicmeaningfor binary operatorsmodelstheir applicationon non-

constantvalues,i.e.expressioncomputations.Thepurposeof theparameterswasexplainedabove.

Ê ã ø ø
binary-operator

ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ôÎäuf
ø ø��8�\ù ù"Ë%Ì º m Í äuf
ø ø-����ù ù"Ë%Ì º m�£åäuf
ø ø��`ù ù"Ë%Ì º m

Noticethatthedefinitionof thismeaningis notuniformfor all binaryoperators.

ã ø ø
&&

ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ��� R�æ � \ æ � _ �æ � o�f�
�����Mµ¿[w�>g�� ÿ2á�¶·dÿ ¬á mpoyf]� � � ��g�S;�Z���|oyf]��rn�Z[�¯�S8[�~�çuI;I�÷�S8��� ÿ ¬á f � � m�£æ �Ào�f�
������µ¿[J��g�� ÿhâw¶·Éÿ ¬â mpo�f]� � �Z��[w¯�S;[w~�ç¿I8I\÷�S;�>� ÿ ¬â f � ��m¡£à
 ������3ø ø
1
ù ù ÿ \ 
�� ����3ø ø

0
ù ù ÿ m \
�������3ø ø

0
ù ù ÿ m%m

ã ø ø
||

ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ��� R�æ � \ æ � _ �æ � o�f�
�����Mµ¿[w�>g�� ÿ2á�¶·dÿ ¬á mpoyf]� � � ��g�S;�Z���|oyf]��rn�Z[�¯�S8[�~�çuI;I�÷�S8��� ÿ ¬á f � � m�£
�������3ø ø
1
ù ù ÿ \æ �Ào�f�
������µ¿[J��g�� ÿhâw¶·Éÿ ¬â mpo�f]� � �Z��[w¯�S;[w~�ç¿I8I\÷�S;�>� ÿ ¬â f � ��m¡£à
 ������3ø ø

1
ù ù ÿ \ 
�� ����3ø ø

0
ù ù ÿ m%m%m

In thecaseof the logical binaryoperators,the left operandis evaluatedfirst anda sequencepoint is
generated.If thefinal resulthasnot beendetermined,thesecondoperandis alsoevaluted.Theresult
of theexpressionis oneof theintegervaluesè or é .

ã ø ø
,
ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ��� R�æ � \ æ � _ �æ �Âo�f�
�����Mµ¿[w�>g�� ÿ2á�¶·dÿ ¬á mpoyf]� � ����g�S;�Z���|oyf]��rn�
æ � o�f�
�����Mµ¿[w�>g�� ÿhâJ¶·dÿ ¬â m%m%m

In the caseof the commaoperator, the left operandis first evaluated,its value is discardedand a
sequencepoint is generated.Then,thesecondoperandis evaluatedandits resultis theresultof the
wholeexpression.

ã ø ø
op

ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ��� R�æ � \ æ � _ �?�@BA æ È � � æ �Âo�f�
 �����µD[J��g�� ÿ2á�¶·Éÿ ¬á mæ È� � æ � o�f�
 �����µD[J��g�� ÿhâJ¶·Éÿ ¬â ma-b æ È � �-� æ È� oyf�
�� ��Mµ¦ø ø
op

ù ù ÿ ¬Ú 1 ÿ ¬Û 1 ÿ m

Finally, in thecaseof all otheroperators,theevaluationof thetwo operandsis interleaved.

Thefollowing equationsdefinethedynamicsemanticsthatcorrespondto varioustyping rulesfor DYNAMIC

EQUATIONSexpressionswith binaryoperators.

�<òy���_ô����b÷3ø �8�
ù �<òy���¸ô����b÷3ø ��� ù
. . .�<ò��M�

op
���,ô����b÷qø � È ù (Rules:E46,E48,E50,E52,E56,E90,E92and

E94)

ú ø ø-���
op

���Hù ù?û1ü1ý�þ ÿ�¬P�|�����	� Ý ø ø
op

ù ù�ÿ�ÚJ1 ÿ2Û�1 ÿ�¬�1 ÿ�¬�1 ÿ�¬ R ø ø��M�\ù ù?û1ü1ýHþ ÿwÚ%��� \ ø ø-����ù ù?û1ü1ýHþ ÿ2Û��B� _
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�,òy����ôX���b÷3ø �8�
ù �,òy���,ô¡���b÷3ø ��� ù
. . .

� È� ô �Ä����hê�HwI8KpI;�hS®�;� � È� ô �Ä����hê�HJI;KpI8�5SV���
�,òy�M�

op
���<ôX���b÷3ø � È� ù

(Rules:
E60and
E62)

ú ø ø-�M�
op

����ù ù û1ü1ýHþ ÿ ¬Ú � �����	� Ý ø ø
op

ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ¬Ú R ø ø-�M��ù ù?û1ü1ýHþ ÿwÚ%��� \ ø ø�����ù ù?û1ü1ýHþ ÿ2Û���� _
�,òy����ôX���b÷3ø �8�
ù �,òy���,ô¡���b÷3ø ��� ù

. . .
� È ô �Ä�>Hw��h¯D jI;��� R �8� \ ��� _�,òy�M�

op
���<ôX���b÷3ø �����ù (Rules:E64,E67,E70,

E73,E76andE83)

ú ø ø-� �
op

� � ù ù?û1ü1ýHþ � 3%t]��������� Ý ø ø
op

ù ùQÿwÚJ1 ÿ2Û�1 ÿ ¬ 1 ÿ ¬ 1 � 3%t R ø ø�� � ù ù?ûåü(ý�þ ÿwÚh�>� \ ø ø�� � ù ù?ûåü(ý�þ ÿ2Û2�>� _
�,òy����ôX���b÷3ø �8�
ù �,òy���,ô¡���b÷3ø ��� ù

. . .�,ò�� �
op

� � ô����E÷3ø ����\ù (Rules:E96andE99)

ú ø ø-� �
op

� � ù ù?û1ü1ýHþ � 3%t]��������� Ý ø ø
op

ù ù ÿwÚJ1 ÿ2Û�1 ÿwÚw1 ÿ2Û�1 � 3%t R ø ø�� � ù ù?û1ü1ýHþ ÿwÚ%��� \ ø ø-� � ù ù?û1ü1ýHþ ÿ2Û��B� _

�,òy����ôXS;ÆJ�@ø �;�{ù �,òy���<ô�S8ÆJ� ø ����ù
. . .�,òy�M�

op
���,ô¡S;ÆJ� ø � È ù

(Rules:E47,E49,E51,
E53,E57,E91,E93and
E95)

ú ø ø-�M�
op

����ù ùP$-�'�`þ ÿ�¬6�G�����	�8��9:�;�=<>� ã ø ø op
ù ùQÿwÚJ1 ÿ2ÛJ1 ÿ�¬�1 ÿ�¬-1 ÿ�¬ R ø ø-���\ù ùP$-�]�Zþ ÿ�Ú%�B�¿9�< \ ø ø-���Hù ùP$-�'�`þ ÿ2Ûw�B�X9�< _

�,òy����ôXS;ÆJ�@ø �;�{ù �,òy���<ô�S8ÆJ� ø ����ù
. . .

� È� ô �Ä�� �5ê�HJI;KxI;�hSV�8� � È� ô �Ä����hê�HwI8KpI;�hSV���
�,òy�M�

op
���,ô¡S;ÆJ� ø � È� ù

(Rules:
E61and
E63)

ú ø ø-�M�
op

����ù ù $-�'�`þ ÿ ¬Ú � �����	�;�=9:�8�=<�� ã ø ø
op

ù ù ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ¬Ú R ø ø�����ù ù $-�]�öþ ÿwÚh� �D9�< \ ø ø�����ù ù $-�'�`þ ÿ2Û�� �D9�< _
�,òy����ôXS;ÆJ�@ø �;�{ù �,òy���<ô�S8ÆJ� ø ����ù

. . .
� È ô �Ä��HJ��5¯¿  I8��� R �8� \ ��� _�,òy�M�

op
���,ô¡S;ÆJ� ø ����\ù (Rules:E65,E68,E71,

E74,E77andE84)

ú ø ø-�M�
op

����ù ùP$-�'�`þ � 3%t"�|�����	�8�=9:�8�=<>� ã ø ø
op

ù ùQÿwÚJ1 ÿ%Û�1 ÿ�¬�1 ÿ�¬�1 � 3%t R ø ø-�M��ù ùP$-�'�`þ ÿwÚ2�B�D9�< \ ø ø����uù ùP$-�]�Zþ ÿ2Û����D9�< _

�,òy����ôXS;ÆJ�@ø �;�{ù �,òy���<ô�S8ÆJ� ø ����ù
. . .�,òy�M�

op
���,ô¡S;ÆJ� ø � È ù

(Rules:E54,E55,E58,E59,E66,E69,
E72,E75,E78,E79,E80,E85,E86,
E87,E98,E101andE115)

ú ø ø-�M�
op

����ù ù $-�'�`þ ÿ ¬ � �����	�8��9:�;�=<>� ã ø ø op
ù ù ÿwÚJ1 ÿ2ÛJ1 ÿwÚJ1 ÿ2ÛJ1 ÿ ¬ R ø ø-�M��ù ù $-�]�Zþ ÿwÚ%� �¿9�< \ ø ø-���Hù ù $-�]�Zþ ÿ2Û�� �D9�< _

In thecaseof arithmeticor simplepointeroperations,theonly thingto determinefrom thetypingrules
above aretheparametersfor thevariousdatatypes.

(E97)
ø ø-� �

&&
� � ù ù?ûåü(ýHþ � 3%t"�|�����	�uø ø-� � ù ù?û1ü1ýHþ ÿwÚ%���Îo�f]� � � �8ë�[�¯�S8[�~�çuI;I\÷�S8��� ÿ2á f � � m¡£à
�������3ø ø

0
ù ù ÿ \ S8HwHJI;Hnm

(E100)
ø ø-�M�

||
���Hù ù?ûåü(ýHþ � 3%t"�|�����	�uø ø-�M�\ù ù?û1ü1ýHþ ÿwÚ%���Îo�f]� � �J��[w¯�S;[w~�ç¿I8I\÷�S;�>� ÿ2á f � ��m¡£à
 ������3ø ø

1
ù ù ÿ \ S8HwHJI;Hnm

Thesetwo equationsdefinethe short-circuitsemanticsof the logical booleanoperatorsfor constant
values.
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(E81)
ø ø-���

==
����ù ù $-�]�Zþ � 3%t]� �����	�8�=9:�;��<��ø ø-�M��ù ù $-�'�`þ �ht &Eþ ìBÚ%� � �D9�<Go�f]� � �J[w¯�S;[w~�ç¿I8I\÷�S;�>� �5t &bþ ì	á%� f � m�£à
�������3ø ø

0
ù ù � 3%t \ 
�� ����3ø ø

1
ù ù � 3%t m

(E82)
ø ø-� �

==
� � ù ùP$-�]�Zþ � 3%t]�G�����	�8�=9:�;��<��ø ø-���Hù ùP$-�'�`þ �ht &Eþ ì	Û�� �B�D9�<Go�f]� � �J[w¯�S;[w~�ç¿I8I\÷�S;�>�¿�5t &bþ ì8â��]f � m�£à
�������3ø ø

0
ù ù � 3%t \ 
�� ����3ø ø

1
ù ù � 3%t m

(E88)
ø ø-���

!=
����ù ù $-�]�Zþ � 3%t]� �����	�8�=9:�;��<��ø ø-�M��ù ù $-�'�`þ �ht &Eþ ìBÚ%� � �D9�<Go�f]� � �J[w¯�S;[w~�ç¿I8I\÷�S;�>� �5t &bþ ì	á%� f � m�£à
�������3ø ø

1
ù ù � 3%t \ 
�� ����3ø ø

0
ù ù � 3%t m

(E89)
ø ø-� �

!=
� � ù ùP$-�]�Zþ � 3%t]�G�����	�8�=9:�;��<��ø ø-���Hù ùP$-�'�`þ �ht &Eþ ì	Û�� �B�D9�<Go�f]� � �J[w¯�S;[w~�ç¿I8I\÷�S;�>�¿�5t &bþ ì8â��]f � m�£à
�������3ø ø

1
ù ù � 3%t \ 
�� ����3ø ø

0
ù ù � 3%t m

Thesefour equationsdefinethesemanticsof pointercomparisonwhenoneof theoperandsis thenull
pointerconstant.

12.7 Conditional operator

Thedynamicmeaningof theconditionaloperatoris a function takingasits first parameterthecon-
trolling expressionandasits secondparameterthepair of alternative expressions.All parametersare
interleavedcomputations,andsois theresult. It is parameterizedby thedatatypesof thecontrolling
expression,thealternativesandtheresult.

Ê [JI;� N¡ÿJ1 ÿ2á�1 ÿhâJ1 ÿ�¬õô�äuf
ø ø-�`ù ù]Ë%Ì º m¡£íäuf
ø ø-�8�\ù ù"Ë%Ì º m Í äuf
ø ø-����ù ù]Ë%Ì º mX£íä=f
ø ø-� È ù ù]Ë%Ì º m
[JI;� N ÿJ1 ÿ2á�1 ÿhâJ1 ÿ ¬y��� æ �8� R�æ � \ æ � _ �æ o�f]� � ��g�S;�Z���|o�f]��rn��[�¯ S;[�~�çuI;I�÷�S;��� ÿ f � m�£ æ �Âo�f�
�����MµD[J��g�� ÿ2á2¶·Éÿ ¬'m \ æ �Ào�f�
������µ¿[J��g�� ÿ5â�¶·Éÿ ¬'m%m%m

Thecontrollingexpressionis first evaluatedanda sequencepoint is generated.Then,dependingon
thevalueof thecontrollingexpression,oneof thealternativesis evaluatedandtheresultis returned,
afteracastto theappropriatetype.

(E102)
ø ø-�

?
� �

:
� � ù ù?û1ü1ýHþ ÿ ¬ ���������ø ø-��ù ù û1ü1ýHþ ÿ�� �Öo�f]� � ��[�¯�S8[�~�çuI;I�÷�S8��� ÿ f � m�£¯ø ø-�M�\ù ù ûåü(ý�þ ÿ�Ú2� �Öo�f�
 �����µD[J��g�� ÿ2áw¶·Éÿ ¬'m \ S8HwHJI;Hnm

(E103)
ø ø-�

?
���

:
����ù ù û1ü1ýHþ ÿ ¬ � �������ø ø-��ù ù?û1ü1ýHþ ÿ��B�Öo�f]� � �8ën[�¯ S;[�~�çuI;I�÷�S;��� ÿ f � m�£ ø ø-� � ù ù?ûåü(ýHþ ÿ2Û��B�Öo�f�
������µ¿[J��g��Hÿ5â�¶·Éÿ ¬ m \ S8HwHJI;Hnm

Theseequationsdefinetheshort-circuitsemanticsof theconditionaloperatorin thecaseof constant
values.
�<òy� ôXS;ÆJ�@ø �*ù �,òy�M�9ô¡S8ÆJ�@ø �8�{ù �,òy���,ô�S;ÆJ� ø ����ù

. . .�,òy�
?
���

:
���<ô�S8ÆJ�@ø � È ù (Rules:E104,E105,E106,

E107,E108,E111andE112)

ú ø ø-�
?
���

:
����ù ù $-�'�`þ ÿ ¬ � �����	�8�=9:�8�=<>�[JI;��N ÿJ1 ÿ2á�1 ÿhâJ1 ÿ ¬�f
ø ø-��ù ù $-�'�`þ ÿ�� �D9�<Bm R ø ø-�M�\ù ù $-�]�Zþ ÿwÚ%� �D9�< \ ø ø-����ù ù $-�]�Zþ ÿ%Û�� �¿9�< _

In caseof all sortsof alternativesexceptnull pointers,theonly thingsto determinefrom the typing
rulesarethetypeparameters.

(E109)
ø ø-�

?
� �

:
� � ù ùP$-�'�`þ �ht &Eþ ì�Úh� �G�����	�8��9:�Z��<��[JI;��N¢ÿJ1 �ht &bþ ì�áh�61 �5t &bþ ì	á%�P1 �ht &bþ ì	áh�:f
ø ø-��ù ù6$-�]�Zþ ÿ��B�D9�<�m R ø ø�����ù ùP$-�]�Zþ ÿ�Ú2�B�D9�< \ 
�� ��®f����H�
�m _

(E110)
ø ø-�

?
���

:
����ù ù $-�'�`þ �ht &Eþ ì�Û2� � �����	�8��9:�Z��<��[JI;��N¢ÿJ1 �ht &bþ ì`â2�61 �5t &bþ ì8â��P1 �ht &bþ ì8â2�:f
ø ø-��ù ù6$-�]�Zþ ÿ��B�D9�<�m R 
�����®f����H�
�m \ ø ø-� � ù ù6$-�]�Zþ ÿ2Û��B�¿9�< _

Whenoneof thealternativesis anull pointer, it is implicitly convertedto thetypeof theotheralterna-
tive.
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12.8 Assignmentoperators

(E113)
ø ø-� �

=
� � ù ùP$-�]�Zþ ÿ����������Z��9:�;�=<>�*ø ø

=
ù ù ¸X1 ÿ R ø ø�� � ù ù?ý ûåü(ý #%$Jþ ¸��B�D9�< \  ø ø�� � ù ùP$-�'�`þ ÿ��B�D9�< _

SIMPLE

ASSIGNMENT

Thedynamicsemanticsof simpleassignmentis straightforward. It is definedin termsof themeaning
of thesimpleassignmentoperator. This meaningis a function,takingasparametersthetwo expres-
sionscorrespondingto the l-valueandthe r-value. It is parameterizedby themembertype î of the
l-valueandthedatatype × of ther-value,whichis thesameasthetypeof theresult.It is requiredthat
×ðï(ñóòDô¡õ5öh÷%øùî .

Ê ø ø
=
ù ù ¸D1 ÿàú äuf
ø ø � ù ù ¸¡û�¸ m Í ä=f
ø ø-�`ù ù"Ë%Ì º m�£åäuf
ø ø-�`ù ù]Ë%Ì º m

ø ø
=
ù ù ¸D1 ÿ ��� R�æ � \ æ � _ �æ �®�-� æ �Àoyf]� R � ¾ \h��_ ���
 ��Ç��b÷�
�S ÿZ¶· ¾ � ¾ � oyf]� ��È �
����� � m%m

Thel-valueandther-valueareevaluated,allowing interleaving. Then,theevaluatedvalueis storedin
theevaluatedlocation.Theresultis thestoredvalue.

The definition of compositeassignmentis probablythe most complicatedpart of the dynamicCOMPOSITE

ASSIGNMENT semanticsof C expressions.Thereasonis thattheleft sideof theassignmentmustonly beevaluated
once.For this reason,typing rule E114cannotbeuseddirectly. A typingderivationwith morelevels
mustbeusedinstead.Thisderivationhasthegeneralform:

�Àü��M� ú ÷����b÷�
�SÉø � ù
. . .

�Àüy� � ú ÷����E÷�
�SÉø � ù
. . .�ßüq� � ú S;ÆJ� ø � � ù �ýü�� � ú S;ÆJ� ø � � ù

. . .�ýü����
op

��� ú S;ÆJ� ø � È ù
. . .�Àüy���

op
���Âþÿ��Àüy�M�

=
���

op
��� ú S8ÆJ�@ø �bù�Àüy���

op=
��� ú S;ÆJ� ø �bù

where:

� Theimplicit coercionruleat thefifth (higher)level is oneof C1or C3;� Thearithmeticoperationrule at thefourth level is oneof E47,E49,E51,E53,E54,E57,E58,
E61,E63,E91,E93or E95;� Theassignabilityruleat thethird level is oneof A1, A2, A3, A4 or A5;� Theruleat thesecondlevel is E113;and� Theruleat thefirst level is E114.

Thedynamicsemanticequationthatcorrespondsto thisderivationis thefollowing:

(E114)
ø ø-�M�

op=
����ù ù $-�'�`þ ÿ�� �����	�;�=9:�8�=<��*ø ø

op=
ù ù ¸D1 ÿ�1 ÿ%Û�1 ÿ ¬ 1 ÿ ¬ 1 ÿ ¬ R ø ø-�M�\ù ù ý ûåü(ý #%$Jþ ¸�� �¿9�< \ ø ø-���Hù ù $-�]�Zþ ÿ2Û�� �D9�< _

Thedynamicsemanticmeaningof compositebinaryassignmentoperatorsis a functionsimilar toMEANING OF

BINARY

ASSIGNMENT
theonefor thesimpleassignmentoperator. However, thenumberof parametersis larger.
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Ê ø ø
binary-assignment

ù ù ¸X1 ÿwÚJ1 ÿ%Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ú ä=f
ø ø � ù ù ¸¡û�¸ m Í äuf
ø ø-����ù ù"Ë%Ì º m�£åäuf
ø ø��`ù ù"Ë%Ì º m
ø ø
op=

ù ù ¸D1 ÿwÚJ1 ÿ2Û�1 ÿ ¬Ú 1 ÿ ¬Û 1 ÿ ��� R�æ � \ æ � _ �?�@BA æ È � � æ �Âo�f]� � ¾ �k S8��Ç��b÷�
�S ¾ ¶·Éÿ2á¿� ¾ oyf]� � �
�� �� R � ¾ \ [w�>g�� ÿ2á�¶·dÿ ¬á ��_ m%mæ È� � æ �Ào�f�
 �����µD[J��g�� ÿhâJ¶·Éÿ ¬â ma-b æ È � �-� æ È� oyf]� R%R � ¾ \2� � _w\%� � _ �?�@BA � ��[J��g�� ÿZ¶·Éÿ2á f
ø ø
op

ù ù ÿ ¬Ú 1 ÿ ¬Û 1 ÿ R � � \%� � _ ma-b ��
 ��Ç��b÷�
�S ÿ%áw¶· ¾ � ¾ � o�f]� � È ��
����� � m%m

The l-valueexpression,the contentsstoredthereandthe r-valueexpressionareevaluatedallowing
interleaving. Then,theresultis calculatedandstoredin memory.

An alternative dynamicsemanticmeaningfor expressionsof type ������� × Ü	� is defined,correspond- CONVERSION

AS IF BY

ASSIGNMENT
ing to assignabilitytyping rules.

�ýüy� ú S;ÆJ�@ø �*ù
. . .�Àüy�àþÿ� È (Rules:A1, A2, A3, A4 andA5)

ú  ø ø���ù ùP$-�]�Zþ ÿ ¬ �|�����	�;��9:�8�u<��*ø ø-��ù ù6$-�]�Zþ ÿ��B�D9�<Go�f�
������µD[w�>g��HÿZ¶·Éÿ ¬ m

In all casesexceptnull pointerconstants,asimpletypecastingis necessaryto convert theexpression’s
value.

(A6)
 ø ø���ù ù $-�]�Zþ �5t &bþ ì ¬ � � �������Z��9:�;�=<>��
�����®f����H�
�m

Thecaseof null pointerconstantsis evensimpler.

12.9 Implicit coercions

(C1)
ø ø-��ù ùP$-�]�Zþ ÿ��G�����	�8�=9:�8�u<>�*ø ø-��ù ù?ý ûåü(ý #%$Jþ +-,6.�þ ÿJ16¼]� ���D9�<GoÃk S8�ZÇB�E÷�
 S +-,*.�þ ÿJ1 
%� ¶·dÿ

(C3)
ø ø-��ù ù $-�]�Zþ ÿ�� �����	�8�=9:�8�u<>�*ø ø-��ù ù ý ûåü(ý #%$Jþ ,'� t �%$.ý Õ3þ �>1P¼%1 7�� � �D9�<�oßk S;�ZÇ��b÷�
�S ,'� t �%$.ý Õ3þ �>1 
w1 Q8� ¶·dÿ

Implicit coercionfrom agivenobjector bit-field designatorrequiresthereadingof thecontentsof the
givenobjector bit-field.

(C2)
ø ø-��ù ùP$-�]�Zþ �ht &bþ {�� �G�����	�8�=9:�8�u<>�*ø ø-��ù ù?ý ûåü(ý #%$Jþ ü'&(&¾ü*)�þ {>1 7�� �B�D9�<|o�f�
�����MµD��-÷XµD�hI%L�NON>H�ü5&*&Qü6)�þ {>1 Q;�-m

(C4)
ø ø-��ù ùP$-�]�Zþ �ht &bþ �w� �G�����	�8�=9:�8�u<��*ø ø-��ù ù6$-�]�Zþ �w�B�¿9�<Go�f�
������µu���÷�m

Implicit coercionfrom arraysor functionsto pointersis simple.It cannever produceanull pointer.

(C5)
ø ø-��ù ùP$-�]�Zþ ÿ��G�����	�8�=9:�8�u<>�N÷��F-�8}Jdue�f
ø ø-��ù ù?û1ü1ýHþ ÿ��B�`m

Finally, implicit coercionfrom a constantvalueto a nonconstantvaluerequiresa simplelifting be-
tweenmonads and � .





Chapter 13

Dynamic semanticsof declarations

This chapterdefinesthe dynamicsemanticsof C declarations,including external declarationsand CHAPTER

OVERVIEWtranslationunits. A large numberof alternative dynamicmeaningsaregiven to declarations,repre-
sentingdifferentaspectsof their executionbehaviour. Section13.1presentsthesemanticsof external
declarationsandSection13.2thesemanticsof declarations.

13.1 External declarations
Ê ø ø��h
������ù ù ú�� f
ø ø*�����ù ù"Ë%Ì º m
(X1)

ø ø
external-declaration-list

ù ù t #%3%� t �÷��F-��� d=c f�HwS8[�²��
external-declaration-list

�´ ���;m®oqf]�����ø ø
external-declaration-list

ù ù �]Õh$-/Qý ��f"����©pm®oyf]��9:�÷��F-�Z}Jduc�f�K���Æ�}�f��3ø ø
external-declaration-list

ù ù��D9Om%m®o�f]�=<>���ø ø
external-declaration-list

ù ù��D9�<�o�f]��rn�÷��F-��� d=e �uø��(Kp�>������NOSbùMoqf]���;� �`��� @ � �O���I;HJKp�E÷qø F-
���[Tø ���� \-¢ ��ùÀù � ÷��F-� }Jduc f"÷�I;I8~�
	���¿9 �(Kp�������mpoyf]� � ¾ �÷��F-�;}Jduc�f�<�ø � ¾ ù-mpoyf]� R"! ¾ \%� ¾ _ ��g�  I8K������h�Wb÷�S¡f ! ¾ \ F-
���[�ø �� � \-¢ � ù�m�£g÷��F-�`e�duc�f � ¾ ©pm \ S;HJHJI;Hjm%m��A�¤n@B¥;¦ a � @ � S;HJHwI8Hjm%m%m%m%m

TRANSLATION

UNITS

The dynamicmeaningof translationunits is a computationresultingin the value of type int that
is returnedfrom functionmain. Thestatictypeenvironmentis first calculatedandtheobjectsof the
outermostscopearecreatedandallocated.Following that,thefunctioncodeenvironmentis calculated
as the monadicleastfixed point of the # -meaningfor all externaldeclarations.The fixed point is
necessarysothatrecursive functioncallsareallowed. Following that,objectsof theoutermostscope
areinitialized andfunctionmain is called. It is assumedthatmainhasthe type“ int main (); ”
andfor this reasonno actualparametersarepassed.An error occursif no main function hasbeen
definedor if its typeis notcompatiblewith “ int main (); ”.

Ê ø ø�Æ�NOS;[ ÷*ù ù ú � ú%$ b A�& ø ø-�bù ù(' 7wº £ � f
ø ø��bù ù(' 7wº m
(X2)

ø ø
external-declarationexternal-declaration-list

ù ù �]Õh$-/¾ý �����	�ø ø
external-declaration

ù ù6�]Õh$-/¾ý �*)Tø ø
external-declaration-list

ù ùP�'Õ5$-/Qý �
(X3)

ø ø
declaration

ù ù �'Õ5$-/Qý �����	�;�=9:�÷��F-� }Jduc f
ø ø
declaration

ù ù Õh$-/¾ý �D9Om®o�f]�=9 È �  ø ø
declaration

ù ù Õh$-/¾ý �D9 È o�f]��rn��
�� ���9 È m%m
(X4)

ø ø
declaration-specifiers declarator

²
declaration-list statement-list́

ù ù �]Õh$-/¾ý �����	�8��9:�÷��F-�Z}Jduc�f
ø ø
declarator

ù ùPÕht +-&�þ � #%3%/bþ ÿJ1 �w� ���¿9Om

EXTERNAL

DECLARA-
TIONS

Theprimarydynamicmeaningfor externaldeclarationsis a function that updatesthedynamictype
environment.In thecaseof objectdeclarations,theobjectsmustbecreatedandallocated,whereasin
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thecaseof functiondeclarations,functionsneedonly becreated.

Ê ��ø ø(Æ�NOS;[ ÷bù ù ú � ú+$ b A�& ø ø-�*ù ù(' 7Jº £-, �/. £ � f10ým
(X2)

��ø ø
external-declaration external-declaration-list

ù ù �]Õh$-/¾ý �����	�;��9:�8�u<>��%ø ø
external-declaration

ù ù �]Õh$-/Qý �D9�<Go�f]��rj�2��ø ø
external-declaration-list

ù ù �]Õh$-/¾ý �D9�<�m
(X3)

��ø ø
declaration

ù ù �]Õh$-/¾ý �3��ø ø
declaration

ù ù Õ5$-/Qý
(X4)

��ø ø
declaration-specifiers declarator

²
declaration-list statement-list́

ù ùP�'Õ5$-/Qý��������8�u9:�8��<���
�����M� � r

EXTERNAL

DECLARA-
TIONS4

-MEANING

The 5 -meaningfor externaldeclarationsis useful for the initialization of objectsof the outermost
scope.In thecaseof functiondefinitions,no initialization is necessary, becauseof deviation D-5 in
Section2.3. Thiswouldnotbetrueif staticobjectsweresupportedinsidefunctionbodies.

Ê �3ø ø�Æ�NOS;[�÷bù ù ú � ú%$ b A*& ø ø��bù ù ' 7wº £6, �/. £ Þ�f7, �/. m
(X2)

�3ø ø
external-declarationexternal-declaration-list

ù ù �'Õh$-/¾ý �����	�8�u9:�8��<���3ø ø
external-declaration

ù ù �'Õh$-/¾ý �D98)D�3ø ø
external-declaration-list

ù ù �]Õh$-/¾ý �D9
(X3)

�3ø ø
declaration

ù ùP�'Õ5$-/Qý��������8�u9:�8�u<>��
������<

EXTERNAL

DECLARA-
TIONS9

-MEANING

The # -meaningfor externaldeclarationsis usedfor thedefinitionof functions.It is a functionwhich
takesasparametersthe currentstaticanddynamictype environmentandthe currentfunction code
environmentandreturnsanupdatedfunctioncodeenvironment.

(X4)
�3ø ø

declaration-specifiers declarator
²

declaration-list statement-list́
ù ù �]Õh$-/¾ý �����	�;��9:�Z��<��÷��F-�+� du} f�HJS;[Vf(:®²��

declarator
�´ )u²��

declaration-list
�´ mXf;�M�8m%mpo�f]��� È �< ø ø

declarator
ù ù Õht +-&Eþ � #%3%/Eþ ÿ�1 �J� � �D9�o�f]� � E �?�@BA � E � � � � ��F-
 ��W�I8NZÅGf÷��F-� e�d�= f(:�>¢ø ø

declarator
ù ùPÕht +-&bþ � #%3%/�þ ÿ�1 �J� �	� È f"� È ��9Om �;� m®oqf]�=9 È �÷��F-� }Jd�= f�NOS���� S;ç¢÷�I;[�~ ^ � Èf]���@?Z�8�u9A?;�N÷��F-� }Jduc f
ø ø

declaration-list
ù ùPÕh$-/Qý��@?�f"�B?C��9A?�m%m®oyf]��9 È? � ø ø

declaration-list
ù ù Õh$-/Qý � ? 9 È? oqf]�=rn�
������9 È? m%m%mf]���@?Z�8�u9A?;�@D<ø ø

declaration-list
ù ù Õh$-/¾ý �B?�9A?ýoqf]�u9 È? �:�E¢ø ø

declarator
ù ùPÕht +-&bþ � #%3%/Eþ ÿJ1 �J� ��� ? 9 È? o�f]�u9 È È? �
�����®f"� ?GF 9 È È? m%m%m%mg�[JI%��S�HuK����*ÅJI�m®oqf]��K:�÷��F-� }Jd�= f;L ø ø

statement-list
ù ù ¹�t M�tbþ ÿ�� � È K�m®oyf]��K È �g�[JI%��SON=g�SPK È f÷��F-�Z}Jd�=�f
ø ø

declaration-list
ù ù Õh$-/¾ý � È 9 È mpo�f]�u9 È È �÷��F-� c%d�= f  ø ø

declaration-list
ù ù Õh$-/¾ý � È 9 È È m®oqf]��rj���÷��F-� c%d�= fQ��ø ø

declaration-list
ù ùPÕh$-/¾ý � È 9 È È <Bmpoyf]��r��;�
�g�Sxf�HJS;[SR-l f;TTø ø

statement-list
ù ùP¹�t M�tbþ ÿ��B� È 9 È È <BmVU � m�f]��U;�ø ø

statement-list
ù ùP¹�t M�tEþ ÿ��	� È 9 È È <JUÀo�f]�=rn�÷��F-� c2d�= f;D<ø ø

declaration-list
ù ù Õh$-/Qý � È 9 È È m®oqf]�u9 È È È �÷��F-� c2d�= f(: E ø ø

declarator
ù ù Õht +-&bþ � #%3%/�þ ÿ�1 �J� � � È 9 È È È mxoyf]�=9 È È È È �
�����Mr�m%m%m%m%m%m%m%m%m%m%m%ma-b <Eø � E ³£ R F-
�� [�ø � \�¢ ù \%� E _ ù�m%m

The # -meaningof functiondefinitionsis themostcomplicatedpartof thedynamicsemanticsof dec-
larations. First the static type environment for the function’s body is calculatedand the function
identifieris lookedup in thedynamictypeenvironment.Following that,thedynamicsemanticsof the
function’s bodyis definedandthefunctioncodeenvironmentis updated.

The semanticsof the function’s body requiresa conversionfrom a statementcomputationto an
expressioncomputation,performedby function ÷�W�X8Y[Z:ò:ø . Executionstartsby thecalculationof the
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body’s dynamictypeenvironment,in which thedeclarationof formal parametersmustbetaken into
account.This is performedby the \^] -meaningof thefunctiondeclarator. Following that,anew scope
for the function’s bodyis defined,startingfrom theemptyscopeinformationthatcorrespondsto the
outermostscope.Uponenteringthefunction’sscope,theobjectstobecreatedarethosedeclaredinside
thebody; uponleaving it, theobjectsto bedestroyed alsoincludethe function’s formal parameters.
Subsequently, scopeinformation is updatedby including enclosedscopesdefinedin the function’s
body. This is performedby the _ -meaningof thebody’s statements.

After all environmentsandscopeinformationhave beendetermined,theobjectsdeclaredinside
thebodyneedto becreated,allocatedandinitialized. Thelabelenvironmentis thencalculated,using
the function ` �ba%ced andstartingwith an emptylabel environment. The statementsin the function’s
bodyarethenexecuted,followedby thedestructionof theobjectsdeclaredin thebodyandtheformal
parameters.Theresultof thebody’s executionis theresultobtainedfrom theexecutionof thebody’s
statements.

13.2 Declarations
Ê ø ø�NOS;[ ÷*ù ù ú � ú%$ b A�& ø ø-�bù ù(' 7wº £àÞ�f
ø ø-�bù ù;' 7Jº m
(D1)

ø ø-§\ù ùPÕh$-/¾ý �����	��
�����
(D2)

ø ø
declarationdeclaration-list

ù ù Õh$-/¾ý �����	�uø ø
declaration

ù ù Õh$-/¾ý �f)Tø ø
declaration-list

ù ù Õ5$-/Qý �
(D3)

ø ø
declaration-specifiers init-declarator-list ;

ù ù Õh$-/¾ý � ø ø
init-declarator-list

ù ù � Õ5t +-&

DECLARA-
TIONS

Ê  ø ø(NOS;[ ÷*ù ù ú � ú+$ b A*& ø ø��bù ù ' 7Jº £ � f10ým
(D1)

 ø ø�§\ù ù Õh$-/¾ý �����	�8�=9:��
������

(D2)

 ø ø
declarationdeclaration-list

ù ù Õh$-/Qý �������8�u9:�  ø ø
declaration

ù ù Õh$-/¾ý �D9�o�f]��rn�  ø ø
declaration-list

ù ù Õh$-/Qý �X9Om
(D3)

 ø ø
declaration-specifiers init-declarator-list ;

ù ùPÕh$-/¾ý �  ø ø
init-declarator-list

ù ùP� Õht +-&

DECLARA-
TIONSg

-MEANING

Ê D<ø ø�NOS;[ ÷*ù ù ú � ú%$ b A�& ø ø��bù ù(' 7wº £ � f
ø ø��bù ù(' 7wº m
(D1)

D<ø ø-§\ù ùPÕh$-/¾ý �����	��
�����
(D2)

D<ø ø
declarationdeclaration-list

ù ù Õh$-/¾ý �����	�@D<ø ø
declaration

ù ù Õh$-/¾ý �*)�D<ø ø
declaration-list

ù ù Õh$-/¾ý �
(D3)

D<ø ø
declaration-specifiers init-declarator-list ;

ù ù Õh$-/¾ý �hD<ø ø
init-declarator-list

ù ù � Õht +-&

DECLARA-
TIONSi

-MEANING

Ê �%ø ø�N>S8[�÷*ù ù ú � ú�$ b Af& ø ø��*ù ù ' 7Jº £-, �/. £ � f10ým
(D1)

�%ø ø-§�ù ù Õh$-/Qý �����	�8�=9:�8�=<>��
������

(D2)

�%ø ø
declarationdeclaration-list

ù ù Õh$-/¾ý �����	�8�u9:�8��<����ø ø
declaration

ù ùPÕh$-/Qý��¿9�<�oqf]��rj�2��ø ø
declaration-list

ù ùPÕh$-/¾ý �¿9�<�m
(D3)

�%ø ø
declaration-specifiers init-declarator-list ;

ù ù Õh$-/Qý �3�%ø ø
init-declarator-list

ù ù � Õ5t +-&

DECLARA-
TIONS4

-MEANING

The primary semanticmeaningof declarationssimply createsthe declaredobjectsand functions.
The j -meaningis usedfor theallocationof objects,whereasthe k -meaningis responsiblefor their
deallocationanddestruction.Finally, the 5 -meaningperformsthedeclaredobjects’initialization.
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13.2.1 Declarators
Ê ø ø��N>�hI8H-ù ù ú � ú+$ b A�& ø ø��bù ù(' 7wº £ Þ�f
ø ø-�bù ù(' 7wº m
(D4)

ø ø-§\ù ù � Õht +-& �����	��
�� ��
(D5)

ø ø
init-declarator init-declarator-list

ù ù � Õ5t +-& �����	�*ø ø
init-declarator

ù ù � Õht +-& �f)Tø ø
init-declarator-list

ù ù � Õht +-& �
(D6)

ø ø
declarator

ù ù � Õht +-& � ø ø
declarator

ù ùPÕht +-&�þ ì8�
(D7)

ø ø
declarator = initializer

ù ù � Õht +-& � ø ø
declarator

ù ùPÕht +-&�þ ì8�

DECLARATORS

WI TH

INITIALIZERS

Ê  ø ø��NO�5I8H�ù ù ú � ú+$ b A�& ø ø-�*ù ù ' 7Jº £ � f10ým
(D4)

 ø ø-§\ù ù � Õht +-& �������8�u9:��
������

(D5)

 ø ø
init-declarator init-declarator-list

ù ù6� Õht +-& �����	�8��9:� ø ø
init-declarator

ù ù � Õht +-& �¿9 o�f]��rn�  ø ø
init-declarator-list

ù ù � Õ5t +-& �¿9Om
(D6)

 ø ø
declarator

ù ù � Õht +-& �  ø ø
declarator

ù ùPÕht +-&Eþ ì;�
(D7)

 ø ø
declarator = initializer

ù ù � Õht +-& �  ø ø
declarator

ù ùPÕht +-&bþ ì;�

DECLARATORS

WI TH

INITIALIZERSg
-MEANING

Ê D<ø ø��N>�hI8H�ù ù ú � ú+$ b A�& ø ø��bù ù(' 7wº £ � f
ø ø-�*ù ù(' 7Jº m
(D4)

D<ø ø-§\ù ù � Õht +-& �����	��
 ����
(D5)

D<ø ø
init-declarator init-declarator-list

ù ùP� Õ5t +-& �����	�@D<ø ø
init-declarator

ù ùP� Õht +-&X�*)�D<ø ø
init-declarator-list

ù ùP� Õht +-&¡�
(D6)

D<ø ø
declarator

ù ù � Õht +-& �lD<ø ø
declarator

ù ùPÕht +-&Eþ ì;�
(D7)

D<ø ø
declarator = initializer

ù ù � Õht +-& �mD<ø ø
declarator

ù ùPÕht +-&�þ ì8�

DECLARATORS

WI TH

INITIALIZERSi
-MEANING

Ê ��ø ø(�NO�hI;H�ù ù ú � ú%$ b A�& ø ø-�*ù ù ' 7Jº £6, �n. £ � f10ým
(D4)

��ø ø�§\ù ù � Õht +-& �����	�8�u9:�8��<���
������

(D5)

��ø ø
init-declarator init-declarator-list

ù ù � Õht +-& �����	�8��9:�;�=<>��%ø ø
init-declarator

ù ùP� Õht +-&��¿9�<Go�f]�=rn�o��ø ø
init-declarator-list

ù ùP� Õht +-&¡�D9�<�m
(D6)

��ø ø
declarator

ù ù � Õht +-& �����	�8�u9:�8�=<���
������

(D7)

��ø ø
declarator = initializer

ù ù � Õht +-& �����	�;�=9:�;��<��÷��F-� }Jdue f < ø ø
declarator

ù ù Õht +-&Eþ {�� �¿9Om®o�f]� � �*ø ø
initializer

ù ù � 3%� tEþ {�� �D9�< � m

DECLARATORS

WI TH

INITIALIZERS4
-MEANING

Thealternative meaningsof declaratorswith initializersserve thesamepurposeasthecorresponding
meaningsof declarations.In theinitializationof objectswhosedeclarationincludesaninitializer, the
dynamicsemanticsof theinitializer is used.

Ê ø ø�NO�5I8HTø pJù1ù ù ú � ú+$ b A*& ø ø-�bù ù;' 7Jº £ Þ�f
ø ø-�*ù ù(' 7Jº m
(D8)

ø ø-zJù ùPÕht +-&Eþ ì;�G�����	�8�=9:��[wHJS;�>�hS �D9�z
(D9)

ø ø-zJù ùPÕht +-&Eþ ì;�G�����	�8�=9:��
������9
(D10)

ø ø
declarator [ constant-expression]

ù ù6Õ5t +-&�þ ì8��� ø ø
declarator

ù ùPÕht +-&Eþ ì;�
(D11)

ø ø
declarator [ ]

ù ù Õht +-&bþ ì;� � ø ø
declarator

ù ù Õ5t +-&�þ ì8�
(D12)

ø ø
* type-qualifierdeclarator

ù ùPÕht +-&Eþ ì;�G� ø ø
declarator

ù ù6Õ5t +-&�þ ì8�
(D13)

ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ ì;�G� ø ø
declarator

ù ù6Õ5t +-&bþ ì;�
(D14)

ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ ì;�G� ø ø
declarator

ù ù6Õ5t +-&bþ ì;�

DECLARATORS

The purposeof the primary meaningfor declaratorshasbeendiscussedbefore. Declaratorscorre-
spondingto a typedefaresimply ignored.
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Ê < ø ø�NO�hI;HTø p�ù1ù ù ú � ú%$ b A�& ø ø-�bù ù;' 7Jº £àÞ�f
ø ø;p3ù ù"Ë û-7 m
(D8)

< ø ø-z-ù ù Õht +-&Eþ ì;� �����	�8��9:��÷�I;I;~�
	�|�D9�z
(D9)

< ø ø-z-ù ùPÕht +-&Eþ ì;�G�����	�8��9:��S;HJHwI8H
(D10)

< ø ø
declarator [ constant-expression]

ù ù6Õ5t +-&�þ ì8��� < ø ø
declarator

ù ùPÕht +-&Eþ ì;�
(D11)

< ø ø
declarator [ ]

ù ù Õht +-&Eþ ì;� � < ø ø
declarator

ù ù Õht +-&�þ ì8�
(D12)

< ø ø
* type-qualifierdeclarator

ù ù Õht +-&bþ ì;� � < ø ø
declarator

ù ù Õ5t +-&�þ ì8�
(D13)

< ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ ì;�G� < ø ø
declarator

ù ù6Õ5t +-&�þ ì8�
(D14)

< ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ ì;�G� < ø ø
declarator

ù ù6Õ5t +-&�þ ì8�

DECLARATORSq
-MEANING

The r -meaningfor declaratorsis usedin orderto extract their denotedvaluefrom thedynamictype
environment.An erroroccursif thedeclaratorcorrespondsto a typedef.

Ê  ø ø(NO�hI;H�ø p�ù(ù ù ú � ú%$ b A�& ø ø��bù ù(' 7wº £ � f10ßm
(D8)

 ø ø�z-ù ùPÕht +-&�þ ì8�G�����	�8�u9:���E÷�÷�I8[w�>�5S«�¿9Mz
(D9)

 ø ø�z-ù ùPÕht +-&�þ ì8�G�����	�8�u9:��
�� ���

(D10)

 ø ø
declarator [ constant-expression]

ù ù Õht +-&bþ ì8� �  ø ø
declarator

ù ù Õht +-&Eþ ì8�
(D11)

 ø ø
declarator [ ]

ù ù Õht +-&Eþ ì;� �  ø ø
declarator

ù ù Õht +-&Eþ ì;�
(D12)

 ø ø
* type-qualifierdeclarator

ù ùPÕht +-&Eþ ì;�G�  ø ø
declarator

ù ùPÕht +-&Eþ ì;�
(D13)

 ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ ì;�G�  ø ø
declarator

ù ùPÕht +-&Eþ ì;�
(D14)

 ø ø
declarator ( parameter-type-list)

ù ù Õht +-&Eþ ì;� �  ø ø
declarator

ù ù Õht +-&Eþ ì;�

DECLARATORSg
-MEANING

The j meaningof declaratorsservesthepurposeof allocatingobjects.Declaratorscorrespondingto
a typedefareignored.

Ê D<ø ø�NO�hI;HTø p�ù1ù ù ú � ú%$ b A�& ø ø��bù ù ' 7Jº £ � f
ø ø-�bù ù ' 7wº m
(D8)

D<ø ø-z-ù ù6Õ5t +-&�þ ì8���������Z��9:��NOS;g��hHwI2ÅÖ�D9�z
(D9)

D<ø ø-z-ù ù Õ5t +-&�þ ì8� �������J
 ����
(D10)

D<ø ø
declarator [ constant-expression]

ù ù Õht +-&Eþ ì8� �mD<ø ø
declarator

ù ù Õht +-&Eþ ì;�
(D11)

D<ø ø
declarator [ ]

ù ùPÕht +-&Eþ ì;�G�mD<ø ø
declarator

ù ùPÕht +-&�þ ì8�
(D12)

D<ø ø
* type-qualifierdeclarator

ù ùPÕht +-&Eþ ì;�G�hD<ø ø
declarator

ù ùPÕht +-&�þ ì8�
(D13)

D<ø ø
declarator ( parameter-type-list)

ù ù Õht +-&Eþ ì;� �hD<ø ø
declarator

ù ù Õht +-&�þ ì8�
(D14)

D<ø ø
declarator ( parameter-type-list)

ù ù Õht +-&Eþ ì;� �hD<ø ø
declarator

ù ù Õht +-&�þ ì8�

DECLARATORSi
-MEANING

The k meaningof declaratorsservesthepurposeof deallocatinganddestroying objects.Declarators
correspondingto a typedefareagainignored.

Ê :�>¢ø ø�NO�hI;HTø F-
���[�ø � \"¢ ùÀù(ù ù ú � ú%$ b A�& ø ø-�bù ù(' 7wº £ ø ø ¢ ù ù(s+t	u º £åäuf
ø ø-�*ù ù(' 7Jº m
(D8)

:�>¢ø ø-z-ù ù Õ5t +-&�þ � #%3%/bþ ÿ�1 �w� � �������8�=9:�;� �;� ��S;HJHwI8H
(D9)

:�>¢ø ø-z-ù ù Õ5t +-&�þ � #%3%/bþ ÿ�1 �w� � �������8�=9:�;� �;� ��S;HJHwI8H
(D10)

: > ø ø
declarator [ constant-expression]

ù ù6Õ5t +-&�þ � #%3%/Eþ ÿJ1 �w� ���v: > ø ø
declarator

ù ùPÕht +-&Eþ � #%3%/Eþ ÿ�1 �J� �
(D11)

:�>¢ø ø
declarator [ ]

ù ùPÕht +-&Eþ � #%3%/�þ ÿ�1 �J� ���h:�>nø ø
declarator

ù ùPÕht +-&Eþ � #%3%/bþ ÿJ1 �J� �
(D12)

:�>¢ø ø
* type-qualifierdeclarator

ù ù Õht +-&Eþ � #%3%/bþ ÿJ1 �J� � �l:�>¢ø ø
declarator

ù ù Õht +-&�þ � #%3%/Eþ ÿJ1 �J� �
(D13)

:�>¢ø ø
declarator ( parameter-type-list)

ù ù Õht +-&Eþ � #%3%/bþ ÿJ1 �J� � �l:�>¢ø ø
declarator

ù ù Õht +-&�þ � #%3%/Eþ ÿJ1 �J� �
(D14)

: > ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ � #%3%/bþ ÿJ1 �J� ��� ø ø
parameter-type-list

ù ùP�h&*+-t*þ �w�

DECLARATORSw >
-MEANING
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The \^] -meaningis only definedfor functiondeclarators.An erroroccursif it is usedon othertypes
of declarators.It is a functionwhich takesasparametersthe staticanddynamictype environments
and the dynamicvaluesof the function’s actualparameters.It returnsa computationresultingin
the updateddynamictype environment,wherethe formal parametershave beencreated.Also, this
computationinitializesthevaluesof theformalparametersto thegivenvaluesof theactualparameters.

Ê : E ø ø(NO�5I8H�ø F-
���[�ø � \"¢ ùÀù(ù ù ú � ú+$ b A*& ø ø-�bù ù(' 7wº £ � f
ø ø��bù ù(' 7wº m
(D8)

: E ø ø�zJù ù Õht +-&Eþ � #%3%/�þ ÿ�1 �w� � �������8�u9:��S;HJHJI;H
(D9)

:�E%ø ø�zJù ùPÕht +-&Eþ � #%3%/�þ ÿ�1 �w� ���������8�u9:��S;HJHJI;H
(D10)

:�E%ø ø
declarator [ constant-expression]

ù ù6Õ5t +-&�þ � #%3%/Eþ ÿJ1 �w� �Ö�l:�E¢ø ø
declarator

ù ùPÕht +-&bþ � #%3%/�þ ÿ�1 �J� �
(D11)

: E ø ø
declarator [ ]

ù ùPÕht +-&Eþ � #%3%/bþ ÿJ1 �J� ���l: E ø ø
declarator

ù ùPÕht +-&�þ � #%3%/Eþ ÿJ1 �J� �
(D12)

: E ø ø
* type-qualifierdeclarator

ù ù Õht +-&Eþ � #%3%/Eþ ÿJ1 �J� � �v: E ø ø
declarator

ù ù Õht +-&�þ � #%3%/bþ ÿJ1 �w� �
(D13)

:�E%ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ � #%3%/Eþ ÿJ1 �J� ���v:�E%ø ø
declarator

ù ùPÕht +-&�þ � #%3%/bþ ÿJ1 �w� �
(D14)

:�E%ø ø
declarator ( parameter-type-list)

ù ùPÕht +-&Eþ � #%3%/Eþ ÿJ1 �J� ���hD<ø ø
parameter-type-list

ù ù6�5&(+-tbþ �w�

DECLARATORSw E
-MEANING

The \^x -meaningis againonly definedfor functiondeclaratorsandan error occursotherwise.It is
a function which takesasparametersthe staticanddynamictype environmentsandreturnsa com-
putationresultingin theupdateddynamictypeenvironment,wheretheformal parametershave been
deallocatedanddestroyed.

13.2.2 Function prototypesand parameters
Ê ø ø ��HwI8��ø ¢ ù1ù ù ú � ú+$ b A*& ø ø-�bù ù ' 7Jº £ ø ø ¢ ù ù s�t(u º £íä=f
ø ø-�bù ù ' 7wº m
(D15)

ø ø-§\ù ùP�h&*+-t*þ � ¨ �|�������8�u9:�8� �;� ��
������9
(D16)

ø ø
...

ù ù �h&(+-t*þ �J� �����	�;�=9:�8� �;� ��
������9
(Inaccurate.)

(D17)
ø ø
parameter-declaration parameter-type-list

ù ùP�h&*+-t*þ � ¬ �|�����	�8�u9:�8� � � �ø ø
parameter-declaration

ù ù6�(ü5&bþ ÿ��B�D9 f � � ±;mpo�f]�u9 È �*ø ø
parameter-type-list

ù ù6�5&(+-tbþ �w�B�D9 È f�g�¯��F-��± � � m%m

PARAMETER

TYPE L ISTS

The primary dynamicmeaningof parametertype lists servesthe samepurposeasthe \^] -meaning
for function declarators,which wasdefinedabove. The given semanticsis inaccurateasfar as the
semanticsof functionprototypescontainingellipsisis concerned.

Ê D<ø ø ��HwI8��ø ¢ ù1ù ù ú � ú%$ b A�& ø ø-�bù ù;' 7Jº £ � f
ø ø-�bù ù(' 7wº m
(D15)

D<ø ø-§\ù ù �h&*+-t*þ �w¨w� �������8�=9:��
������9
(D16)

D<ø ø
...

ù ù �h&(+-tbþ �J� �����	�8�u9:��
 �����9
(Innacurate.)

(D17)
D<ø ø

parameter-declaration parameter-type-list
ù ùP�h&*+-tbþ � ¬ �G�����	�ø ø

parameter-declaration
ù ù6�(ü5&bþ ÿ��B�*)Tø ø

parameter-type-list
ù ùP�h&*+-t*þ �J�B�

PARAMETER

TYPE L ISTSi
-MEANING

The k -meaningof parametertype lists serves the samepurposeas the \^x -meaningfor function
declarators,definedabove. Again,thegivensemanticsis inaccurateasfarasthesemanticsof function
prototypescontainingellipsisis concerned.

Ê ø ø ����H�ø �bù(ù ù ú � ú%$ b A�& ø ø��bù ù(' 7wº £ ø ø-�`ù ù]Ë%Ì º £íäuf
ø ø-�bù ù;' 7Jº m
(D18)

ø ø
declaration-specifiers declarator

ù ù �{ü5&bþ ÿ�� �������8�=9:�;� � �÷��F-�;}Jdue�f
ø ø
declarator

ù ùPÕht +-&bþ +-,*.�þ ÿJ16¼]� ���¿9Om®oyf]�=9 È �÷��F-� c2due f  ø ø
declarator

ù ùPÕht +-&�þ +-,*.Eþ ÿJ16¼]� �B�X9 È mpo�f]�=rn�÷��F-� }Jdue f < ø ø
declarator

ù ù Õht +-&Eþ +-,6.Eþ ÿJ16¼]� � �¿9 È m®o�f]� C ���
��ZÇB�E÷�
 S ÿZ¶·�+-,*.Eþ ÿ�1 
%� C � oyf]� � È �
������9 È m%m%m%m

PARAMETER

DECLARA-
TIONS
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Thepurposeof theprimarydynamicmeaningfor parameterdeclarationshasalreadybeendiscussed.
The formal parameteris created,allocatedand initialized by the valueof the correspondingactual
parameter.

Ê D<ø ø ����H�ø �*ù(ù ù ú � ú+$ b A�& ø ø��bù ù ' 7wº £ � f
ø ø-�*ù ù ' 7Jº m
(D18)

D<ø ø
declaration-specifiers declarator

ù ù6�(ü5&bþ ÿ��G�hD<ø ø
declarator

ù ùPÕht +-&Eþ +-,*.Eþ ÿ�1P¼'� � PARAMETER

DECLARA-
TIONSi

-MEANING

The purposeof the k -meaningfor parameterdeclarationshasalreadybeendiscussed.The formal
parameteris deallocatedanddestroyed.

13.2.3 Initializations

The primarydynamicmeaningof initializationsis a functionwhich takesasparametersthe current INITIALIZA-
TIONstaticanddynamictypeenvironments,thefunctioncodeenvironmentandtheaddressof theobjectto

beinitialized. It returnsacomputationwith anunimportantresultwhich initializesthegivenobjectto
thevaluecontainedin theinitializer.

Ê ø ø������¢ø � ù(ù ù ú � ú�$ b Af& ø ø-�*ù ù(' 7Jº £6, �n. £¯ø ø � ù ù ¸¡û�¸ £ � f10ßm
(I1)

ø ø-��ù ù � 3%� t*þ +-,6.�þ ÿ�1P¼'� � �����	�8��9:�Z��<��8� C ��F-
-÷"÷(HuÆJ��HJS;g�g��I;��f ø ø-��ù ù6$-�]�Zþ ÿ��B�D9�<�oqf]� � ���
��ZÇB�E÷�
�S ÿZ¶·�+-,*.�þ ÿJ1 
%� C � oyf]� ��È �
�� ���
�m%m%m
(I2)

ø ø-��ù ù � 3%� t*þ ,'� t �%$.ý Õ3þ �>16¼h1 7�� � �������Z��9:�;�=<>�8� Czy ��F-
-÷"÷(H¿ÆJ��HJS;g�g��I;��f ø ø-��ù ù $-�]�Zþ ÿ�� �D9�<�oqf]� � ���
��ZÇB�E÷�
�S ÿZ¶·�,5� t �%$.ý Õ3þ ��1 
w1 Q;� CAy � oyf]� ��È �
�� ���
�m%m%m

For the initialization of simpleobjectsandbit-field membersthe initializing expressionis evaluated
andtheresultis convertedasif by assignmentto theappropriatedatatype.Theobtainedvalueis then
storedin memory.

(I3)
ø ø-��ù ùP� 3%� t*þ ü'&(&¾ü*)�þ {>1 7�� �G�����	�8��9:�;�=<>�8� C>E ��g��hI;HJS;ij�hHw��	k l��� { � C>E �

(I4)
ø ø-��ù ù � 3%� t*þ ü'&(&¾ü*)�þ {>1 7�� � �����	�8��9:�;�=<>�8� C>E ��g��hI;HJSOvp�N>S8i �hHw��	k l��� { � C>E �

Thedynamicsemanticsof theinitializationof characterandwidecharacterarraysby meansof string
andwide string literals is definedby usingthe {>õBZ�` �b| õ}`�ö~X�� d öZõV� and {�õBZ�` �C� öZò �b| õ}`�ö~X�� d öZõb� func-
tions.

(I5)
ø ø]²

initializer-list
´ ù ù � 3%� tbþ ü5&*&¾ü*)qþ {>1 7�� � �����	�8��9:�;�=<>�8� C>E �ø ø

initializer-list
ù ù6� 3%� t � ü`þ {��B�¿9�< C E �

(I6)
ø ø]²

initializer-list
´ ù ùP� 3%� tbþ +-,*.Eþ ¹�t &*#%/*tEþ º-1 »8�P16¼]� ���������8�u9:�8��<��;� C �ø ø

initializer-list
ù ù � 3%� t � ¹�þ {�� �D9�<«f�g��hHw
 [w�h½ÀS8KpW�S8H » C m

(I7)
ø ø]²

initializer-list
´ ù ù � 3%� tbþ +-,*.Eþ #%3%� +-33þ º-1 »;�616¼]� � �����	�8�=9:�8�u<>�8� C �ø ø

initializer-list
ù ù6� 3%� t � #3þ {��B�D9�<«f�
 ���I;��½ÀS8KpW�S8H » C m

Aggregateobjectscan also be initialized by bracketed lists of initializers. The type of the object
determinesthesemanticfunctionthatwill beused.
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Ê ø ø������~R-� ø Ôjù(ù ù ú � ú%$ b A�& ø ø-�*ù ù(' 7Jº £6, �n. £ f1� £ ø ø�Ô%ù ù ue� � m¡£��Ä£ � f10ßm
(I8)

ø ø
initializer

ù ù � 3%� t � üjþ {�� �������8�=9:�;��<��8� COE �8�����Bf-��� ^ m¡£ø ø
initializer

ù ù6� 3%� tbþ {��B�D9�<«f C E ^ mpo�f]��rn�ÒZS8HwI2LMHJHJ��Å { f�g�¯��F-�M± C>E mXf-�Ã°|±;m%m \ S;HJHwI8H
(I9)

ø ø
initializer initializer-list

ù ù � 3%� t � ü`þ {�� �����	�8�u9:�8�=<��8� C>E �8�����Bf-��� ^ m�£ø ø
initializer

ù ù � 3%� tbþ {�� �D9�<«f COE ^ mpo�f]��rn�ø ø
initializer-list

ù ùP� 3%� t � üZþ {��B�D9�<«f�g�¯��F-��± C>E mXf-�Ã°|±;m%m \ S;HJHwI8H

ARRAY INI -
TIALIZATION

Thedynamicmeaningof arrayinitialization is definediteratively for eachof thearray’s elements.In
casethenumberof initializerscontainedin the list is smallerthanthenumberof arrayelements,the
remainingelementsareinitializedto zerovalues.

Ê ø ø������~R-gTø �-ù1ù ù ú � ú%$ b A�& ø ø-�*ù ù ' 7Jº £6, �n. £ f"z ú�� .n@8& ø ø;�^�ßz-ù ù ¸�û-¸ m�£ � f10ßm
(I10)

ø ø
initializer

ù ùP� 3%� t � ¹�þ »;�G�����	�;��9:�8�u<>�8� �B¾ E �ø ø
initializer

ù ù � 3%� tbþ ¸�� �¿9�<«f �B¾ E z�m®oqf]�=rn�ÒZS8HwI8i �hHw
 [w�B» ¬ � ¾ E m
(I11)

ø ø
initializer initializer-list

ù ùP� 3%� t � ¹�þ »;�G�����	�8��9:�;�=<>�8� �B¾ E �ø ø
initializer

ù ù � 3%� tbþ ¸�� �¿9�<«f �B¾ E z�m®oqf]�=rn�ø ø
initializer-list

ù ù � 3%� t � ¹�þ » ¬ � �¿9�< �B¾ E m

STRUCTURE

INITIALIZA-
TION

Thedynamicmeaningof structureinitialization is definediteratively for eachof thestructure’s mem-
bers.In casethenumberof initializerscontainedin thelist is smallerthanthenumberof thestructure’s
members,theremainingmembersareinitializedto zerovalues.

Ê ø ø������~R-
9ø �-ù1ù ù ú � ú%$ b A�& ø ø-�bù ù;' 7Jº £6, �/. £ f"z ú�� .n@8& ø ø(�^�ýzJù ù ¸¡û�¸ m�£ � f10ßm
(I12)

ø ø
initializer

ù ùP� 3%� t � #3þ »8�G�����	�8�u9:�8��<��;� �B¾ E �*ø ø
initializer

ù ùP� 3%� t*þ ¸��B�D9�<�f �B¾ E z�m
UNIT INITIAL-

I ZATION

Finally, thedynamicmeaningof unioninitialization is definedasthedynamicmeaningof initializing
theunion’s first element.



Chapter 14

Dynamic semanticsof statements

This chapterdefinesthe dynamicsemanticsof statements.An introductionto the four alternative CHAPTER

OVERVIEWdynamicmeaningsof statementsis given in Section14.1. Subsequently, the dynamicsemanticsof
statementlists is definedin Section14.2andthedynamicsemanticsof statementsis definedin Sec-
tion 14.3.

14.1 Dynamic functions

Four alternative dynamic meaningsare definedfor statementsand statementlists of phrasetype PRIMARY

MEANING{>õ}� õ � × � . Eachcorrespondsto a differentaspectof their execution. The primary dynamicmean-
ing of statementsis a functionreturningastatementcomputation.Its parametersarethecurrentstatic
anddynamictypeenvironments,thefunctioncodeenvironmentandthelabelenvironment.

Ê ø ø(g��hKp��ø �bù1ù ù ú � ú+$ b A*& ø ø-�bù ù;' 7Jº £�, �/. £�� �O� £�� ÿ f10ým

Thesecondalternative dynamicmeaningfor statementsis usedfor theextractionof information � -MEANING

concerningscopes.It is a function, taking asparametersthe currentstaticenvironmentandscope
informationandreturningtheupdatedscopeinformation.

Ê L ø ø(g��hKp�%ø �bù1ù ù ú�$ b A £-� � �V�¡@ £�� ÿ f7� � �V�¡@ m

Thethirdalternativemeaningis usedfor updatingthelabelenvironment,addinginformationabout � -MEANING

thelabelsthataredefinedin thestatement.It is a functionwhich takesasparametersthecurrentstatic
anddynamicenvironments,thefunctioncodeenvironmentandaninitial labelenvironmentandreturns
theupdatedlabelenvironment.

Ê T�ø ø*g��hKp�Tø �*ù(ù ù ú � ú�$ b A*& ø ø-�*ù ù(' 7Jº £6, �/. £-� ��� £�� ÿ f1� ��� m

Finally, thefourthalternativedynamicmeaningis usedin asimilarwayfor updatingthecaselabel 9
-MEANING

environment.It is againa functiontakingasparametersthecurrentstaticanddynamicenvironments,
the functioncodeenvironmentandthe label environment. It alsotakesthe datatype × Ü of the con-
trolling expressionfor thecaselabelenvironmentandaninitial caselabelenvironmentof type ���[�+� È .
Theresultis theupdatedcaselabelenvironment,which additionallycontainsinformationaboutcase
labelsdefinedin thestatement.

Ê �3ø ø(g��hKp�%ø �bù1ù ù ú � ú%$ b A�& ø ø��*ù ù ' 7Jº £6, �n. £�� �O� £ � È ú+�¡  �¡@ Ë%Ì º & , ��� ÿ ¬ £�� ÿ f7, �O� ÿ ¬ m
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14.2 Statementlists

(S1)
ø ø-§\ù ùP¹(t M�tbþ ÿ��G�����	�8�u9:�8��<��;��U;��
������


(S1)
L ø ø-§\ù ù6¹(t M�tEþ ÿ��G�����	��
�����

(S1)
T�ø ø-§�ù ùP¹�t M�tbþ ÿ��G�����	�8�=9:�8�u<>��
�����

(S1)
�3ø ø-§\ù ù ¹(t M�tEþ ÿ�� �����	�8�u9:�8�=<��8��U;�8���S?;��
�����

EMPTY

STATEMENT

L IST

Thedynamicsemanticsof emptystatementlists is verysimple,for all alternative meanings.

(S2)
ø ø
statementstatement-list

ù ù ¹(t M�tEþ ÿ�� �������8�=9:�;��<��8�¢U8�ø ø
statement

ù ù6¹(t M�tEþ ÿ��B�D9�<�UÀoqf]�=rn�*ø ø
statement-list

ù ù6¹(t M�tEþ ÿ��B�D9�<�UZm
(S2)

L ø ø
statementstatement-list

ù ù6¹(t M�tbþ ÿ����������L ø ø
statement

ù ù6¹(t M�tEþ ÿ����f)�L ø ø
statement-list

ù ùP¹(t M�tbþ ÿ��B�
(S2)

T�ø ø
statementstatement-list

ù ù ¹�t MOtEþ ÿ�� �����	�8��9:�;�=<>�8�¢U;�F-I\÷"÷�I;TÐf;T�ø ø
statement

ù ùP¹�t M�t�þ ÿ��B�D9�<�U�m¡f
ø ø
statement-list

ù ù6¹(t M�tEþ ÿ����¿9�<JUZmpoyf]��U È �T�ø ø
statement-list

ù ù6¹(t M�tbþ ÿ��B�X9�<�U È m
(S2)

�3ø ø
statementstatement-list

ù ù6¹(t M�tbþ ÿ����������8�u9:�8��<��8�¢U8�8���S?Z�8�J£��F-I\÷"÷�I;TÐf��3ø ø
statement

ù ù ¹�t M�tEþ ÿ�� �¿9�<�UX�S?¤£=m¡f
ø ø
statement-list

ù ù ¹(t M�tbþ ÿ�� �D9�<�UZm®oqf]�G£ È ��3ø ø
statement-list

ù ùP¹(t M�tEþ ÿ��B�D9�<�UX� ? £ È m

NON-EMPTY

STATEMENT

L IST

Thedynamicsemanticmeaningsof non-emptystatementlists is formedby appropriatelysequencing
themeaningsof their components.Thefirst two equationsaresimple. In the last two, theauxiliary
function ÷�Z�¥~¥@Zb¦ is used,to indicatethatthestatementwhosedynamicinformationis givenby its first
parameteris followed,undernormalorderof execution,by thestatementlist whoseprimarydynamic
meaningis givenby its secondparameter.

14.3 Statements

The following sectionsdefinethe dynamicsemanticsof all kinds of C statements,accordingto the
sameclassificationthatis followedin thestandard.

14.3.1 Empty and expressionstatements

(S3)
ø ø
;
ù ùP¹�t M�tEþ ÿ����������8�u9:�8�u<>�8�JU8��
������


(S3)
L ø ø

;
ù ùP¹�t M�tEþ ÿ����������J
 ����

(S3)
T�ø ø

;
ù ùP¹�t M�t�þ ÿ��G�����	�;��9:�8�u<���
 ����

(S3)
�3ø ø

;
ù ù ¹�t M�tEþ ÿ�� �������Z��9:�;�=<>�8�JU8�;���S?Z��
 ����

EMPTY

STATEMENT

As in thecaseof emptystatementlists, thedynamicsemanticsof emptystatementsis verysimple.

(S4)
ø ø
expression;

ù ù ¹�t MOt�þ ÿ�� �����	�8�=9:�8�u<>�8�JU8�N÷��F-� e�d�= f
ø ø
expression

ù ù $-�'�`þ ÿ ¬ � �D9�<�mpo�f]� � �J
 �����
�m
(S4)

L ø ø
expression;

ù ùP¹�t MOt�þ ÿ��������	��
�� ��
(S4)

T�ø ø
expression;

ù ùP¹(t M�tEþ ÿ��G�����	�;�=9:�8�=<���
�� ��
(S4)

�3ø ø
expression;

ù ùP¹�t MOt�þ ÿ��������	�;��9:�;�=<>�8�JU8�Z���S?Z��
�� ��

EXPRESSION

STATEMENT

The primarydynamicmeaningfor expressionstatementsneedsonly convert the expressioncompu-
tation to a statementcomputation,discardingthe result. The otheralternative meaningsareeasily
defined.
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14.3.2 Compoundstatement

(S5)
ø ø]²

id declaration-list statement-list́
ù ùP¹�t M�tbþ ÿ��G�����	�8��9:�Z��<��8�JU;�÷��F-��� d�= f�HJS;[«²��

declaration-list
�´ f;���8m%m®oyf]��� È ����ij[wI2��S

id
f÷��F-�;}Jd�=�f
ø ø

declaration-list
ù ù Õh$-/¾ý � È f"� È ��9Om%m®oqf]�u9 È �÷��F-� c%d�= f  ø ø

declaration-list
ù ù Õh$-/¾ý � È 9 È m®o�f]��rn���÷��F-� c%d�= fQ��ø ø

declaration-list
ù ùPÕh$-/¾ý � È 9 È <�m®o�f]��r��8�ø ø

statement-list
ù ù6¹(t M�tEþ ÿ���� È 9 È <JU�oyf]��rn�÷��F-�8c%d�=�f;D<ø ø

declaration-list
ù ù Õ5$-/Qý � È 9 È m®oqf]�=9 È È �
�����Mr m%m%m%m%m%m%m

BLOCKS

In the primary dynamicmeaningfor the compoundstatement,the static type environmentfor the
bodyis first calculatedandachangeof thecurrentscopeis performed.Following that,objectsdefined
within theblockarecreated,allocatedandinitialized,usingthreeformsof alternative dynamicmean-
ingsfor declarations.Thestatementlist is thenexecuted,andfollowing that, thedefinedobjectsare
destroyed.

(S5)
L ø ø"²

id declaration-list statement-list́
ù ù ¹(t M�tEþ ÿ�� �����	�8�JK��÷��F-� � du}�f�HJS;[«²Q�

declaration-list
�´ f;���`m%m®o�f]��� È �NOS���� S;ç¢÷�I;[�~

id
� Èf]���@?��8�=9A?Z�N÷��F-� }Jduc f
ø ø

declaration-list
ù ù Õh$-/¾ý �@?=f"�B?���9A?�m%mpoyf]�=9 È? � ø ø

declaration-list
ù ù Õh$-/¾ý � ? 9 È? oyf]��rn��
������9 È? m%m%mf]��� ? �8�=9 ? �@D<ø ø

declaration-list
ù ù Õh$-/¾ý � ? 9 ? oyf]��9 È? ��
�� ��®f"� ?GF 9 È? m%m%mK�o�f]��K È �L ø ø

statement-list
ù ù ¹�t M�tbþ ÿ�� � È K È o�S;��NOç¢÷�I;[�~�m%m

Updatingthescopeinformationfor compoundstatementsrequiresthedefinitionof a new scope.The
dynamicsemanticsof thedeclarationis usedfor specifyingtheobjectsthatneedto becreatedwhen
the scopeis enteredanddestroyed whenthe scopeis left. Finally, the scopeinformationis further
updatedby statementsin theblock’s body.

(S5)
TTø ø"²

id declaration-list statement-list́
ù ù6¹(t M�tbþ ÿ����������8�u9:�8��<��;�JU8�÷��F-��� d�§ f�HJS;[«²Q�

declaration-list
�´ f;�M�8m%m®oqf]��� È ����ij[wI2��S

id
f÷��F-�;}Jd�§�f
ø ø

declaration-list
ù ù Õ5$-/Qý � È f"� È ��9Om%m®oyf]��9 È �F-I\÷"÷�I;Tùf;TTø ø

statement-list
ù ùP¹�t M�t�þ ÿ���� È 9 È <JU�mf"÷��F-� c2d�= f;D<ø ø

declaration-list
ù ùPÕh$-/¾ý � È 9 È m®oqf]�u9 È È ��
�� ��Mr m%m%m%m%m

(S5)
�3ø ø"²

id declaration-list statement-list́
ù ùP¹(t M�tEþ ÿ��G�����	�8�u9:�8�=<��8��U;�8��� ? �8�¢£��÷��F-� � d�§�f�HJS;[«²Q�

declaration-list
�´ f;�M�8m%m®oqf]��� È ����ij[wI2��S

id
f÷��F-� }Jd�§ f
ø ø

declaration-list
ù ù6Õ5$-/Qý � È f"� È ��9Om%m®oyf]��9 È �F-I\÷"÷�I;Tùf��3ø ø

statement-list
ù ùP¹�t M�tEþ ÿ��	� È 9 È <JUD� ? £=mf"÷��F-�;c2d�=�f;D<ø ø

declaration-list
ù ù Õh$-/¾ý � È 9 È m®oqf]�u9 È È ��
�� ��Mr m%m%m%m%m

Themeanings̈ and # for blockstatementsareverysimilar. Theonly thing to noticeis thatthestate-
mentlist is followed,undernormalorderof execution,by thedestructionof locally definedobjects.



182 Chapter 14. Dynamic semanticsof statements

14.3.3 Selectionstatements

(S6)
ø ø
if ( expression) statement

ù ùP¹�t M�tbþ ÿ��G�����	�8�u9:�8��<��;��U;�÷��F-� e�d�= f
ø ø
expression

ù ù $-�]�öþ ÿ ¬ � �D9�<Bmpo�f]� � �[�¯ S;[�~�çuI;I�÷�S;���%ÿ ¬ f � m¡£¯ø ø
statement

ù ùP¹(t M�tEþ ÿ����¿9�<JU \ 
������
=m
(S6)

L ø ø
if ( expression) statement

ù ùP¹(t M�tEþ ÿ��G�hL ø ø
statement

ù ùP¹(t M�tbþ ÿ��
(S6)

T�ø ø
if ( expression) statement

ù ù6¹(t M�tbþ ÿ����lTTø ø
statement

ù ùP¹�t M�t�þ ÿ��
(S6)

�3ø ø
if ( expression) statement

ù ù ¹(t M�tEþ ÿ�� � �3ø ø
statement

ù ù ¹(t M�tEþ ÿ��

IF-THEN

STATEMENT

In thecaseof the if statementwith noelseclause,thedefinitionof dynamicsemanticsis verysimple.
In theprimarymeaning,theconditionis evaluatedand,if it is true,the thenclauseis executed.Oth-
erwise,nothingis done. In thealternative statements,themeaningof the if statementis trivially the
meaningof its thenclause.

(S7)
ø ø
if ( expression) statement

�
else statement

�uù ù6¹(t M�tEþ ÿ��G�����	�;�=9:�8�=<��8��U;�÷��F-� e�d�= f
ø ø
expression

ù ù $-�]�öþ ÿ ¬ � �D9�<Bmpo�f]� � �[�¯ S;[�~�çuI;I�÷�S;���%ÿ ¬ f � m¡£¯ø ø
statement

� ù ùP¹(t M�tbþ ÿ��B�D9�<�U \ ø ø
statement

� ù ùP¹�t M�tbþ ÿ��B�D9�<JU�m
(S7)

L ø ø
if ( expression) statement

�
else statement

� ù ù6¹(t M�tEþ ÿ����������L ø ø
statement

��ù ù6¹(t M�tbþ ÿ��B��)GL ø ø
statement

�uù ùP¹�t M�tbþ ÿ��B�
(S7)

T�ø ø
if ( expression) statement

�
else statement

��ù ù ¹�t MOt�þ ÿ�� �����	�;��9:�;�=<>�T�ø ø
statement

� ù ùP¹�t MOtEþ ÿ��B�*)�T�ø ø
statement

� ù ù6¹(t M�tbþ ÿ��B�
(S7)

�3ø ø
if ( expression) statement

�
else statement

� ù ù6¹(t M�tEþ ÿ����������8�=9:�;��<��8�¢U8�8��� ? ��3ø ø
statement

��ù ù ¹(t M�tbþ ÿ�� �X9�<JUX�S?J)D�3ø ø
statement

��ù ù ¹�t M�t�þ ÿ�� �¿9�<�UX�S?

IF-THEN-ELSE

STATEMENT

Thecaseof if statementscontainingelseclausesis slightly morecomplex. In theprimarymeaning,
theelseclauseis executedif theconditionfails. In otheralternatives,thedynamicmeaningsof both
clauseshave to beappropriatelycombined.

(S8)
ø ø
switch ( expression) statement

ù ù ¹(t M�tEþ ÿ�� �����	�8�=9:�;��<��8�JU;�÷��F-�8e�d�=�f
ø ø
expression

ù ùP$-�]�öþ ÿ ¬ ���D9�<Bmpo�f]� � �
�g�SÂf�g�S;�hçuHwS8��~ f��3ø ø
statement

ù ùP¹(t M�tEþ ÿ����¿9�<�UX� È È £ � m%m¡f]�¢£��k S;�Z j��g�S ÿJ1 ÿ ¬ ¬ f�[J��g���ÿ�¬(¶·Éÿ�¬ ¬ � mj�D9�£=m%m
SWITCH

STATEMENT

Theprimarydynamicmeaningof theswitch statementfirst evaluatesthecontrollingexpression.Fol-
lowing that,thecaselabelenvironmentfor thebodyis calculated,startingwith anemptyenvironment.
Executiondependson thevalueof thecontrollingexpression.Noticethatwithin thebodythebreak
statementcompletestheexecutionof theswitch statement.

(S8)
L ø ø

switch ( expression) statement
ù ùP¹(t M�tbþ ÿ��G�lL ø ø

statement
ù ù6¹(t M�tEþ ÿ��

(S8)
T�ø ø

switch ( expression) statement
ù ùP¹�t M�tbþ ÿ��G�mTTø ø

statement
ù ùP¹�t M�tbþ ÿ��

(S8)
�3ø ø

switch ( expression) statement
ù ù ¹(t M�tbþ ÿ�� �����	�8�u9:�8��<��8�JU;�8���S?;��
�����

Alternative meaningsfor theswitch statementareeasyto define.Theonly thingto noticeis thatits # -
meaningdoesnot entera new switchstatement,whencalculatingcaselabels.Caselabelsarealways
associatedwith thesmallestenclosingswitch statement.
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14.3.4 Labeledstatements

(S9)
ø ø
case constant-expression: statement

ù ùP¹(t M�tEþ ÿ��G� ø ø
statement

ù ùP¹(t M�tEþ ÿ��
(S9)

L ø ø
case constant-expression: statement

ù ù ¹(t M�tEþ ÿ�� �lL ø ø
statement

ù ù ¹(t M�tbþ ÿ��
(S9)

TTø ø
case constant-expression: statement

ù ùP¹�t M�tEþ ÿ����lTTø ø
statement

ù ùP¹�t M�t�þ ÿ��
(S9)

�3ø ø
case constant-expression: statement

ù ùP¹(t M�tEþ ÿ��������	�;�=9:�;��<��8��U;�;��� ? �8�G£��÷��F-� }Jd�§ f
ø ø
constant-expression

ù ù?û1ü1ýHþ ÿ�¬*�B�8mpo�f�
������µu[w�>g���ÿ�¬�¶·dÿ~©Zm®oqf]� � �g�S8�� j�>g�S ÿJ1 ÿe© � f]���B?��8��9A?��*ø ø
statement

ù ù ¹(t M�tEþ ÿ�� �B?�9A?�<�UZmO£ o�f]�¢£ È ��3ø ø
statement

ù ùP¹(t M�tbþ ÿ��B�D9�<�UX� ? £ È m%m

CASE LABEL

Thedynamicsemanticsof caselabelsis straightforward,exceptfor thecaseof the # -meaning.In this
case,thelabelneedsto bedefinedin thecaselabelenvironmentOtherwise,caselabelsareignored.

(S10)
ø ø
default : statement

ù ù ¹�t M�tbþ ÿ�� � ø ø
statement

ù ù ¹�t M�tbþ ÿ��
(S10)

L ø ø
default : statement

ù ù ¹�t M�tbþ ÿ�� �lL ø ø
statement

ù ù ¹�t MOt�þ ÿ��
(S10)

TTø ø
default : statement

ù ùP¹�t M�tbþ ÿ��G�lT�ø ø
statement

ù ùP¹�t M�tEþ ÿ��
(S10)

�3ø ø
default : statement

ù ùP¹�t M�tbþ ÿ��G�����	�8�=9:�8�u<>�8�JU8�8��� ? �8�J£��g�S8�}ª�S;F-�>
-÷�� ÿJ1 ÿ © f]���B?;�8�=9A?Z�*ø ø
statement

ù ù ¹�t MOt�þ ÿ�� �B?¡9A?�<JU�mb£ o�f]�¢£ È ��3ø ø
statement

ù ù ¹(t M�tbþ ÿ�� �D9�<�UX�S?�£ È m

DEFAULT

LABEL

In a similar way, the dynamicsemanticsof default labelsis straightforward. In the caseof the # -
meaning,thelabelagainneedsto bedefinedin thecaselabelenvironment.Otherwise,defaultlabels
areignored.

(S11)
ø ø
I : statement

ù ùP¹�t M�tbþ ÿ��G� ø ø
statement

ù ùP¹�t MOt�þ ÿ��
(S11)

L ø ø
I : statement

ù ùP¹�t MOt�þ ÿ��G�lL ø ø
statement

ù ùP¹�t MOt�þ ÿ��
(S11)

TTø ø
I : statement

ù ùP¹�t M�tbþ ÿ��G�����	�8�u9:�8��<��;��U;�g�S8�5l��>W�S�÷Dz«f]���B?Z�8��9A?��*ø ø
statement

ù ù ¹(t M�tEþ ÿ�� �B?�9A?�<JUZmbUÀoyf]��U È �T�ø ø
statement

ù ùP¹�t M�tbþ ÿ��B�D9�<JU È m
(S11)

�3ø ø
I : statement

ù ùP¹�t MOt�þ ÿ��G�����	�8�=9:�8�u<>�8�JU8�8��� ? �8�J£��uø ø
statement

ù ùP¹�t M�tEþ ÿ��

IDENTIFIER

LABELS

In thecaseof thedynamicsemanticsfor identifierlabels,thefocusof attentionis on the ¨ -meaning,
wheretheidentifierlabelmustbedefined.Otherwise,identifierlabelsaresimply ignored.

14.3.5 Iteration statements

The semanticsof iterationstatementsis definedby usingthe auxiliary function ¥@ZbZ � �+« � È , wherethe
parameter× determinesthe datatype of the result that canbe returnedby return statementsin the
loop’s body andparameter×�Ü determinesthe datatype of the loop’s condition. The function takes
threeparameters:an expressioncomputationthat correspondsto the loop’s condition,a statement
computationthatcorrespondsto the loop’s bodyandanexpressioncomputationthat correspondsto
additionalcodethat mustbe executedbetweensuccessive iterationsof the loop. The result is the
statementcomputationfor thewholeloop.

Ê ÷�I8I%� ÿJ1 ÿ�¬ ú ä=f
ø ø-� È ù ù Ë%Ì º m�£�� ÿ f10ßm¡£íäuf10ým�£�� ÿ f10ým
÷�I8I%� ÿJ1 ÿ ¬ ��� æ ? �8�*¬ y �8� æ� �B��Æýf]��¬��÷��F-� e�d�=¡æ ?Àoyf]� � �[�¯ S;[�~�çuI;I�÷�S;���nÿ ¬ f � m�£àg�S;�hçuHJS;��~�f�F-I\÷"÷�I;Tùf�g�S;�Z jI;���h���
�SP¬ y m�f"÷��F-�8e�d�= æ+ o�f]�=rn�®¬�m%m%m \ 
������
=m%m
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Theleastfixedpoint operatoris usedfor thedefinitionof the loop’s dynamicsemantics.The loop’s
conditionis first evaluated.If it is true, thenthebody is executed,followed by the additionalcode,
andthe loop is repeated.Otherwise,nothingis done. Insidethe loop’s body, statementsbreakand
continuemayalterthenormalorderof execution.

(S12)
ø ø
while ( expression) statement

ù ùP¹(t M�tEþ ÿ��������	�;�=9:�;��<��8��U;�÷�I;I2� ÿ�1 ÿ ¬ f
ø ø
expression

ù ù6$-�]�Zþ ÿ ¬ ���D9�<Bm¡f
ø ø
statement

ù ùP¹(t M�tEþ ÿ��B�D9�<�U�m¡f�
������
=m
(S12)

L ø ø
while ( expression) statement

ù ùP¹(t M�tbþ ÿ��G�lL ø ø
statement

ù ù6¹(t M�tEþ ÿ��
(S12)

T�ø ø
while ( expression) statement

ù ù ¹�t M�tEþ ÿ�� �����	�8��9:�;�=<>�8�¢U8�?�@BA ¬���÷�I8I%� ÿJ1 ÿ�¬ f
ø ø
expression

ù ùP$-�'�`þ ÿ ¬ �B�D9�<�m¡f
ø ø
statement

ù ùP¹�t M�tbþ ÿ��B�D9�<JU�mXf�
�� ���
=ma-b F-I\÷"÷�I;Tùf;TTø ø
statement

ù ù ¹(t M�tbþ ÿ�� �D9�<�UZm¯¬
(S12)

�3ø ø
while ( expression) statement

ù ù ¹(t M�tbþ ÿ�� �����	�8�=9:�;��<��8�JU;�8���o?Z�8�¢£��?�@BA ¬���÷�I8I%� ÿJ1 ÿ ¬ f
ø ø
expression

ù ùP$-�'�`þ ÿ ¬ �B�D9�<�m¡f
ø ø
statement

ù ùP¹�t M�tbþ ÿ��B�D9�<JU�mXf�
�� ���
=ma-b F-I\÷"÷�I;Tùf��3ø ø
statement

ù ù ¹�t M�t�þ ÿ�� �D9�<�UX�S?�£=m/¬

WHILE

STATEMENT

Thesimplesttypeof loop is thewhilestatement,which is directlydefinedusingthe ¥@ZbZ � �+« � È function.
No additionalcodeis requiredto beexecutedbetweeniterations.In the ¨ and # -meanings,execution
of theloop’s bodyis followedby a repetitionof theloop.

(S13)
ø ø
do statementwhile ( expression) ;

ù ùP¹�t MOt�þ ÿ��������	�8��9:�;�=<>�8�¢U;�?�@BA ¬ y �&ø ø
statement

ù ùP¹�t M�t�þ ÿ����¿9�<JU¬ � ÷�I8I%� ÿJ1 ÿ ¬ f
ø ø
expression

ù ù $-�]�Zþ ÿ ¬ � �¿9�<�m/¬ y f�
������
=ma-b g�S;�hçuHwS8��~ f�F-I\÷"÷�I;T f�g�S8�Z  I8���h���
�S°¬ y mn¬�m
(S13)

L ø ø
do statementwhile ( expression) ;

ù ùP¹�t MOtEþ ÿ��G�mL ø ø
statement

ù ùP¹�t M�t�þ ÿ��
(S13)

T�ø ø
do statementwhile ( expression) ;

ù ù ¹(t M�tbþ ÿ�� �����	�8�=9:�;��<��8�JU;�?�@BA ¬���÷�I8I%� ÿJ1 ÿ�¬ f
ø ø
expression

ù ù $-�'�`þ ÿ ¬ � �D9�<�m¡f
ø ø
statement

ù ù ¹�t M�tbþ ÿ�� �D9�<JU�mXf�
�� ���
=ma-b F-I\÷"÷�I;Tùf;TTø ø
statement

ù ùP¹(t M�tbþ ÿ��B�D9�<�UZm¯¬
(S13)

�3ø ø
do statementwhile ( expression) ;

ù ù ¹�t MOtEþ ÿ�� �����	�8��9:�;�=<>�8�¢U;�8���S?Z�8�J£��?�@BA ¬���÷�I8I%� ÿJ1 ÿ ¬ f
ø ø
expression

ù ùP$-�'�`þ ÿ ¬ �B�D9�<�m¡f
ø ø
statement

ù ùP¹�t M�tbþ ÿ��B�D9�<JU�mXf�
�� ���
=ma-b F-I\÷"÷�I;Tùf��3ø ø
statement

ù ù ¹�t M�t�þ ÿ�� �D9�<�UX�S?�£=m/¬

DO-WHILE

STATEMENT

In the dynamicsemanticsfor do statementsthe loop’s body is executedfirst, makingthe necessary
adjustmentsfor thebreakandcontinuestatements.Then,thefull loop is executedin thewaydefined
by function ¥@ZbZ � �+« � È . No additionalcodeis requiredto beexecutedbetweeniterations.

(S14)
ø ø
for ( expr-opt

�
; expr-opt

�
; expr-opt± ) statement

ù ùP¹�t M�tbþ ÿ��G�����	�8��9:�;�=<>�8�¢U8�÷��F-�8e�d�=�f
ø ø
expr-opt

� ù ùP$-�]�Zþ ÿ�Ú2�B�D9�<�m®o�f]� � �÷�I;I2� ÿ�1 ÿ ¬ f
ø ø
expr-opt

�uù ùP$-�]�Zþ ÿ2Û����D9�<�mXf
ø ø
statement

ù ùP¹�t M�tbþ ÿ��B�D9�<�U�mf
ø ø
expr-opt± ù ùP$-�]�Zþ ÿe²��B�¿9�<Go�f]� � ��
 �����
�m%m%m

(S14)
L ø ø

for ( expr-opt
�

; expr-opt
�

; expr-opt± ) statement
ù ùP¹�t M�tbþ ÿ��G�lL ø ø

statement
ù ùP¹�t MOt�þ ÿ��

(S14)
T�ø ø

for ( expr-opt
�

; expr-opt
�

; expr-opt± ) statement
ù ù ¹�t M�tbþ ÿ�� �����	�8��9:�Z��<��8�JU;�?�@BA ¬ � ÷�I;I2� ÿ�1 ÿ�¬ f
ø ø

expr-opt
�uù ù $-�]�Zþ ÿ2Û�� �D9�<�mXf
ø ø

statement
ù ù ¹�t MOt�þ ÿ�� �D9�<�U�mf
ø ø

expr-opt± ù ùP$-�]�Zþ ÿe²��B�¿9�<�oqf]� � ��
 �����
�m%m%m¬ È � ÷��F-� e�d�= f
ø ø
expr-opt± ù ù $-�]�Zþ ÿe²�� �D9�<Go�f]� � ��¬Om%ma-b F-I\÷"÷�I;Tùf;TTø ø

statement
ù ùP¹(t M�tbþ ÿ��B�D9�<�UZm¯¬ È

(S14)
�3ø ø

for ( expr-opt
�

; expr-opt
�

; expr-opt± ) statement
ù ùP¹�t M�tbþ ÿ��G�����	�8�=9:�8�=<>�;�JU8�8��� ? �8�J£��?�@BA ¬ � ÷�I;I2� ÿ�1 ÿ ¬ f
ø ø

expr-opt
�uù ùP$-�]�Zþ ÿ2Û����D9�<�mXf
ø ø

statement
ù ùP¹�t MOt�þ ÿ��B�D9�<�U�mf
ø ø

expr-opt± ù ùP$-�]�Zþ ÿe²��B�¿9�<�oqf]� � ��
 �����
�m%m%m¬ È � ÷��F-� e�d�= f
ø ø
expr-opt± ù ùP$-�]�Zþ ÿe²����D9�<Go�f]� � ��¬Om%ma-b F-I\÷"÷�I;Tùf��3ø ø

statement
ù ù ¹�t M�t�þ ÿ�� �D9�<�UX�S?�£=m/¬ È

FOR

STATEMENT

Finally, in thecaseof thefor statement,function ¥@ZbZ � �+« � È is againused,this timewith additionalcode
betweensuccessive iterations.In the ¨ and # meanings,theloop’s bodyis followedby theexecution
of theadditionalcodeandanew iterationof theloop.
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14.3.6 Jump statements

(S16)
ø ø
break ;

ù ùP¹�t MOtEþ ÿ��G�����	�8�=9:�8�=<>�8�¢U;�5k S8�hç¿HJS;�>~��D9
(S16)

L ø ø
break ;

ù ù ¹�t M�t�þ ÿ�� �����	��
�� ��
(S16)

TTø ø
break ;

ù ùP¹(t M�tbþ ÿ��G�����	�8�u9:�8��<���
�����
(S16)

�3ø ø
break ;

ù ùP¹�t M�t�þ ÿ��G�����	�8�=9:�8�u<��8��U;�8��� ? ��
�����

BREAK

STATEMENT

(S15)
ø ø
continue ;

ù ùP¹�t M�t�þ ÿ��G�����	�;��9:�8�u<��8��U;�'k S8�� jI8���h�� 
�S �D9
(S15)

L ø ø
continue ;

ù ùP¹�t M�tbþ ÿ��G�����	��
�����
(S15)

TTø ø
continue ;

ù ù ¹(t M�tEþ ÿ�� �����	�;�=9:�;��<���
�����
(S15)

�3ø ø
continue ;

ù ù ¹�t M�t�þ ÿ�� �����	�8��9:�Z��<��8�JU;�8���S?Z��
�����

CONTINUE

STATEMENT

Thedynamicsemanticsof thebreakandcontinuestatementsis very simple.Theappropriatecontin-
uationis takenfrom thestatementcomputation.

(S17)
ø ø
goto I ;

ù ù6¹(t M�tEþ ÿ��G�����	�;�=9:�8�=<��8��U;�'k S;�hl���W>S\÷uz��D9fU
(S17)

L ø ø
goto I ;

ù ù ¹(t M�tEþ ÿ�� ��������
�����
(S17)

TTø ø
goto I ;

ù ù ¹�t MOt�þ ÿ�� �����	�;��9:�8�u<>��
�����
(S17)

�3ø ø
goto I ;

ù ù6¹(t M�tEþ ÿ����������8�=9:�;��<��8�¢U8�8��� ? ��
�����

GOTO

STATEMENT

Thesemanticsof thegotostatementis alsoeasy. Theappropriatecontinuationis foundfrom thegiven
labelenvironment.

(S18)
ø ø
return ;

ù ù ¹�t MOtEþ û'+-� ÕZ� �������8�=9:�;��<��8�¢U8��HwS8g�
-÷�� û'+-� Õ �D9�

(S18)

ø ø
return ;

ù ù ¹�t MOtEþ ÿ�� �����	�8�=9:�8�u<��8��U;��HJS;g�
�÷�� ÿ �D9«©
(S18)

L ø ø
return ;

ù ùP¹�t M�t�þ ÿ��G�����	��
�����
(S18)

TTø ø
return ;

ù ù6¹(t M�tEþ ÿ��G�����	�8�u9:�8�=<���
�����
(S18)

�3ø ø
return ;

ù ù ¹�t M�t�þ ÿ�� �����	�;��9:�8�u<��8��U;�;���S?Z��
�����

RETURN

STATEMENT

(S19)
ø ø
return expression;

ù ùP¹�t M�tbþ ÿ��G�����	�8�u9:�8�=<��8��U;�N÷��F-� e�d�= f  ø ø
expression

ù ùP$-�'�öþ ÿ����¿9�<�m®oqf�HwS8g�
-÷�� ÿ �X9Om
(S19)

L ø ø
return expression;

ù ù ¹(t M�tEþ ÿ�� �����	��
�����
(S19)

TTø ø
return expression;

ù ùP¹�t M�tEþ ÿ����������8�u9:�8�u<>��
�����
(S19)

�3ø ø
return expression;

ù ùP¹(t M�tEþ ÿ��G�����	�;�=9:�8�=<��8��U;�;��� ? ��
�����

The semanticsof the two flavoursof the return statementis againstraightforward. In the caseof a
simplereturn,adistinctionis madebetweenfunctionswhosereturntypesarevoidandotherfunctions.
For the former, thevalue W is returnedasthe function’s result. For the latter, theerroneousvalue ³
is returned. If this value is usedin the calling function, an error occurs. In the caseof returned
expressions,conversionsasif by assignmentapply.

14.4 Optional expressions

(S20)
ø ø-§\ù ù ûåü(ý�þ � 3%t]� �����	���3ø ø

1
ù ù � 3%t

M ISSING

EXPRESSION

The dynamicsemanticsof a missingoptionalexpressionis the sameas if an integer constantwas
present,with thevalue è .
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Chapter 15

Implementation

This chapterinvestigatespossiblewaysto implementa denotationalsemantics,usinga generalpur- CHAPTER

OVERVIEWposeprogramminglanguage.In Section15.1theproblemis discussedandthedenotationalsemantics
of asmallbut purposefullycomplex functionalprogramminglanguageis definedandusedasanexam-
ple in therestof thechapter. Section15.2explorestheadvantagesanddisadvantagesof thefunctional
programmingparadigmfor the given task,usingthe languagesStandardML andHaskell, whereas
Section15.3doesthesamefor theobject-orientedprogrammingparadigm,usingthe languageC++.
Finally, in Section15.4animplementationof theproposedsemanticsfor theC programminglanguage
is outlined,usingHaskell asthetargetlanguage.

15.1 Definition of the problem

Althoughnot in thespirit of operationalsemantics,a denotationaldescriptionof a programminglan- IMPLEMENTA-
TION OF

SEMANTICS
guagedefinesdirectly an executionmodel,that is, an abstractinterpreterfor the programminglan-
guage.This executionmodelcanbeimplementedby translatingthedenotationalsemanticsto a pro-
gram,written in sometargetlanguage.It is notalwayseasyto implementsuchaninterpreterby using
a generalpurposeprogramminglanguageasthe target. It is muchharderto implementan efficient
interpreter, but this subjectis not touchedin this thesis.Usinganappropriatetarget languageis very
importantandcangreatlyreducethecomplexity of this task.Several languageshave beensuggested
andusedfor this purpose,with moreor lesssuccess.It seemsthat typedfunctionalprogramming
languagesare more suitable,as suggestedin [Watt86], whereML is usedas a meta-languagefor
denotationaldescriptions.Non-strictfunctionallanguageslikeHaskell alsopresentsignificantadvan-
tages.Imperative programminglanguageshave alsobeensuggested,suchasAlgol 68 [Paga79] and
Pascal[Alli83 , Alli85], with considerablylesssuccess.A morethoroughpresentationof relatedwork
is madein Section16.4.

In orderto formulateadenotationaldescription,ameta-languagehasto beemployed.A variation
of the typed ´ -calculusover Scottdomainshasbeenusedin this thesisfor definingthesemanticsof
C, andthesamemeta-languageis consideredin this chapter. Regardlessof the target language,the
implementationof a denotationaldescriptionrequiresa meansof translatingabstractsyntax,domain
definitionsandsemanticequationsinto code.A completeinterpreterwould alsorequirea parserand
a translatorfrom concreteto abstractsyntax,but thesearenotcoveredin thischapter.

For simplicity reasons,a languagesimplerthanC is usedasanexamplein this chapter. This lan- EXAMPLE

guageis purely functionalandfeatureshigh-orderfunctions,recursionby meansof a fix operator,
advancedcontrol constructs,suchasabort , call/cc anda control delimiter or prompt, written
as#. It is calledPFLC (PureFunctionalLanguagewith Control). The complexity of this exam-
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ple servesthe purposeof usingasmany elementsof the meta-languageaspossible,in its semantic
description.

Theabstractsyntaxof PFLC is definedasfollows. A programis just anexpressionthatmustbeABSTRACT

SYNTAX evaluated.Expressionsareintegeror booleanconstants,boundidentifiers,conditionals,applications
of binaryor unaryoperators,lambdaabstractions,functionapplications,fixedpointsor applications
of controloperators.A varietyof binaryandunaryoperatorsis supported.µ

program
ú*ú �

expressionµ
expression

ú6ú �
n
�

true
�

false
�

I
�

if expressionthen expressionelse expression�
expressionbinary-operator expression

�
unary-operator expression�

lambda I . expression
�

expressionexpression
�

fix I . expression�
abort expression

�
call/cc expression

�
# expressionµ

binary-operator
ú6ú �

+
�

-
�

*
�

/
�

=
���

<>
�

<
�

>
�

<=
�

>=
�

and
�

orµ
unary-operator

ú*ú �
-
�

not

All control operatorshave beeninspiredfrom the work of Sitaramandare describedin detailCONTROL

OPERATORS in [Sita90]. A brief descriptionis attemptedhere. An evaluationcontext canbe understoodasan
expressionwith a hole in it; the valueof the whole context dependson the valuethat is placedin
thehole. At any time duringtheexecutionof a program,thereis stackof evaluationcontexts andan
expressionthat is currentlyevaluated.Thecontext that is at the top of thestackis calledthecurrent
evaluationcontext andtheresultof thecurrentlyevaluatedexpressionis thevalueplacedits hole. In
thebeginningof theprogram,thestackcontainsjust onecontext which consistsof a singlehole; the
currentlyevaluatedexpressionis thewholeprogram.

Expression“abort E” abortstheevaluationof thecurrentcontext andreplacesit with expression
E. As anexample,considerthefunctionF definedby theterm:

lambda x. lambda y. 7 + (if y=0 then abort 42 else x+y)

With this in mind,expression“F è°¶ ” resultsin thevalue è�é , i.e. ·J¸ èC¸¹¶ , whereasexpression“F èMé ”
resultsin thevalue º/¶ , sinceabort is triggered.

In expression“call/cc E”, it is expectedthatE is a function,takingasargumentanabstracted
form of the surroundingevaluationcontext, i.e. a continuation. It leavesthe evaluationcontext in-
tact.Onapplication,thiscontinuationreplacesthecurrentevaluationcontext. Considerthefollowing
example,in which functionG is definedby theterm:

lambda n. 2 + call/cc (lambda c. n + (if n=0 then c 40 else n))

In this example,expression“G è ” givestheresult º , i.e. ¶»¸íè ¸ è , whereasexpression“G é ” gives
theresult º/¶ , i.e. ¶¼¸½º�é . In thesecondcase,thecontext ¾ surroundingthecall/cc operatoris used
with thevalue º�é in its hole.

Finally, thecontroldelimiterconstraintscontrolmanipulationby restrictingthecurrentevaluation
context. Whenexpression“# E” is evaluated,a new evaluationcontext is pushedto thestack,con-
sistingof a singlehole. Apart from that,evaluationof E continuesasusual.Theeffect of thecontrol
delimiter is illustratedby the following example. Considerthe function H definedbelow, which is
identicalto thefunctionF in theexamplefor abort, exceptfor theprompt:

lambda x. lambda y. 7 + #(if y=0 then abort 42 else x+y)

In this casehowever, evaluationof “H èÖé ” resultsin the value º/¿ , i.e. ·�¸Àº/¶ , becausethe abort
operationwasrestrictedby thecontroldelimiterto theinteriorof theparentheses.
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Figure 15.1: Thedenotationalsemanticsof PFLC.Ê L ø ø
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Thefollowing domainsareusedin thedefinitionof thesemanticsof PFLC. Theprimitivedomains SEMANTICSÑ
, Ò and Ó%ÔfÕ representintegernumbers,truthvaluesandidentifiersrespectively. PFLC is anuntyped

language.Valuesaredistinguishedin basicvalues,i.e. integersandbooleans,and functions. The
environmentis asimplemappingfrom identifiersto values.

Ö × � �ÙØ �
(basicvalues)Ö Ð � f Á £  Ä £ Á m~Ú

(functionvalues)Ö Á � × ØÛÐ
(values)Ö 9 ú�$ b/Ã � � .n@ £ Á

(environments)Ö Å ú Ä � Á £ Á
(continuations)

The semanticfunctionsfor PFLC aredefinedin Figure15.1,where Ü ï Ñ and ÝÐïfÓ%ÔfÕ . A simple
continuationsemanticsis used.TheauxiliaryfunctionsÞ and ß facilitatethemanagementof function
values.Thesemanticsitself is not furtherdiscussedhere,sinceit is only given asanexample. The
readeris referredto [Moss90] for an introductionto thedenotationalsemanticsof purely functional
languages,andto [Sita90] for thesemanticsof controloperators.
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15.2 The functional programming paradigm

Typedfunctionalprogramminglanguagespresentmany similaritieswith themeta-languagesthatareTHE DIRECT

APPROACH usedin specifyingdenotationalsemantics.Functions,productsandsumsaredirectly supportedin
mosttypedfunctionallanguagesandtheleastfixedpoint operatorcanberathereasilyimplemented.
Bottomandtopelementsneedspecialtreatment.However, bottomelementscansimplybeomittedif
they representnon-termination,asis usuallythecase.Thecorrectrepresentationof non-termination
is a problemthatcannotbe solved in any implementationof denotationalsemantics:the interpreter
will simply not terminatein the caseof non-termination...Moreover, top elementsmodellingerror
conditionscanberepresentedby exceptions,which aresupportedin mosttypedfunctionalprogram-
ming languages.The abstractsyntaxcanusuallybe representedvery naturallyby appropriatedata
types.With all this in mind,adirecttranslationfrom adenotationalsemanticsto afunctionalprogram
is notonly feasible,but relatively easy. For moderatelysizedlanguages,this is themostefficientway
to createa rapid prototypeof an interpreter. The approachthat wassketchedabove is discussedin
Section15.2.1,usingStandardML asthetargetlanguage.

As thesizeof thesemanticdescriptiongrows,thedisadvantagesof thedirecttranslationapproachTHE

STRUCTURED

APPROACH
multiply. Themainproblemsarethattheresultingfunctionalprogramis not well-structuredandthat
the detailsof the translation,which mustbe repeatedover andover, areeasilyforgotten. For these
reasons,a secondmorewell-structuredapproachis suggestedfor large semanticdescriptions.This
approachexploitsfeaturesof thetargetlanguagesuchasmodules,signatures,functorsor typeclasses,
which improve the modularityof the resultingfunctionalprogram. Furthermore,the mathematical
objectswhichparticipatein thesemanticsaremodelledin aconsistentwayandthusthedevelopment
of thefunctionalprogramis facilitated.This secondapproachis furtherdiscussedin Section15.2.2,
usingHaskell asthetargetlanguage.

15.2.1 Standard ML

Standard ML is a strongly-typedeagerfunctionallanguage[Harp86, Harp89, Miln90, Miln91]. In aTHE

LANGUAGE relatively shorttime,it hasbecomeremarkablypopularin thefunctionalprogrammingcommunityand
a numberof very goodcompilersarecurrentlyavailable.StandardML featuresa staticpolymorphic
type system,exceptions,mutablevariablesandarrays,modulesandabstracttypes. In this section
a direct translationof the semanticsof PFLC to a StandardML programwill be attempted. The
structuredapproachcouldalsohave beenused.

The direct translationof the semanticsof PFLC resultsin a StandardML programof approxi-OVERVIEW

mately200lines.Nearly40 lineswererequiredfor theimplementationof theabstractsyntaxand150
linesfor thatof thesemantics.Theimplementationof thesemanticswasrelatively straightforwardand
its sizeis surprisinglysmall, consideringthat the implementationof a pretty-printerfor theabstract
syntaxrequiredanadditional100linesof code.

The implementationof the abstractsyntaxwascompletelystraightforward. The following dataABSTRACT

SYNTAX typesweredefinedfor theabstractsyntaxof expressions.All constructorsendwith a primesymbol,
in orderto bedistinguishedfrom typenames.

datatype Expr =
Int’ of int

| True’
| False’
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| Ident’ of Ide
| BinOp’ of Expr * BinOp * Expr
| UnOp’ of UnOp * Expr
| If’ of Expr * Expr * Expr
| Lambda’ of Ide * Expr
| App’ of Expr * Expr
| Fix’ of Ide * Expr
| Abort’ of Expr
| CallCC’ of Expr
| Prompt’ of Expr

Thedefinitionof semanticdomainspresentssomedifficulties. Themainproblemis thatthedefi- SEMANTIC

DOMAINSnition of typesin StandardML doesnot allow mutuallyrecursive definitions.Thus,mutualrecursion
hadto beeliminated.Bottomandtop elementswereomittedfrom semanticdomains,andlifted do-
mainswerenotused.An exceptionwasdefinedfor therepresentationof all topelements.

type T = bool
type N = int

datatype B = Number’ of N | Boolean’ of T

datatype V = Basic’ of B | Function’ of V -> (V -> V) -> V

type K = V -> V
type F = V -> K -> V
type Env = Ide -> V

exception TOP

Theleastfixedpointoperatorcannotbeimplementedin StandardML usingitsequationalproperty. LEAST FIXED

POINTSThefollowing definitionleadsto non-terminationeverytimefix is called,dueto StandardML’seager
evaluation:

fun fix f = f (fix f)

Unfortunately, it doesnot seempossibleto implementa leastfixedpointoperatorof thepolymorphic
type àeáãâ á�äåâ á . However, it is possibleto constructsuchan operatorof the more specific
type àBàeáhâ æçä�â àeávâ æçäBä�â ávâ æ , andthis is adequatefor the semanticsof PFLC. The
straigthforwardapproachis:

fun fix f x = f (fix f) x

but thefollowing versionsuggestedin [Gunt92] canalsobeused:

local datatype ’a fix = FUN of ’a fix -> ’a
fun NUF (FUN x) = x

in fun fix f =
(fn x => (fn y => f((NUF x) x) y))

(FUN (fn x => (fn y => f((NUF x) x) y)))
end

In casethe moregeneraltype of the leastfixedpoint operatoris required,the direct translationap-
proachis notpossibleandadifferentwayof circumventingthis problemmustbefound.
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Thetranslationof thesemanticequationsis againstraightforward. A smallexcerptis givenbelow.SEMANTICS

TheresemblancebetweenthiscodeandFigure15.1is striking.

fun semP E = semE E (fn I => raise TOP) (fn e => e)

and semE (Int’(n)) rho kappa = kappa (Basic’ (Number’ n))
| semE True’ rho kappa = kappa (Basic’ (Boolean’ true))
| semE (Ident’(I)) rho kappa = kappa (rho I)
| semE (If’(E, E1, E2)) rho kappa =

semE E rho (fn Basic’ (Boolean’ t) =>
if t then semE E1 rho kappa else semE E2 rho kappa)

| semE (App’(E1, E2)) rho kappa =
semE E1 rho (fn e1 => semE E2 rho (fn e2 => delta e1 e2 kappa))

| semE (Abort’(E)) rho kappa = semE E rho (fn e => e)
| semE (CallCC’(E)) rho kappa =

semE E rho (fn e => delta e (phi (fn p => fn kappa’ => kappa p)) kappa)
| ...

and phi f = Function’ f

and delta (Function’ f) = f
| delta _ = raise TOP

In orderto usetheimplementedsemantics,oneneedsonly to write a programlike thefollowing,EXAMPLE

usinganimplementationof StandardML:1

(*
* fact = fix (lambda f. lambda n. if n = 0 then 1 else n * f(n-1))
*)

val fact = Fix’("f", Lambda’("n",
If’(BinOp’(Ident’("n"), Equals’, Int’(0)),

Int’(1),
BinOp’(Ident’("n"), Times’,

App’(Ident’("f"), BinOp’(Ident’("n"), Minus’, Int’(1)))))))

(*
* Evaluate the expression "fact 7" using the semantics of PFLC
*)

val main = semP (App’(fact, Int’(7)))

Thisprogramcalculatesthefactorialof 7, usinga recursive definition.Theresultof theevaluationof
“main ” is thevalue“Basic’ (Number’ 5040) ”.

15.2.2 Haskell and relatedlanguages

Haskell belongsto the family of strongly-typedlazy purely functionallanguages[Huda96, Pete97].THE

LANGUAGE Its popularity increasessteadilyandtherearecurrentlymany efficient compilers. Haskell provides
non-strictsemantics,a staticpolymorphictype system,algebraicdatatypes,modules,monadsand
monadicI/O anda rich systemof primitive datatypes.A variationof Haskell is Gofer, whichextends

1 TheStandardML of New Jersey, availablefromhttp://cm.bell-labs.com/cm/cs/what/sml nj/ ,provides
averygoodcompilerandinterpreterfor StandardML. Othergoodimplementationsalsoexist.
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thelanguageby addingtypeclasseswith multipleparametersbut doesnotsupportmodules[Jone94].
In this section,the structuredapproachtowardsthe implementationof the semanticsof PFLC is
presented.Of course,thedirectapproachcouldalsohave beenused,resultingin a muchsmallerand
simplerHaskell programof approximately350 lines (30 for the syntax,200 lines for the semantics
and120linesfor parsingandpretty-printing).

Thestructuredtranslationof thesemanticsof PFLC is aprogramof approximately470lines.The OVERVIEW

implementationof theabstractsyntaxrequires35 lines, thatof thesemanticsrequires135 linesand
400linesareneededfor theimplementationof theframework for domains.Thebasicclassdefinedin
this framework is theDomain class:

class Domain a where
(<<=) :: a -> a -> Bool
isBottom :: a -> Bool
bottom :: a
isTop :: a -> Bool
top :: a

whereoperator<<= representsthe domainordering. Notice that for bottomandtop elementstwo
membersareneeded:onefor accessingtheseelementsandonefor checkingif a given elementis
bottomor top. This is necessarysincein generalHaskell typesdonotprovideanequalityoperator.

Domainconstructorsproduceinstancesof theDomain class,like theonesdefinedbelow. Notice DOMAIN CON-
STRUCTORSthatdomainorderingfor functionsis notcomputableandthatflat domainsarebasedonequalitytypes.

-- Function domains

instance (Domain a, Domain b) => Domain (a -> b) where
f <<= g = error "Cannot compare functions with <<="
isBottom f = error "Cannot compare function to bottom"
bottom = \a -> bottom
isTop f = error "Cannot compare function to top"
top = \a -> top

-- Product domains

instance (Domain a, Domain b) => Domain (a, b) where
(x1, x2) <<= (y1, y2) = (x1 <<= y1) && (x2 <<= y2)
isBottom (x, y) = isBottom x && isBottom y
bottom = (bottom, bottom)
isTop (x, y) = isTop x && isTop y
top = (top, top)

-- Flat domains

data (Eq a) => FlatDomain a = FlatBottom | FlatElement a | FlatTop

instance (Eq a) => Domain (FlatDomain a) where
FlatBottom <<= _ = True
(FlatElement x) <<= (FlatElement y) = x == y
_ <<= FlatTop = True
_ <<= _ = False
isBottom FlatBottom = True
isBottom _ = False
bottom = FlatBottom
isTop FlatTop = True
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isTop _ = False
top = FlatTop

-- Coalesced sums

data SumDomain a b = SumBottom | SumLeft a | SumRight b | SumTop

instance (Domain a, Domain b) => Domain (SumDomain a b) where
SumBottom <<= _ = True
(SumLeft x) <<= (SumLeft y) = x <<= y
(SumRight x) <<= (SumRight y) = x <<= y
_ <<= SumTop = True
_ <<= _ = False
isBottom SumBottom = True
isBottom _ = False
bottom = SumBottom
isTop SumTop = True
isTop _ = False
top = SumTop

Specialoperationsfor sometypesof domainsmayalsobe required,asin the caseof coalescedSPECIAL

OPERATIONS sums.Functionsinl andinr areusedto insertof elementsin thecoalescedsums,whereasfunctions
outl andoutr areusedto extractelements.

inl :: (Domain a, Domain b) => a -> SumDomain a b
inl x = if isBottom x then SumBottom else

if isTop x then SumTop else SumLeft x

inr :: (Domain a, Domain b) => b -> SumDomain a b
inr x = if isBottom x then SumBottom else

if isTop x then SumTop else SumRight x

outl :: (Domain a, Domain b) => SumDomain a b -> a
outl (SumLeft x) = x
outl (SumRight x) = top
outl SumBottom = bottom
outl SumTop = top

outr :: (Domain a, Domain b) => SumDomain a b -> b
outr (SumLeft x) = top
outr (SumRight x) = x
outr SumBottom = bottom
outr SumTop = top

BecauseHaskell is a lazy language,theleastfixedpoint operatorcanbedefinedin a very simpleLEAST FIXED

POINTS way, accordingto its equationalproperty. Its type is the mostgeneralthat can be achieved. The
requirement“Domain a” is not reallynecessary.

fix :: (Domain a) => (a -> a) -> a
fix f = f (fix f)

Theabstractsyntaxof PFLC asdefinedin Haskell is verysimilarto thedefinitionfor StandardMLABSTRACT

SYNTAX thatwasgivenin theprevioussection.Thesameconventionwith primesymbolsfor dataconstructors
holds.A smallexcerptis givenbelow:
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data Expr =
Int’ Int

| True’
| False’
| Ident’ String
| BinOp’ (Expr, BinOp, Expr)
| UnOp’ (UnOp, Expr)
| If’ (Expr, Expr, Expr)
| Lambda’ (String, Expr)
| App’ (Expr, Expr)
| Fix’ (String, Expr)
| Abort’ Expr
| CallCC’ Expr
| Prompt’ Expr

The definition for the semanticdomainsdeviatesslightly from the correspondingdefinition in SEMANTIC

DOMAINSStandardML. Theframework for representingdomainsis usedhere,andtheauxiliarydomainsT and
N aredefinedasflat domains.Themutualrecursionneedsnot beeliminatedin thecaseof Haskell.
However, Haskell doesnot allow mutual recursionon type synonyms, and this is the reasonwhy
thenewtype declarationis needed,in thecaseof V. Thenewly definedtypemustalsobemadean
instanceof classDomain andanadditionaldataconstructormustbeused.

type T = FlatDomain Bool
type N = FlatDomain Int

type B = SumDomain N T
type F = LiftedDomain (V -> K -> V)
newtype V = V’ (SumDomain B F)
type Env = Ide -> V
type K = V -> V

instance Domain V where
(V’ x) <<= (V’ y) = x <<= y
isBottom (V’ x) = isBottom x
bottom = V’ bottom
isTop (V’ x) = isTop x
top = V’ top

In order to avoid using a seriesof insert and extract operationsfor coalescedsum domains,a
numberof moreabstractsuchoperationsaredefined.ExamplesareinBV andoutVB thataredefined
below:

inBV :: B -> V
inBV = V . inl

outVB :: V -> B
outVB (V x) = outl x

The semanticequationsare translatedalmostdirectly from the meta-languageto Haskell. The SEMANTICS

smalldeviationsaredueto thenotationfor flat domainsandcoalescedsums.As farascoalescedsums
areconcerned,it is importantto rememberthat theomissionof explicit insertorsandextractors,e.g.
ö~X�¥ and ZbW�õ}¥ , from themeta-languageis a notationalconvention. Theoperatorsshouldnormallybe
there.An excerptof thedefinitionof thesemanticsof PFLC in Haskell is givenbelow:
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semP :: Expr -> V
semP expr = semE expr (\i -> top) id

semE :: Expr -> Env -> K -> V
semE (Int’ x) rho kappa = kappa (inNV (FlatElement x))
semE True’ rho kappa = kappa (inTV (FlatElement True))
semE (Ident’ i) rho kappa = kappa (rho (FlatElement i))
semE (If’ (expr, expr1, expr2)) rho kappa =

semE expr rho (\e ->
nif (outVT e) (semE expr1 rho kappa, semE expr2 rho kappa))

semE (App’ (expr1, expr2)) rho kappa =
semE expr1 rho (\e1 -> semE expr2 rho (\e2 -> delta e1 e2 kappa))

semE (Abort’ expr) rho kappa = semE expr rho id
semE (CallCC’ expr) rho kappa =

semE expr rho (\e -> delta e (phi (\p -> \kappa’ -> kappa p)) kappa)
...

phi :: (V -> K -> V) -> V
phi f = inFV (up (strict_D f))

delta :: V -> V -> K -> V
delta x = down (outVF x)

The implementedsemanticscanbeusedfor theevaluationof thesameprogramthat recursivelyEXAMPLE

calculatesthefactorialof 7. Theprogramis givenbelow, andits result,ignoringthepresenceof the
trivial dataconstructorV’ , is thevalueinl(inl(5040)) .

-- fact = fix (lambda f. lambda n. if n = 0 then 1 else n * f(n-1))

fact :: Expr
fact = Fix’("f", Lambda’("n",

If’(BinOp’(Ident’("n"), Equals’, Int’(0)),
Int’(1),
BinOp’(Ident’("n"), Times’,

App’(Ident’("f"), BinOp’(Ident’("n"), Minus’, Int’(1)))))))

-- Evaluate the expression "fact 7" using the semantics of PFLC

main = semP (App’(fact, Int’(7)))

15.3 The object-orientedparadigm

In this section,theobject-orientedprogrammingparadigmis appliedto theproblemof implementingC++ IS NOT

FUNCTIONAL denotationaldescriptionsandC++ is suggestedasthetarget implementationlanguage.Theresultsof
this researchhave beenpresentedin [Papa96a] and[Papa96b]. It is clearthat C++ is not a natural
choicefor this problemdomain,lackinglexical closures,expressiblefunctionsandfully operational
high-orderfunctions. However, it is shown that object-orientationis a useful tool in this problem
domainandsomeof themany difficultiesimposedby C++areovercome.

In therestof this section,anobject-orientedframework is suggestedin severalversions,provid-
ing a type-safeimplementationfor the ´ -calculusover Scottdomains.However, it is clearthat the
achieved resultsarenot aselegant,nor asefficient in termsof executiontime asthoseof a possible
implementationin a moresuitablelanguage,suchasML. It is alsoclearthatthepresenceof features
suchashigh-orderfunctions,currying,partial binding andthe ´ -notationdeterminesthe suitability
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of aprogramminglanguagefor implementingdenotationaldescriptions.Suchfeaturesareinherentin
thefunctionalprogrammingparadigm,andthis partly explainswhy ML is a moreappropriatechoice
in thisproblemdomain.

In order to overcomethe drawbacksof C++, an attemptis madeto integratesuchfeaturesin
theproposedframework. However, in contrastto otherapproachestowardsthe samegoal [Rose92,
Klag93, Sarg93, Dami94, Watt94, Kuhn95, Lauf95, Rams95], theintegrationsuggestedheredoesnot
requireany extensionsto thelanguage.Unfortunately, thereis a tradeoff betweennaturaldescription
usingpureC++ andperformance.This dilemmais resolved in this sectionat theexpenseof perfor-
mance,on thegroundsthat implementationsof denotationaldescriptionsarecommonlyusedfor the
studyof programminglanguages,in acontext whereperformanceis of little importance.

Furtheranalysisof theproblem’s requirements,inspiredby techniquesof object-orientedanalysis USING C++

anddesign,leadsto thefollowing remarks:

� Domainsshouldberepresentedby classes,whoseobjectswould representelements,encapsu-
latingdataandoperations.

� Representingcompounddomains(i.e. domainsof functions,products,lifted domains,etc.) by
classtemplates,parameterizedby thetypeof their componentsseemsto bea very appropriate
choice. By properrepresentationof operatorsover suchdomainsby function templates,it is
possibleto createa type-safeframework for elementexpressions.Furthermore,in thisway it is
possibleto overcometheshortcomingof C++ asfar ashigh-orderfunctionsareconcerned.

� It doesnot seemnecessaryto treatsyntacticdomainsin a differentway. However, expressing
syntacticdomainsby using productsand sumscomplicatesthe implementationof semantic
equations.It might bemoreappropriateto implementa specialcoalescedsumdomainfor the
representationof syntacticdomains.

� In order to naturallyrepresent́ -abstractions,it is necessaryto find a way of expressingun-
namedfunctions. The definition of a C++ function for eachuseof the ´ -abstractioncannot
beconsidereda naturalchoice.For theexpressionof bindingvariablesin abstractions,lack of
lexical closuresin C++ expressionsmustbeovercome.

In Section15.3.1an untypedversionof the framework is presented,implementingan untyped SECTION

OVERVIEWversionof themeta-language.In Section15.3.2thesameframework is extendedby the introduction
of typesto themeta-language,andtheuseof templatesis exploitedto makeit type-safe.Section15.3.3
describesanelementarypreprocessorthatcanbeusedasa front endto overcomethelackof function
closures.In Section15.3.4severalextensionsto C++ areconsidered,thatwould bebeneficialfor the
implementationof denotationalsemantics,anda lastversionof thesuggestedframework is presented,
usingtheGNU C++ extensions.In Section15.3.5the full exampleis given anddiscussed.Finally,
Section15.3.6summarizesandevaluatestheresultsof thisapproach.

15.3.1 Untyped version

The first implementationin C++ to be consideredis for an untypedversionof the meta-language. ENVELOPES

The envelope/ letter idiom [Copl92] is used,in orderto achieve methodpolymorphismandat the
sametimealleviatethememory-managementproblemsthatresultfrom theuseof objectpointers.An
envelopeclassis usedfor therepresentationof Scottdomainelements,whereasseveral letter classes
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areusedfor therepresentationof variousoperationsonsuchelements.TheenvelopeclassElement
is definedas:

class Element {
private:

ElementImpl * const impl;

public:
Element (ElementImpl * const ei) : impl(ei) { }
Element (const Element & e) : impl(e.impl->copy()) { }

˜Element () { delete impl; }

Element operator () (const Element & arg) const {
return Element(new ApplicationImpl(impl, arg.impl));

}

friend Element lambda (const Element & exp) {
return Element(new AbstractionImpl(exp.impl));

}

friend Element arg (int db) {
return Element(new ParameterImpl(db));

}

friend Element fix (const Element & exp) {
return Element(new FixImpl(exp.impl));

}

...

friend Element evaluate (const Element & e) {
return Element(e.impl->evaluate());

}
};

wherefunctionslambda andarg areusedfor the creationof è -abstractionelements,operator
() is usedfor thecreationof functionapplicationsandfunctionfix is usedfor theimplementationof
theleastfixedpoint operator. In addition,methodevaluate is usedfor theevaluationof elements,
by usingevaluationrulesof è -calculusover Scottdomains.

A setof letter classesareusedfor elementimplementations,derivedfrom theabstractletterclassLETTERS

ElementImpl . In order to differentiatebetweenimplementationclassesin run-time,a dynamic
type castingmechanismis required. Although run-time type inference(RTTI) haslong beensug-
gestedaspart of the proposedC++ standard,it is not generallysupportedby compilers,at leastin
a portablemanner. For this reason,a customversionof RTTI is usedhere,which definesa virtual
whatIs methodandastaticisMember methodfor all concreteclasses.Thedefinitionof thesetwo
is facilitatedby usingtwo specialmacros:

#define RTTI_ABSTRACT \
public: \

virtual const char * whatIs () const = 0;

#define RTTI_SIGNATURE(AbstractType, sig) \
public: \

virtual const char * whatIs () const { return sig; } \
static int isMember (const AbstractType & x) \

{ return strcmp(x.whatIs(), sig) == 0; }
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wherestringsignaturesareusedfor clarity, insteadof definingaspecialenumerationfor classes.

ClassElementImpl is definedas:

class ElementImpl {
RTTI_ABSTRACT

public:
ElementImpl () { }

virtual ˜ElementImpl () { }
virtual ElementImpl * copy () const = 0;
virtual ElementImpl * subst (int db, const ElementImpl * val) const = 0;
virtual ElementImpl * incFV (int t = 0) const = 0;
virtual ElementImpl * evaluate () const = 0;

};

wheremethodcopy implementsthe duplicationof an object, methodsubst is usedfor textual
substitution,methodincFV will beexplainedlaterandmethodevaluate is usedfor theevaluation
of elements.

Concreteletter classescanbe definedfor the implementationof domainoperations,suchas è -
abstractions,functionapplicationsor the é�ê operator. A letterclassmustbedefinedfor bottomele-
ments.Furthermore,a letterclassmustbedefinedfor theimplementationof functionparameters.For
this purposeDe Bruijn indicesareusedinsteadof nameddummies[dBru72].2 De Bruijn indicesfa-
cilitate thedefinitionandimplementationof textualsubstitution.Of theaforementionedletterclasses,
AbstractionImp l canbedefinedas:

class AbstractionImpl: public ElementImpl {
RTTI_SIGNATURE(ElementImpl, "AbstractionImpl")

private:
ElementImpl * const expression;

public:
AbstractionImpl (const ElementImpl * exp): expression(exp->copy()) { }

virtual ˜AbstractionImpl () { delete expression; }

virtual ElementImpl * copy () const;
virtual ElementImpl * subst (int db, const ElementImpl * val) const;
virtual ElementImpl * incFV (int t = 0);
virtual ElementImpl * evaluate ();

ElementImpl * AbstractionImpl::apply (const ElementImpl * arg) const;
};

Methodsevaluate andsubst mustbeimplementedaccordingto a setof evaluationrulesfor EVALUATION

RULESthemeta-language.Variousevaluationstrategiesarepossibleandthestrategy thatis adoptedhereuses
left-mostreductionandcall-by-valuefunction application.A subsetof the evaluationrulesthat are
usedis givenin Figure15.2.Theserulescorrespondto thesubsetof themeta-languagecontainingè -
abstractions,functionapplicationsandthe é�ê operator. ThenotationëÈì�í representstheevaluation
relationandis readas“ ë evaluatesto í ”, whereasëçîQïñðóòõô÷öùø denotestextual substitutionandis
readas“ ë wheredummy ð is substitutedwith ö ”. Method incFV implementsthe adjustmentof
DeBruijn indices,thatis necessaryfor substitutingwithin è -abstractions.

2 DeBruijn indicesaredenotedas ú°û , whereû�üþý .
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Figure 15.2: A subsetof theevaluationrulesfor themeta-languagewith DeBruijn indices.
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For example,the implementationof someof thesemethodsfor theletterclassesthatwereprevi-
ouslymentionedis givenbelow:

ElementImpl * ApplicationImpl::evaluate () const {
ElementImpl * eFun = function->evaluate();
ElementImpl * eArg = argument->evaluate();
ElementImpl * result = (AbstractionImpl::isMember(*eFun))

? ((const AbstractionImpl *) eFun)->apply(arg)
: new BottomImpl();

delete eFun;
delete eArg;
return result;

}

ElementImpl * FixImpl::evaluate () const {
ElementImpl * eExp = expression->evaluate();
ElementImpl * result = (AbstractionImpl::isMember(*eExp))

? ((const AbstractionImpl *) eExp)->apply(this)
: new BottomImpl();

delete eExp;
return result;

}

ElementImpl * AbstractionImpl::apply (const ElementImpl * arg) const {
ElementImpl * applied = expression->subst(1, arg);
ElementImpl * result = applied->evaluate();
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delete applied;
return result;

}

ElementImpl * AbstractionImpl::subst (int db, const ElementImpl * val) const {
ElementImpl * fVal = val->incFV();
ElementImpl * sExp = expression->subst(db+1, fVal);
ElementImpl * result = new AbstractionImpl(sExp);

delete fVal;
delete sExp;
return result;

}

ElementImpl * ParameterImpl::incFV (int t) const {
return new ParameterImpl(deBruijn > t ? deBruijn+1 : deBruijn);

}

As anexample,considertheexpression? è!@�A[è!BCA�@DB9EF? è!@�AG@�E�HJI , which evaluatesto HJI . This EXAMPLE

expressionis written as ? è�è¢ïDI»ïLKME>? è¢ïLKME�HJI , whenusingDe Bruijn indices.Theevaluationof this
expressionis performedby thefollowing C++ code:

Element x = lambda(lambda(arg(2)(arg(1))))(lambd a(arg( 1)))(I nteger (42));
cout << x.evaluate() << endl;

whereit is assumedthata classInteger hasbeenderived from Element , an implementationfor
integer numbershasbeenwritten, aswell asan operator << for printing elements.Note that,
althoughthe evaluatedelementcontainsan implementationfor the integer number HJI , its type is
Element andnot Integer , asit wouldbeexpected.This is dueto theuntypednessof this version
of theframework andis correctedin thenext section.

At thispoint,a few remarksaremadeaboutthesuggestedframework. REMARKS

N A term of the meta-languageis representedby elementswhoseimplementationsfollow the
term’s structure.Functionsareimplementedasobjectsof theclassAbstractionImpl and
canbedirectly expressedin a fairly naturalwaywithout definingfunctions.However, termsof
the meta-languagecanonly be evaluatedat run-timeby explicit calls to methodevaluate .
No optimizationscanbemadeatcompile-time,in contrastto possibleimplementationsin func-
tional languagessuchasML.

N It is possibleto improve the efficiency of the framework by implementingpart of the evalu-
ation processin elementconstructors,suchas lambda andoperator () . In this way, it
is possibleto reducethe sizeof elementimplementations.An improved framework contains
a simplify methodfor elementimplementations,which performsall possibleevaluations
without evaluatingleastfixed point operations.Thus, invocationof this methodwill always
terminate,somethingwhich is not truefor methodevaluate .

N The memorymanagementschemefor elementimplementationsresultsin a heavy useof op-
eratorsnew anddelete . By overloadingtheseoperatorsandby changingaccordinglythe
copy method,it is possibleto implementa smartermemorymanagementschemethatwould
not copy elementimplementationswhennot necessary(e.g.by keepingreferencecounters).
Betterresultscanbeachievedby usingapropergarbagecollectorfor C++.
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Figure 15.3: Classhierarchiesfor domainelementsandimplementations.

15.3.2 Type-safeversion

Althoughtheuntypedversionthe framework succeedsin implementingthenumerousoperationsonTYPE SAFETY

Scottdomainsin a fairly naturalway, it fails to representtheScottdomainsthemselves.As anattempt
to provide the elementswith type information, it is possibleto derive classesfrom Element but
operationsonsuchelementsdonotpropagatethetypeinformation.Furthermore,theuntypedversion
is only ableto diagnosesemanticerrorsin elementexpressions(suchasapplicationof anargumentto
anelementthatis nota function)at run-time.

It is possibleto createa type-safeversionof theframework, implementinga typedversionof the
meta-language.ThisversionrepresentsScottdomainsasclassesderivedfromElement , assignstype
informationto elementsandpropagatesthis typeinformationcorrectlyandconsistentlyin operations.
In addition,it is ableto detecttypeerrorsat compile-time,by usingthetypesystemof C++. A setof
classesandclasstemplatesarederived from Element , asshown in Figure15.3. Thevariousclass
templatesrepresentdomainconstructorsandareparameterizedby the typesof their operands.The
samefigurealsoshows thecompletehierarchyof implementations.

In the type-safeversion,functionssuchasevaluate mustbe replacedby function templates,TEMPLATES

propagatingthecorrecttypeinformation.Thedefinitionof evaluate becomes:

template<class T>
T evaluate (const T & e) {

return T(e.getImplementation()->evaluate());
}

TheclasstemplateFunction<In, Out> representsfunctiondomains.It is definedas:
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#define FUN(In, Out) Function< In, Out >

template<class In, class Out>
class Function : public Element {

public:
Function (ElementImpl * ei) : Element(ei) { }
Function (const Function<In, Out> & f) : Element(f) { }
Out operator () (const In & arg) const;

};

andthecorrespondingdomainoperators,thatis functionapplicationandtheleastfixedpointoperator,
aredefinedas:

template<class In, class Out>
Out Function<In, Out>::operator () (const In & arg) const {

return Out(new ApplicationImpl(getImplementation(), arg.getImplementation()));
}

template<class In, class Out>
FUN(In, Out) fix (const FUN(FUN(In, Out), FUN(In, Out)) & exp) {

return FUN(In, Out)(new FixImpl(exp.getImplementation()));
}

In thetypedversionof è -notationit is necessaryto specifythetypeof theparameter. Also, in order TYPES OF

PARAMETERSto maketheframework type-safe,it is alsonecessaryto explicitly specifythetypeof eachparameter’s
instance,sincetheC++ compilercannotdeducethetypeof anexpressionsuchasarg(1) . This is a
possiblesourceof errors,sincethereis no way of checkingwhetherthetypesof parameterinstances
areconsistentwith thetypesspecifiedin thecorrespondingè -expressions.Therefore,the è -notation
that is usedin the type-safeversionis not assimpleas that of the untypedone. The two macros
lambda andarg hidetheugly implementationdetailsfrom theuser. Theuseof operator |= for
theimplementationof lambda is justifiedbecausethisoperatoris right associativeandhasaverylow
precedence.An emptyclasstemplatehasto bedefined(LambdaOperator<I n>) just to provide
theparameter’s typeto operator |= .

#define lambda(T) (LambdaOperator< T >(0)) |=
#define arg(T, n) (T(new ParameterImpl(n)))

template<class In>
class LambdaOperator {

public:
LambdaOperator (int) { }

};

template<class In, class Out>
FUN(In, Out) operator |= (const LambdaOperator<In> & l, const Out & exp) {

return FUN(In, Out)(new AbstractionImpl(exp.getImplementation() ));
}

As an example,consideragainthe expression? è!@ òPORQ OSACè1B ò�OTAU@�BUEF? è!@ ò�OTAU@�EVHJI , EXAMPLE

which evaluatesto HJI . This expressionis written as ? è3W<XYW è3W ïDI ïLKME1? è3W ïLKMEVHJI , in the typed
meta-language,usingDeBruijn indices.Notethatthetypeof eachparameter’s instanceis determined
by thetypespecifiedby thecorrespondingè -notation.Theevaluationof thisexpressionis performed
by thefollowing C++ code.Theevaluatedelementis of theexpectedtypeInteger .
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Integer x = (lambda(FUN(Integer, Integer)) lambda(Integer)
arg(FUN(Integer, Integer), 2)(arg(Integer, 1)))

(lambda(Integer) arg(Integer, 1))
(Integer(42));

cout << x.evaluate() << endl;

It shouldbe notedat this point that two problemsstill remainin the type-safeversionof theREMARKS

framework. Botharedueto thetypesystemof C++:

N Typeunificationin templatesdoesnot work asexpectedin somecompilers.In GNU C++, for
instance,type unificationfails whenthe formal parameteris a (referenceto a) classtemplate
andtheactualparameteris asubclassof theclasstemplate.Thesametypeunificationsucceeds
in BorlandC++.3

N It is difficult to definerecursive domains,suchas Z<[M\]\¹ô^O`_a?.Z<[M\]\cb�Z<[d\e\CE . Theobvious
definitionwouldbesomethinglike:

class Tree;
typedef SUM(Integer, PROD(Tree, Tree)) Tree;

only thisdoesnotwork, neitherin GNU C++nor in BorlandC++. It seemsthattheonly wayto
overcomethisproblemis thefollowing definition,whichis problematicbecauseof theprevious
remark:

class Tree : public SUM(Integer, PROD(Tree, Tree))
{

public:
Tree (const SUM(Integer, PROD(Tree, Tree)) & t) :

SUM(Integer, PROD(Tree, Tree))(t) { }
};

15.3.3 Preprocessor

Theframework thathasbeensuggestedin theprevioussectionis capableof expressingdenotationalNEED FOR

PREPROCES-
SOR

descriptionsin a fairly naturalway. However, elementexpressionscontainredundantinformation
andthis is a possiblesourceof errors.Theredundantinformationis thetypeof parameterinstances.
Considertheexpressionè!@ òJOSAe? è!@ òJOSAM@�E,@ , which is writtenas:

lambda(Integer) (lambda(Integer) arg(Integer, 1))(arg(Integer, 1))

Thereare two difficulties with the representationof suchan expression:(i) nameddummiesin è -
abstractionshave to bereplacedby DeBruijn indices,and(ii) thetypesof parameterinstanceshave to
beexplicitly specified,althoughthis informationis redundant.Theformeris a matterof choice,sim-
plifying theframework andimproving its performance;on theotherhand,nameddummiesprovide a
morenaturalway of representingè -abstractions.Thelatter, however, is a problemof the implemen-
tation,dueto thechoiceof C++ astheimplementationlanguage.
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After a coupleof unsuccessfulattemptsto overcomethesetwo difficultiesby usingtheC++ pre- PREPROCES-
SORprocessor, it seemsthat this is not possible,becauseC++ lackslexical closuresandvariablescoping

within expressions.4 It is possible,however, to implementanexternalpreprocessorfor theconversion
of è -notationswith nameddummiesto De Bruijn indicesandexplicitly typedparameterinstances.
Thecompletecodeof sucha preprocessoris givenbelow. It consistsof 42 linesof flex codeand124
lines of bisoncode,including full error handling,andcorrectly translatesthe extensionsusedin a
program,ignoringall therest.Theimplementationof thepreprocessoris elementaryanda total of 8
tokensand4 nonterminalsymbolsareused.

Lexical analyzer (preproc.l )

%{
#include <string.h>

#define YYSTYPE char *
#include "preproc.tab.h"

#define COPY do { yylval = strdup(yytext); } while(0)
#define MOREyymore()
#define NL (lineNo++)

int lineNo = 1;
%}

%x COMMENTSTRING PREPROC

%%

"lambda" { return TK_LAMBDA; }
[\(\)\.:] { return yytext[0]; }

"/*" { MORE; BEGIN(COMMENT); }
<COMMENT>[ˆ*\n]+ { MORE; }
<COMMENT>\n+ { MORE; NL; }
<COMMENT>"*"+[ˆ*/\n] { MORE; }
<COMMENT>"*"+\n { MORE; NL; }
<COMMENT>"*"+"/" { COPY; BEGIN(INITIAL); return TK_WHITE; }
"//"[ˆ\n]*\n { COPY; NL; return TK_WHITE; }

\" { MORE; BEGIN(STRING); }
<STRING>[ˆ"\\\n]+ { MORE; }
<STRING>\\. { MORE; }
<STRING>\" { COPY; BEGIN(INITIAL); return TK_OTHER; }

ˆ[ \t]*# { MORE; BEGIN(PREPROC); }
<PREPROC>[ˆ\\\n]+ { MORE; }
<PREPROC>\\. { MORE; }
<PREPROC>\\\n { MORE; NL; }
<PREPROC>\n { COPY; NL; BEGIN(INITIAL); return TK_OTHER; }

[A-Za-z0-9_]+ { COPY; return TK_ID; }
[ \t]+ { COPY; return TK_WHITE; }
\n { COPY; NL; return TK_WHITE; }

3 It is hopedthattheemergenceof thestandardfor C++ will eliminatethiskind of problems.
4 Seesection15.3.4for animplementationusingthesetof GNU C++ extensions.
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. { COPY; return TK_OTHER; }

%%

Parser (preproc.y )

%{
#include <assert.h>
#include <stdlib.h>
#include <stdio.h>
#include <string.h>
#define YYSTYPE char *

struct stack {
char * name;
char * type;
struct stack * next;

};

struct stack * dummies = NULL;

void push (struct stack ** s, char * name, char * type) {
struct stack * node = (struct stack *) (malloc(sizeof(struct stack)));

node->name = name;
node->type = type;
node->next = *s;
*s = node;

}

void pop (struct stack ** s) {
struct stack * node = *s;

assert(node != NULL);
*s = node->next;
free(node->name);
free(node->type);
free(node);

}

void search (struct stack * s, const char * name) {
int i;

for (i = 1 ; s != NULL ; i++) {
if (strcmp(s->name, name) == 0) {

printf("ARG(%s, %d)", s->type, i);
return;

}
s = s->next;

}
printf("%s", name);

}
%}

%token TK_ID, TK_LAMBDA, TK_OTHER, TK_WHITE

%%
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expression:
expression ’(’ { printf("("); } expression ’)’ { printf(")"); }

| expression lambda
| expression ’:’ { printf(":"); }
| expression ’.’ { printf("."); }
| expression TK_ID { search(dummies, $2); free($2); }
| expression TK_OTHER{ printf("%s", $2); free($2); }
| expression TK_WHITE { printf("%s", $2); free($2); }
| /* empty */

;

lambda:
TK_LAMBDAwhite ’(’ white TK_ID white ’:’ type ’.’ {

printf("LAMBDA(%s)(", $8);
push(&dummies, $5, $8);
free($2); free($4); free($6);

}
expression ’)’ {

printf(")");
pop(&dummies);

}
;

type:
type ’(’ type ’)’ {

$$ = (char *) (malloc(strlen($1) + strlen($3) + 3));
strcpy($$, $1); free($1); strcat($$, "(");
strcat($$, $3); free($3); strcat($$, ")");

}
| type TK_ID {

$$ = (char *) (malloc(strlen($1) + strlen($2) + 1));
strcpy($$, $1); free($1);
strcat($$, $2); free($2);

}
| type TK_OTHER{

$$ = (char *) (malloc(strlen($1) + strlen($2) + 1));
strcpy($$, $1); free($1);
strcat($$, $2); free($2);

}
| type TK_WHITE {

$$ = (char *) (malloc(strlen($1) + 2));
strcpy($$, $1); free($1);
strcat($$, " "); free($2);

}
| /* empty */ {

$$ = (char *) (malloc(1));
*($$) = ’\0’;

}
;

white:
white TK_WHITE {

$$ = (char *) (malloc(strlen($1) + strlen($2) + 1));
strcpy($$, $1); free($1);
strcat($$, $2); free($2);

}
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| /* empty */ {
$$ = (char *) (malloc(1));
*($$) = ’\0’;

}
;

%%

int yyerror (const char * s) {
extern int lineNo;

fprintf(stderr, "line %d: %s\n", lineNo, s);
abort();

}

int main () { return yyparse(); }

By usingthepreprocessor, elementexpressionè!@ ò�OSAe? è!@þò�OSAM@�E,@ canbewrittenas:EXAMPLE

lambda(x : Integer. lambda(y : Integer. y)(x))

No redundantinformationis given andthis notationis muchclearerandmorenaturalthanthe one
givenin thebeginningof thissection.

15.3.4 Extensions

It is possibleto enhancetheobject-orientedframework for theimplementationof denotationalseman-GNU
EXTENSIONS tics by usinga setof extensionsto C++. The setof GNU extensionseven makesthe preprocessor

unnecessary, withoutaffectingthereadabilityof elementexpressions.Two extensionsthatarepartic-
ularly usefulare:

N Statementexpressions: compoundstatementswithin parenthesescanappearwithin expressions.
Thelaststatementin thecompoundstatementdeterminesthevalueof thewholeconstruct.This
extensionis particularlyusefulbecauseit allowsthedefinitionof new scopesfor variablesinside
expressions.

N Operator typeof: acompile-timeoperator, referringto thetypeof anexpression,whichis never
evaluated.It canbeusedin any typeexpressionandis veryusefulin combinationwith statement
expressions.

The first andobvious improvementto the framework, usingthe two GNU extensionsthat wereNAMED

DUMMIES mentionedabove, is thatthemeta-languagecannow usenameddummiesinsteadof DeBruijn indices
in è -abstractions.The set of evaluationrules mustbe revised and a subsetof the new evaluation
rules is given in Figure15.4. The only point that needsspecialtreatmentis textual substitutionin
è -abstractions.It is resolvedby therenamingdummieswhenever necessary.

A secondimportantimprovementis thata classtemplatefor domainsthemselvescanbedefined,DOMAIN CON-
STRUCTORS namelyDomain<E> , in additionto classesfor domainelements.This allows themodellingof do-

mainconstructorsasC++ operators,andtheuseof suchdomainexpressionsin elementexpressions,
whenever this is required.ThetypeparameterE thatis usedin this classtemplaterepresentsthetype
of domainelements.It is thenpossibleto define:
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Figure 15.4: A subsetof theevaluationrulesfor themeta-languagewith nameddummies.
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Domain<Integer> N;
Domain<Boolean> T;

TheclasstemplateDomain<E> is definedas:

template<class E>
class Domain {

public:
Domain () { }
E * nullInstance () const { return NULL; }
E bottomInstance () const { return E(new BottomImpl()); }
E operator () (const E & e) { return e; }

};

#define bottom(T) ((T).bottomInstance())

template<class E1, class E2>
Domain<FUN(E1, E2)> operator |= (const Domain<E1> & d1, const Domain<E2> & d2) {

return Domain<FUN(E1, E2)>;
}

template<class E1, class E2>
Domain<PROD(E1, E2)> operator * (const Domain<E1> & d1, const Domain<E2> & d2) {

return Domain<PROD(E1, E2)>;
}

#define OBJ(T) typeof( *((T).nullInstance()) )
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whereoperator |= andoperator * representrespectively the domainconstructorsfor func-
tions andproductsandoperator () simplifiesthe expressionof domainelements,allowing ex-
pressionssuchasN(42) . Themacrobottom returnsthebottomelementof a domain,whereasthe
macroOBJ(T) returnsthe typeof a givendomain’s element.Finally, the è -notationcanbe imple-
mentedas:5

#define lambda(v, T, E) (lambdaOperator(#v, T, \
({ OBJ(T) v(new ParameterImpl(#v)); \

new typeof( E )(E); })))

template<class In, class Out>
FUN(In, Out) lambdaOperator (const char * dummy, const Domain<In> &, Out * exp) {

FUN(In, Out) result(new AbstractionImpl(dummy, exp->getImplementation()));

delete exp;
return result;

}

As anexample,consideragaintheexpression? è!@þò�OvQwOSAVè!B ò�OTA�@DBUE�? è1@ òJOSAM@�ExHJI . ThisEXAMPLE

time,theevaluationof thisexpressionis performedby thefollowing C++ code:

OBJ(N) x = (lambda(x, N|=N, lambda(y, N, x(y))))(lambda(x, N, x))(N(42))
cout << x.evaluate() << endl;

A third possibleextension,thepresenceof which would changethe framework radically, is un-ADDITIONAL

EXTENSIONS namedfunctionsassuggestedin [Breu88]. Unnamedfunctionswould renderunnecessarythedefini-
tion of a specialclassfor è -abstractionsandwould muchsimplify thehierarchyof implementations.
They would significantlynarrow thegapbetweenC++ andfunctionallanguages.Unfortunately, un-
namedfunctionshave not beenadopted,to the bestof the author’s knowledge,in any popularC++
compiler, althoughtheir implementationdoesnotseemparticularlyproblematic.

15.3.5 Example

An interpreterfor PFLC, basedon thedenotationalsemanticsof Section15.1hasbeendevelopedinTHE PROGRAM

threevariations,usingthetype-safeframework with De Bruijn indices,thecustompreprocessorand
the framework basedon GNU extensions.In all cases,the framework itself wasimplementedin a
headerfile of approximately3,000lines. The sizeof the programsthat implementthesemanticsof
PFLC in thethreecasesdonot differ significantly. Executiontime is thesamefor thefirst two cases,
andit slightly increasesin thethird case.

Theprogramconsistedof approximately1,000linesof code,includinganumberof testprograms.
A significantpartof theC++ implementation(approximately350lines)wasdevotedto theimplemen-
tationof syntacticdomains.It wasdecidednot to usecoalescedsumsandproductsfor this purpose,
in orderto simplify the equations.From this experience,it is now clearthat the implementationof
syntacticdomainsin thesuggestedframework is inadequate.

Thefollowing codeis apartof theimplementationof PFLC’ssemanticequations,in theform thatA FRAGMENT

wassuggestedin section15.3.3.Syntacticandsemanticdomainsweredefinedearlierin theprogram
andtheproblemof recursivedomains,suchas y , washandledby definingemptyclasses,asdiscussed
in section15.3.2.

5 A pointer type for the result of the statementexpressionhad to be used,becauseof a bug in GNU C++ statement
expressions.
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V semP (const Expr & E) {
return semE(E) (lambda(I: Ide. BOTTOM(V))) (lambda(e: V. e));

}

FUN(Env, FUN(K, V)) semE (const Expr & E) {
if (E.is("Int’"))

return lambda(rho: Env. lambda(kappa: K.
kappa(V::inl(B::inl(semN(E[1]))))));

else if (E.is("BinOp’")) {
return lambda(rho: Env. lambda(kappa: K.

semBO(E[2])(semE(E[1])(rho))(semE(E[3]) (rho)) (kappa )));
}

else if (E.is("Lambda’"))
return lambda(rho: Env. lambda(kappa: K.

kappa(phi(lambda(p: V. semE(E[2])(update(rho, E[1], p)))))));

else if (E.is("Fix’"))
return lambda(rho: Env. lambda(kappa: K.

kappa(phi(fix(lambda(w: FUN(V, FUN(K, V)).
delta(semE(E[2])(update(rho, E[1], phi(w)))(lambda(e: V. e)))))))));

else if (E.is("Abort’"))
return lambda(rho: Env. lambda(kappa: K.

semE(E[1])(rho)(lambda(e: V. e))));

...
}

Theschemefor accessingsyntacticdomains(methodis andoperator [] ) is a simplificationof
theonethatwasactuallyused.In fact,thisschemecannotbeimplementedin a type-safewaywithout
dynamictypecastingin functionsemEandahierarchyof classtemplatesfor syntacticdomains.

Exceptfor the (ratherclumsy) implementationof syntacticdomains,the implementationof an EVALUATION

interpreterfor PFLC by usingthesuggestedframework wasentirelysuccessfulanddemonstratesthe
ability of C++ to implementdenotationaldescriptionsin a naturalway. Theperformanceof theinter-
preteris muchlower thantheperformanceof an implementationin a functionallanguage.However,
thiswasexpectedsinceC++ hardlysupportsthefunctionalprogrammingparadigm,which is sonatu-
ral in this problemdomain,andperformancewassacrificedfor ease-of-representation. As discussed
in section15.3.4,it is believed that the extensionof C++ with a singlefeature(unnamedfunctions)
wouldmake it possibleto achieve aperformancecomparableto functionallanguages.

15.3.6 Discussion

Thevariationsof a type-safeframework for the implementationof denotationaldescriptionsin C++
thatweresuggestedin theprevioussectionsexploit theobject-orientedprogrammingparadigm.Pure
C++ canbeused,althougha setof extensionsis definitelyvaluable.Thesuggestedframework could
be translatedto otherobject-orientedlanguagessupportinginheritance,polymorphismandgeneric
types.

Themaincriteria in theevaluationof this framework areexpressivenessandperformance. Con-
cerningthefirst criterion, the framework providesa naturalway of expressingdenotationaldescrip-
tions. Somedrawbacksof this approach,imposedby C++, have beenalreadydiscussed.Compared
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with othergeneralpurposeprogramminglanguagesthat have beensuggestedfor the samepurpose,
this framework is inferior to implementationsin functionallanguages.Theobject-orientedprogram-
ming paradigmresultsin morenaturaldenotationaldescriptionsthanpossibleimplementationsusing
imperative programminglanguages.

Performanceissuesin the implementationof this framework have beenconsciouslyneglected.
Performanceis reducedbecauseof threefactors:

N The memorymanagementof C++ is poor for the requirementsof this problemdomain. This
canbealleviatedby usingagarbagecollectorandoverloadingoperatorsnew anddelete .

N è -abstractionsandhigh-orderfunctionsaremanagedby theprogrammerinsteadof thecompiler,
resultingin pooroptimizationswhencomparedto thosethatareperformedby thecompilerof a
functionalprogramminglanguage.Thiscanonly besolvedby extendingC++with anunnamed
functionfeature,asdiscussedearlier.

N A largenumberof virtual methodsis requiredandtheircallsreduceperformance.Thisproblem
is inherentin theobject-orientedprogrammingparadigmwith C++.

Nevertheless,performanceis not consideredto be a very significantfactor in the evaluationof the
framework. Implementationsof denotationaldescriptionsaremainly usedasexperimentalexecution
modelsfor thestudyof programminglanguages.In thiscontext, performanceis seldomanimportant
issue.

15.4 Implementation of the proposedsemanticsfor C

A significanteffort hasbeenmadeto evaluatetheproposeddenotationalsemanticsfor theC program-EVALUATION

PROCESS ming language.In this task,themajor issuewasto assesshow completeandaccuratethedeveloped
semanticsis. Unfortunately, thereis no systematicway for suchanevaluation,sincethereis simply
no way to comparea formal systemof this complexity againstan informal specification,suchasthe
ANSI C standard.For thisreason,animplementationof aninterpretercorrespondingto thedeveloped
semanticshasbeentestedinstead,usingsometestsuitesfor C implementationsthatwereavailable.

An earlier versionof the developedsemanticswas first implementedusing SML as the targetCHOICE OF

LANGUAGE language.Although that versionof the semanticsdid not usemonads,a numberof problemswere
envounteredin theimplementation.Later, SML wasabandonedandHaskell wasusedinstead,mainly
becauseit hasarichertypesystem,moreflexible syntax,elegantsupportfor monadsandalsobecause
lazyevaluationavoidsanumberof non-terminationproblems.

The currentimplementationconsistsof approximately15,000lines of Haskell code,which areCURRENT IM-
PLEMENTATION distributedroughlyasfollows: 3,000linesfor thestaticsemantics,3,000linesfor thetypingsemantics,

5,000linesfor thedynamicsemantics,3,000linesfor parsingandpretty-printingand1,000morelines
of generalcodeandcoderelatedto testing.As it wasexpected,the implementationis very slow and
thispresentsaserioushandicapin theyetunfinishedevaluationprocess,significantlylimiting thesize
of testprograms.Although the evaluationof the developedsemanticsis still underway andminor
bugsarewaitingto befixed,theresultsindicatethatthedevelopedsemanticsis completeandaccurate
to a greatextent,with respectto theANSI C standard.
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Relatedwork

This chapterpresentsrelatedwork in the main researchfields that areaddressedby this thesisand, CHAPTER

OVERVIEWwhenever applicable,comparesit with the presentwork. Section16.1 covers the field of defining
thesemanticsof realprogramminglanguagesandSection16.2specializesin thesemanticsof theC
programminglanguage.Section16.3 presentesrelatedwork in the useof monadsin denotational
semantics.Finally, Section16.4briefly outlinesrelatedwork in the implementationof denotational
semantics.

16.1 Semanticsof realprogramming languages

Thesemanticsof many popularprogramminglanguageshave beenformally specifiedduringthelast
30years.Variousformalismshave beenusedfor this purpose.However, in mostcasestheformaliza-
tionsarenotcompleteandfeaturesthatarehardto formalizeareoftenomitted.Only few realprogram-
ming languageshave beengiven formal semantics,even incompleteto someextent,aspart of their
official definitions.SchemeandML areprobablytheonly examplesof suchlanguages.In thesearch
for formal specificationof realprogramminglanguages,theauthormustgreatfullyacknowledgethe
invaluablehelpthathehasreceivedfrom theresearchof Baumann(baumann@ifi.uniz h.c h) at
theUniversityof Zürich, who gathereda large numberof referencesto relevant currentliteraturein
1995.1 In thefollowing list of references,attemptsto formalizethesemanticsof C havebeenomitted,
asthey areseparatelypresentedin Section16.2.

N Denotationalsemanticshave beenusedfor theformal specificationof:

– SequentialAda, in thework of Pedersen[Pede80].

– Algol 60andPascal, in thework of BjørnerandJones[Bjor82a, Bjor82b], usingtheVDM
formalism.

– Scheme, in thework of a largeresearchgroup,resultingin apublicationeditedby Clinger
andRees[Abel91]. Thedenotationalspecificationis partof theIEEEstandard[IEEE91].

– Smalltalk-80, in thework of Wolczko [Wolc87].

N Variationsof operational semanticshave beenusedfor thespecificationof:

– Standard ML, aspart of the language’s definition by Milner, Tofte andHarper[Miln90,
Miln91, Kahr93], usingnaturalsemantics.

1 Unfortunately, the resultsof this researchhave now apparentlydisappearedfrom the Internet. They werepreviously
accessiblefrom theURL: http://www.ifi.unizh.ch/groups/baumann/ sol.ht ml .
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– Eiffel, in thework of Attali, CaromelandOudshoorn[Atta93], usingagainnaturalseman-
tics.

– Scheme, in the work of Honsell,Pravato andRonchidellaRocca[Hons95], usingstruc-
turedoperationalsemantics.

N Axiomatic semanticshave beenusedfor thespecificationof:

– Pascal, in theseminalwork of HoareandWirth [Hoar73], probablytheearliestattemptto
a formalspecificationof a realprogramminglanguage.

N Abstract statemachines, formerlyknown asevolving algebras,havebeenusedfor thespecifi-
cationof largesubsetsof many languages,including:

– Ada, in thework of Morris andPottinger[Morr90].

– Cobol, in thework of Vale[Vale93].

– C++ , in thework of Wallace[Wall93, Wall95].

– Modula-2, in thework of Gurevich andMorris [Gure88, Morr88].

– Oberon, in thework of KutterandPierantonio[Kutt97b, Kutt97a].

– Occam, in theworkof Gurevich andMoss[Gure90] andalsoin thatof Börger,Durdanović
andRosenzweig[Borg94a, Borg96].

– Prolog, in thework of BörgerandRosenzweig[Borg94b].

– Smalltalk, in thework of Blakley [Blak92].

N Finally, action semanticshave beenusedfor theformalizationof thesemanticsof:

– Pascal, in thework of MossesandWatt [Moss93].

– Standard ML, in thework of Watt [Watt87], which wasoneof theearliestapplicationsof
actionsemantics.

16.2 Formal semanticsof C

Until recently, C hasnot beena very popularlanguageasfar astheformalizationof its semanticsis
concerned.However, after1990,significantresearchhasbeenconductedconcerningsemanticaspects
of the language,mainly becauseof its popularityandits wide applications.In general,themajority
of the suggestedformalizationsfocuseson subsetsof the languageandavoids to addressthe most
complicatedissues,suchas sideeffects in expressions,unspecifiedevaluationorder and sequence
points.

N The earliestformal approachto the semanticsof C is given in the work of Sethi, wherethe
semanticsof pre-ANSIC declarationsis mainlyaddressed[Seth80]. Thisappoachusesdenota-
tionalsemanticsandmakesanumberof simplifications,themostimportantbeingarequirement
for left-to-rightevaluationof expressions.Thiswork, althoughlargely incompletewith respect
to theANSI C standard,hassignificantlyinfluencedthepresentthesis.
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N In adifferentpaper[Seth83], Sethiaddressesthesemanticsof C’scontrolstructuresusingagain
denotationalsemanticsandintroducingpipesasanotationalvariationfor combiningfunctions.
This work is partof Sethi’s researchin theareaof semantics-directedcompiling. Left-to-right
evaluationof expressionsis againenforcedandthe declarationof variablesis not allowed in
compoundstatements.

N Thework of Gurevich andHuggins definesa formal semanticsfor C usingthe formalismof
evolving algebras,or abstractstatemachines[Gure93b]. However, in a numberof cases,the
proposedsemanticsis not accuratewith respectto the standard.The semanticsof expression
evaluationis basedon two mistaken assumptions:(i) that no interleaving is allowed in the
evaluationof subexpressions,and(ii) thatsideeffectstake placeat thesametime thatthey are
generated.

N Black and Windley have proposeda high-level axiomaticsemanticsfor programminglan-
guageswith sideeffects in expressions[Blac96]. The semanticsis formalizedasa setof in-
ferencerulesfor assignments,while loopsandfunctioncalls. The inferencerulesdistinguish
betweenpre-evaluationandpost-evaluationsideeffects.Furthermore,animplementationof the
proposedsemanticsin the HOL theoremprover is usedin the samework for the verification
of a secureHTTP daemon,consistingof about100 linesof C. Theproposedsemanticsis not
complete,with respectto thestandard,andin analltogetherdifferentlevel of abstractionfrom
thework presentedin this thesis.

N In thework of Cook andSubramaniananoperationalsemanticsfor C is developedin thetheo-
remproverNqthm[Cook94b, Subr96]. Theproposedsemanticscanbeusedfor theverification
of simpleC programsin thetheoremprover. However, it is incompleteandinaccurateto a large
extent. Restrictionson C’s typesystemallow only the type int, arraysof int andfunctionsre-
turningvoid or int. Only a smallsubsetof C’s controlstatementsis allowed,excludingswitch,
do, for andjumpstatementsbut return. Furthermore,restrictionsonoperatorsareenforcedand
left-to-rightevaluationorderis assumed.

N Cook, CohenandRedmondhave alsodevelopeda denotationalsemanticsfor C in anunpub-
lishedwork [Cook94a]. The semanticsis basedon a temporallogic definedby the authors.
Although left-to-right evaluationis assumedin this work, theauthorssuggesthow this canbe
remedied.However, it is not clearwhetherthesuggestionallows for interleaving andthereis
no treatmentof sequencepoints.

N An operationalsemanticsfor C hasbeensketchedin termsof a randomaccessmachine,asa
part of the MATHS project in CaliforniaStateUniversity. The proposedsemanticsdoesnot
apparentlycover declarationsandis vaguein partsrelatedto thesemanticsof expressionsand
statements.Becauseof the formalismusedby the authors,a comparisonof this work to the
presentthesisis noteasy.

N Finally, the work of Norrish describesan operationalsemanticsfor ANSI C, which hasbeen
fully definedin theHOL theoremprover andhasbeengiven thenameCholera[Norr97]. The
operationalsemanticsusessmall-stepreductionsandfollows thetraditionof theformal defini-
tion of SML [Miln90]. A derivedaxiomaticlogic is alsodevelopedin thesamework asasetof
theoremsthatcanbeprovedin HOL usingtheoperationalmodel[Norr96]. Theaxiomaticlogic
is usefulin verifying propertiesof C programs
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To the bestof the author’s knowledge,the work of Norrish is the only approachthat formal-
izesaccuratelyC’s unspecifiedorderof evaluationandsequencepoints. The languagethat is
specifiedby Choleradoesnot supportswitch andgoto statements,nor string literals. Its type
systemlacksqualifiedtypes,unionsandbit-fields. Moreover, no dynamicmemoryallocation
is possibleanda stack-basedmemorymodelis assumed,which is probablya restrictionwith
respectto thestandard.

Overall, theoperationalsemanticsof Norrishspecifiesaccuratelya languagethatis a subsetof
theonespecifiedin thepresentthesis.His work follows analltogetherdifferentpathtowards
thesamegoal. For this reason,a morethoroughcomparisonof his operationalsemanticswith
thedenotationalsemanticsdefinedherewouldbebeneficialfor bothends.

Theauthorof this thesisknows of no otherdenotationalapproachto thesemanticsof theC pro-
gramminglanguage.

16.3 The useof monadsin denotationalsemantics

The conceptof monadscomesfrom category theory. Monadshave beenproposedby Moggi asa
usefulstructuringtool for denotationalsemantics[Mogg89, Mogg90]. Moggi demonstratedtheuseof
monadsfor representingdifferentaspectsof computations,definedmonadsfor programminglanguage
featuressuchasstate,exceptionsandcontinuations,andpresentedcall-by-value andcall-by-name
semanticsfor the è -calculus.In ashorttime,theideaof monadsbecameverypopularin thefunctional
programmingcommunityasa way of structuringfunctionalprogramsandsimulatenon-functional
features. The work of Wadler [Wadl92, Wadl95b, Wadl95a] playeda very importantrole in this
direction.

In the last few years,researchrelatedto the applicationof monadsin denotationalsemantics
hasfocusedon the combinationof monadsto structuresemanticinterpreters.Monadtransformers,
which werealsofirst proposedby Moggi [Mogg90] as“holes” insidemonads,andothersimilar con-
structshaveattractedtheattentionof many researchers.In thework of Steele[Stee94], pseudomonads
wereproposedasa way of building interpretersout of smallerparts. The first modularinterpreter
basedon monadtransformerswasa systemwith thenameSemanticLego,written in Schemeby Es-
pinosa[Espi95]. In this work Espinosafirst raisedthe issueof lifting, andproposedstratificationas
an alternative. In the work of Liang, HudakandJones[Lian95b], monadtransformersaredemon-
stratedto succesfullymodularizesemanticinterpretersandthelifting of severalmonadoperationsis
investigated.

Powerdomainswerefirst proposedby Plotkin [Plot76] asthedomain-theoreticanalogueto pow-
ersets.They have beenused,in many variations,to modelthesemanticsof programminglanguages
with non-deterministicfeatures,or parallelismthat canbe treatedin a non-deterministicway. The
convex powerdomainhasbeenproved to bea monadin the category of completepartialordersand
continuousfunctions[Gunt92]. However, theauthorof this thesishasnot foundacomplete,clearand
concisedefinitionof thismonadandits operationsin literature.

The techniqueof resumptionshasbeenusedto model the semanticsof interleaved execution
in programminglanguages.An extensive treatmentcanbe found in the book of de Bakker andde
Vink [dBak96], wheremany variationsof domainsfor modellingresumptionsaredefinedandtheir
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propertiesareexplored.2 In this work, a family of similar domainsis definedincludinga domainfor
resumptionsover a direct semanticswhich satisfiesthe isomorphismz|{~}a_�?l��Q��;?l�tb�z�E5E ,
where� is a powerdomainconstructor. However, nogeneralizationis attemptedto differentkindsof
resumptions.Sucha generalizationcanbeachievedby defininga resumptionmonadtransformerand
is attemptedin thepresentthesis.

16.4 Implementation of denotationalsemantics

Denotationalsemanticscanbeconsideredasanabstractexecutionmodelof programminglanguages.
By rewriting thesemanticequationsin anappropriatetargetprogramminglanguageandby attaching
a front-endfor lexical analysisandparsinganda back-endfor communicationwith theenvironment,
a working implementationof suchanabstractinterpreteris possible.However, this rewriting of de-
notationalsemanticsis not easy. Thechoiceof target languageis a crucial issueandseveralgeneral-
purposelanguageshave beensuggested.It seemsthat functionallanguagesaremoresuitable,since
semanticequationsaretypically written in meta-languagesinfluencedby the è -calculus.

The list below indicatessomegeneral-purposeprogramminglanguagesthat have beenusedfor
the implementationof denotationalsemantics.However, it doesnot includethe meta-languagesof
semantics-orientedspecificationsystemssuchasSISor VDMSL.

N Algol 68 wasthe first imperative programminglanguageto be suggestedfor this purpose,in
thework of Pagan[Paga79]. An extensionto thelanguagewassuggestedby Pagan,in orderto
allow partialparametrizationin functionsandfacilitatetheimplementationof semantics.

N Pascalhasalsobeenusedfor the samepurposein the work of Allison [Alli83 , Alli85]. Al-
thoughPascalis a moremodestlanguagethanAlgol 68, this approachcircumventsmany of
thedifficulties indicatedby Pagan.However, it is clearfrom this work that the introductionof
extensionsin Pascalcouldsignificantlysimplify thetask.

N Lisp andSchemewereprobablythefirst from thefamily of functionallanguagesto beusedfor
the implementationof denotationalsemantics.Their main advantageis that, beingof a func-
tionalnature,they aremuchcloserto themeta-languagesthatarecommonlyusedin semantics.

N ML wassuggestedasa muchmorenaturalchoicefor the implementationof denotationalse-
mantics,in thework of Watt [Watt86]. ML alsobelongsin the family of functionalprogram-
minglanguages.Furthermore,in contrastto Lisp,ML is strongly-typedandthispropertyproves
extremelyvaluablein detectingerrorsin semanticequations.

N Haskell andotherlazy functionallanguageshave alsobeenusedrecentlyfor the implementa-
tion of denotationalsemantics.Lazy languagesseemto circumventnon-terminationproblems,
arisingfrom thedirect translationof semanticequationsin eagerfunctionalprogramminglan-
guages.Haskell andits siblingGofer arealsostronglytyped.

The current trend is towardsthe useof strongly-typedfunctional languages,suchas ML and
Haskell. Althoughtheselanguagesarenotperfectlysuitedfor thispurpose,asdiscussedin Chapter15,
in mostcasesthey prove to beadequatefor theimplementationof denotationalsemantics.

2 The terminologyis slightly different, however, as suchdomainsare called “branchingdomains”in the book of de
BakkeranddeVink andtheterm“resumption”is usedin adifferentway.”
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Conclusion

This thesispresentsthe resultsof theauthor’s researchon the formal semanticsof theANSI C pro- CHAPTER

OVERVIEWgramminglanguage. In this concludingchapter, a recapitulationof the thesisis first attemptedin
Section17.1,wherethe accomplishmentsandcontribution arebriefly summarized.In Section17.2
directionsfor futureresearcharepresented.Finally, Section17.3containsa few closingremarks.

17.1 Summary

A formalsemanticsfor theANSI C programminglanguagehasbeendevelopedin this thesis.Empha- ACCOMPLISH-
MENTSsishasbeengivenprimarilyontheissuesof accuracy andcompleteness,andsecondarilyonsimplicity.

Thedenotationalapproachhasbeenfollowed. In orderto improve themodularityandeleganceof the
semanticsandfacilitateits development,monadsandmonadtransformershave beenused,represent-
ing differentaspectsof computations.Thesemanticsis dividedin threedistinctphases:

N Staticsemantics;N Typingsemantics;andN Dynamicsemantics.

Amongthepossibleapplicationsof a formal semanticsfor C, oneshouldfirst mentionits possi-
ble useasa precise,abstractandimplementation-independent standardfor the language;a point of
referencefor implementersandadvancedprogrammers.However, its mostimportantapplicationis
probablyasa formalbasisfor reasoningaboutthecorrectnessof C programs.

Thedevelopedsemantics,togetherwith a simplemodulefor syntacticanalysis,formsanabstract
interpreterfor C programs.A directimplementationof suchanabstractinterpreterhasbeendeveloped,
usingHaskell astheimplementationlanguage.Theimplementationhasbeenusedin orderto testthe
formal semanticsandassessits accuracy andcompleteness.Althoughthis evaluationprocessis still
underway, theresultsso far have shown that thedevelopedsemanticsis satisfactorily completeand
accurate,with respectto thestandard.

Themaincontributionof thiswork is thedevelopedsemanticsitself. Theauthorknowsof noother CONTRIBU-
TIONdenotationalsemanticsfor ANSI C that is asaccurateandcompleteastheonepresentedhere.With

respectto thesetwo properties,thedevelopedsemanticsis alsosuperiorto all otherproposedformal
semanticsfor C, regardlessof theusedformalism.This work is a demonstrationthata programming
languageasusefulin practiceandasinherentlycomplicatedasC cannonthelessbe given a formal
semantics.

Another significantcontribution is the applicationof monadsand monadtransformersfor the
specificationof a realprogramminglanguage.Theuseof monadsover thecategory of domainsand
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continuousfunctionssimplyenhancesthemodularityandeleganceof thesemantics,withoutrequiring
changesin the mathematicalfoundations.Throughoutthis thesis,it hasbeendemonstratedthat the
useof monadnotationindeedachievesits purpose.

Furthermore,interestingresultshave beenachieved in an attemptto model the interleaving of
computationsandnon-determinismusingmonadnotation.Theresumptionmonadtransformer, which
is definedandinvestigatedin this thesis,in conjunctionwith the convex powerdomainmonadpro-
videsabasisfor specifyingthesemanticsof programminglanguagessupportingnon-determinismand
executioninterleaving or parallelism.

Experimentationwith theimplementationof theabstractinterpreterhasalsoled to interestingre-
sults.Theadvantagesanddisadvantagesof usinglazyandeagerfunctionallanguages,suchasHaskell
andStandardML, for the implementationof denotationalsemanticshave beenexplored. Moreover,
it hasbeendemonstratedthattheimplementationof denotationalsemanticsis alsopossiblein object-
orientedlanguageswith generictypeslike C++,althoughsuchlanguagesarenotanaturalchoice.

17.2 Future research

Several directionsfor extensionsandfuture investigationsarenaturallysuggestedby this research,
rangingin the author’s mind from “definitely feasible”to “almost sciencefictional”. They arepre-
sentedin thefollowing list.

N The primary focusof the author’s researchin the nearfuture will be the evaluationand im-
provementof the developedsemantics,andit is estimatedthat significanteffort will be made
for the improvementof the existing implementation,in orderto facilitatethe testingprocess.
Accuracy andcompletenessremainthe primary objectives. To achieve the first, a numberof
correctionsin the semanticswill be required,mostof which will addressproblemsthat have
not yet beenidentified. To achieve the second,an effort will be madeto withdraw someof
thedeviationspresentedin Section2.3. Supportfor staticobjectsis thefirst plannedaddition.
Supportfor dynamicobjectallocationis thesecond.A third plannedaddition,of significantly
highercomplexity, is theextensionof thesemanticsto alsocover a largesubsetof C’sstandard
library.

N Furtherresearchis requiredin orderto investigatethepropertiesandapplicationsof theresump-
tion monadtransformer, whichcanmodelarbitraryinterleavedcomputations.

N Theimplementationof thedevelopedsemanticsgave riseto aninterestingquestion:

Whatare the characteristicsof a programminglanguage that make it suitablefor
implementingdenotationalspecifications,especiallyusingmonadnotation?

Basedon theexperiencethathasbeengainedfrom the implementationof thesemanticsusing
the functionalandobject-orientedprogrammingparadigms,the desiredfeaturesof an imple-
mentationlanguagefor denotationalsemanticswill beinvestigated.It is hopedthat theresults
of this researchwill narrow thegapbetweenthetwo programmingparadigmsandwill beprof-
itablefor theprogrammingcommunity.

N Switching to a less theoreticaltrack, a different researchdirection aims at the study of the
practical applicationsthat thedevelopedformal semanticsfor C mayhave in thesoftwarede-
velopmentprocess.Programverification,debuggingandunderstandingwill be consideredas
possibleapplicationareas,aswell asproving thecorrectnessof programtransformations.
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Figure 17.1: Exampleof misinterpretationin staticsemantics.
1:
2:
3:
4:
5:
6:

struct tag { int a; };
void f () {

struct tag dummy;
struct tag * x;
struct tag { int b; } y;

}

Segment(a)

struct tag { int a; };
void f () {

struct tag;
struct tag * x;
struct tag { int b; } y;

}

Segment(b)

N Along thesameline, theapplicationsof thedevelopedformal semanticsin compilerconstruc-
tion remainto beexplored.Major goalsof relatedresearchhasalwaysbeenthetransformation
of theformal semanticsto correctcompilersor, at least,thedevelopmentof correctnessproofs
for existingcompilers.

N A final directionfor futureresearchaimsatstudyingandspecifyingthesemanticsof theobject-
orientedlanguagesthat descendfrom C, suchasC++ andJava. Thesetwo languagesplay
a very importantrole in the contemporarysoftware industry and the situationis unlikely to
changefor many years.Theintroductionof object-orientedfeaturesis boundto producea large
numberof changes,andit is expectedthat the formal semanticsof C++ or Java will beorders
of magnitudemorecomplex thanthatof C.

17.3 Closing remarks

C is probablythemostwidely spreadprogramminglanguagein today’s softwareindustry. Theauthor COMMON

M ISINTERPRE-
TATIONS

believesthat thereis a largenumberof programmerswho areconfidentof their understandingof the
C language,but whoseunderstandingis unfortunatelysubjective andincorrect,i.e. they donotunder-
standthelanguagein theway that is intendedin thestandard.He supportshis opinionby presenting
threesimpleprograms,which aresourcesof commonmisinterpretationsamongC programmers.In
all cases,however, all doubtsvanishwhenonereadsthestandardcarefully. Theexamplesaretaken
respectively from theareasof static,typinganddynamicsemanticsof C, asthesearedistinguishedin
thepresentthesis.

Considerthetwo smallprogramsegmentsshown in Figure17.1.Thetwo segmentsdiffer only in IN STATIC

SEMANTICSthepresenceof identifierdummyin line 3. Thisidentifieris neverusedwithin functionf andtherefore,
onemightassumethatthetwo segmentsareequivalent.A questionwhichmayseemeasyatfirst is:

Whatare themembers of thestructure pointedbyx?”

Possiblecandidatesareobviously a andb, dependingon which of thedeclarationsfor tag is in effect
at line 4. But which oneis it? The correctansweris that the two programsarenot equivalentand
the only memberof the structureis a, in the caseof segment(a), andb in the caseof segment(b).
Therationalebehindthis answercanbe found in � 6.5.2.3of thestandardandhasbeendiscussedin
Section5.3.
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Next, considerthe following programsegment,which is intendedto increasethe contentsof aIN TYPING

SEMANTICS variablerepresentingthenumberof countedmenor women,dependingonthevalueof abooleanflag.

int countMen = 0, countWomen = 0;
(sexFlag ? countMen : countWomen)++;

Thequestionnow is:

Is thisprogramsegmentlegal?

Theanswerdependsonwhetheraconditionalexpressionis anl-valueor not. A footnotein � 6.3.15of
thestandardstatesthat it is not, thusinvalidatingtheabove segment.However, popularC compilers
(e.g.GNU C) treat this asan extensionto the standardandby default allow suchconstructs.The
developedtyping semanticsis very specificaboutthis. Rule E104in Section8.1.12statesthat the
resultof theconditionaloperatoris notanl-value.

As a third example,consideroneof themostinfamousC expressions:IN DYNAMIC

SEMANTICS

x = x++

togetherwith thequestion:

Is thisexpressionlegal and,if yes,whatare thecontentsof variablex after its execution?

Now many answersarepossible. The correctansweris that this expressionleadsto undefinedbe-
haviour, sinceit violatestherestrictionin � 6.3 of thestandardaccordingto which “betweenthepre-
vious and next sequencepoint an object shall have its storedvalue modified at most onceby the
evaluationof an expression”. The developeddynamicsemanticsfor C expressionsgives the same
answer, althoughthiscannotbeveryeasilyverified.

Onemightargueherethat,althoughthepresentedprogramsegmentsaresimple,they donotoftenWHEN THE

STANDARD

FAILS
occurin practice.Althoughthis is rathertrue, it is very probablethatany givenC programmerwill
eventuallyrun into asimilarcase.Moreover, onemightarguethatsincetheinformalstandarddictates
the answers,the real problemis the programmers’incompetence.In reply to that, let us considera
casewherethestandarditself is not at all clearandmany possibleinterpretationsexist. Considerthe
following simpleC program:

int r = 0;
int f (int x) {

return (r = a);
}
int main () {

return (f(1) + f(2), r);
}

Thisprogrampresentsagainasituationthatwill eventuallyarisein practice.A naturalquestionis:

Is thisprogramlegal and,if yes,whatis thenumberreturnedbymainafter its execution?

Similarprogramsandquestionsareoftendiscussedin thecomp.std.c newsgroupby distinguished
researchers,programmersandeven membersof the ANSI C standardizationcommittee,invariably
leadingto theexpressionof numerouscontradictoryopinionsandnoconclusionsreached.Althougha
technicaldiscussionwill beavoidedhere,two soundanswerscorrespondingto differentpossibleinter-
pretationsof thestandardarethefollowing. Theapproachtakenby thedevelopeddynamicsemantics
correspondsto thesecondanswer.
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N Theprogramis not legalbecauser is modifiedtwicebetweensuccessive sequencepoints.

N Theprogramis legalandits resultmaybe1 or 2, but it is unspecifiedwhichone.

Theresultfrom all thisdiscussionis thatprogrammers’incompetence,althoughasignificantprob-
lem on its own right, is not solelyresponsiblefor misunderstandings.Responsibilitylies in thestan-
dardaswell. C is aninherentlycomplicatedlanguageandsimplycannotbedefinedinformally, using
naturallanguage,without introducingambiguities.Informal texts arevaluableasintroductionsto the
languageandfor educationalpurposes.However, the authorbelieves that the definition of the lan-
guage,thestandarditself, mustbeformal. After all, C is very oftenusedto programapplicationsof
a very delicatenature,wheresoftwarefailuremayhave disastrousresults.In this context, misunder-
standingsabouttheprogramminglanguagecannotbeallowed.

After approximatelyhalf a centuryof experiencewith computersandsoftware, it is widely ac- A V IEW OF

THE FUTUREceptedby now that softwaredevelopmentis an engineeringdiscipline,asemphasizedby the terms
software engineeringandsystemsengineeringthat arecommonlyusedto describeit. Typically, all
engineeringdisciplinesarebasedon theoretical,mathematicalfoundations.In the caseof software
engineeringhowever, thereis still a remarkablywidegapbetweentheformal techniquesfor program
development,devisedandadvocatedby academicsin universities,andthe techniquesandmethods
usedin practiceby softwareengineers.Theauthorbelievesthatanimportantgoalfor ComputerSci-
enceis to narrow thisgapandbring togetherthesetwo communities,for thebenefitof both.Oneway
to achieve this goal is throughthe formal studyof toolsandtechniquesusedby softwareengineers,
andthe formal definition of the C programminglanguagehappily falls into this researcharea. The
authorbelievesthatfuturetoolsusedin thesoftwaredevelopmentprocesswill bebasedon fully for-
mal definitionsof programminglanguagesandwishesto seethework thathasbeenpresentedin this
thesisasonesmallstepin thisdirection.
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�D�>� compositionof arrows � and � 27� �>�
identityarrow onobject @ 27

ö�ò � Q�� functorfrom category
�

to category � 28

ö��
� compositionof functorsö and � 28� �<�
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�P¶ flat domaininducedby set � 34·
domainwith oneelement́ 34¸
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domainwith threeelementś , º and µ 34

Z truthvaluedomain »7¼¾½Jº�¿7£(À%Á�ÂªÃ¤¿nÄ§¶ 34

O flat domainof integernumbers 34Å posetof integernumbersunder Æ relation 34
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37
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binaryrelation ý to all elementsof finite non-emptyset û

40
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�ed emptytypeenvironment 52,88
�gf ã �
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Typing semantics
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�¨��©?ª y expression© canbeassignedto anobjectof type y . 97
�¨��©?¡ NULL expression© is anull pointerconstant 97
�¨�¬«¤u® typename« denotestype ® in typeenvironment � 97
�°¯ � phrase Ó2� it is notpossibleto derive �;� phrase Ó±� 97

Dynamic semantics
²¥�s³

domainof objectidentifiers 127´ L 3 domainof functionidentifiers 128µ AXA�
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�&#ÆÅ�Ç=��% non-deterministicoptionbetweenelementsof domainå ×(ò Ø
134

È
resumptionmonadtransformer 134,136

É #  }¦gÊ
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abstractstatemachine,6, 216,217
abstractsyntax,20–23
actionsemantics,seesemantics
Actress,10
Ada,14,216

sequential,215
adjunction,29

counit,30
inducedmonad,31
unit, 30

algebraic,34
Algol, 4, 14,189,215,219
Allison, L., 219
arrow, 27

codomain,27
composition,27
domain,27
mediating,38

atomicstep,134
Attali, I., 216
axiomaticsemantics,seesemantics

B, 3
BackusNaurForm(BNF), 5
Baumann,P., 215
BCPL,3
behaviour

implementation-defined,17
undefined,18
unspecified,18

bit-field, 24
Bjørner, D., 215
Black,P. E., 15,217
Blackley, B., 216
Börger, E., 216

C
characteristics,4
complexities,17
deviations,23–25

general,3–4
ISO standard,4
library, 23,25,222
origins,3
problems,9, 224

C++,4, 14,198,216,223
C9X, 4
Cantor, 10
Caromel,D., 216
category, 27
category theory, 7, 27–31
CERES,10
Cholera,217
Clinger, W., 215
Cobol,14,216
Cohen,E., 217
colimit, 38
comp.std.c newsgroup,9, 224
compositionality, 6
ConcurrentC, 4
cone,38

colimiting, 38
continuation,132
controloperator, 190
Cook,J.,15,217
cpo,33

bifinite, 34
boundedcomplete,34
compactelementof, 34

DeBakker, J.,218
DeBruijn index, 201
DeBruijn, N. G.,201
DeVink, E., 218
declaration

abstractsyntax,20–22
dynamicsemantics,171–178
external,20
general,18–19
staticsemantics,71–82



244 Index of terms

typingsemantics,117–120
declarator, 21
default argumentpromotion,63
denotation,6
denotationalsemantics,seesemantics
diagram

commuting,28
indexedby poset,38

DML, 10
domain,6

category, 37
continuoussemi-lattice,37

category, 37
homomorphism,37

definition,34
flat, 34
lifted, 37
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domaintheory, 33–41
Durdanović, I., 216
dynamicsemantics,13,
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domainordering,127
functionprototype,149
labelenvironment,156
memberenvironment,149
scope,150
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Eiffel, 14,216
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composition,34

Espinosa,D., 218
evaluationorder, 19
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execution,11
expression

abstractsyntax,22
dynamicsemantics,159–169
general,19
typingsemantics,101–115

á
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initial, 29á
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Fortran,4
function
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closureoperator, 35
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strict,35
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functor, 28

composition,28
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forgetful,37
identity, 28
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Gofer, 194,219
Gurevich, Y., 6, 15,216,217

Harper, R., 215
Haskell, 194,214,219
Hoare,C. A. R.,216
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Honsell,F., 216
Hudak,P., 15,218
Huggins,J.K., 15,217
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induceddomain,34

implementation
functionalprogramming,192

directapproach,192
structuredapproach,192,194
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preprocessor, 206
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of theproposedsemantics,214

initialization,19,20,24
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Static semanticfunctionsó ô
abstract-declarator

ôö
, 82ó ô

declaration
ôö
, 73ó ô

declaration-list
ôö
, 73ó ô

declaration-specifiers
ôö
, 73ó ô

declarator
ôö
, 80â ó ô

declarator
ôö
, 80ã óõô

declarator
ôö
, 80ó ô

enum-specifier
ôö
, 79ó ô

enumerator
ôö
, 79ó ô

enumerator-list
ôö
, 79ó ô

external-declaration
ôö
, 73ó ô

external-declaration-list
ôö
, 72ó ô

init-declarator
ôö
, 75ó ô

init-declarator-list
ôö
, 75ó ô

initializer
ôö
, 76ó ô

initializer-list
ôö
, 76ó ô

parameter-declaration
ôö
, 81â ó ô

parameter-declaration
ôö
, 81ó ô

parameter-type-list
ôö
, 81â ó ô

parameter-type-list
ôö
, 81ó ô

storage-class-specifier
ôö
, 74ó ô

struct-declaration
ôö
, 78ó ô

struct-declaration-list
ôö
, 77ó ô

struct-declarator
ôö
, 78ó ô

struct-declarator-list
ôö
, 78ó ô

struct-specifier
ôö
, 76ó ô

struct-specifiers
ôö
, 78ó ô

translation-unit
ôö
, 72ó ô

type-name
ôö
, 82ó ô

type-qualifier
ôö
, 74ó ô

type-specifier
ôö
, 75ó ô

typedef-name
ôö
, 82ó ô

union-specifier
ôö
, 77

Typing rules
additive operators,107

(E52–E59)
addressoperator, 104

(E28,E29)

arraysubscripts,103
(E16)

assignmentrules,114
(A1–A6 )

binaryassignmentoperators,112
(E113,E114)

bitwiselogicaloperators,110
(E90–E95)

bitwisenegationoperator, 105
(E36,E37)

bitwiseshift operators,107
(E60–E63)

castoperators,106
(E43–E45)

characterconstants,102
(E9,E10)

commaoperator, 113
(E115)

compoundstatement,122
(S5)

conditionaloperator, 111
(E102–E112)

declarations,118
(D1–D3)

declarators,118
(D4–D14)

emptystatement,121
(S3)

equalityoperators,109
(E76–E89)

expressionstatement,121
(S4)

externaldeclarations,117
(X2–X4 )

floatingconstants,102
(E1–E3)

functioncalls,103
(E17,R1–R4)

functionparameters,119
(D15–D18)
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identifiers,103
(E13–E15)

implicit coercions,113
(C1–C5)

indirectionoperator, 104
(E30,E31)

initializations,119
(I1–I12)

integerconstants,102
(E4–E8)

iterationstatements,123
(S12–S14)

jumpstatements,123
(S15–S19)

labeledstatements,122
(S9–S11)

logicalnegationoperator, 105
(E38)

logicaloperators,110
(E96–E101)

memberoperators,103
(E18–E23)

multiplicative operators,106
(E46–E51)

null pointerconstants,115
(N1, N2 )

optionalexpressions,124
(S20)

relationaloperators,108
(E64–E75)

selectionstatements,122
(S6–S8)

sizeof operator, 105
(E39–E42)

statementlists,121
(S1,S2)

stringliterals,102
(E11,E12)

translationunits,117
(X1 )

typenames,114
(T3 )

typing from declarations,114
(T1, T2 )

unaryassignmentoperators,104
(E24–E27)

unarysignoperators,105

(E32–E35)

Dynamic semanticfunctionsf f�mqk0oäf � iåi i , 160f f h ÿ*���æi i , 173ç f f h ÿ*���æi i , 173è f f h ÿ*���si i , 173é f f h ÿ*�º�æi i , 173f f h �J� k¥fê® iåi i , 174ç f f h �J� kxfê® iåi i , 175â�ë f f h �J� kvf { �j� � f y � � iìiåi i , 175â�í f f h �J� k¥f { ��� � f y � � iìiîi i , 176ï f f h �J� kvfê® iîi i , 175é f f h �J� kvfê® iåi i , 175f f ÿ���ð f   iåi i , 160ç f f ÿ���ð f y�ñ iåi ióòõô�ö�÷ Ý�ø , 160f f �
h �J� k i i , 174ç f f �
h �J� k i i , 174è f f �
h �J� k i i , 174é f f �
h �J� k i i , 174f f ����� � f � iîi i , 177f f ����� �Jù mMf ¸ iîi i , 178f f ����� �Jù}~ f � iåi i , 178f f ����� �Jù � f � iåi i , 178f f �
ú m � � ÿ f � iåi i , 160f f ð mqkvf y iåi i , 176é f f ð mqkxf y iåi i , 177f f ð k �*� f � iåi i , 176é f f ð k �*� f � iåi i , 176f f ~e�-��� f y iîi i , 179û f f ~$�-��� f y iåi i , 179ü f f ~$�-��� f y iåi i , 179ë f f ~e�-��� f y iåi i , 179f f � ����� ��i i , 171f f ú m � f y iîi i , 160f f � h ÿ*���æi i , 171û f f � h ÿ*�º�æi i , 172è f f � h ÿ*���æi i , 172f f = i i W±ý Ý , 168f f binary-assignmenti i WÂý Ý
þ ý Ýîÿ ý Ý��þ ý Ý��ÿ ý Ý , 169f f binary-operator i i Ý
þ ý Ýîÿ ý Ý , 164� f f binary-operator i i Ý�þ ý Ýîÿ ý Ý��þ ý Ý��ÿ ý Ý , 165� f f binary-operator i i Ý þ ý Ý ÿ ý Ý��þ ý Ý��ÿ ý Ý , 165û f f constanti i Ý , 160è û f f constant-expressioni i , 160f f unary-assignmenti i Ý , 163f f unary-operator i i Ý , 163
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A6, 169
C1, 169
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