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Laajoissahajautetuissajärjestelmissäesiintyviävirheitäonkäytännössämahdo-
tontalöytääyksinkertaisenpäättelemisentai testaamisenavulla, ja virheillä voi
olla odottamattomankalliita seurauksia.Hankalimmatkinvirheetpaljastavien
formaalienmenetelmienkäyttäminenon perinteisestiedellyttänyt tarkastelta-
vanjärjestelmänmallintamistakäsin.Monia järjestelmiäei oleverifioitu, koska
mallin tekemistäonpidettyliian työläänä.

Kääntäjätmullistivat tietojenkäsittelynmahdollistamallakorkeantasonohjel-
mointikielet. Nyt kääntäjientarkoituksenmukainensoveltaminenlisää for-
maalienmenetelmienkäytettävyyttä.Tämätyö kuvaaSDL-kääntäjänetupäätä,
joka jäsentääja tallentaasyntaksipuuhunSDL-kielisiä spesifikaatioitasekä
suorittaasemanttisiatarkistuksia.

Jäsennintoteuttaamakrojalukuunottamattakoko SDL-kieliopinvuodelta1996.
Kieliopin saattaminenjäsennintyökalunedellyttämäänLALR(1)-muotoonvaati
lukuisia muutoksia kielioppiin ja selaimeen. Työssä kiinnitettiin erityistä
huomiotavirheiden sietämiseen,virheistä toipumiseensekävirheilmoitusten
havainnollisuuteen.

ValmistuttuaankääntäjämuuntaaSDL-ohjelmia korkean tasonPetri-verkko-
malleiksi,joita voidaanverifioidaformaalienmenetelmienavulla.
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Abstract:

Errorsin largedistributedsystemsarepracticallyimpossibleto find with simple
reasoningor testing,andthey canhave unexpectedconsequencesthatcostlots
of money. Traditionallyformal methods,which will find eventhemostobscure
errors,have beenbasedon manuallyderived modelsof the systemsto be an-
alyzed. Many industrialdesignshave not beenformally verified, becausethe
effort of modelingthemhasbeenconsideredtoohigh.

Compilersmadea revolution in computingby allowing the useof high-level
programminglanguages.Now compiler technologycan be appliedto make
formal methodsmoreaccessiblefor systemdesigners.This work describesthe
front-endof anSDL compiler, which parsesspecificationswritten in SDL and
storesthemin asyntaxtreeandperformssemanticchecks.

With the exceptionof macros,the parserrecognizesthe whole SDL grammar
definedin 1996.Convertingthegrammarto theLALR(1) form requiredby the
parsergeneratortool hasinvolvednumerousmodificationsto thegrammarand
to the lexical analyzer. Specialattentionhasbeenpaid to error toleranceand
recoveryandto meaningfulerrorreporting.

Oncefinished,thecompilerwill translateSDL specificationsto high-level Petri
Net modelsthatcanbeverifiedusingformal methods.
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Chapter 1

Intr oduction

1.1 Background

Therapiddevelopmentin telecommunicationsandnetworking hasmadeconcur-
rentanddistributedcomputersystemsvery common.Developingdistributedsys-
temsis quite differentfrom traditionalsequentialprogramming.Sequentialpro-
gramsalwaysbehave in thesamewaygiventhesameinput,but theoperationof a
concurrentsystemdependson a numberof practicallyirreproducibleconditions,
suchastherelative speedsof thesystemcomponents,thecongestionlevel in the
network, or theexactglobalstateof thesystem.

Lessformal methods,suchasvisual inspectionof programcode,testingand
debugging,arefairly efficientwhenappliedto sequentialprograms,but computing
systemsexhibiting parallelism,especiallydistributedsystems,requireexhaustive
testing.Without formalverification,onecanneverbesurethatasysteminvolving
parallelismoperatesproperlyunderall circumstances.Formalverificationmeth-
odscanof coursealsobeappliedto sequentialcomputingsystems.

Traditionally, therehasbeena largegapbetweentheformalismsusedfor for-
mally describingconcurrentsystemsandtheprogramminglanguagesusedfor ac-
tually implementingthem. In order to be able to formally verify that an imple-
mentationof a concurrentsystemworks, onemustknow both the programming
languageand the formal descriptionlanguage.Manually translatingthe imple-
mentationinto a formal descriptioninvolveslots of work, andtheprocessis very
error-pronefor largesystems.

Automatingthetranslationfrom animplementationinto a systemmodelsuit-
ablefor formal verificationwill save muchlabor, reducethepossibilitiesfor error
andeasethe useof formal verificationtools. It will alsohopefully make formal
verificationmethodsmoreattractive to theaveragesystemdesigner.

1.1.1 The M ARI A Project

MARIA (Modular ReachabilityAnalyzer) is an analyzerfor concurrentanddis-
tributedsystemsthatis beingdevelopedat theTheoreticalComputerScienceLab-
oratory(formerDigital SystemsLaboratory)of HelsinkiUniversityof Technology.

1



2 CHAPTER1. INTRODUCTION

Theanalyzerusesa high-level PetriNet [3, 20] formalism.As its namehints,
MARIA consistsof modules: input modules(for supportingdifferentclassesof
Petri Nets), methodmodules(for optimizing the analysisfor different typesof
problems)andseveralothermodulesthatimplementnecessaryauxiliaryfunctions.

The averageengineerhasnever heardof Petri Nets. He is not likely to use
any reachabilityanalyzerif it cannotanalyzesystemswritten in theprogramming
languagehe is usedto. For this reason,MARIA mustsupportlanguagesknown
by the engineers.The supportwill be implementedin separatelanguage front-
ends, compilersthattranslateprogramswritten in asourcelanguageinto PetriNet
modelsthat can be processedby the analyzer. If an error stateis found in the
analysis,the resultswill be translatedbackinto the sourcelanguage,so that the
engineercanseewhich statementsequencein hisprogramleadsto theerror.

1.1.2 SDL

Telecommunicationprotocolsare a very importantclassof distributedsystems.
Protocolsareoftenspecifiedin a languagecalledSDL (CCITT Specificationand
DescriptionLanguage)[27]. Becauseof the importanceof telecommunications,
thefirst languagefront-endimplementedin theMARIA projectwill befor SDL.

TheCCITT SpecificationandDescriptionLanguagehasevolvedfrom asemi-
formalgraphicalnotationusedfor annotatingthetext in earlyCCITT Recommen-
dations1 to alanguagewith formally definedsemantics.TodaySDL is notmerelya
specificationlanguage;therearecodegeneratorsthattranslateSDL into program-
ming languagessuchasC [4]. In fact,severalcompaniesuseSDL (oftenextended
with theirown constructs)asanimplementationlanguage.NokiaTelecommunica-
tionsusesits own languagebasedonthe1988versionof SDL, calledTNSDL (Te-
leNokiaSDL). Thereis ananalyzerfor TNSDL calledEMMA [17], andtheMaria
projectwasessentiallypromptedby theexperiencesfrom theEMMA project.

TheITU-T Recommendationdefinestwo formsof SDL.TheGraphicalRepre-
sentation(SDL/GR)consistsof drawing symbolsaugmentedwith somegrammar
rules from the PhraseRepresentation(SDL/PR),which is a purely textual lan-
guage.Thegraphicalform of SDL is supportedby someSDL tools.Until recently,
ITU-T did notsayanythingabouthow SDL/GRspecificationsshouldbestoredin
files. [29] definesaCommonInterchangeFormatfor SDL/GRthatis verysimilar
to SDL/PR.Practicallyall SDL authoringtoolscanexport definitionsin SDL/PR
format,andalsoSDL compilerswork with SDL/PR.

SDL hasbeendevelopedduring a long periodby a very heterogenousgroup
of people.As a resultof this, the languageseemsto containmany compromises,
which aredifficult for compilerwritersandsometimesevennot very intuitive for
theuser. But it is themostwidely usedlanguagein thetelecommunicationssector.
Thereare millions of lines of codewritten in SDL, sometimescombinedwith
datatype definitionswritten in ASN.1 [26, 28], which is anotherchallengefor
compilerwritersandusersnew to theITU-T wayof thinking. CharlesLakosfrom

1ITU-T is the TelecommunicationStandardizationSectorof the InternationalTelecommuni-
cationUnion andwaspreviously known asCCITT (ComiteéConsultatifInternationalede Télé-
graphiqueet Téléphonique).



1.1. BACKGROUND 3

theUniversityof Tasmaniarecentlygot acquaintedwith SDL andformulatedhis
thoughtsin his review of [9], which is oneof thebestintroductorybooksto SDL:

SDL seemsto have an excessof similar notions,suchas systems,
blocks,processes,partitionedblocks,services,etc. Sometimesit is
unclearwhetherenhancementslike block partitioning,channelparti-
tioning, etc. aresyntacticconventionsfor dealingwith large models
or whetherthey have semanticcontentaswell. (It is suggestedthat
this redundancy is a resultof thecommitteeapproachto thedefinition
of thelanguage.)

SDL seemsto carryalot of historicalbaggage,e.g.aspecificationcan
specifya singletoninstance(andits type)or a typewhich canthenbe
instantiatedmultiple times.

SDL supportsthedefinitionof abstractdatatypes(ADTs), referredto
as “sorts.” Thesedo not have implementationconstraintssuchasa
fixedrangefor integers.It is not clearwheretheboundaryis between
thespecificationof ADTs andotherformsof datasuchassignals.

SDL usedto be a caseinsensitivelanguage,meaningthat it doesnot matter
whetherwordsarewrittenusingcapital(uppercase)or normal(lowercase)letters.
Combiningcasesensitivelanguages2 with a caseinsensitive languageleadsto
many problems. The SDL standardizationbodiesare consideringmakingSDL
casesensitive,andtheRecommendationcoveringthecombinationof ASN.1with
SDL [28] will probablybe largely rewritten beforethe next revision of SDL is
published.

1.1.3 The SDL Front-End for M ARI A

Whenfinished,MARIA will analyzeprotocolspecificationswritten in SDL. Since
SDL is often combinedwith ASN.1, also ASN.1 will be supported. The SDL
front-endconsistsof threemajorparts. First, it hasparsers for SDL andASN.1.
Somesemanticanalysisis performedon the parsedinput, and finally, a model
generator translatestheprotocolspecificationinto ahigh-level PetriNetmodelof
thesystemwritten in a languageunderstoodby thereachabilityanalyzer.

Thework on MARIA is in a very earlystage.It is not exactly clearwhatkind
of PetriNetstheanalyzerwill support,andtheformatof thePetriNet description
languagehasnot beenagreeduponyet. Becauseof this, so far only thefirst two
stagesof the SDL front-endhave beenwritten, namelythe parsersfor SDL and
ASN.1,which includesomesemanticanalysis.

This thesisconcentrateson thestrictly SDL-relatedpartsof thefront-end:the
SDL parser, syntaxtreegenerationandsomesemanticanalysisfor SDL. Thefu-
turestepsin thisprojectarediscussedin Section7.2: integratingtheASN.1parser
to thefront-end,andgeneratingahigh-level PetriNetmodelof thesystem.

2Practicallyeverymodernprogramminglanguageis casesensitive.
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Thecompileris mostlybasedon the1996versionof ITU-T Recommendation
Z.100[27]. Someshortcutsweretaken.Mostnotably, datatypescannotbedefined
axiomatically, andthe compiler is casesensitive, which makesit mucheasierto
implementsupportfor ASN.1definitionslater.

1.2 Implementation Choices

In the beginning of a big softwareproject,suitabletools mustbe chosen.Com-
pilersaretypically very complex programs,andbadimplementationchoicescan
makeacompilereitherperformverybadlyor awkwardto extendlater, or both.

1.2.1 Compiler GenerationTools: Flex and Bison

It seemsthatbothSDL andASN.1 have originally beendesignedby peoplewho
have little experiencein implementingparsers. It is true that both languages
[26, 27] are definedwith a Backus–NaurForm (BNF) grammar, but it would
be extremelynaïve to assumethat onecould have an LALR(1)3 parsergenera-
tor transformthegrammarto a workingparser. Thegrammarmustbeadapted,as
discussedin Chapter2.

Theremay be commerciallyavailableor lessknown parsergenerationtools
that supporta larger classof grammarsthanLALR(1), but sincethe goal of the
MARIA projectis to developafreelyavailable,easilyportabletoolkit for reachabil-
ity analysis,suchtoolswereoutof question.4 WeconsideredusingtheSDL parser
developedat Humboldt-UniversitätzuBerlin but decidedto write our own parser,
because[16] requiresa modifiedversionof a term processorcalledKimwitu, a
programthatseemsto lackany supportandis not verycommonlyknown.

Traditionalcompilerconstructiontoolsin theC programmingenvironmentare
Lex, thelexical analyzergenerator, andYacc(YetAnotherCompilerCompiler, an
LALR(1) parsergenerator),andtheir improvedversions,Flex [18] andBison[6].
In this project,weconsideredusinganenhancedversionof Berkeley Yacc,Back-
trackingYacc[8], a tool for generatingnon-deterministicparsers,meaningthat it
cangenerateparsersfor a largerclassof grammarsthantraditionalYaccor Bison.
Sincethereis alwaysa risk involved whenusinga relatively unknown software
component,wedecidedto play it safeandchoseBison.For generatingthelexical
analyzer, we choseFlex, becauseit generatesfasterscannersthanLex, andit has
thestartconditionfeature(seeSection3.1) thatLex lacks.

3LALR(1) is theclassof languagesthatcanbeparsedfrom Left to Right with a Look-Ahead
of 1 symbol.[1]

4If thegrammaris reallycomplex, suchasthegrammarfor ASN.1[26] with thepartsinvolving
user-definablesyntax,hand-codingthe parsermay be the only feasiblechoice. Luckily SDL is
mucheasierfor thecompilerwriter in thisaspect.
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1.2.2 Programming Language: C++ and STL

The choiceof programminglanguagewas easy. The only truly portable5 and
widely available,efficient programminglanguagesareC [4] andC++ [5]. The
programminglanguageC, originally developedin the1970s,sometimesreferred
to as“high-level Assembler,”6 is availablefor practicallyevery computersystem,
andC++,beingthe“official successor”of C, is fairly widely available,7 sometimes
evenasastandardcomponentof theoperatingsystem.Of thetwo languages,C++
waschosen,becauseit encouragesthe programmerto write modularandmain-
tainablecodeandcontainsconstructsneededin object-orientedprogramming.

Compilersinvolve complex datastructures.We decidedto usethe Standard
TemplateLibrary (STL), which hasC++ classtemplatesfor a wide rangeof basic
building blocksof datastructures,rangingfrom simplelists to associative arrays
andhashtables.

The StandardTemplateLibrary dependson many C++ constructsthat have
beenaddedto the languagevery recently. For this reason,only the newestC++
compilerscancompiletheSDL front-end.We do not seethis asa problem,since
thefreelyavailableEGCSC++compiler[14], whichgeneratescodefor practically
everymoderncomputerplatform,supportstheSTL well enoughfor ourpurposes.
Thecurrentversionof C++ [5] recentlychangedits statusfrom adraft to aninter-
nationalstandard,andall majorC++ compilersarelikely to follow it by thetime
thewholeanalyzeris readyto bereleased.

1.2.3 Version Control System:CVS

Oftentherearecaseswhereonemakesa modificationto a file andregretsit later,
wantingto revert to an earlierversionof the file. The problemcould be solved
by backingup eachfile beforeit is modified,but this solutionis inefficient if the
modificationsaresmallcomparedto thesizeof thefile. A versioncontrol system
is amuchbetterchoice.

A versioncontrolsystemrecordsthemodificationhistoryof files. Whenafile
is kept in a versioncontrolsystem,it is possibleto retrieve any previously stored
versionof thefile andto seethedifferencesbetweenany versions.

Therearetwo freelyavailableversioncontrolsystems:RCS[22] andCVS[2].
We choseCVS, becauseit hasbeendesignedfor distributedsetupsanddoesnot
requirefiles to belockedfor modification.Thedatabase,calledrepository, is kept
in oneplace,andfilescanberetrievedfrom it evenacrossthenetwork. Evenwhen
thedevelopmenttakesplaceon severalworkstations,only therepositoryneedsto
bebackedup. In thecaseof adiskcrash,only thosemodificationsthathadnotyet
beencheckedin to therepositorywill belost.

5A portableprogramdevelopedfor onecomputersystemusingonestandard-conformingcom-
piler canbecompiledfor (portedto) any systemusingsomeothercompiler.

6This is a two-edgedsword: C is an extremelyefficient languagewith asfew restrictionsas
possible,but writing codein C is error-prone.

7The C and C++ compilersfrom the GNU project are freely available for practically every
modernall-purposecomputer.
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1.3 Outline of the Thesis

This work is divided into chaptersasfollows. Chapter2 discussesthe problems
involvedwith languagerecognition,calledparsing, andshowshow theseproblems
can be solved when parsingSDL. Chapter3 presentsthe problemfield related
with lexical analysis, separatingcharactersof a sourcelanguageinto groupsthat
logically belongtogether. Chapter4 shows how syntaxerrorsarehandledby the
compiler, andChapter5 presentsthedatastructuresour compilerusesfor storing
SDL programsand discussessomeof the semanticanalysisundertaken by the
compiler. Finally, Chapter6 discussesthe debugging and testingmethodsthat
have beenusedwhile developingthecompiler, andChapter7 concludesthework
andlooksatareasof futurework.



Chapter 2

Implementing the Grammar

Implementinga largegrammarsuchastheonefor SDL is all but straightforward.
Thestandard[27] extensively triesto expresswithin thegrammarevensuchcon-
straintsthat are intuitively semantical. This leadsto ambiguities,meaningthat
someconstructsof the languagecanbe parsedin several alternative waysusing
differentgrammarrules.Evenafterremoving theseambiguities,for exampleafter
omitting thegrammaticaldistinctionbetweenconstantexpressions(calledground
expressionsin SDL) andmoregeneralexpressions,thereareplentyof situations
thatcanonly besolvedwith extensivemodificationsto thegrammaror with tech-
niquesthat extendthe look-aheadin the lexical analyzer, which arediscussedin
Sections2.2.2and3.2.

2.1 Intr oduction to LALR(1) Parsers

Programminglanguagesareusuallydefinedin termsof a context-freegrammar,
which givesa precise,yet easyto understand,syntacticspecificationfor the lan-
guage.A properlydesignedcontext-freegrammarmakesit possibleto automati-
cally constructanefficientparserfor thelanguage.

BisonandYaccareLALR(1) parsergenerators,meaningthatthey cangenerate
parsersfor languagesthatcanbeparsedby readingthemfrom left to right, with all
decisionsbeingbasedon onelook-aheadsymbol. Dif ferentclassesof languages
arepresentedin [1].

LALR(1) parserswork by readingtheinput,consistingof terminalsymbols, to
a stack,symbolby symbol. The terminalsymbols,alsocalled tokens, aredeliv-
eredto theparserby a lexical analyzer(seeChapter3), which convertsthe input,
a streamof characters,to a streamof tokens,or terminalsymbols.Symbolsmay
have attributes.For instance,a tokenrepresentinga variablenamein a program-
ming languagecouldhave a characterstringattribute that representsthevariable
name.

Readingterminalsymbolsto the parseris calledshifting. As soonasoneor
more symbolson the top of the stackmatchthe right-hand-sideof a grammar
rule, they will be replacedwith the left-hand-sideof the rule, which is a single

7
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non-terminalsymbol.1 This is called reducing. Whenthe whole input hasbeen
read,thereshouldbeonly one(non-terminal)symbolon thestack,calledthestart
symbol. Parsersworking by shifting and reducingare often called shift-reduce
parsers.

2.1.1 Notation

SDL is definedin [27] with a context-free grammar, alsocalleda Backus–Naur
Form (BNF) description.This thesisusesa notationsimilar to [27]. All terminal
symbolsarepresentedlike this andall non-terminalsymbolslike � this� , while
ITU-T usesbold typefacefor keywordsand � symbol� or � attributesymbol� for
othersymbols. In our notation,we omit symbolattributes. Also, whenever we
presentSDL grammarrules,weoftenomit uninterestingalternativesandinterme-
diaterulesfrom themfor clarity. For thesake of readability, we usethenotation
normally usedfor non-terminalsymbolsfor someterminalsymbolsthat arenot
keywords, mainly for the � name� , � quotedoperator � and � characterstring� to-
kens.

A context-free grammarconsistsof a left-hand-sidesymboland right-hand-
side that can be a sequenceof terminal or non-terminalsymbolsor the empty
sequence(heremarkedwith ε). For instance,to describea languagethatconsists
of any numberof terminalsymbolsid separatedby commas,onecouldwrite the
following grammar:

� S� : � ε
� S� : � � s�
� s� : � id

� s� : � � s� ,id
In orderto compactthenotation,we introducethe � operator, which is usedfor

representingalternatives,andapplyit to thegrammar:

� S� : � ε
� � s�

� s� : � id

� � s� ,id
This still looks rathercomplicated. We introducethe Kleeneclosureoperator:
� A� : ��� a�
	 meansthat � A� expandsto any numberof occurrencesof � a� (includ-
ing zerooccurrences):

� A� : � ε
� � A��� a�

1Non-terminalsymbolscanreplaceor bereplacedwith sequencesof symbolsunlike terminal
symbols,which aredeliveredby thelexical analyzer.
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With � B : ����� b�� we denotethat � B expandseitherto theemptysequenceor to
� b :

� B : � ε� � b
Now thegrammarfor � S canbewrittenin acompactform,similarto theExtended
Backus–NaurForm(EBNF) suggestedin [25]:

� S : � � id � ,id �����
Herewe useroundparenthesesin normaltypeface ��� for groupinggrammarsym-
bols.

2.1.2 Attrib utesand SemanticActions

In orderto beuseful,a programmustdo morethanparseinput; it mustalsopro-
ducesomeoutputbasedon the input. In Bison,a grammarrule canhave an“ac-
tion” madeup of C or C++ statements.Eachtime theparserrecognizesa match
for thatrule, theactionis executed.

As mentionedin the beginning of this chapter, grammarsymbolsmay have
attributesattachedto them.For instance,aterminalsymbolrepresentinganinteger
literal couldhave thenumericvalueof theintegerasanattribute.

Considerthe simple examplepresentedin Figure 2.1. It demonstrateshow
semanticactionsandsymbolattributes,alsocalledsemanticvalues,canbe used
to calculatethe valueof expressionsduring parsing. The examplemakesuseof
syntheticattributes: thesemanticvalueof theexpr on the right-hand-sideis not
known until theparserhasreducedsomethingto expr. Actionsin Bisontypically
compute(synthesize)the semanticvalue of the left-hand-sidesymbol of a rule
from thesemanticvaluesof theright-hand-sidesymbols.

If an attributeof a non-terminalsymbolon the right-hand-sideof a grammar
rule is computedusingan attribute of the left-hand-sidesymbol, it is called an
inheritedattribute. Becauseusingthis typeof attributesis very difficult in Bison,
Yaccandmany otherparserconstructiontools,they arerarelyused.

2.1.3 Conflicts

Not every languagefor which a context-freegrammarexistscanbehandledby a
shift-reduceparser. Therecanbesituationswhentheparserdoesnotknow whether

�����! : expr ’+’ term { $$ = $1 + $3; }

| term { $$ = $1; };

Figure2.1: Usingattributesandsemanticactionsin Bison
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it shouldshift or reduce,or which reductionit shouldperform. Thesesituations
arecalledconflicts, andthey areapropertyof thegrammar.

Conflictsin agrammarcausetroublein parsing,i.e.whenwewantto determine
whethera particularinput stringbelongsto thelanguagedefinedby thegrammar.
Conflictsthatcannotbeeasilyremovedby alteringthegrammarmustbestudied
carefully, to determinewhatinfluencethey haveonthelanguagerecognizedby the
parseror on thesemanticactionsof theparser.

Reduce-ReduceConflicts

A reduce-reduceconflictoccurswhenthesymbolsonthestackmatchseveralrules
at thesametime, i.e.whentwo or morerulesapplyto thesamesequenceof input.
Usually this kind of conflictscanbedetecteddirectly by looking at thegrammar
rules,andin practice,they areeasierto remove thanshift-reduceconflicts.

The grammarin Figure2.2 exhibits a reduce-reduceconflict. The input con-
sistingof a singleterm canbeparsedin two ways. It couldbereducedto " item#
and then to " sequence# via the secondrule. Alternatively, the empty sequence
couldbereducedinto a " sequence# via thefirst rule, andthis couldbecombined
with theterm usingthethird rule for " sequence# . In a similar manner, anempty
input canbereducedto " sequence# in two ways. This exampleis from theBison
documentation[6].

Whenthereis areduce-reduceconflict,theparsergeneratorwill systematically
chooseoneof the possiblereductionsfor all the input, which could be e.g. the
reductionwhosedefinitioncomesfirst in thegrammar. In oursimpleexamplethis
seemsharmless,but whentherulesareassociatedwith differentsemanticactions,
thedifferencebecomessignificant.

Figure2.3showshow theambiguitiescanberemovedfrom our example.The
semanticactionsof therulesmuststill handleall thecasesinvolvedwith theorig-

" sequence# : $ ε% " item#% " sequence# term
" item# : $ ε%

term

Figure2.2: An ambiguousgrammarfor asequenceof symbols

" sequence# : $ ε% " sequence# term

Figure2.3: Disambiguatedversionof thegrammarin Figure2.2
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inal grammar. This is easiestto accomplishby usingthesamedatastructureboth
for & item' sandfor sequencesof & term' .
Shift-ReduceConflicts

Anothertypeof conflictsareshift-reduceconflicts, whichoccurwhenbothshifting
andreducingis possible,i.e.whenasetof symbolsonthetopof thestackmatches
theright-hand-sideof a rulewhile anotherrule’s right-hand-sidepartiallymatches
(apossiblydifferent)setof symbolson thetop of thestack.

Considerthesimplegrammarpresentedin Figure2.4 andan input consisting
of thetokensterm+term *term. After theparserhasshiftedin thefirst sym-
bol term, reducedterm ( & expr' andshifted+term (againreducingterm (
& expr' ), it hasachoicebetweenreducing

& expr' + & expr')( & expr'
andshifting the*, sincetherule

& expr ' : *+& expr' * & expr '
partiallymatchesthe & expr ' on thetop of thestackcombinedwith thelook-ahead
symbol*. This is a shift-reduceconflict. With theadditionalinformationthatthe
* operatorhasprecedenceover the+ operator, theparserdecidesto shift. It will
shift the* andthethird term. At thispoint, thestackwill bereducedasfollows:

& expr ' + & expr ' *term
& expr ' + & expr' * & expr'

& expr' + & expr'
& expr'

Therightmostsymbolsareon thetop of thestack.Thestatesof theparserarenot
shown in this example.

Bison and Yacc can resolve this kind of conflicts with the help of operator
precedences[1, pp.203–215].However, oftenshift-reduceconflictsarecausedby
rulesthatseemtotally unrelatedwith eachother, andthey canonly beresolvedin

& expr' : * & expr ' + & expr '
& expr' : * & expr ' - & expr '
& expr' : * & expr ' * & expr '
& expr' : * & expr ' / & expr'
& expr' : * ( & expr ' )
& expr' : * term

Figure2.4: A simplegrammarfor expressions
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,
entityin package- : . ,

packagereferenceclause-
/
SYSTEM TYPE

,
identifier-0 ,

formalcontext parameters-210 ,
specialization-�1 , end-,

entityin system-�/
ENDSYSTEM TYPE

0 ,
identifier-�1 , end-3

SYSTEM TYPE
,
name- REFERENCED ,

end-

Figure2.5: SDL grammarrulesrelatedwith systemtypes

thehardwayby rewriting partsof thegrammarin away thatmakesparsingeasier
but doesnotalterthelanguagedefinedby thegrammar.

Any two grammarsdefinethesamelanguageif thestartsymbolin bothgram-
marsexpandsto thesamesetof sequencesof non-terminalsymbols.Whenpartof
the grammaris modified,onecanensurethat the languagedefinedby the gram-
mar is not affectedby ensuringthat all non-terminalsymbolswhoserules refer
to a symbolaffectedby the modificationcontinueto expandin the sameway as
earlier. Performingthecomparisonsmanuallyis somewhaterror-prone,andit is a
goodideato run extensive testson theparseronceit hasbeenfinished,involving
ascomplex input aspossible.

BisonandYaccresolveall remainingshift-reduceconflictsby decidingto shift.

2.2 Implementing the SDL Grammar

TheSDL grammarhasmany ambiguitiesthatmustberemovedbeforeany parser
canbegeneratedfrom it. Themostcommonambiguityinvolvesnamesandidenti-
fiers. In SDL, identifiersarenamesprecededby anoptionalqualifier. Mostrulesin
theSDL grammaracceptingidentifiershavealternativesthatacceptnames.These
rulescausereduce-reduceconflicts,which canberemovedby removing thealter-
nativesallowing only names,causingthenamesto beparsedasidentifiers.

It wasquite easyto remove reduce-reduceconflicts from the SDL grammar,
sincenotmany of themweremorecomplicatedthantheexamplepresentedin Fig-
ure2.2. Shift-reduceconflictscausedmuchmoretrouble,andsomeof themcould
only beremovedby modifying thelexical analyzer, asdiscussedin Section2.2.2.

2.2.1 Relaxing the Grammar

Many shift-reduceconflictsarecausedby rulesthat look similar but begin differ-
ently. For instance,considertherule setpresentedin Figure2.5.

Therearetwo conflicts. Onecanbe removedby replacingthe
,
name- in the

secondrulewith
,
identifier- . Theotherconflict is causedby thenon-terminalsym-

bol
,
package referenceclause- / beingpresentin thefirst ruleandabsentin thesec-
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ondrule. After addingthenon-terminalto thesecondrule,bothrulesbegin in the
sameway, andsinceneither 465 formalcontext parameters7�8 nor 4�5 specialization7�8
containsthe terminal symbolREFERENCED, the rule set will be free of ambi-
guities. Of coursenow the semanticactionsof the secondrule mustensurethat
the 5 packagereferenceclause7
9 wasreducedfrom anemptysequenceandthatthe
5 identifier7 actuallyis a 5 name7 .

Modifying thegrammarsothatit acceptsalargerlanguagethanspecifiedin the
standardactuallyservestheuser. Insteadof reportinga“parseerror,” theparsercan
reportthatpackagereferenceclausesmake no sensewith systemtypereferences,
or thatsystemtypescanonly bereferencedby aname,notby anidentifier. In this
casewewereforcedto relaxthegrammar, but thegrammarcanalsoberelaxedon
purpose;seeSection4.2.

For therecord,our lexical analyzerrecognizestheSDL keyword pair system
type asa single tokenSYSTEMTYPE, becauseconverting the keywordsto two
tokenswould introduceconflictselsewherein thegrammar.

2.2.2 Extending the Look-Ahead

Not all shift-reduceconflicts can be disposedof by relaxing the grammarin a
feasibleway. LALR(1) parsersmake all decisionsusingat mostonelook-ahead
symbol,which is a restriction.SinceBisondoesnot supportlongerlook-aheads,
theonly placewherethelook-aheadcanbeextendedis thelexical analyzer.

Rule setsrequiringa longer lookaheadthanonesymbolareusuallyhandled
by replacinga terminal symbol in one or more rules with a new token and by
modifying the scanneraccordinglyso that it will returnthe new token whenthe
symbol is followed by anything that only matchesthe rules containingthe new
token.

In our SDL parser, all look-aheadextensionsarerelatedwith keywords. For
instance,the operators keyword canbe convertedto anOPERATORS or to an
OPERATORS_ token,dependingon the input following it. Section3.2 describes
theextendedlook-aheadsimplementedin thelexical analyzer.

2.2.3 Modifications to the Language

Someconstructsof the SDL grammararedifficult to implementin an LALR(1)
parser. The SDL parserdevelopedat Humboldt-Universitätzu Berlin [16] does
not implementthe mostdifficult partsof the grammar. It omits someparts,like
5 selectdefinition7 , that areproblematicat the semanticlevel, andmodifiessome
languageconstructsthatareextremelydifficult to parse.

We put considerableeffort into avoiding any modificationsto the language
recognizedby ourSDL parser. Weonly gaveupononething: macros.They could
beexpandedby a separatepreprocessorà la C at somelaterpoint.

For therulespresentedin Figure2.6wecouldnotcomeupwith any reasonably
simple look-aheadextensionschemes.The symbol 5 formal context parameter7 ,
whichis usedin an 5 end7 -separatedlist, hasoneright-hand-sideendingin thenon-
terminalsymbol 5 processsignature7 andanotherendingin 5 proceduresignature7 .
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:
processsignature; : < ε= >6:

end;@? FPAR :
sort;BA , :

sort;2CED:
proceduresignature; : < ε= >6:

end;@? FPAR :
parameterkind; : sort;

A , :
parameterkind; : sort;�C D>6:

end; RETURNS :
sort;@?= >6:

end;@? RETURNS :
sort;

Figure2.6: SDL grammarrulescontainingtroublesome
:
end; symbols

:
variablesof sort; : < :

name; > AS :
identifier;@?FA , :

name; > AS :
identifier;@?GC D:

sort; > := :
expression;@?

Figure2.7: Variabledefinitionsin SDL

Theparsercanby no meansdeterminewhetheran
:
end; symbolis a list delimiter

or partof
:
formalcontext parameter; . We cameup with a similar solutionasthe

oneusedin [16]: we removed the
:
end; symbolsfrom the rules in Figure2.6.

Sincethis restrictsthegrammar, we addedthe
:
end; -less

:
processsignature; and:

proceduresignature; rulesdirectly to therule
:
formalcontext parameter; .

For now, the semanticactionsof theserules only issueerror messages,but
they could do better: they could checkwhethera previously parsedconstruct:
formalcontext parameter; can be extendedwith the FPAR or RETURNS con-

struct,andissuetheerrormessageonly whentheconstructis not allowed. After
this, the semanticactionof the secondrule of

:
proceduresignature; , whoseop-

tional returns partnow makestheparserslightly incompatiblewith [27], could
bemodifiedto issueawarningmessageif thereturns keyword is present,saying
thata semicolonis expectedbeforethekeyword. Sincethesegrammarrulesonly
applyfor seldomlyusedconstructs,wedecidedto skipthefine-tuningatthispoint.

2.2.4 SemanticActions

Bisondoesnotsupportinheritedattributesverywell. They canonly beusedby ac-
cessingthesymbolstackwith negative indices,which is very hazardousandmay
be impossibleif the samerule occurson the right-hand-sideof several different
rules.Wechoseto limit ourselvesto usingsynthesizedattributes,andimplemented
everythingelsewith thehelpof globalvariables.Sometimesglobalvariableswere
usedeven whenusingsynthesizedattributeswould have beenpossible.This re-
ducesthe amountof attribute typesneeded(the%union definition in Bison) and
theneedof post-processingtheparsedinput.

Sometimespost-processingtheparsedinput cannotbeavoided. For instance,
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thegrammarrule coveringSDL variabledefinitionsin Figure2.7first expectsthe
variablenamesandthentheir sort. For theparserit would bemoreconvenientto
know thesort in advance,in which caseeachdefinedvariablecouldbeassigned
a sort alreadyat the point when the variablenameis read. With an SDL-like
grammar, thenamesof thevariablesmustbekeptin atemporarystorageuntil their
type(calledsort in SDL) is known. Actually, sinceSDL doesnot forbid forward
references,the semanticvalueof the non-terminal H sortI is not a referenceto a
typebut anidentifierthatcannotberesolveduntil thewholeSDL specificationhas
beenparsed.

Global Variables in the SDL Parser

In additionto thevariablesupdatedby thelexical analyzer, lineno andfilename,
which identify thedefinitionsbeingcurrentlyparsed,theparsermakesuseof the
following globalvariables.

bool quoted
The grammarrule H nameI coversnamesandquotedoperatornames.This
flag is usedto determinewhetherthe last H nameI readwas a nameor a
quotedoperatorname. This variablemakes it possibleto toleratequoted
operatorsin theplaceof namesor viceversa,without introducingany ambi-
guitiesto rulesacceptingbothnamesandquotedoperators.

bool generator_actual
The rule H generator actualI containsoverlappingdefinitions. One right-
hand-sidesymbol of the rule, H termI , partially overlapswith other right-
hand-sidesof H generator actualI . This is set to true whenever the gram-
mar rule H generator actualI is active; it will besetto false by theactions
in H termI assoonas it becomesclear that the H termI cannotbe any other
H generator actualI .

bool reverseSignal
In H signalrefinementI , the non-terminalsymbol H signaldefinitionI can be
precededby thereverse keyword. If thekeyword is present,this flag will
beset. Theflag is usedin thesemanticactionof H signaldefinitionI , andit
canbeseenasaninheritedattributein thegrammar.

enum RevealedExported revealed
Therevealed andexported keywordscanprecedethevariablenamesin
a H variabledefinitionI . This global variablekeepstrack which keywords
arepresent,andit is usedby therule H variablesof sortI . Thevariablewas
introducedfor purely cosmeticreasons,to reducethe size of the %union
definitionin theparserspecification.

class State* currentState
The SDL grammarrulesrelatedto stateautomataspana parsetreethat is
quite different from any straightforward datastructurefor describingstate
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automata.This variableholdsa pointerto thestatedefinition that is being
parsed.

stack<Entity*,list<Entity*> > ent
This variableholds the SDL entity stack. In SDL, entitiessuchasblock,
processandchannel,arenestedinsideeachother, andeachentity hasits
own scopeof declarations.Thecurrentlyactive entity is kepton the top of
this stack.

In additionto thesevariables,theBisoninputfile definesmany auxiliary func-
tions. The following functionsallocateobjects;othersmainly take careof type
conversion,errorreportingandsomesemanticchecking.

FparList* currentParams()
Whenfirst called,this functionreturnsanew formalparameterlist. Onsub-
sequentcalls, it returnsa referenceto thesamelist. This function is called
by the semanticactionsof J formal context parametersK list items. When-
ever a list item, definedby J formal context parameterK , is parsed,its se-
manticvaluewill beappendedto thesamelist, maintainedby the function
currentParams(). In this way, we avoid having to associatea semantic
valueto eachkind of J formal context parameterK in theBisonspecification;
thesemanticvalueswill beinternalto thesemanticactions.Thisreducesthe
sizeof the%union definition.

FparList* ResetParams()
This function returnsa referenceto the list most recentlyallocatedby the
previously describedcurrentParams() function (NULL if no list wasallo-
cated)andresetsthelist, sothatthenext call to currentParams() will allo-
cateanew list. Thefunctionwill becalledafter J formalcontext parametersK
hasbeenparsed.

SignalList* currentSignals()
Thisfunctionis otherwisethesameascurrentParams(), but it operateson
signallists.

SignalList* ResetSignals()
This function pairs with currentSignals() in a similar manneras the
ResetParams() functionpairswith currentParams().

SemanticChecksinsteadof Syntactic

Programminglanguagegrammarsfound in standardsor usermanualsoften try
to incorporateasmany intuitively semanticalconstraintsaspossible.For instance,
thegrammarmightdistinguishbetweenconstantexpressions( J groundexpressionK
in [27]) andgenericexpressions( J expressionK ). Somepeoplemayfind suchgram-
marseasierto read,othersthink thata few sentencesof text is moreunderstand-
able, like this: “Numeric constantsalways are constantexpressions. Function
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calls never areconstantexpressions.Otherexpressionsthatonly consistof con-
stantexpressionsareconstantexpressions.” For acompilerwriter, thelatterwayis
preferable,becauseoverlappingdefinitionsleadto ambiguitiesveryeasily. There-
fore,wefind it desirablethatsuchmattersasdifferentiatingbetweenconstantand
non-constantexpressionsarehandledby separatelyimplementedsemanticchecks
ratherthanby syntacticonesbuilt in thegrammar.

Semanticcheckingis alsoanadvantagefor thecompileruser, becausea com-
piler applyingit cangeneratemorehelpful errormessages.Insteadof telling the
userthat his or her programviolatesthe grammar, the compilercansay, for in-
stance,thatSDL variablescanonly beinitializedwith constantexpressions.Chap-
ter4 discusseshow theerrorreportsof acompilercanbemademoreuser-friendly.
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Chapter 3

Lexical Analysis

Usually thereis a cleardistinctionbetweenlexical analysisandparsing.Thelex-
ical analyzer, alsocalledscanner, convertsa streamof charactersto a streamof
namedtokens.For instance,theinput13+456 couldbeconvertedto atokenstream
NUMBER PLUS NUMBER, with integerattributesattachedto theNUMBER tokens.
Thesetokensusuallyhave a direct correspondencewith the terminalsymbolsin
thegrammar. Whenshifting, theparserfetchesonetokenfrom thescanner. The
scannerdoesnot needto convert eachinput string to a token. Space,tabulator
andnewline characters(oftencalledwhitespace) andcommentstringsareusually
silentlydiscardedby thescanner.

GNU Flex is thebestestablishedscannergeneratorthatgeneratesC or C++.
Therelationbetweencharacterstringsandtokensis specifiedwith searchpatterns
expressedwith regular expressionsandactionsattachedto eachsearchpattern.An
introductionto regularexpressionsandscannerscanbefoundin [1].

Flex translateseachregularexpressioninto a finite automatonthatdetermines
whetherthe regular expressionmatchesthe string of charactersreadso far. The
automatausegreedymatching,meaningthat they searchfor the longestpossible
input stringsthat matchthe regular expressions.All automatacorrespondingto
theregularexpressionsareexecutedin parallel,andassoonasa maximalmatch
for theinput stringis found,theactionattachedto thematchedregularexpression
will beexecuted.This actionis aC or C++ block,andit usuallyendsin areturn
statementthat returnsa token to the parser. If several regular expressionsmatch
theinput,Flex choosestheregularexpressionthatcomesfirst in thespecification.

The SDL standard[27] doesnot definelexical rules in termsof regular ex-
pressions,but with grammarrules. Converting themto regularexpressionsis all
but trivial. Thebiggestproblemsarerelatedto theunderscorecharacter. In SDL,
namesconsistof oneor morewordsseparatedwith singleunderscores,andwords
consistof alphanumericcharactersanddots,but eachword hasto containat least
onealphanumericcharacter. The following quotefrom [27] definesyet another
constraint:

Whenan L underlineM characteris followedby oneor more L spaceM s,
all of thesecharacters(including the L underlineM ) are ignored, e.g.
A_ B denotesthesame L nameM asAB. This useof L underlineM allows
L lexical unitM s to besplit overmorethanoneline.

19
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Since N lexical unitO meansany tokenrecognizedby thelexical analyzer, alsokey-
wordsandotherspecialtokensthat appearas N nameO canbe split over multiple
lines. All suchtokensmustbe first detectedasname,andbeforereturningany
NAME to theparser, thescannerhasto checkwhetherit is areservedword in SDL,
andreturnthecorrespondingtokenif it is. This meansthatdealingwith reserved
words,in particular, is muchmorecomplicatedthanin mostotherprogramming
languages.

Theproblematicunderscorecharactersfollowedbywhitespacecouldalsohave
beenprocessedby usinga separatepreprocessoror by chainingtwo scanners,the
first of which wouldfilter out theunderscoresandthewhitespacefollowing them.
Had we implementedan SDL macropreprocessor, we could also have handled
theunderscoresthere,whichwouldhavesimplifiedtheactualscannerandmadeit
somewhatfaster.

Themostdifficult problemsencounteredwhile developingthelexical analyzer
for SDL involved the handlingof namesandunderscoresand the variouslook-
aheadextensionsrequiredto make theBison-generatedparserwork with a look-
aheadof only 1 token.

3.1 Start Conditions

Flex translatessearchpatternsinto finite automata.In thedomainof automatait
is naturalto speakaboutstates. Introducingthe conceptof statesto the search
patternsseemspossiblewithout any performancepenalty. This hasbeendone
in Flex, wherethe searchpattern“states” are called start conditionsof regular
expressions.

Startconditionsdividethesearchpatternsof thescannerspecificationinto sub-
classes.Normally, all searchpatternsareactive simultaneously. Startconditions
limit the amountof active searchpatterns.The scannerwill useonly the search
patternsassociatedwith thecurrentlyactivestartcondition.This is how exclusive
startconditionswork in Flex. Whenaninclusivestartconditionis active,alsorules
within theinitial startconditionareenabled.Fromnow onweassumethatall start
conditionsareexclusive. Two typical tasksfor startconditionsareparsingstring
constantsandstrippingcomments.

3.1.1 An Example: Handling Comments

Startconditionsnotonly make regularexpressionsmorereadable;they alsomake
the generatedscannersmore efficient. Considerthe lexical commentsin SDL.
They begin with “/*” and end in “*/”, and they can spanover multiple lines.
So, they canbe matchedwith the regular expression/\*([^*]|\*[^/])*\*/.1

Scannersgenerallykeeptrackof line numbers,becausethey areextremelyuseful
in diagnosticmessages.Thescannerwill haveto countthenewline charactersalso

1Thecharacterclasscomplementation(e.g.[^/] for matchingany characterbut “/”) is used,
becauseotherwisethegreedypatternmatchingappliedby Flex couldskip theendof a comment
andignoreanythingup to theendof thelastcommentin thefile.
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%x comment
%%
int line_num = 1;

"/*" BEGIN(comment);

<comment>[^*\n]* /* eatanything that’s nota ‘*’ */
<comment>"*"+[^*/\n]* /* eatup ‘*’s not followedby ’/’s */
<comment>\n ++line_num;
<comment>"*"+"/" BEGIN(INITIAL);

Figure3.1: Flex definitionsfor strippingC-stylecomments

insidethecommentstring,sinceit is notacceptablefor theline counterto become
outof synchronizationin thepresenceof multi-line comments.

The approachof processingcommentswith oneregular expressionis ineffi-
cient. Not only doesit requirethecommentto be processedtwice, but thecom-
ment string must also be copiedand preserved in the memoryuntil the whole
commenthasbeenread. Startconditionsallow the scannerto count lines while
skippingcomments.For multi-line comments,thematchedstringswill beshorter,
sinceonly oneline will bereadat a time. This reducesthememoryrequirements.
Thedefinitionsin Figure3.1arefrom theFlex documentation[18].

3.1.2 Start Condition Stack

Whenthe scannerspecificationcontainslots of start conditionsandwhen there
are“sub-automatoncalls” in theFlex specification,the%option stack featureof
Flex becomesvery useful. Whenthis option is enabled,somefunctionsfor han-
dling astartconditionstackbecomeavailablein Flex actions.Wemakeuseof the
functionyy_push_state(s), whichpushesthecurrentstartconditiononthestack
andswitchesto a new startconditions, andof yy_pop_state(), which returns
from the “sub-automatoncall.” The BEGIN(s) macrocanbe usedfor switching
startconditionswithout affectingthestack,i.e. asa “goto” statement.

Scannerlook-aheadtechniques,which will bediscussedin Section3.2 in de-
tail, often requirestartconditionswhoseonly actionreturnsan alreadyscanned
tokento theparser, no matterwhat thenext input characteris. Suchbehavior can
be achieved with the pattern.|\n, which matchesany character, including the
newline character.2 Sincethis actioncannotdo anything with the characterthe
dummypatternmatches,it putsit backto theinputbuffer by calling theyyless()
function.

2End-of-fileconditionsstill needto behandledseparately.
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3.1.3 BasicStart Conditions in the SDL Scanner

TheSDL scannerhasrelatively many startconditions.Mostof themarerelatedto
look-aheadtechniques(seeSection3.2). In this sectionwe will only describethe
basicstartconditions.

Commentsand Include Files

SDL supportstwo kindsof comments.Thegraphicalrepresentationof SDL hasa
specialcommentsymbol,whosecounterpartin SDL/PRis thecomment keyword
followed by a characterstring. This kind of commentsis handledby the parser.
Theotherkind areC-stylelexical comments,called P noteQ in [27], which areal-
lowedanywherebetweenlexical symbols.

In somelanguages,commentsareoftenmisusedfor passingextra information
to thecompiler, becausethe languagelacksconstructsfor otherwisepassingthat
information.As a non-standardaddition,many SDL-relatedtoolssupportinclude
files in a slightly differentway thanthe C preprocessordoes. The comment/*
#include ’file.pr’ */ will causethescannerto opena file namedfile.pr,
to usethefile asinput,andto switchbackto theoriginal input file uponreaching
theendof theincludefile.

In orderto becompatiblewith otherSDL tools,our scannercontainssupport
for includefiles. This is achieved by extendingthe searchpatternsfor skipping
commentsandby addingtwo startconditions:

comment
Thisstartconditionwill becalledwhenthebeginningof acommentis seen
in the input.3 Control will return to the calling start condition when the
scannerfindstheendof acomment.Commentsarenotblindly skipped;the
scannerkeepsaneyeonlettersprecededby anumbersign(#), andwhenever
it encountersthestring#include or #INCLUDE in thecomment,it makesa
sub-automatoncall to include1.

include1
This start conditionwill be calledwhenan #INCLUDE directive is seenin
a comment.Whitespacewill be skipped,andif an apostropheis seen,the
scannerwill switch to include2 andcall sdlstring, which will readthe file
name.Any othercharacterwill causea returnbackto comment.

include2
Whenthe includefile namehasbeenreadby sdlstring, this startcondition
will beactivated.It will switchbuffersandswitchto the initial startcondi-
tion, effectively inputtingthespecifiedfile at thatplace.Uponreachingthe
endof the includefile, thescannerwill returnto thecalling startcondition
(comment).

3Thesearchpatternfor startof commentis disabledwhenthescanneris processingcomments,
namesor strings,or whentheactivestartconditiondoesnot skipwhitespace.
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Strings

As a compensationfor having C-stylecomments,SDL hasPascal-like character
string constants. Stringsare delimited by apostrophes,and apostrophesoccur-
ring in stringconstantsarerepresentedwith two successive apostrophes.That is,
’ab’’c’’’ representsthestringconstantab’c’.

TheITU-T RecommendationZ.100[27] effectively limits thecharactersetal-
lowedin SDL stringconstantsto theInternationalAlphabet5 [21] codes32–126,
but we choseto remove this arbitrary-feelinglimitation. Our scannerallowsall 8-
bit charactercodes0–255in stringconstants,andit is upto theusertoobey thelim-
itations.EventheNUL character(code0) canbeallowed,sincecharacterstrings
in SDL carry lengthinformationwith themandneednot beNUL-terminatedlike
e.g.stringspassedto C run-timelibrary functions.

Thestartconditionsdlstring is calledfrom theinitial startconditionandsome
otherplaceswhenan apostropheis seenin the input. In sdlstring, the apostro-
pheandnewline charactersaretreateddifferentlyfrom othercharacters,whichare
simplyappendedto thebufferholdingthestringconstantscannedsofar. An occur-
renceof two successive apostrophescausesthescannedstring to beextendedby
oneapostrophe.Whenthescannerseesanewline character, it will updatetheline
counter. Controlwill returnto thecallingstartconditionwhenasingleapostrophe
occursin theinput.

QuotedOperators

In SDL, operatorscanbedefinedfor user-defineddatatypes.Whendefiningany
built-in operatorsof SDL, theoperatornamesmustbesurroundedby doublequo-
tationmarksin orderto avoid confusion.Becausedoublequotationmarksarenot
usedanywhereelsein theSDL grammar, quotedoperatorscanbehandledby the
scannerwithout fearof breakinganything.

Handling R quotedoperator S in the scanneris efficient, becausethe parseris
givenonly onetokeninsteadof three,andthereis no needto convert theoperator
namesto tokensandback to strings. Also errorscanbe toleratedbetterin this
approach.Thescannercanreturna specialtokenERR_OP_NAME insteadof the
normalOP_NAME if somethingelsethanavalid operatornameis quoted,or if the
closingquotationmarkis missing.

Scanningquotedoperatornamescanbeimplementedwith twostartconditions,
bothof whichskipwhitespaceandcommentsin thenormalway.

op1
This startconditionwill becalledwhena doublequotationmark (") is de-
tectedin the input. If anything that looks like an SDL nameis encoun-
teredin thisstartcondition,thescannerwill switchto op2 andcall word1 or
word2. WhenseeingSDL operatornamesconsistingof specialcharacters,
thescannerswitchesto op2. Thescannerwill returnfrom op1 andreturnan
ERR_OP_NAME token to theparserif it encountersa closingquoteor any
unexpectedcharacter(whichwill beputbackto theinput buffer).
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op2
When the scannerreachesthis start condition, it will have reada double
quotationmark followed by an operatornameor othername. After skip-
ping potentialcommentsandwhitespace,the scanneris expectinga dou-
ble quotationmark. If oneis found in the input, thenamescannedwill be
checked. If it is a malformednameor not a built-in operatorname,again
ERR_OP_NAME will be returnedto the parser. The samehappensif any
othercharacterthana doublequotationmark is read(andput backto the
input buffer). In any case,thescannerwill returnto thestartconditionthat
originally calledop1.

Namesand Reserved Words

SDL hasverycomplicatedrulesfor names.Becausealsoliteralsof numerictypes
arenames,namesmaycontaindotsandevenbegin with them.Underscoreshave
aspecialposition:namesconsistof oneor morewordscombinedwith underscore
characters.More thanonesuccessive underscorecharacterin a nameis anerror,
andthe wordsmustcontainat leastonealphanumericcharacter. This is not all:
underscorecharactersfollowed by whitespaceor commentswill be ignored,i.e.
“A_ B” is thesameas“AB”. ThecurrentSDL standardevenallowsunderscoresin
namesto be replacedwith whitespace,but this hasnot beenimplementedin our
compiler, becausedoingsowould introducelots of ambiguitiesto thegrammaror
requireinfeasiblycomplex look-aheadtechniques.

SDL namescouldbematchedwith onerathercomplex regularexpression,but
we decidedto usea startconditionbasedapproachfor threereasons.First, using
themmakesit possibleto detect(andtolerate)malformedSDL names.Second,
this approachavoidsbacktracking.Theflex -b optionreportswhetherthescan-
ner automatonever hasto backtrack,after makinga wrongguessabouta search
patternthat first seemsto matchthe input. Dividing the rathercomplex regular
expressioninto severalsubexpressionsusingstartconditionsmakesit possibleto
completelyavoid backtracking,whichcanmakethescannermoreefficient. Third,
thereis no needto postprocessscannednames,becausethe line numbercounter
canbeupdatedwhile scanning,andpartsconsistingof underscorecharactersfol-
lowedby whitespaceor commentscanbeskipped.

Fourstartconditionsareneeded.Two of themarerelatedwith T wordU s,which
mustcontainatleastonealphanumericcharacter, andtheothertwo arerelatedwith
theunderscorecharacter. To keepthefollowing descriptionsimple,we donot say
anythingaboutlexical comments,whichcanoccurbeforeandafterunderscoresin
SDL names.

word1
Thisstartconditionis calledwhena“.” occursin theinput. Any furtherdots
readfrom the input will beappendedto thenamestring. An alphanumeric
input will causea switch to the word2 state,and an underscorefollowed
by whitespacewill causea call to underscore_ws. An occurrenceof a sole
underscorecharacterwill causethenameto bemarkedmalformed(sinceit
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containsacomponentwith no alphanumericcharacters)andthestartcondi-
tion to be switchedto underscore. If thescannerseesany othercharacter,
it will put backthecharacter, returnto thecalling startconditionandmark
thenamemalformed(becausethe lastword readcontainsno alphanumeric
characters).

word2
Whenthis startconditionis calledor switchedto, the currentlyreadword
is known to containalphanumericcharacters.The actionsare otherwise
identical to word1, but thereis no transitionto word2, and the namewill
neverbeflaggedmalformed.

underscore
This startconditionis switchedto afterreadinganunderscorenot followed
by whitespace.A well-formedSDL namemustcontinuewith dots(which
causesaswitchto word1) or with alphanumericcharacters(switchto word2).
Underscoresin thisstartconditioncausethenameto beflaggedmalformed,
sinceit containsseveral underscorecharactersin a row. Underscoresfol-
lowed by whitespacewill causea call to underscore_ws. Any character
unmatchedby theotherruleswill beput backto theinput, andafterseeing
suchacharacterthescannerwill returnto thecallingstartconditionandflag
thenamemalformed,becauseits lastword componentis empty.

underscore_ws
This start condition is called when an underscorecharacterfollowed by
whitespaceis seen.All succeedingwhitespacewill beskipped,aswill un-
derscorefollowedby whitespace.A soleunderscorecharacternot followed
by whitespaceor a sequenceof dotscausesa returnto thecalling startcon-
dition, andalphanumericcharactersin the input make the scannerremove
thecallingstartconditionfrom thestackandswitchto word2, sincethenext
wordcomponentis guaranteedto bewell-formed.

Thenamesscannedwill usuallybereturnedto theparserthroughthestartcon-
dition ret, which checkswhetherthenameis anSDL keyword andcallskeyword-
relatedstartconditions(seeSection3.2) if necessary. If thenameis malformedor
notakeyword,thestringrepresentingit will becopiedfrom thestringbuffer of the
scanner, anda NAME or ERR_NAME tokenwill be returnedto theparser. Other-
wisethetokencorrespondingto theSDL keywordwill bereturned.Thisapproach
makesit possiblefor thescannerto supportkeywordswritten in mixedcase.The
next versionof SDL shouldsupportonly keywordswritten entirely in uppercase
or lowercase,andthis is alsowhatour scannernormallydoes.

3.2 Extending the Look-Ahead

SomeSDL grammarrulesareambiguousfor LALR(1) parsers,i.e. parsersthat
make decisionsbasedon onelook-aheadtoken. BecauseBisonhasno meansfor
extendingthe look-ahead,we areleft with two possibilities:eitherrestrictingthe
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languageacceptedby the parseror modifying the lexical analyzerso that it will
perform a look-aheadand distinguishthe ambiguouscasesfrom eachother by
returningdifferenttokensto theparser. We chosethelatterapproach.

We found that in the worst casethe SDL grammarrequiresa look-aheadof
threetokens,two of which canbe namesor characterstrings. The lexical ana-
lyzer will needto keepthesestringsin its memoryandreturnthemto the parser
later, whenthescanneris calledagainby theparser. In this way, the look-ahead
implementedin thescanneris totally invisible to theparser.

For returningthe first of two look-aheadtoken namesto the parser, we will
introduceanotherdummy start condition, ret2. When the scannerhasbuffered
only onelook-aheadstring,it canbereturnedby thestartconditionret introduced
earlier.

3.2.1 1-TokenLook-Ahead

Two Meaningsof the operators Keyword

TheSDL grammarrulesin Figure3.2 causeproblemsthatcanonly besolvedby
distinguishingthetwo meaningsof theoperators in thescanner. Thesetwo rules
seemtotally unrelated.Whaton earthcouldcausea conflict? Theanswerlies in
thesurroundinggrammarrules,which arepresentedin Figure3.3.

The alert readerwill noticethat in V partial typedefinitionW , the non-terminal
symbol V propertiesexpressionW , whoseexpansioncanbegin with V operator list W ,
can immediatelyfollow the non-terminalsymbol V extendedpropertiesW andthus
V inheritanceruleW . WhentheparserreadsanOPERATORS tokenwhile processing
an V inheritanceruleW , it doesnotknow whetherto shift or to reduce.

The conflict could be resolved by removing the meaninglessX OPERATORS Y
from V inheritanceruleW , but it would make the parserincompatiblewith SDL,
which we do not want. Instead,we must modify the lexical analyzerso that it
returnsa differenttoken for theoperators keyword, if thekeyword is followed
by a left parenthesisor by theall keyword,which cannotoccurin thebeginning
of V operator signatureW . Thiscanbeachievedusingtwo startconditions.

Thefirst startconditionoperators1 is calledwhenever ret is aboutto returnthe
OPERATORS token. It skipsany whitespaceandcomments.If it encountersan
alphanumericstring, it will switch to operators2 andcall word2. Otherwise,the

V operator list W : Z OPERATORS V operator signatureW[ V endW\V operator signatureW�]E^_X6V endW@Y
V inheritanceruleW : Z INHERITS V typeexpressionW`X�V literal renamingW2Y

XGX OPERATORS Y [ ALL a ( V inheritancelist W ) ]�X�V endW2YbY
X ADDING Y

Figure3.2: SDL grammarrulescontainingtheOPERATORS token
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c
partial typedefinitiond : e NEWTYPE

c
namedf c

formalcontext parametersd2gf c
extendedpropertiesd2gc

propertiesexpressiond
ENDNEWTYPE

f c
named�gc

extendedpropertiesd : e c
inheritanceruledc

propertiesexpressiond : e c
operatorsdh c
internalpropertiesdEi c externalpropertiesd�jf c
defaultinitialization d�gc

operatorsd : e f c
literal list d�g f c operator list d@g

Figure3.3: Grammarrulesreferringto therulesin Figure3.2

c
pathitemd : e SYSTEM

c
named

i SYSTEM TYPE
c
named

i TYPE
c
named

Figure3.4: Partial rulesfor SDL pathitems

scannerwill returnOPERATORS_, or OPERATORS if thenext characteris a left
parenthesis.

In thesecondstartcondition,thescannerwill checkthenamereadby word2.
If it is the all keyword, OPERATORS is returnedto the parser. Otherwisethe
parserwill getanOPERATORS_ token. In eithercase,thescannerwill switchto
ret, which will returnthelook-aheadtoken.

Converting Keyword Pairs to oneToken

The SDL grammarcontainstroublesomerules like the onespresentedin Fig-
ure 3.4. Togetherwith someothergrammarrulesthey causemany shift-reduce
conflicts. Theproblemcanbe addressedby returninga single,distinct token for
the keyword pair system type. This is achieved usingtwo scannerstartcondi-
tions.

Whenthe scannerencountersthe keyword system, it will switch to the start
conditionsystem, whichprocesseswhitespaceandcommentsin thenormalway. If
therearelettersin theinput, thescannerwill switchto thestartconditionsystem2
andcall word2. Otherwiseit will returnto thecallingstartconditionandreturnthe
tokenSYSTEM to theparser.

In thestartconditionsystem2, thenamereadby word2 will bechecked. If it is
thekeywordtype, thetokenSYSTEMTYPE will bereturned,andthescannerwill
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k
literal list l : m LITERALS

k
literal signatureln

,
k
literal signaturel@o�p\q k endl�rk

literal signaturel : m k
namels k
extendedliteral namelk

extendedliteral namel : m k
characterstringls
NAMECLASS

k
regular expressionlk

literal renamingl : m LITERALS
k
literal renamelist lk

literal renamelist l : m k
literal renamepair ln
,
k
literal renamepair l@o�pk

literal renamepair l : m k
literal renamesignaturel =k
literal renamesignaturelk

literal renamesignaturel : m k
namels k
characterstringlk

literal equationl : m FORALL
k
namelist l

IN
k
extendedsortl

LITERALS(
k
literal axiomsln k

endl k literal axiomsl2oEp_q k endl@r )

Figure3.5: SDL grammarrulesrelatedwith theliterals keyword

popfrom thestackthestartconditionthatcalledsystem. Otherwise,theparserwill
receive the tokenSYSTEM , andthe scannerwill switch to ret, which will return
the look-aheadtoken(nameor malformedname)to theparseron thenext call to
thescanner.

Similar start conditionsexist for the keyword pairs block type, process
type andservice type. Also the startcondition ret2, which is usedto return
thefirst of two look-aheadtokensto theparser, will convert thekeyword pairsto
singletokens.

3.2.2 2-TokenLook-Ahead

Two Tokensfor literals

Theliterals keyword occursin threegrammarrules(Figure3.5). Similarly as
with theoperators keyword(seeSection3.2.1), conflictsoccurif thesametoken
is usedin all rules.They canberesolvedby usinga differentLITERALS_ token
in

k
literal list l .
By looking at therules,onecannoticethat theLITERALS_ tokenshouldbe

returnedif theliterals keyword is followedby thenameclass keywordor by ak
namel or

k
characterstringl not followedby anequalsign. This canbeachieved

usingonly two start conditions,both of which will skip whitespaceand lexical
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t
operator definitionu : v t

packagereferenceclauseu�w
OPERATOR

t
identifieru t endu

x�x
xt
identifieru : v y t qualifieru2z t nameut
qualifieru : v t

pathitemu|{ / t
pathitemu@} wt

pathitemu : v OPERATOR { t nameuEy !z�~ t quotedoperator u�}t
generator parameteru : v OPERATOR

t
namelist ut

textualoperator referenceu : v OPERATOR
t
nameu

yby t formalparametersu�z t operator resultu�z
REFERENCED

t
endut

formal parametersu : v FPAR
t
parametersof sortu

{ , t
parametersof sortu�} wt

operator resultu : v RETURNS y t nameu@z t identifieru

Figure3.6: SomeSDL grammarrulesinvolving theoperator keyword

comments.
The first startcondition, literals1, is calledby ret whenit is aboutto returna

LITERALS token.Whenencounteringanameor acharacterstring,it will switch
to literals2 andcall word1, word2 or sdlstring to readin thestring.Any otherinput
will make it returnLITERALS to theparser, put backthe input andreturnto the
startconditionthatcalledret.

Thesecondstartcondition,literals2, makesthefinal decision.If thefirst look-
aheadtokenwasthekeyword nameclass or if thenext non-whitespacecharacter
is notanequalsign,aLITERALS_ tokenwill bereturnedinsteadof LITERALS.
In eithercase,thescannerwill putbackthelook-aheadcharacterandswitchto ret,
whichwill returnthefirst look-aheadtoken.

3.2.3 3-TokenLook-Ahead

The operator Keyword

The grammarrules presentedin Figure 3.6 are responsiblefor numerousshift-
reduceconflicts. Theconflictscanberesolvedby usinga differentOPERATOR_
tokenfor thefirst

t
pathitemu in

t
qualifieru .

Now we neednothing lessthan threenew start conditions,the first two of
which will skip whitespaceandcomments.ret callsoperator1 whenit is aboutto
returnOPERATOR to theparser. In this startcondition,thescannerwill advance
to operator2 andcall word1, word2 or op1 whenit encountersanything that looks
likeanameor aquotedoperator. Onany otherinput, thescannerwill returnto the
callerof ret andreturnanOPERATOR tokento theparser.

The secondstart condition, operator2, can make somefurther decisions. It
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will extendthe look-aheadnamewith any exclamationpoints it encounters(and
convert the look-aheadtoken to OP_NAME or ERR_OP_NAME). A dot (which
startsa � name� but not any keyword) makesthe scannerswitch to ret for return-
ing the look-aheadtoken and returnOPERATOR or OPERATOR_ to the parser.
OPERATOR will bereturnedif thelook-aheadtokencanstarta � pathitem� .

When an alphanumericstring is encounteredin operator2, the scannerwill
checkwhetherthefirst look-aheadtokenstartsa � pathitem� . If it does,thescanner
putsbackthesecondstring,switchesto ret for returningthelook-aheadstringand
returnsOPERATOR. Otherwisethescannerswitchesto operator3 andcallsword2
for readingin thesecondlook-aheadtoken.

If any other input is encountered,the scannerwill checkif the characteris a
slash(/). If it is, anOPERATOR_ tokencanbereturned.Otherwisetheparserwill
getanOPERATOR tokenafterthescannerhasputbackthecharacterandswitched
to ret.

The third startcondition,operator3, will checkthe secondlook-aheadtoken.
If it is one of the keywords fpar, referenced or returns (seeFigure 3.6),
OPERATOR will be returned. Otherwisethe scannergathersthat it hasreadan
� identifier� with a � qualifier� consistingof one � pathitem� andreturnsthe token
OPERATOR_. In eithercase,thescannerwill switchto ret2 for returningthetwo
look-aheadtokens.

The returns Keyword

The rule for � operator result� in Figure3.6 is self-conflicting. Whengiven the
input RETURNS � name� , the parserhastwo choiceswith regard to this rule. It
couldshift thenext token,assumingthattheoptional � name� is present,or it could
reduce,assumingthat the � name� in the input readso far actuallybelongsto the
� identifier� partof therule.

This conflict wasoriginally solved with a 3-token look-ahead.Luckily there
is a muchcleanersolution. Whentheoptional � name� is changedto � identifier� ,
thereis no conflict. A semanticaction will ensurethat if present,the optional
� identifier� is a � name� .
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User-Friendliness: Err or Reporting

Errormessagesfrom acompileraresomethingthataredislikedandappreciatedat
thesametime. Theusermayfirst beannoyedby anerrorreporthereceivesfor his
program,but hewill appreciateit if thereportis clearandassistshim in correcting
the errors. The worst thing a compilercando with erroneousinput is to ignore
theerrorsandproducesomethingunpredictablethatseemsto becorrectat thefirst
glance.

It is customaryto distinguishbetweentwo kindsof errors[1, p.161]. Syntactic
errorsareviolationsagainstthegrammarincorporatedinto theparser. In thecase
of LALR(1) languages,they arecausedby sequencesof symbolsthat cannotbe
reducedby any rule in thegrammar. Thelexical analyzerandtheparsermustdeal
with thiskind of errorsandtry to recover from them,sothatthecompilerdoesnot
needto stopat thefirst error.

Semanticerrors, on the otherhand,areexpressionsthat violate the language
definitionpropereventhoughthey areacceptedby theparser’stypically somewhat
liberal grammar.1 For instance,referring to previously undefinedvariablesin a
programminglanguageor callinganundefinedsubroutinecanbeasemanticerror.
Sucherrorsaremainlydetectedby latercompilerstagesthatoperateon thesyntax
treelevel, which is discussedin Chapter5.

4.1 Err or Handling in Bison

By default, whena Bison-generatedparserdetectsa grammarviolation in the in-
put, it will report “parseerror” andstopparsing,ignoring the restof the input.
This is unacceptablefor a compiler, sincethe userexpectsto receive reportsfor
all errorscontainedin the program,so that he needsnot run the compilerafter
correctingeachindividualerror.

YaccandBison have a specialsymbol � error � that canbe usedfor error re-
covery. Wheneverasyntaxerroroccurs,an � error � tokenwill begeneratedby the
parser. Error recoveryrules, grammarruleswith an � error � symbolon their right-
hand-side,definea kind of synchronizationpoints.With their help,theparsercan
resumenormaloperation. If the parsestackdoesnot matchany error recovery

1Notethatgenerallythegrammaris context-freebut theprogramminglanguageis not.

31
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�
itemlist � : � �

item�� �
itemlist � , �

item�� �
error �� �
itemlist � , �

error �

Figure4.1: Error recovery rulesfor acomma-delimitedlist

rule, statesandsymbolsfrom it will bediscardeduntil anerror recovery rule can
beapplied.

For a compiler it is often desirableto recover from syntaxerrorsassoonas
possible.To achieve this, theremustbe

�
error � rulesat a very deeplevel in the

grammar. Eventhelexical analyzercancorrectsomeerrors.Malformed
�
name� s

and
�
quotedoperator � saredetectedby thescanner, whichconvertsthemto special

tokens,whicharetakencareof by theparser.

4.1.1 Sequencesof Symbols

Programminglanguagescontainmany list constructs.For instance,variabledefi-
nitionsandfunctionparameterscanbeseenaslists (usuallydelimitedby acomma
or by someothercharacter).Introducingerrorrecovery rulesfor theseconstructs
is essential.The moststraightforward way of doing so is addingthe

�
error � to-

kensasalternativesto the list items,asshown in Figure4.1. The samecouldbe
achievedby augmentingthegrammarwith therule

�
item� : � �

error ���

4.1.2 FrequentlyUsedSymbols

Fastsynchronizationonerrorscanbeachievedby introducingerrorrecoveryrules
at the lowestpossiblelevel. For instance,the SDL grammaruses

�
identifier� in

verymany places.Augmentingtherulefor
�
identifier� with an

�
error � tokenseems

to make it possibleto synchronizeonerrorsalmosteverywhere.
Unfortunately, the

�
identifier� symbol is usedin so many differentcontexts

in theSDL grammarthatallowing
�
error � wherever

�
identifier� is allowedwould

introducetoo many conflictsto thegrammar. Therefore,it makessenseto define
anothernon-terminalsymbol,

�
identifier��� : � �

identifier�� �
error �

whichis usedinsteadof
�
identifier� whereverdoingsodoesnotintroduceconflicts.

Similar rulesaredefinedfor many otherfrequentlyusedsymbols.
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4.1.3 Fall-Back Rules

Sometimesthe parsercomesvery badly out of synchronizationwith the input.
Without any so-calledfall-backrules,theparsercouldbeforcedto discardevery-
thingfollowing abaderror. Two fall-backrulesin ourSDL parserallow theparser
to attemptsynchronizationafterdiscardinganything up to a semicolon,which is
containedin � end� :

� entityin entity� : � � error ���6� end�@�
� transition� : � � error ��� end�

In addition,somerulesdefine � error � alternativesfor a sequenceof symbols,like
thefollowing:

� signallist definition� : � SIGNALLIST � name� = � signallist �_� end��
SIGNALLIST � error �_� end�

Unterminatedlexical commentsandcharacterstringsarehandledby theend-
of-file rulesof thelexical analyzer. Thescannerdoesnot try to make any guesses
wherethecommentor characterstringshouldend;it merelytreatstherestof the
file asonecommentor stringandissuesanappropriateerrormessage.

4.1.4 Shift-ReduceConflicts Involving the error Token

As a result of introducingerror recovery rules to the grammar, the SDL parser
containssomeshift-reduceconflictswhereit will decideto shift the � error � token
insteadof reducing.Sincetheseconflictsdonotaffect theparsingof correctinput,
we did not try hard to remove them. Shifting the � error � token meansthat the
parsermay needto discardmoreinput to recover from an error thanit would if
therewasno conflict. On theotherhand,theerrorrecovery rule causingtheshift-
reduceconflict maymake theparsersynchronizefasterin somecases.

4.2 Relaxing the Grammar

In theprevioussectionwesaw thataugmentingthegrammarwith rulescontaining
� error � tokensallows the parserto recover from errors in the input. The goal
wasto obtainasmany parseerrorsfrom erroneousinput aspossible;in the best
caseoneparseerror for eacherror in the input. But often we want to proceed
even in the seeminglyoppositedirectionandreducethe numberof parseerrors
generated,without touchingthe rulescontaining � error � symbols. The reasonis
that a descriptive error messagesuchas“nameexpected”,“missing comma”or
“extraneouscomma”satisfiesthe usermore thana generic“parseerror”. Such
errormessagescanbeimplementedby extendingthegrammarandby addingthe
errormessagesto thesemanticactionsof these“extraneous”rules.

Improving error recovery is a kind of art. The compilercannotrecognizeall
kindsof errorsandadaptto them:idiotsareclever, they say, andusersmayalways
introduceerrorsthatthecompilerdoesnothandleverywell. In theSDL parserwe
tried to relaxthegrammarasmuchaspossiblewithout introducingconflicts.
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4.2.1 Tolerating TooGenericConstructs

Sequencesof SymbolsInsteadof Symbols

Someplacesof the SDL grammarcan be relaxed so that lists or sequencesof
symbolsaretoleratedwhereonly onesymbolis allowed.Returningto theexample
illustratedin Figure4.1, agrammarrule

�
item��� : � �

itemlist �
thatverifiesthatthe

�
itemlist � onlyhasonecomponentandissuesanerrormessage

if not, canbe usedto replace
�
item� in the grammarwherever doing so doesnot

introduceconflicts.

SingleSymbols

Programminglanguagesoftenhavemany overlappingnon-terminalsymboldefini-
tions.For instance,theremaybeadistinctionbetweenlvalues(left-hand-sideval-
uesof assignments)andotherexpressions.Thegrammarusuallyremainsparsable
evenif any expressionis toleratedonbothsidesof theassignment.Semanticanal-
ysiscandeterminelaterwhethertheassignmentmakessense.

In the SDL grammarit is sometimespossibleto tolerateexpressionsor even
expressionlists whereonly a single

�
identifier� or

�
name� is allowed. Sometimes

amissingsymbolcanbetoleratedwithoutcausingany conflicts.

4.2.2 Tolerating ExtraneousSymbols

Repetition of Optional Symbols

The SDL grammarrulescontainmany optionalsymbols,that is, therearerules
which allow the emptysequenceor oneoccurrenceof a symbol. The grammar
usuallywill not becomeany moredifficult for theparserif multiple occurrences
of thesymbolareallowed. Semanticactionscanbeusedfor telling theuserthat
theoptionalconstructcanbespecifiedatmostonce.

Other Symbols

A draft of [27, Annex D], which definesthe built-in SDL datatypesin termsof
SDL, containedlotsof errors.For instance,therewereextraneouscommas,andat
oneplacetherewasanextraneousright parenthesis.Whentestingtheparser, one
error that is presentin thepublishedversionof [27, Annex D] wasfound. In the
definitionof thebuilt-in Integer type,thereis anaxiomthatis notallowedby the
SDL grammar:2

type Integer - 0 == 0;

2Thecorrectform wouldbe“type Integer "-" (0) == 0;.”
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�
no end� : � � � end�2��

noqualifier� : � � � qualifier����
no commas� : � ε�

,
�
nocommas��

norparens� : � ε�
)
�
noend� � norparens��

noop� : � ε� �
noop� � op�

Figure4.2: The“no” rulesof theSDL parser

Theseerrorswerethe inspirationfor somenew non-terminalsymbolsin the
Bison definition file, presentedin Figure4.2. In the last rule

�
noop� , which is

usedin expressionsafterbinaryoperatorslike this,

�
subexpression� : � �

subexpression� + �
noop� � subexpression���

thenon-terminalsymbol
�
op� expandsto any operatorexcepttheunaryoperators

NOT and-, whichwould introduceconflicts.
Thegrammarof theSDL parserwasaugmentedwith these“no” non-terminals

in several placeswheredoing so madesenseanddid not introduceconflicts. In
orderto parsetheerroneousaxiomfor theInteger type,therulesfor unaryoper-
atorsin

�
term� swereaugmentedasfollows:

�
term� : � �

noqualifier� - �
noop� � term�� �

noqualifier� NOT �
noop� � term�

The semanticactionof
�
noqualifier� will issuean error message“Qualifier not

allowedhere”for theerroneousdefinitionin [27, Annex D].
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Chapter 5

Storing the Input: The SyntaxTree

A parserthatdoesnot storetheparseddatais of no use,unlessthegoal is noth-
ing morethansimplesyntaxchecking.A compilermuststoreeverythingthat is
relevant in further processingof the input. How shouldthe input be stored?[1,
p. 49] describesa translatorfor simpleexpressionsanddiscussesthe difference
betweentheparsetree(thesyntacticstructureof thelanguage)andthedatastruc-
turesneededby thecompiler:

A usefulstartingpoint for thinking aboutthe translationof an input
stringis anabstract syntaxtreein which eachnoderepresentsanop-
eratorandthechildrenof thenoderepresenttheoperands.By contrast,
a parsetreeis calleda concretesyntaxtree, andtheunderlyinggram-
maris calledaconcretesyntaxfor thelanguage.Abstractsyntaxtrees,
or simply syntaxtrees, differ from parsetreesbecausesuperficialdis-
tinctionsof form, unimportantfor translation,do notappearin syntax
trees.

For simpleexpressions,the differencebetweenparsetreeandsyntaxtree is
subtle. In morecomplex languages,the syntaxtreeusually looks very different
from the parsetree. For easingcompiler writers’ work, the standard[27] has
an “Abstractgrammar”sectionfor eachmajor constructof SDL. Thesesections
definetheframework of onepossiblesyntaxtreefor SDL.1

5.1 ClassHierar chy

Sinceour SDL compileris implementedin C++, themostnaturalway of defining
thesyntaxtreeis in termsof C++ classes.Eachsyntaxtreenodeis aC++ object.

Thereare two kinds of relationsbetweenthe syntaxtree nodesin our class
hierarchy. Nodescanconsistof othernodes(or have referencesto them),or they
canbederivedfrom acommonbasenodeor from eachother.

In our SDL compiler, syntax tree nodeclassesare divided into four major
groups:ENTITY (describedin Section5.1.1), EXPRESSION (Section5.1.2), SORT

1Thesyntaxtreeis aninternaldatastructureof thecompiler, andit canbeconstructedin many
ways.
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(Section5.1.3) andSTATE (Section5.1.4). Theseclassesmakeuseof someutility
classesthat arediscussedin Section5.1.5, e.g. IDENTIFIER and PATHITEM for
storing � identifier� data.WeuseTHIS typefacefor classnames.

5.1.1 ENTI TY

Classesderived from the ENTITY classspanthe frameof the syntaxtreein our
SDL compiler. The root of the tree is a SPECIFICATION object. EachENTITY

hasits own namespaceandscopeof visibility, andapartfrom otherENTITY ob-
jects,differentENTITY objectscancontaindifferentdefinitions(objectsnot de-
rivedfrom theENTITY class).For instance,a PROCESS cancontainanAUTOMA-
TON, anda DATA object(which correspondsto � datadefinition� in thegrammar)
containsa SORT.

SPECI FI CATI ON

The SPECIFICATION classis in a specialposition. It is only instantiatedoncein
theSDL compiler, andall SDL entitiesdefinedat thetop level will bestoredin the
only instantiatedobjectof SPECIFICATION. Thus,SPECIFICATION is the root of
thesyntaxtreeandcomprisesall therelevantinput fed to thecompiler.

PACK AGE

In SDL, entitiesareusuallygroupedinto packages,which correspondto modules
in many otherprogramminglanguages.Usuallyeachpackagein anSDL specifi-
cationis definedin a separatefile, but our compilerdoesnot have any restrictions
regardingthis.

Whenan ASN.1 parseris integratedwith the compiler, the ASN.1 modules
will beconvertedto PACKAGE objects.

SYSTEM

Accordingto [27], anSDL specificationconsistsof onesystemanda setof other
definitions. The Systementity in SDL canbe seenasa specialkind of package.
TheSYSTEM classcorrespondsto the � textualsystemdefinition� in theSDL gram-
mar. Like PACKAGE, it is only awrapperfor otherdefinitions.

SYSTEM TYPE and SYSTEM I NST

SDL is said to be an object-orientedlanguage[9], althoughit lacks many of
the propertiesone exceptsfrom an object-orientedlanguage,suchas polymor-
phism,multiple inheritance,or packagingdatastructuresandrelatedalgorithms
into classes.
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With someimagination,one can seesimilarity betweentypes in SDL and
classesin real object-orientedlanguages.2 In object-orientedlanguages,objects
areinstantiatedfrom classes.In SDL, entitiesareinstantiatedfrom entity types.

Entity typesaremorelike templatesor macrosthanclasses.They areparame-
terizedentities.Theparameterswill befixedwhentheentity typeis instantiated.

SYSTEMTYPE is otherwisethe sameasSYSTEM, but it hasformal parame-
ters (FPAR) that will be suppliedin the TYPEEXPRESSION of a SYSTEM INST.
A systemtype definition canalsobe basedon anothersystemtype; the optional 
specialization¡ is storedin theTYPEEXPRESSION memberof SYSTEMTYPE.

Sincean SDL specificationmay only containonesystemdefinition, it is an
errorfor a SPECIFICATION to containmorethanoneSYSTEM or SYSTEM INST.

SYSTEM TYPEREF

In SDL, entitiesaredefinedinsideotherentities,andthey arenormally “visible”
only to entitiesthataredefinedin thesamescope.For instance,if a systemtype
is definedin onepackage,it cannotbedirectly usedby anentity definedin some
otherpackage.The

 
textual systemtypereference¡ in SDL addressesthisproblem,

and it is mappedto the SYSTEMTYPEREF classin the SDL compiler. Systems
neednotbereferenced,sincethereis only onesystemin aSDL specification.

BL OCK

Blocks in SDL areyet anothercontainerfor otherentities. Unlike SYSTEM and
PACKAGE, BLOCK allows the definition of processesand thus the definition of
behavior. Blocks areconnectedto eachotherthroughCHANNEL objects,whose
namesarestoredin CONNECTION objects.

BL OCK TYPE and BL OCK I NST

Theinstantiationmechanismassociatedwith BLOCK is similar to theoneassoci-
atedwith SYSTEM. As anew thing,BLOCKTYPE encompassesGATE definitions,
which are instantiatedto CONNECTION objects. In addition, block typeshave
virtuality constraintsandoptions,whichcontroltheinheritance.

BL OCK REF and BL OCK TYPEREF

The BLOCKREF andBLOCKTYPEREF classesarefor referencesto BLOCK and
BLOCKTYPE objects,respectively.

PROCESS

Processesarethecomponentsin SDL thatdefinethebehavior of thesystem.They
may have creation-timeparameters,a set of input signals,connections(signal
routes)to other entitiesand an enhancedfinite stateautomatonassociatedwith

2The word “type” hasno othermeaningin SDL; abstractdatatypesarereferredto with the
term“sort.”
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them.3 In a processdeclarationonecanalsospecifytheinitial numberof process
instancesthat will be createdwhen the systemis initialized, and the maximum
numberof instancesof theprocessthatareallowedto exist simultaneously.

PROCESSTYPE and PROCESSI NST

Processescanbeinstantiatedfromprocesstypesjustlikeblockscanbeinstantiated
from block types.4 The initial andmaximumnumberof processinstancesand
formal parametersare specifiedin the PROCESSINST object; everything elseis
definedin thecorrespondingPROCESSTYPE object.

PROCESSREF and PROCESSTYPEREF

The PROCESSREF and PROCESSTYPEREF are for referencesto PROCESS and
PROCESSTYPE objects,respectively.

PROCEDURE, PROCEDUREREF, REM OTEPROCEDURE and I M PORTEDPRO-
CEDURE

Thereare two kinds of proceduresin SDL: local proceduresandremoteproce-
dures. Local proceduresareexecutedby the calling process,while remotepro-
ceduresareexecutedby a differentprocess.ThePROCEDURE classencompasses
local proceduredefinitions,andPROCEDUREREF is usedfor storingreferencesto
PROCEDURE objects.

Procedureshave an interfacedefinedin termsof parametersortsand return
sort. Theactionsof a procedurearedefinedin theAUTOMATON objectcontained
in it.

Remoteproceduresin SDL areotherwisedefinedlike local procedures,but in
thepreamble,theprocedureis givenaremoteprocedureidentifierwhich identifies
theREMOTEPROCEDURE entity thatservesremotecallsto theprocedure.Callers
of the remoteprocedureneedan IMPORTEDPROCEDURE entity thatdeclaresthe
calling interfaceof theprocedure.

SERVI CE

SDL processescanbepartitionedinto services.Eachservicemusthave a disjoint
setof input signals,andonly oneserviceof a processis executedat a time. Each
SERVICE classhasan optionalset of input signalsandan AUTOMATON object
associatedwith it.

SERVI CETYPE, SERVI CEI NST, SERVI CEREF and SERVI CETYPEREF

Servicesandservicetypescanbereferencedandinstantiatedjust like procedures
andblocks.

3Processesdividedinto servicesmayeffectively containmorethanoneautomaton.
4Thereare two differentkinds of instantiationhere: the compile-timetemplateinstantiation

from PROCESSTYPE andthecreationof run-timeprocessesfrom PROCESS or PROCESSINST.
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SI GNAL and SI GNAL S

Signalsdefinethemessagespassedbetweenprocesses.Therearetwo classesre-
latedto them. SIGNAL storesa single ¢ signaldefinitionitem£ , andSIGNALS en-
capsulatesa SIGNALL IST object,which correspondsto a ¢ signallist £ in theSDL
grammar.

DATA

TheDATA classcorrespondsto the ¢ datadefinition£ symbolin theSDL grammar.
An objectof thisclasscontainsareferenceto theactualdatatypedefinition,which
is a SORT object,to the initialization expressionfor variablesof this sort,andto
any constraintssetfor variablesof thesort,amongotherthings.

OPERATOR and OPERATORREF

It is possibleto defineoperatorsfor abstractdatatypes. Operatorsaremorere-
strictedthanlocalprocedures,sincethey canonly bedefinedin a ¢ datadefinition£
andmay only containvariableandsort definitionsandan automaton.The AU-
TOMATON associatedwith anOPERATOR maynot haveany persistentstateinfor-
mation,andit cannotcommunicatewith otherentities.

CHANNEL

Blockscommunicatethroughchannelsandprocessesthroughsignalroutes.Both
definitionsarestoredin CHANNEL objects. Unlike signal routes,channelsmay
have internalbehavior definedin termsof SUBSTRUCTURE.

SUBSTRUCTURE and SUBSTRUCTUREREF

SDL supportsmodularityandhierarchicaldesignsby allowing thepartitioningof
blocks into sub-blocksandchannels,which in turn canbe partitionedinto sub-
channelsandblocks. The SUBSTRUCTURE classis usedfor storingboth block
andchannelpartitions.

T I M ER

Timersareusedin protocolse.g.for preventingpotentialdeadlocksor for detect-
ing deadcommunicationlinks. In SDL, timersareeither inactive or active, and
active timershave a time andoptional parametersassociatedwith them. If the
timeassociatedwith atimerelapsesbeforeanew timeis setfor thetimeror before
thetimer is madeinactive,theownerof thetimerwill besentatimersignal,which
will carry the timer nameandoptionalparametersthatwerespecifiedat thetime
thetimer waslastset.

A TIMER objectcontainsa list of parametersort identifiersandanexpression
specifyingthedefault duration.
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SEL ECT

SDL hasvery limited supportfor conditionalcompilation. SELECT is oneof the
few constructsavailablefor thatpurpose.A ¤ selectdefinition¥ in theSDLgrammar
consistsof abooleanexpressionandof asetof entitydefinitions.If theexpression
is true, the entitiesdefinedinsidethe ¤ selectdefinition¥ will be treatedasif they
were definedin the surroundingentity. Otherwisethe definitionsare discarded
from thespecification.

5.1.2 EXPRESSI ON

Expressionsareverycentralin any programminglanguage.In our SDL compiler,
all expressionnodesarederivedfrom theabstractbaseclassEXPRESSION. Some
of the expressiontypes,implementedasEXPRESSION subclasses,arepresentin
virtually any programminglanguage,someareSDL specific.

CHARSTRI NGEXPRESSI ON and L I TERAL EXPRESSI ON

Thesimplestleavesof SDL expressiontreesarecharacterstringsandliterals(iden-
tifiers). In SDL, alsonumbersaretreatedasnamesor identifiers.CHARSTRING-
EXPRESSION is associatedwith a string andan optionalqualifier; L ITERALEX-
PRESSION encapsulatesan IDENTIFIER object, which containsthe literal name
andthe optionalqualifier. A L ITERALEXPRESSION canbe almostanything, for
instancea numericconstant,a literal of an enumeratedsort, or a referenceto a
variable.

NOPEXPRESSI ON

In SDL expressions,therearesomereservedwordsthatcanbeviewedasoperators
with no arguments.Thesewordsarehandledby NOPEXPRESSION objects.

UNOPEXPRESSI ON

SDL hastwo unary operators,the negation operator“-” and the logical “not”
operator. TheUNOPEXPRESSION classencapsulatesaunaryoperatorandanEX-
PRESSION associatedwith it.

BI NOPEXPRESSI ON

Thereareplentyof binaryoperatorsin SDL, thatis,operatorsthathavealeft-hand-
sideexpressionanda right-hand-sideexpression.Binary operatorexpressionsare
handledby theBINOPEXPRESSION class.

I FTHENEL SEEXPRESSI ON

The ternaryif-then-elseoperatorfamiliar from the C programminglanguageis
available in SDL, and IFTHENELSEEXPRESSION objectsstore the if-then-else
nodesof theexpressiontree.
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STRUCTCOM PONENT and STRUCTEXPRESSI ON

A tupleof variablesis calledstruct in SDL. A struct hasnamedcomponents.
Individual componentsof a struct areaccessedby name.TheSTRUCTCOMPO-
NENT classhandlessuchaccesses.

All componentsof thewholestruct canbeinitialized at oncewith a special
notation.STRUCTEXPRESSION encapsulatestheexpressionsusedfor initializing
thecomponents.

STRUCTOROPERATOR and OPERATORAPPL I CATI ON

SDLhastwosyntaxesfor accessingstruct components,andoneof themconflicts
with OPERATORAPPLICATION, which is usedwhenauser-definedoperatoris ap-
pliedto, or “calledwith” someargumentexpressions.TheSTRUCTOROPERATOR

classis usedfor dealingwith thesedefinitions. Also accessesto arrayelements
arecatchedby this class.All STRUCTOROPERATOR objectswill beconvertedto
otherobjectsin latercompilerstages.

PROCEDURECAL L and REM OTEPROCEDURECAL L

Local andremoteprocedurecallsaresemanticallycloseto user-definedoperator
applications,but sinceproceduresanduser-definedoperatorshaveseparatenames-
paces,it is easiestto write separateclassesfor procedurecalls: PROCEDURE-
CALL for local and REMOTEPROCEDURECALL for remotecalls. Both classes
encapsulatetheprocedureidentifier andtheactualargumentexpressionlist. For
REMOTEPROCEDURECALL, alsoanexpressionidentifying thecall destinationis
recorded.

I M PORTEXPRESSI ON

Whena remotevariableis imported,its valueis copiedfrom theprocessholding
themastercopy of thevariable. IMPORTEXPRESSION recordsthevariableto be
imported,the expressionidentifying the process,and an optional messagepath
whichshouldbeusedwhenimportingthevariable.

V I EWEXPRESSI ON

The deprecatedview/revealed conceptin SDL effectively lets processesshare
global variables. Processesviewing a global variablecannotmodify its value;
only the processthat declaredthe variablecan. V IEWEXPRESSION recordsthe
variableidentifierandanexpressionidentifying theprocesswhosemastercopy of
thevariableis to beviewed.

ACTI VEEXPRESSI ON

An ACTIVEEXPRESSION is a booleanexpressionthat enquireswhethera timer
instanceis active. Its parametersare the timer identifier and the optional timer
parameters.
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Table5.1: Built-in leaf sortsin SDL

Boolean Booleantruthvaluesandoperators
Character A single7-bit InternationalAlphabet5 character
Charstring String(Character,’’)
Integer Arbitrary precisionintegernumber
Natural Non-negativearbitraryprecisionintegernumber
Real Arbitrary precisionfloatingpointnumber
PId Processidentifier
Duration A Real valueindicatingdurationof a time interval
Time A Real valueindicatingabsolutetime

ANYEXPRESSI ON

The ANYEXPRESSION is associatedwith the ¦ anyvalueexpression§ in the SDL
grammar. It denotesanunspecifiedvalueof asort,i.e. it will evaluateto any value
of thespecifiedsort.

RANGE

In SDL, it is possibleto defineconstraintsfor valuesof a datatype. Sincethese
constraintsaredefinedin termsof expressions,it is naturalto useanEXPRESSION-
derived classfor them. The abstractRANGE classandits subclasseshandlethe
valueconstraintsin SDL.

5.1.3 SORT

Theabstractdatatype,or sortsystemin SDL hassomepeculiarities.First of all,
SDL supportsaxiomaticdefinition of datatypes. It seemsthat axiomsareonly
usedfor definingthebuilt-in datatypesin [27, Annex D]; it would beextremely
difficult to write a compiler that would interpretthe axioms,checkthat they are
solid andcomplete,andfinally translatethe axiomsto an efficient implementa-
tion of thedatatypeandits operators.Our compilerparsesaxiomaticdefinitions
properly, but it ignoresthemandissueserrormessagessayingthataxiomsarenot
supported.

Therearetwo kinds of sortsin SDL: simplesorts,or leaf sorts,aspresented
in Table5.1, andstructuredsorts,whichconsistof othersorts.SDL doesnothave
anything correspondingto the union type of C. Our compiler supportschoice
with a struct-like syntaxas a non-standardaddition inspiredby ASN.1. The
structuredsortsareasfollows:

Array(Index,Itemsort)
An arrayof Itemsort indexed by Index sort. As opposedto many other
programminglanguages,Index sort neednot be an integer-like sort; SDL
arrayscanbeindexede.g.by Charstring or by a structuredsort.
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struct
A struct sortconsistsof namedcomponentsof any sort. A struct value
definesvaluesof all thestruct components.

choice
Thechoice sort is likestruct, but only oneof thecomponentsis activeat
a time. Thus,achoice valuemustactuallybeavalueof oneof thechoice
componentsorts.

Powerset(Itemsort)
A power set of Itemsort. Powerset could be implementedin termsof
Array asArray(Itemsort,Boolean) augmentedwith someoperators.

String(Itemsort,Emptystring)
Stringof Itemsort; akind of Natural-indexedarray. Emptystring speci-
fiestheliteral thatwill beusedfor denotingtheemptystring.

syntype
Synonym type; a sort alias. The sort definedby syntype inheritsthe data
structurefrom theoriginal sortandpossiblyaugmentsit with someliterals,
constraintsandoperators.

SimpleSorts

Theclassesdefiningsimplesortsdo not have any memberobjects;everythingis
inheritedfrom thebaseclassSORT. TheSORT classhasa referenceto theDATA

entitycontainingthesortdefinition,andit holdstheliteralsdefinedfor thesort. In
addition,thebaseclassSORT keepstrackof theoperatorsdefinedfor thesort.

ARRAYSORT

The ARRAYSORT classcorrespondsto the Array generatorin SDL. It hastwo
members:theindex sortandtheitemsort.

STRUCTSORT and CHOI CESORT

Thetwo classesSTRUCTSORT andCHOICESORT implementthestructuredsorts
struct andchoice, respectively. The componentsortsarestoredin a COMPO-
NENTL IST.

POWERSETSORT

For now, thePOWERSETSORT classonly storesthepowersetitemsort.

STRI NGSORT

The STRINGSORT classhandlesthe String generator. The item sort and the
emptystringliteral (nameor characterstring)arestored.
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SYNTYPESORT

TheSYNTYPESORT classonly recordstheoriginalsort.Addedliteralsandopera-
torsarekepttrackby theSORT baseclass,andconstraintsareassociatedwith the
DATA entityencapsulatingtheSYNTYPESORT object.

5.1.4 STATE

Usually, all actionsin an imperative programminglanguagetake placein state-
ments, which form the bodiesof functionsandprocedures.SDL, asa language
designedfor modelingcommunicatingautomata,hastheconceptof statesat the
function or procedurebody level. For instance,a processmayhave a numberof
namedstates,eachof which is associatedwith conditionsor input signals.When
theprocessreceivesan input signalthat it is expectingin its currentstate,it will
executea sequenceof statements,the transition associatedwith that input and
state.5

AUTOM ATON

TheAUTOMATON classgluesthebuilding blocksof extendedfinite stateautomata
together. It hasa referenceto the surroundingENTITY, andit hasreferencesto
all statesandtransitions(statementsequences)of the automaton.Onestatement
sequenceis in a specialposition: the (in somecasesoptional)start transitionis
executedwhentheautomatonis entered,beforewaiting for any input. AUTOMA-
TON alsokeepstrackon thenamesof statesandon labels,which canprecedeany
statementandactasentrypoints.

During parsing,the AUTOMATON classmaintainssomeauxiliary structures
that areneededfor expandingthe short-handnotationsin SDL, suchasdefining
thebehavior of all statesby usingthe“state *” construct.

STATE

SDL automataleave their currentstateuponreceiving a signal,or whena logic
condition,specifiedin termsof a Booleanexpression,becomestrue. Figure5.1
representsasimpleprocesswith two states,calledIdle andActive. Initially, the
processwill switch to theIdle state,whereit is expectingtwo signals,Atn and
Quit. Upon receiving the former signal, the processwill switch to the Active
state;the Quit signal will be saved to be consumedlater. In its Active state,
theprocessonly expectstheQuit signal,which will causetheterminationof the
process.Theprocesscanalsoreturnto theIdle stateif the ¨ anyvalueexpression©
“any (Boolean)” evaluatesto True.

TheabstractSTATE classmanagestheconditionsandactionsassociatedwith
statesin SDL automata.The AUTOMATON classkeepstrack of the statenames

5The SDL statesand transitionsarenot to be mixed with the placesand transitionsof Petri
Nets [20]; SDL specificationstypically have variables,which containstateinformation,andan
SDL transitionusuallyinvolvescommunicationandothernon-atomictasks.
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process Simple;
start;
nextstate Idle;

state Idle;
input Atn;
nextstate Active;

save Quit;

state Active;
input Quit;
stop;

provided any (Boolean);
nextstate Idle;

endprocess Simple;

Figure5.1: An SDL processcontainingasimpleautomaton

andassociateseachnamewith (typically multiple) STATE objects.For example,
theAUTOMATON objectcontainingthedefinitionsof Figure5.1will associatetwo
objectsof STATE-derivedclasses,INPUT andSAVE, with thestatenameIdle.

Signalscanbehandledin threeways. They canbeconsumedimmediatelyor
savedto beconsumedlater. The INPUT classhandlestheconsumptionof signals,
and the SAVE classcorrespondsto the grammarrule ª savepart « . Unexpected
signalswill be implicitly consumedby the system,without affecting the current
stateof theautomaton.

The third STATE-derived class,CONTINUOUS, is associatedwith the non-
terminalsymbol ª continuoussignal« in the SDL grammar. The statecanbe left
whenever theconditionEXPRESSION associatedwith CONTINUOUS evaluatesto
True.

Whena STATE objectcausesthestateto be left, theactionor SDL transition
(chainedSTATEMENT objects6) associatedwith it will beexecuted.

ASSI GNM ENT

Assignmentscouldalsobetreatedasexpressions,but sinceSDL doesnotallow as-
signmentsinsideexpressions,we choseto derive ASSIGNMENT from theabstract
STATEMENT baseclass. Both sidesof ASSIGNMENT areEXPRESSION objects,
andtheleft-hand-sidemustevaluateto avariable.7

6Herewemanagealinkedlist of STATEMENT objectsby ourselves,notusingthelist template
of theStandardTemplateLibrary, sincestatementsneedto bemanipulateda lot whenperforming
optimizations.

7SDL doesnot allow e.g. IFTHENELSE in theleft-hand-sideexpression,but thereis no reason
(otherthancompatibilitywith [27]) why it shouldnotbeallowed.
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DECI SI ON

In SDL, therearetwo constructsthatresembletheswitch constructfamiliar from
the C programminglanguage. Both constructs,alternative and decision,
translateinto DECISION objects,which have a conditionEXPRESSION anda list
of STATEMENT chainsassociatedwith EXPRESSIONs.

Whenthe DECISION is executed,theconditionwill beevaluated,andtheac-
tion associatedwith the first EXPRESSION that evaluatesto a valueequalto the
conditionwill beexecuted.Thereis alsoanoptionalelse partwhoseactionwill
beexecutedotherwise.Theexecutionwill continuefrom theSTATEMENT follow-
ing theDECISION.

EXPORT

Valuesof remotevariablesmustbeexportedexplicitly with a statement.TheEX-
PORT classis associatedwith ¬ export in thegrammar.

EXPRESSI ONSTATEM ENT

In SDL,procedurecallsareexpressions.In orderto beableto call proceduresfrom
automata,we needsomethingthat gluesEXPRESSION andSTATEMENT objects
together:theEXPRESSIONSTATEMENT class.

L ABEL and JOI N

With LABEL, it is possibleto defineentrypointsto STATEMENT chains,andthe
JOIN statementcanbeusedto jump to anentry point.8 The SDL grammardoes
not allow multiple labelsto a statement,but our implementationdoes(andissues
anappropriatewarningmessagewhenneeded).

OUTPUT

SDL automataacton input signals.Without outputfrom somewhere,therewould
notbeany input. TheOUTPUT statementmakesit possibleto sendsignalsto other
processes,or evento thecurrentprocessitself.

SETT I M ER and RESETT I M ER

Automatacansettimerswith SETTIMER andreset(inactivate)themwith RESET-
TIMER statements.

CREATE

In SDL, processesarecreatedwith a statement,not with a built-in functionsuch
asfork(2) in Unix-like systemkernels.The CREATE statementin SDL returns

8TheSDL keywordjoin is calledgoto in mostotherprogramminglanguages.
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statusinformation to its caller throughbuilt-in variables,which are coveredby
NOPEXPRESSION.

NEXTSTATE, RETURN and STOP

Statementchainsareterminatedin threeways.Theautomatoncanswitchto astate
(NEXTSTATE), it canreturnto thecaller(RETURN), or theprocesscontainingthe
automatoncanbeterminated(STOP).

5.1.5 Other Classes

The syntaxtreeclassespresentedso far enclosemany auxiliary objects,suchas
IDENTIFIER for storinge.g.sort names.Theseclassesaresimpleandrepresent
very low-level grammarobjects.

NAM EL I ST

In many placesof theSDL grammar, therearelistsof names:variablenames,state
names,literal symbolnames.TheNAMEL IST classwrapsa list<char*> object
andensuresthateachnameon thelist is unique.

I DENTI FI ER and PATH I TEM

SDL hasseveralnamespacesandmultiple levelsof scoping.An ® identifier̄ is a
® namē optionallyprecededby a ® qualifier̄ , which is a list of ® pathitem̄ s identi-
fying theSDL entitywherethenamedobjectis defined.Thequalifiercanidentify
a full pathfrom therootof theentitydefinitiontree(startingfrom theSPECIFICA-
TION level), or theouterentitiescanbeomittedfrom it, if theentitycontainingthe
identifieris definedin their scope.

Path itemsarestoredin PATHITEM objects,andlists of themarecollectedto
PATHITEML IST objects.An IDENTIFIER objectencapsulatesa name(a character
string)andanoptionalPATHITEML IST.

I DENTI FI ERANDPARAM ETERS

An IDENTIFIERANDPARAMETERS object encapsulatesan IDENTIFIER and an
EXPRESSIONL IST. It is usedfor converting a STRUCTOROPERATOREXPRES-
SION or a L ITERALEXPRESSION that is initially parsedasanEXPRESSION. The
classis only usedduringtheparsingstage.

NAM ESOFSORT and COM PONENT

The NAMESOFSORT class,asits namehints, encapsulatesa NAMEL IST andan
IDENTIFIER identifying a datatype (sort). It is mainly usedin variabledeclara-
tions.

WhenNAMESOFSORT is usedwhile parsingstruct or choice component
declarations,it will be convertedto a COMPONENTL IST. EachCOMPONENT of
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the list is assigneda namefrom the NAMEL IST and the sort identified by the
IDENTIFIER of theNAMESOFSORT.

DEFI NI TI ONSEL ECTI ON

SDL packagesmayhaveaninterface,whichrestrictswhichdefinitionsof thepack-
ageareaccessibleby otherpackages.Also, whenimportingdefinitions,onedoes
not have to import all definitionsbelongingto the interfaceof a package.The
DEFINITIONSELECTION andDEFINITIONSELECTIONL IST classesareusedboth
for specifyingthepackageinterfaceandfor listing theimporteddefinitions.

PACK AGEREFERENCE

Referencesto thedefinitionsin anSDLpackagearehandledby thePACKAGEREF-
ERENCE class.It recordsboththepackagenameandanoptionalDEFINITIONSE-
LECTIONL IST, which specifieswhichdefinitionsof thepackageareto beused.

An SDL entity may needdefinitionsfrom severalpackages.Thus,eachEN-
TITY classhasanoptionalPACKAGEREFERENCEL IST member.

CONNECTI ON and GATE

SDL blocksareconnectedto eachothervia connections,which may consistof
multiple channels,which aredefinedin CHANNEL entities. Whenchannelsare
referredto, their identifiersarestoredin CONNECTION objects.

Gatesarea kind of connectiontemplates,usedin block, processandservice
types. In addition to constrainingthe other end point (one is connectedto the
instantiatedblock, processor service)they constrainthe signalsallowed. GATE

objectsstoreall this information.

FPAR and TYPEEXPRESSI ON

Templateswouldbeof nouseif they hadnoparameters.In SDL, theparametersof
templates(system,block,processandservicetypes)arecalledformalparameters,
andtheirvaluesareboundwith typeexpressions. TheFPAR andFPARL IST classes
areusedfor formal parameterdefinitions. TYPEEXPRESSION is very simple: it
containsan IDENTIFIER identifying the template(type) andan IDENTIFIERL IST

with theactualparametersto beusedin theinstantiation.

SI GNAL L I ST

Whensignalsarereferredto in anSDL specification,signallistsareused.A signal
list containsitemsconsistingof identifiersof signals,timers,remoteproceduresor
variablesor identifiersof othersignal lists. In our compiler, the signal lists are
SIGNALL IST objectsencapsulatingSIGNALL ISTITEM objects.
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VARI ABL E

Without variables,a programminglanguagewould beof very little use. In SDL,
variablesmay have two namesassociatedwith them: the local nameandan op-
tionalexportedname,by which remoteentitiescanreferto it. Eachvariablehasa
sortassociatedwith it, andin SDL, variablescanbe initialized with a default ex-
pression.In our SDL compiler, all this informationis wrappedtogetherin VARI-
ABLE objects.

5.2 Programming Tricks

In a big programmingprojectoneis very likely to encounterproblemsthathave
rathertricky solutions.Tricksrelatedwith thelexical analyzerhavebeendescribed
in Sections3.1.3and3.2. Therearealsomany tricksspecificto C andC++,which
areusefulin any project.

5.2.1 Making Useof the C Preprocessor

C andC++compilersprocesstheir input in two passes.Thepreprocessorstripsoff
any comments,expandsmacrosandhandlesincludefiles. Thepreprocessedinput
is fed to therestof thecompiler, whichperformstheactualparsing.

Programsareusuallysplit into modules,which arecompiledseparately. The
compiledmodulesarelinkedtogetherto form theexecutableprogram.Theinter-
faceof a moduleis definedin a headerfile, which is includedinto all modules
usingit.

Anotherusefor includefiles is definingpreprocessormacros.Commonlyused
macroscanbe definedin onefile, which is includedfrom any moduleusingthe
macros.In thisway, themacrodefinitionscanbestoredin oneplace,whichmakes
maintenanceveryeasy.

Thereis a third usefor include files. An include file can consistof macro
invocations.A modulewill definethemacro,includethefile, redefinethemacro,
includethefile again,andsoon. This trick wasneededin someplacesin ourSDL
compiler. Its first applicationwasin theENTITY class.

EachENTITY objectcontainsa map of eachENTITY subclass,andeachmap
is handledin a similar way. The programcodebecamevery compactby us-
ing the macrotechnique.A file calledallEntities hasan E() macrocall for
eachENTITY subclass.This file is includedseveraltimesfrom theEntity.h and
Entity.C files. Adding a new ENTITY subclassto thecompilerdoesnot neces-
sarily needany changesin thebaseclassmodule;only oneline needsto beadded
to theallEntities file. However, everythinghasits price. Thecodedefinedin
themacrosis difficult to debug. On theotherhand,themacroto bedebuggedcan
beexpandedmanually, andonceit works, it will continueto work for any setof
subclassesdefinedin theallEntities file.
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5.2.2 The Standard TemplateLibrary

The StandardTemplateLibrary (STL) is a welcomeadditionto a C++ program-
mer’sarsenal.It containsC++classtemplatedefinitionsfor practicallyeverybasic
building block of datastructuresonecanimagine,saving the programmerfrom
reinventingthewheelonceagain.

STL hasits drawbacks.TheSTL containerscanonly storefixed-sizeobjects.
That is no problem,aslong asinheritanceis not used.Objectsof a derivedclass
typically have moremembervariablesandthusrequiremorestoragethanobjects
of thebaseclass,andcastingthemto thebaseclasswould loseinformation. The
only way to storesuchobjectsin STL containersis via pointersor references.A
pointeralwaystakesthesameamountof storage,nomatterwhatkind of anobject
it pointsto. Also, it is sometimesimportantto beableto storenull pointers,e.g.
meaningthatanEXPRESSION in anEXPRESSIONL IST is empty.

Problemswith Pointers

Using pointersintroducesmany problems,andoneof themis dynamicmemory
allocation.SinceC++ doesnot havegarbagecollection,all dynamicallyallocated
memoryshouldbe freedsomewhere,asdiscussedin Section6.4. Whenan STL
containerobjectis deallocated,its destructorwill call thedestructorfor eachstored
component. Sincepointersdo not have any useful destructorsassociatedwith
them,theobjectswhosepointersarestoredin theSTL containerobjectwill notbe
deallocated.

One often suggestedsolution to the deallocationproblemis usinga pointer
wrapperclass. Insteadof storing raw pointers,the StandardTemplateLibrary
containerwill storepointerwrapperobjects. This introducesonemore level of
indirection and hasits own problems. STL containersinvolve lots of run-time
copying due to the way they mustbe implemented.In a compiler, most of the
copying is unnecessary. Whena semanticaction in the parserappendsa syntax
treenodeto a list, it typically alsowantsto transfertheownershipof thenodeto
thelist, sothatthelist will takecareof deallocatingthenodewhenthelist itself is
beingdeallocatedfrom thememory. Whenanobjectis storedin anSTL container,
a freshcopy of it will be made,andif theobjectpassedto STL for storingis no
longerneededoutsidetheSTL container, it mustbedeallocated.A parserstoring
syntaxtreeobjects(insteadof pointersto them)in STL containerswould involve
muchallocationandcopying immediatelyfollowedby deallocation.

Copying pointersis simpleandefficient while copying objectshaving a com-
plex, nestedstructureis not. Unlessthe pointerwrappermakesuseof reference
counting,theobjectcontainedin it mustbecopiedevery time thepointerwrapper
objectitself is copied.Also, implicit conversionsperformedby theC++ compiler
can be hazardous.If a function expectsa pointer wrapperobject and the con-
structorof the wrapperhasa singleparameter, the pointer, we arejuggling with
chain-saws. Now if we passa raw pointerto thefunction, theC++ compilerwill
allocatea pointerwrapperobjecton thestackfor us,call thefunctionanddeallo-
catethe pointerwrapper. Typically this is not intended,andfinding thecauseof
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theunwantedbehavior canbeverydifficult.

Trouble with SomeC++ Compilers

Whena C++ moduleneedsa pointer to an objectof a class,the C++ compiler
doesnot needto know theclassdefinition.9 However, if it turnsout later that the
classactually hasbeeninstantiatedfrom a template,Digital C++ Compiler 6.0
startschoking. It would bemucheasierif all commonlyusedobjectsbelongedto
normalclasses.

The Solution: Wrapping TemplateInstantiations

All StandardTemplateLibrary relatedproblemsdescribedearliercanbe solved
by wrappingnormalC++ classesaroundthe STL containers,which areusedfor
storingraw pointers. For instance,a list of EXPRESSION is definedin the class
EXPRESSIONL IST, whichhasaprivatememberof thetypelist<Expression*>.
Thedestructorof EXPRESSIONL IST will takecareof deallocatingthelist member
objects.

WrappingSTL containersin this way also hasother advantages.The pro-
grammerhasfull controlover themethodsdefinedfor thewrapperclass.Not all
methodsof thecontainerneedto bemadeavailable,andthey canberenamed.It is
alsopossibleto defineadditionalmethods,e.g.for dumpingthesyntaxtreenode
(seeSection6.1).

In ourSDL compiler, STL templateinstantiationswereoriginally encapsulated
by deriving otherclassesfrom them. It seemedto work, but therewasa potential
risk involving destructors.Sincethedestructorsof STL containersarenot virtual,
it is notguaranteedthatboththedestructorof theSTL containerandthedestructor
of the classderived from it arecalledin all cases.Leaving sucha flaky solution
in the programwas out of question,sinceit would most probablyhave caused
memoryleaksor unexpectedproblemslater.

Wetried to solvetheproblemby usingpointerwrapperclassesin someplaces,
but thereweretwo problemsinvolvedwith them.First,a pointerwrapperwithout
referencecountingcausesverymuchcopying, mostof which is unnecessary. Sec-
ond,wewantedto havesomecustommethodsin thecontainerobjects,andadding
themto theSTL templateswasclearlyoutof question.

Now all STL containersin ourcompilerarekeptin privatemembersof wrapper
classes.This alsomakesit possibleto restrictaccessto the methodsin the STL
containers.

5.3 SemanticAnalysis

A programminglanguagedefinition specifiestwo things: syntax(what the lan-
guagelookslike)andsemantics(whatdifferentconstructsin thelanguagemean).

9Remember, pointersalwaysrequirethe sameamountof memory, no matterwhat kind of an
objectthey arepointingto.
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With somedeliberateexaggeration,we simply saythata programis syntactically
correct if it is acceptedby the context-free grammarembeddedin the particular
compiler’s front-end(that is, it containsno sucherrorsthat are syntacticin the
senseof Chapter4). Sinceprogramminglanguagesaregenerallynot context-free,
syntacticcorrectnessis not sufficient for semanticconsistence. For example,if an
operationin theprogramtext hasoperandswhosetypesaremutually incompati-
ble, thentheprogramasa wholehasno well-definedsemantics;andit is usually
not reasonableto try to incorporatethe requirednon-trivial checkinto a context-
free grammar. Ensuringsemanticconsistence,or semanticanalysis(that is, the
detectionof sucherrorsthataresemanticin thesenseof Chapter4), typically in-
volvesa lot of programmingwork, sincethe checkshave to be hand-codedfor
eachconstructin thesyntaxtree.

5.3.1 SimpleAnalysiswhile Parsing

Someof the semanticanalysiscantake placein the parsingstage.For instance,
considertheSDL constructSYSTEM ° name± /ENDSYSTEM [ ° name± ]. If a ° name±
is specifiedafterENDSYSTEM , it mustmatchthe ° name± following theSYSTEM .
Our SDL parserperformsthe checkwhile readingin the SDL specification,and
thesecond° name± is neverstoredin thesyntaxtree.

5.3.2 ResolvingReferences

Whena constructin the input is allowed to containforward references,e.g.it is
allowedto refer to datatypeswhich aredefinedlaterin theprogram,no semantic
analysisof theconstructcanbecompleteduntil thewholeinput hasbeenparsed.

Forwardreferencesareallowedpracticallyeverywherein SDL. Our compiler
resolvesno namesor identifiersuntil it hasparsedthe whole input. Syntaxtree
nodeswill haveto housethenameor identifierof areferencedsyntaxtreenodeun-
til it hasbeenresolved.Thewholesyntaxtreecanberesolvedrecursively. Special
measuresmustbetakento avoid infinite recursion.For instance,thecyclic declara-
tion syntype a=b endsyntype; syntype b=a endsyntype; mustbedetected
by theresolutionalgorithm.

The nestedscopingandseparatenamespacesin SDL make the resolutionof
referencesinteresting.An ° identifier± consistsof a ° name± precededbyanoptional
° qualifier± , which identifiestheentity wheretheobjectwith thenameis defined.
Thequalifieris alist of pathitems,listing nestedentitiesstartingfrom thetoplevel.
Leftmostpartsof thequalifiercanbeomitted,if they arecommonwith theentity
surroundingtheidentifier. Becauseof this,theidentifierresolutionalgorithmmust
be preparedto dealwith ambiguities.A qualifier could refer to two objects,for
instanceto onedefinedin anentity of thecurrentpackage,andto anotherdefined
in anequally-namedentity on thespecificationlevel.
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5.3.3 TypeCheckingand ExpressionEvaluation

EvaluatingSDL expressionsis not straightforward. Literals arealmostindistin-
guishablefrom eachother. Only characterstringconstantsaredistinguishedfrom
otherliteralsin thegrammar. Neithertheliteralsnor thenamesof built-in sortsare
reserved words. A literal 42 canbelongto a user-defined(possiblyenumerated)
sortaswell asto thebuilt-in sortsInteger or Real or theirderivatives.It canalso
bea variablename.In addition,built-in operatorscanbedefinedfor user-defined
sorts. An expressionlike 1+2 canbe e.g.of the Integer sort andevaluateto 3.
Therecouldalsobeauser-definedsortwith literals1, 2 andtheoperator+, which
canbedefinedto returnanything for 1+2.

Theseproblemscan be addressedby evaluatingexpressionsin two stages.
First, the sort of the expressionis determinedfrom the context. For instance,if
an expressionis assignedto a variable,the expressionmusthave the samesort
asthe variable. The sort will be recursively propagatedto all subexpressionsof
theexpression,including theliterals. Not necessarilyall subexpressionshave the
samesort;e.g.theparametersof aprocedurecall mustagreewith thesortsdefined
in theinterfaceof theprocedure.If thesortpropagationsucceeds,10 theexpression
canbeevaluated.

Thesethingshave not yet beenimplementedin theSDL compiler, sinceit is
not clearwhich datatypeswill bedirectly supportedby thereachabilityanalyzer.
Expressionevaluationis tightly coupledwith codegeneration,or PetriNet model
generationin our case.Also the ASN.1 parsermustbe integratedwith the com-
piler, sothatdatatypesdefinedin termsof ASN.1canbeusedin SDL expressions.

5.3.4 CheckingSignalsand Connections

In SDL, processescommunicateby sendingmessages(calledsignalsin SDL) to
eachother’s messagequeues.Eachprocesshasa setof valid input signals. If a
processreceivesan invalid signal, the signalwill be silently discardedfrom the
messagequeue.Sendinganinvalid signalto a processcanbeviewedasanerror.
Similarly, it is anerrorto sendasignalthatis notallowedonaconnectionor signal
route.

This kind of errorscanoftenbe discoveredby thecompiler. Somedataflow
analysiscanbeusedto determinewhichprocessor channelis receiving thesignal.
If it cannotbe determinedat compiletime, the modelgeneratormustmake sure
thatsucherrorswill bedetectedat “run time,” duringthereachabilityanalysisof
themodelgeneratedfrom theSDL specification.

10For instance,therecouldbereferencesto undefinedprocedures,or a procedurecouldhave a
differentnumberof argumentsthanspecified.Also, asortcouldlackanoperatoror a literal thatis
usedin theexpression.
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Chapter 6

DebuggingMethods

Onecannotexpecta non-trivial programto be free of bugs. Compilersarevery
complicatedprogramsmanipulatingcomplex datastructures.A subtleprogram-
ming mistake can corrupt a datastructureentirely. Debugging and testingare
essentialin all stagesof development.

6.1 Dumping the Syntax Tree

The syntaxtree is an utterly complex datastructure. Usually compilerscontain
routinesfor canonicallyprintingoutthesyntaxtreeof theinputprogram.OurSDL
compileris noexception.Routinesfor dumpingthesyntaxtreecanbeincludedto
theprogramasacompile-timeoption.

Object-orientedprogrammingmakesdumpingthe syntaxtree easy. Almost
every classhasa methodprettyPrint() thatprints out the objectandits com-
ponentobjects.Themethodhasoneparameter, the indentationlevel. Figure6.2
illustratesa syntaxtreedumpof thesimpleprogrampresentedin Figure6.1. The
typeandnameof eachobjectis displayed,andthevaluesin parenthesesrepresent
thememoryaddresseswheretheobjectsarelocated.

Displayingthememoryaddressesin thesyntaxtreedumpmaketheoutputde-
pendentontheC++compilerandrun-timelibrariesusedfor theSDL compiler, but
they caneasedebugging,whenonecallstheprettyPrint() methodsof selected
objectsfrom thedebugger.

Dumping the syntax tree is an easyway for detectingcoarseerrors in the
pointerarithmeticsof thecompiler.1 It is alsoa very usefulaid whenfine-tuning

1Whensomethingis terribly wrongwith thesyntaxtree,thesyntaxtreedumpprocedurewill

process click_here_to;
start;
stop;

endprocess click_here_to;

Figure6.1: A simpleSDL program
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Specification (0x815c628) {
ProcessMap {

click_here_to Process (0x8160d48) {
automaton:
Automaton (0x8161398) {
start:

Stop (0x8160f20)
}

}
}

}

Figure6.2: A syntaxtreedumpof theprogramin Figure6.1

errorhandling,or whentrying to find outwhy thecompilerworksin acertainway.
Togetherwith thedebuggingmodeof theBison-generatedparser, thesyntaxtree
dumphelpsonelocateerrorsin thegrammaror in thesemanticactions.

6.2 RegressionTesting

Even thoughour SDL compiler doesnot generateanything except syntax tree
dumpsyet, we say a few words aboutdebugging the generatedcode,which is
a Petri Net modeldescriptionin our case.It maybeusefulto have two kinds of
printoutsof the generatedcode: onefor debuggingandthe othercontainingthe
actualoutputoneexpectsto obtainfrom thecompiler.

Thecodegeneratoris oneof themostcritical partsof acompiler. If it produces
incorrectcode,thecompileris useless.Whenmodifying thecodegenerator, one
wantsto besurethatthemodificationhasnounexpectedsideeffects.

Largecompilershavesomany constructsthatit is unfeasibleto manuallyverify
thatall of themaretranslatedproperly. Regressiontestingisamuchbettersolution.
A setof testcases,consistingof input programsandtheir expectedtranslations,
is written, andeachtime the compiler is modified,the testcasesarerun. If the
compilerproducesunexpectedoutput,theprogrammerwill compareanarchived
copy of the expectedoutput to the actualoutput of the compileranddetermine
whetherthecompileris in erroror theexpectedoutputneedsto beupdated.2

Regressiontestingcanbeimplementedin many ways. It seemsreasonableto
keepthe testsuitestoredin a versioncontrol system.Whenthe codegeneration
is modified,archivedcopiesof theexpectedoutputwill beupdatedto theversion
controlsystem.Testsuiteswill besynchronizedwith compilerreleasesby tagging

probablybeabortedbecauseof a segmentationviolation.
2Thetestcaseneedsto beupdatedwhenthecorrectionof a previously undetectederror in the

compileraffectstheoutput,or whenoptimizationsareimproved.In bothcases,thegeneratedcode
mustbecarefullyexaminedto ensurethatit is correct.If it is, theoutputof latercompilerversions
will becomparedagainstit.
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all fileswith acommonsymbolicname.In thisway, it is possibleto repeatthetest
suitesof oldercompilerreleases.

6.3 Assuring Portability

C andC++ aredesignedto beportablelanguages,meaningthat in theidealcase,
aprogramdevelopedfor onesystemusingonestandard-conformingcompilercan
becompiledfor (portedto) any systemusingsomeothercompiler.

Compilerstendto have non-standardor system-dependentfeatures,andsome
compilersdo not implementall of thestandard.C++ andtheStandardTemplate
Library have beendevelopeda lot in thepastyears,andnot all compilerssupport
all theessentialfeaturesof thestandard[5] yet.

To maximizethe portability of a C++ program,oneshouldtry compiling it
with asmany compilersaspossible.Somecompilersareout of question,because
they do notsupporta recentenoughversionof theStandardTemplateLibrary, but
othersrequireonly asmallamountof changesto thecode.3

The SDL compilerhasbeensuccessfullycompiledusing the following C++
compilers:

² EGCS2.91.57

² Digital C++ Compiler6.0

² Hewlett–PackardaC++CompilerA.01.06

6.4 DetectingMemory Leaks

Dynamicmemoryallocationwithoutgarbagecollection, automaticdeallocationof
unusedobjects,involvesa problemcalledmemoryleaks. A programthatdynam-
ically allocatesan objectanddoesnot deallocateit whenthe objectis no longer
neededis saidto haveamemoryleak.Thememoryareaoccupiedby theobjectis
totally useless,sincetheobjectis not neededany more. As a result,theprogram
will probablyrequiremorememoryin run-timethananequivalentprogramhaving
nomemoryleaks.

We debuggedthe memorymanagementof our SDL compiler using several
tools. Onevery usefultool is theElectricFencelibrary [19], a malloc() debug-
ger library that makesuseof the memorymanagementhardware. It protectsall
deallocatedmemoryagainstreadandwrite accesses.Any accessto unallocated
memoryis caughtimmediately.4 Electric Fencedoesnot detectmemoryleaks,
though.

3Hewlett–Packard’s C++ compiler (aC++ A.01.06) falls in the latter category: its template
deductionalgorithmsfail sometimes,and operator!= doesnot work with const_iterators.
Luckily operator== doeswork.

4Normally sucherrorsarenot detecteduntil muchlater, whensomeotherpartof theprogram
crashesbecauseits datastructureswereoverwrittenor theinternaldatastructuresusedfor dynamic
memorymanagementarecorrupted.
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Therearenot many freely availablememorydebuggingtools. Checker [11]
only works with C programs,not with genericC++. The dmalloc library [24]
seemspromising,but theversionwetesteddoesnotproduceveryusefuldebugging
messages.For eachleaked memoryarea,dmalloc reportsthe line numberand
thefile nameof thenew operatorapplicationor malloc() call thatallocatedthe
memoryarea. Whenusingthe StandardTemplateLibrary, the informationis of
little use,sincemostobjectswill beallocatedsomewherein anSTL template.A
stacktracedump, listing all procedureinvocationsthat were in effect when the
memoryareawasallocated,would be moreuseful. However, generatingsucha
dumpis nontrivial andhighly system-dependent.

The only commerciallyavailable memorydebugging tool we tried is Third
Degree[7]. Whena programis run underits control,5 a log file will begenerated,
reportingall memory leaksusing helpful stack traces. An interactive memory
debuggerthatwould let oneto analyzememoryleakswhile theprogramis running
would bemoreconvenientto use,but no suchtool wasavailablefor us.Currently
our parserleaksmemoryfrom severalplaces.

Luckily, memory leaksare not very crucial in typical compiler front-ends,
which merelyparsetheprogram,allocatingnodesfor thesyntaxtree. Thewhole
syntaxtreewill bekeptin memoryuntil thecompilerfinishes,hopefullydeallocat-
ing all memoryareasit hasallocated.Whenthecompilerterminates,theoperating
systemwill freeall memoryallocatedby it anyway. If thecompilerallocatedand
deallocatedmemoryrepeatedlyin a loop, thesituationwould be completelydif-
ferent, and the memoryleakswould becomesignificant. Memory leaksare far
moresignificantin the codegenerationphase,especiallywhenperformingopti-
mizations,sincethegeneratedcodeis likely to bereorganizedor rewrittenseveral
times.

5Theprogramwill run hundredsor thousandsof timesslower thannormally.
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Conclusions

7.1 Contrib ution of the Thesis

Wehavecreatedacompilerfront-endfor theCCITT SpecificationandDescription
Language[27], sothattheMARIA reachabilityanalyzereventuallycanverify the
correctnessof distributedsystemsspecifiedin termsof SDL. Until very recently
(seee.g.[12]), formalverificationof adesignhasnotbeenpossiblewithoutmanual
translationof the systemto a model. Compilerswill make this laboriousstep
unnecessary, andformal verificationtoolswill becomemoreaccessibleto system
designers.

To thebestof ourknowledge,ourcompileris thefirst freelydistributableSDL
compiler that supportsall of the SDL/PRgrammar,1 asdefinedin [27]. It was
ableto find a previously undetectederror in [27, Annex D], asdescribedin Sec-
tion 4.2.2.

TransformingtheSDL grammarfrom [27] to a formatsuitablefor theparser
generatortool Bison [6] andimplementingpart of the parsingin the lexical an-
alyzer, as describedin Chapters2 and 3, were the most challengingand time-
consumingtasksin thedevelopmentof thecompilerfront-end.

Considerableamountof work wasinvestedin fine-tuningtheparser, improving
its tolerancefor erroneousinput andmakingerrormessagesmorehelpful for the
user, asdiscussedin Chapter4. We find that a compilerproducingmeaningful
error messagesis comparableto an interactive programhaving a polisheduser
interface.

The syntaxtreeof the compilermakesuseof the StandardTemplateLibrary
definedin the C++ standard[5]. This reducesthe amountof codeneededand
improvesthe reusabilityof the code. Thereweresomeproblemswith the Stan-
dardTemplateLibrary. Both problems,storingobjectsderived from an abstract
baseclass,andportability problemswith somecompilers,have beensolved, as
describedin Chapter5.

All in all, we aresatisfiedwith theoverall designof thecompilerandbelieve
that it hasgreatpotential,onceits modelgeneratorpart hasbeenfinished. As a

1Currentlythecompilerdoesnot supportmacros,but it caneasilybeextendedwith a separate
preprocessorlaterif desired.
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sourcecode³³³³´
µ µ µ µ`¶

SDL parser ASN.1parserµ µ µ µ`¶
³³³³´

syntaxtree

·
modelgenerator³³³³´

µ µ µ µ`¶
PetriNet model mappinginformation

Figure7.1: Block diagramof theSDL front-endfor MARIA

freely distributableprogram2 it will beused(andtested)by a heterogenousgroup
of usersaroundtheworld, andpeoplewill becomemoreawareof thepossibilities
of formalverification.

7.2 Futur eWork

A completeSDL compiler including a model generatorback-end3 would have
beentoo big a projectto bepresentedin a Master’s thesis.4 Whathasbeendone
sofar is approximatelyhalf of acomplete,non-optimizingcompiler.

The next stepin the MARIA project is to develop the coreof the reachabil-
ity analyzer. A quick anddirty versionwill suffice at first—different reduction
methodsandoptimizationscanbeaddedin later. TheSDL systemwill have two
interfacesto theanalyzer. TheSDL front-end(Figure7.1) will producea model
(seeSection7.2.1) thatwill beanalyzedby theanalyzer. TheSDL back-endwill
translatethe resultsof the analysisto a form understandableby SDL users(see
Section7.2.2). Both interfaceswill usetext files—theanalyzer, theSDL front-end
andtheSDL back-endareseparateprograms.

2The softwaredevelopedin the MARIA projectwill be availableunderthe conditionsof the
GNU GeneralPublic License[10], which basicallyallows everyoneto useanddistribute the li-
censedsoftwareandto publishmodifiedversionsof it, provided that the modificationsarealso
distributedin theform of sourcecode.

3A Petri Net modelgeneratorback-endfor an SDL-like language[15, 17] wasthe subjectof
two Master’s theses.

4Theparserandtherudimentarysemanticanalysisroutineswritten sofar consistof morethan
20,000linesor 500kilobytesof sourcecode.
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7.2.1 Model Generation

Generatinga high-level Petri Net modelof an SDL specificationinvolvesmuch
work, but it is ratherstraightforwardandhasbeendonepreviouslyfor TNSDL e.g.
in [13, 15, 17]. Figure7.1representstheoutlineof themodelgeneratorfront-end.
TheSDL specification,optionallymakinguseof datatypesdefinedin ASN.1,will
beconvertedto a syntaxtreerepresentationby theSDL andASN.1 parsers.The
modelgeneratorproducestwo outputs:ahigh-levelPetriNetmodelcorresponding
to theSDL specificationandsomereverse-mappinginformation,whichis required
by theSDL back-end(Section7.2.2).

Themodelgeneratordoesnot needto supportall aspectsof SDL at once—a
limited setof constructswill make it possibleto testthemodelgenerator(andthe
reachabilityanalyzer)with simpleSDL specifications.

It is usefulto have oneadditionallevel of abstractionin themodelgeneration.
WhenthePetriNet modelis first generatedin memory, usingplaceandtransition
objects,the compiler cansupportdifferentoutput languages.Thereareseveral
toolsfor analyzinghigh-level PetriNets,andeachtool hasits own input language.
Outputmethodswill beimplementedfor eachsupportednetdescriptionlanguage.
This makes it possibleto comparethe analyzerbeingdevelopedin the MARIA

projectwith competingapproaches.

Mapping Data Types

Modernprogramminglanguagessupportverysophisticateddatatypes,while tools
for reachabilityanalysisoftenarelimited to tuplesof integersor to typesthatcan
beeasilyrepresentedwith integershaving a limited range. In [17], TNSDL data
typesweremappedto tuplesof integers.

Union types, typeswhosevaluesbelongto one of the componenttypesde-
finedfor theunion type,arecommonlyusedin protocolspecifications.Standard
SDL [27] doesnot supportunion types,but the combinationof SDL andASN.1
[28] does.Thedatatypemappingusedin [17] is not suitablefor uniontypes.

The new reachabilityanalyzerof the MARIA project must supportthe data
typespresentedin Tables7.1 and 7.2, or theremust exist an efficient mapping
betweenthesetypesand the internal data typesof the analyzer. The analyzer
shouldsupportASN.1-like constraintsfor all datatypes. The Real type is not
suitablefor analysis,unlessits precisionandrangearelimited.

Also theArray typeis goingto bedifficult for theanalyzer, becausetheindex-
ing typecanbeanything. It canbeimplementedwith adynamicallygrowing hash
tableà la Perl[23], or with pairsof index typesanditemtypes.Thelattersolution
is utterly inefficient, andit doesnot prevent duplicatedarrayentries. Array ele-
mentscanbeinitializedin aneffectivewayby assigningadefaultexpressionto the
array. Only elementsthatdiffer from thedefault value(which maybecalculated
from theindex value)will bephysicallystoredin thereachabilitygraph.

Uninitialized variablesarehandledwith a specialvalue“uninitialized.” Any
attemptto readan uninitializedvariable(or Array elementor Structcomponent)
will bereportedasanerrorin thereachabilityanalysis.
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Table7.1: Simpledatatypesrequiredin theanalysisof high-level languages

Integer At most32-bit or 64-bit signedor unsignedinteger
Boolean Booleantruthvalue
Enumerated Typewith namedliterals
Character A single8-bit character
Real Floatingpointnumber
Id Typefor retrieving uniqueobjectidentifiers

Table7.2: Complex datatypesrequiredin theanalysisof high-level languages

String Variable-lengtharrayof any typeindexedby integers
Array An arrayof any typeindexedby valuesof any type
Struct Structureddatatypewith namedandtypedcomponents
Union Collectionof alternative types

Valuesof theUnion typewill be tagged,so that theactualtypeof theUnion
valueis known at all times. Implicit typeconversionsarenot supported:writing
anIntegervalueto aUniontypeandattemptingto assignit to aBooleanvariableis
anerror. UnioncouldalsobeimplementedasaStructwith all componentsexcept
onebeinguninitialized. In this case,specialmeasuresshouldbe taken to ensure
thatonly onecomponentis initialized at a time. Similar to Array elements,each
Structcomponentwill beassigneda default value,which mustbea literal of the
typeof thecomponentor thespecialvalue“uninitialized.” Also String itemsand
simpledatatypescanhavedefaultvalues.Defaultvaluesfor simpledatatypeswill
only applywhenthe type is usedby itself, i.e. not asa componentof a complex
datatype.

TemplateInstantiation

SDL containssomehigh-level constructsthat have to be expandedto equivalent
lower-level constructsbeforeany compilationcantakeplace.Supportfor thehigh-
level constructs,suchassystem,block,processandservicetypes,haslow priority
whenthecodegeneratoris developed.First theremustexist a translationfrom the
underlyinglower-level constructsto thetargetlanguage.Then,afterthetranslation
for the higher-level constructhasbeenimplemented,it is fairly easyto compare
the target codegeneratedfor a programusingthehigher-level constructwith the
translationof anotherprogramusinganequivalentlower-level construct.

7.2.2 Representingthe Analysis Results

Whenthereachabilityanalysisfindsanerrorin themodelgeneratedfrom theSDL
specification,its errorreport,consistingof cryptic, automaticallygeneratedplace
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and transitionnames,is Pig Latin for the engineerwho wantsto know what is
wrong with his design. The error report from the analyzereffectively only tells
him: “Thereis anerrorsomewherein thedesign.”

For eachstatethattheengineeris interestedin,5 valuesof all systemvariables
needto be extracted,andeachtransitionfrom onestateto anothershouldbe as-
sociatedwith a statementin theSDL specification.This taskeitherrequiressome
additionalreverse-mappinginformation from the modelgenerator, or the places
andtransitionsin the modelmustbe namedso that theSDL variablenamesand
executionpoints can be deducedfrom them. [17] presentsonesolution to this
problem.

5Typically onewantsto examinethe error stateanda few statesprecedingit, or the stateson
theshortestpathfrom theinitial stateto theerror.
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