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Laajoissahajautetuissgirjestelmissa&siintyviavirheitaon kaytannossénahdo-
tontaldytaayksinkertaiserpaattelemiserai testaamisemvulla, ja virheilla voi
olla odottamattomarkalliita seurauksia.Hankalimmatkinvirheetpaljastaien
formaalienmenetelmierkayttdminenon perinteisestiedellyttaryt tarkastelta-
vanjarjestelmammallintamistakasin. Moniajarjestelmi&ei ole verifioitu, koska
mallin tekemistaon pidetty liian ty6laana.
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mointikielet. Nyt kaantgjientarkoituksenmukainersoveltaminenlisaa for-
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Kieliopin saattaminejasennintyokalumdellyttamaam ALR(1)-muotoonvaati
lukuisia muutoksiakielioppiin ja selaimeen. Tydssakiinnitettiin erityista
huomiotavirheiden sietdmiseenyirheista toipumiseensekavirheilmoitusten
havainnollisuuteen.

ValmistuttuaankdéntajamuuntaaSDL-ohjelmia korkean tason Petri-verkko-
malleiksi, joita voidaanverifioidaformaalienmenetelmieravulla.

Avainsanat:

leksikaalineranalyysi,jasentaminensyntaksipuusemanttineranalyysi,kaan-
taminen, SDL, formaalitmenetelmatsaautettavuusanalyysi




HELSINKI UNIVERSITY ABSTRACT OF THE
OF TECHNOLOGY MASTER’S THESIS

Author: Marko Makela
Name of the Thesis: Implementingthe Front-Endof an SDL Compiler
Namein Finnish: SDL-kaantdjaretupaarnoteutus

Date: November30, 1998 Pages:69

Department: ComputerScienceandEngineering
Professorship:Tik-79 Digital SystemsScience

Supewisor: Prof.LeoOjala Instructor: D.Sc.(Tech.)NisseHusbeg

Abstract:

Errorsin largedistributedsystemsarepracticallyimpossibleto find with simple
reasoningr testing,andthey canhave unexpectedconsequencebat costlots

of money. Traditionallyformal methodswhichwill find eventhemostobscure
errors,have beenbasedon manuallyderived modelsof the systemgo be an-

alyzed. Many industrialdesignshave not beenformally verified, becausdhe

effort of modelingthemhasbeenconsideredoo high.

Compilersmadea revolution in computingby allowing the useof high-level
programminglanguages.Now compiler technologycan be appliedto make
formal methodsmoreaccessibldor systemdesigners.This work describesghe
front-endof an SDL compilet which parsesspecificationswritten in SDL and
storesghemin a syntaxtreeandperformssemantiachecks.

With the exceptionof macros,the parserrecognizeshe whole SDL grammar
definedin 1996. Convertingthe grammarto the LALR(1) form requiredby the
parsergeneratotool hasinvolved numerousnodificationsto the grammarand
to the lexical analyzer Specialattentionhasbeenpaidto error toleranceand
recovery andto meaningfulerrorreporting.

Oncefinished,thecompilerwill translateSDL specificationgo high-level Petri
Net modelsthatcanbe verifiedusingformal methods.
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Chapter 1

Intr oduction

1.1 Background

Therapiddevelopmentin telecommunicationand networking hasmadeconcur

rentanddistributedcomputersystemssery common.Developingdistributedsys-
temsis quite differentfrom traditionalsequentiaprogramming.Sequentiajpro-
gramsalwaysbehae in the sameway giventhe samenput, but the operationof a
concurrentsystemdependson a numberof practicallyirreproducibleconditions,
suchastherelative speedof the systemcomponentsthe congestiorlevel in the
network, or the exactglobal stateof the system.

Lessformal methods suchasvisual inspectionof programcode,testingand
delugging,arefairly efficientwhenappliedto sequentiaprogramsput computing
systemsexhibiting parallelism,especiallydistributedsystemsrequireexhaustve
testing.Without formal verification,onecannever be surethata systeminvolving
parallelismoperategproperlyunderall circumstancesFormal verificationmeth-
odscanof coursealsobe appliedto sequentiacomputingsystems.

Traditionally, therehasbeena large gapbetweerthe formalismsusedfor for-
mally describingconcurrensystemsandthe programmindanguagesisedfor ac-
tually implementingthem. In orderto be ableto formally verify thatanimple-
mentationof a concurrentsystemworks, one mustknow both the programming
languageand the formal descriptionlanguage. Manually translatingthe imple-
mentationinto a formal descriptioninvolveslots of work, andthe processs very
errorpronefor large systems.

Automatingthe translationfrom animplementatiorinto a systemmodelsuit-
ablefor formal verificationwill save muchlabor, reducethe possibilitiesfor error
andeasethe useof formal verificationtools. It will alsohopefully make formal
verificationmethodsmoreattractve to the averagesystemdesigner

1.1.1 The MARIA Project

MARIA (Modular ReachabilityAnalyzer)is an analyzerfor concurrentanddis-
tributedsystemghatis beingdevelopedatthe TheoreticalComputerSciencd_ab-
oratory(formerDigital Systemd.aboratory)of HelsinkiUniversityof Technology

1



2 CHAPTER1. INTRODUCTION

Theanalyzemsesa high-level PetriNet[3, 20] formalism. As its namehints,
MARIA consistsof modules:input modules(for supportingdifferent classesof
Petri Nets), methodmodules(for optimizing the analysisfor differenttypes of
problemskandseveralothermoduleghatimplementecessarguxiliaryfunctions.

The averageengineerhasnever heardof Petri Nets. He is not likely to use
ary reachabilityanalyzerf it cannotanalyzesystemswritten in the programming
languagehe is usedto. For this reasonMARIA mustsupportlanguageknown
by the engineers.The supportwill be implementedn separatdanguage front-
ends compilersthattranslategprogramswrittenin a sourceanguagento PetriNet
modelsthat can be processedy the analyzer If an error stateis found in the
analysis,the resultswill be translatedbackinto the sourcelanguageso thatthe
engineercanseewhich statemensequencén his programleadsto theerror.

1.1.2 SDL

Telecommunicatiorprotocolsare a very importantclassof distributed systems.
Protocolsareoften specifiedin alanguagecalledSDL (CCITT Specificatiorand
DescriptionLanguage)27]. Becauseof the importanceof telecommunications,
thefirst languagdront-endimplementedn the MARIA projectwill befor SDL.

The CCITT SpecificatiorandDescriptionLanguagenasevolvedfrom a semi-
formal graphicalnotationusedfor annotatinghetext in early CCITT Recommen-
dations to alanguagevith formally definedsemanticsTodaySDL is notmerelya
specificatiolanguagetherearecodegeneratorshattranslateSDL into program-
ming languagesuchasC [4]. In fact,severalcompaniesiseSDL (oftenextended
with theirown constructspsanimplementationanguage Nokia Telecommunica-
tionsusesdts own languagéasedn the 1988versionof SDL, calledTNSDL (Te-
leNokiaSDL). Thereis ananalyzerfor TNSDL calledEMMA [17], andthe Maria
projectwasessentiallypromptedby the experiencegrom the EMMA project.

ThelTU-T Recommendatiodefinesgwo formsof SDL. TheGraphicalRepre-
sentation(SDL/GR) consistsof draving symbolsaugmentedvith somegrammar
rules from the PhraseRepresentatioffSDL/PR), which is a purely textual lan-
guage.Thegraphicaform of SDL is supportedy someSDL tools. Until recently
ITU-T did notsayarything abouthow SDL/GR specificationshouldbe storedin
files. [29] definesa Commoninterchangd-ormatfor SDL/GRthatis very similar
to SDL/PR.Practicallyall SDL authoringtools canexport definitionsin SDL/PR
format,andalsoSDL compilerswork with SDL/PR.

SDL hasbeendevelopedduring a long periodby a very heterogenougroup
of people.As aresultof this, the languageseemgo containmary compromises,
which aredifficult for compilerwriters andsometimesvennot very intuitive for
theuser Butit is themostwidely usedanguagen thetelecommunicationsector
Thereare millions of lines of codewritten in SDL, sometimescombinedwith
datatype definitionswritten in ASN.1 [26, 28], which is anotherchallengefor
compilerwritersandusersnew to the ITU-T way of thinking. CharlesLakosfrom

YUTU-T is the TelecommunicatiorStandardizatiorSectorof the InternationalTelecommuni-
cationUnion andwas previously known as CCITT (ComiteéConsultatifInternationalede Télé-
graphiquest Téléphonique).
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the University of Tasmaniaecentlygot acquaintedvith SDL andformulatedhis
thoughtsn his review of [9], which is oneof thebestintroductorybooksto SDL.:

SDL seemsto have an excessof similar notions, suchas systems,
blocks, processespartitionedblocks, services,etc. Sometimest is

unclearwhetherenhancementisk e block partitioning,channelparti-

tioning, etc. are syntacticcornventionsfor dealingwith large models
or whetherthey have semanticcontentaswell. (It is suggestedhat
thisredundany is aresultof the committeeapproactio the definition
of thelanguage.)

SDL seemgo carryalot of historicalbaggagee.g.aspecificatiorcan
specifya singletoninstanceg(andits type) or atype which canthenbe
instantiatednultiple times.

SDL supportghedefinition of abstractatatypes(ADTSs), referredto
as“sorts” Thesedo not have implementationconstraintssuchasa
fixedrangefor integers.It is not clearwherethe boundaryis between
the specificatiorof ADTs andotherformsof datasuchassignals.

SDL usedto be a caseinsensitivelanguage meaningthat it doesnot matter
whethemwordsarewritten usingcapital(uppercaser normal(lower case)etters.
Combining casesensitivelanguage$ with a caseinsensitve languageleadsto
mary problems. The SDL standardizatiorbodiesare consideringmaking SDL
casesensitve, andthe Recommendationoveringthe combinationof ASN.1with
SDL [28] will probablybe largely rewritten beforethe next revision of SDL is
published.

1.1.3 The SDL Front-End for MARIA

Whenfinished,MARIA will analyzeprotocolspecificationsvrittenin SDL. Since
SDL is often combinedwith ASN.1, also ASN.1 will be supported. The SDL
front-endconsistsof threemajor parts. First, it hasparsels for SDL and ASN.1.
Somesemanticanalysisis performedon the parsedinput, and finally, a model
geneator translateshe protocolspecificationnto a high-level PetriNet modelof
thesystemwrittenin alanguageunderstoody thereachabilityanalyzer

Thework on MARIA is in avery early stage.lt is not exactly clearwhatkind
of PetriNetstheanalyzewill supportandtheformatof the PetriNet description
languagehasnot beenagreeduponyet. Becauseof this, sofar only the first two
stagesof the SDL front-endhave beenwritten, namelythe parserdor SDL and
ASN.1,whichincludesomesemantianalysis.

This thesisconcentratesn the strictly SDL-relatedpartsof the front-end:the
SDL parsey syntaxtreegeneratiorandsomesemanticanalysisfor SDL. Thefu-
turestepsdn this projectarediscussedn Section7.2: integratingthe ASN.1 parser
to thefront-end,andgeneratinga high-level PetriNet modelof the system.

2Practicallyevery modernprogramminganguagés casesensitve.
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The compileris mostlybasedon the 1996versionof ITU-T Recommendation
Z.100[27]. Someshortcutsveretaken. Mostnotably datatypescannotbedefined
axiomatically andthe compileris casesensitve, which makesit mucheasierto
implementsupportfor ASN.1definitionslater.

1.2 Implementation Choices

In the beginning of a big software project, suitabletools mustbe chosen.Com-
pilers aretypically very complex programsandbadimplementatiorchoicescan
make a compilereitherperformvery badly or awkwardto extendlater, or both.

1.2.1 Compiler Generation Tools: Flex and Bison

It seemdhatboth SDL andASN.1 have originally beendesignedoy peoplewho
have little experiencein implementingparsers. It is true that both languages
[26, 27] are definedwith a Backus—NaurForm (BNF) grammay but it would
be extremely naive to assumethat one could have an LALR(1)2 parsergenera-
tor transformthe grammarto a working parser Thegrammamustbe adaptedas
discussedn Chapter2.

Theremay be commerciallyavailable or lessknown parsergenerationtools
that supporta larger classof grammarghan LALR(1), but sincethe goal of the
MARIA projectisto developafreelyavailable,easilyportabletoolkit for reachabil-
ity analysissuchtoolswereoutof questiorf* We consideredisingthe SDL parser
developedat Humboldt-Unversitéatzu Berlin but decidedo write our own parsey
becausd16] requiresa modified versionof a term processorcalled Kimwitu, a
programthatseemgo lack any supportandis notvery commonlyknown.

Traditionalcompilerconstructiortoolsin the C programmingervironmentare
Lex, thelexical analyzemgeneratgrandYacc(Yet AnotherCompilerCompiler an
LALR(1) parsergenerator)andtheirimprovedversions Flex [18] andBison[6].
In this project,we consideredisinganenhancedersionof Berkeley Yacc,Back-
trackingYacc|[8], atool for generatingnon-deterministigparsersmeaningthatit
cangeneratgarserdor alargerclassof grammargshantraditional Yaccor Bison.
Sincethereis alwaysa risk involved whenusinga relatively unknovn software
componentwe decidedo play it safeandchoseBison. For generatinghelexical
analyzeyrwe choseFlex, becausét generatesasterscannershanlLex, andit has
the startconditionfeature(seeSection3.1) thatLex lacks.

3LALR(1) is the classof languageshatcanbe parsedrom Left to Right with a Look-Ahead
of 1 symbol.[1]

4If thegrammaiis really complex, suchasthegrammairfor ASN.1[26] with the partsinvolving
userdefinablesyntax,hand-codinghe parsermay be the only feasiblechoice. Luckily SDL is
mucheasierfor thecompilerwriter in this aspect.
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1.2.2 Programming Language: C++ and STL

The choice of programminglanguagewas easy The only truly portablé and
widely available, efficient programminglanguagesare C [4] andC++ [5]. The
programminganguageC, originally developedin the 1970s,sometimeseferred
to as“high-level Assemblef © is availablefor practicallyevery computersystem,
andC++, beingthe“official successordf C, is fairly widely available/ sometimes
evenasa standarccomponenbf theoperatingsystem.Of thetwo languagesC++
was chosenbecausat encourageshe programmerto write modularand main-
tainablecodeandcontainsconstructsieededn object-orientegprogramming.

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

The StandardTemplateLibrary dependson mary C++ constructsthat have
beenaddedto the languagevery recently For this reasononly the nevestC++
compilerscancompilethe SDL front-end.We do not seethis asa problem,since
thefreelyavailableEGCSC++ compiler[14], whichgeneratesodefor practically
every moderncomputemplatform,supportehe STL well enoughfor our purposes.
Thecurrentversionof C++[5] recentlychangedts statusfrom adraftto aninter-
nationalstandardandall major C++ compilersarelikely to follow it by thetime
thewholeanalyzetis readyto bereleased.

1.2.3 Version Control System:CVS

Oftentherearecasesvhereonemakesa modificationto afile 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
modificationsaresmallcomparedo the sizeof thefile. A versioncontrol system
is amuchbetterchoice.

A versioncontrolsystenmrecordsthe modificationhistory of files. Whenafile
is keptin aversioncontrol systemit is possibleto retrieve ary previously stored
versionof thefile andto seethedifferencedetweerary versions.

Therearetwo freely availableversioncontrolsystemsRCS[22] andCVS|[2].
We choseCVS, becausét hasbeendesignedor distributedsetupsanddoesnot
requirefilesto belockedfor modification. The database;alledrepository is kept
in oneplace,andfiles canberetrievedfrom it evenacrosghenetwork. Evenwhen
the developmentakesplaceon severalworkstationspnly the repositoryneedgo
bebacledup. In thecaseof adisk crash,only thosemodificationghathadnotyet
beenchecledin to therepositorywill belost.

5A portableprogramdevelopedfor onecomputersystemusingonestandard-conformingom-
piler canbe compiledfor (portedto) arny systemusingsomeothercompilet

6This is a two-edgedsword: C is an extremely efficient languagewith asfew restrictionsas
possible put writing codein C is errorprone.

"The 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 discusseshe problems
involvedwith languageecognition calledparsing, andshaovs how theseproblems
can be solved when parsingSDL. Chapter3 presentghe problemfield related
with lexical analysis separatingharacter®f a sourcelanguageanto groupsthat
logically belongtogether Chapter4d shovs how syntaxerrorsare handledby the
compiler andChapter5 presentghe datastructuresour compilerusesfor storing
SDL programsand discussesomeof the semanticanalysisundertalen by the
compiletr Finally, Chapter6 discusseshe dehugging and testingmethodsthat
have beenusedwhile developingthe compiler andChapter7 concludeghe work

andlooksatareasof futurework.



Chapter 2

Implementing the Grammar

Implementinga large grammarsuchasthe onefor SDL is all but straightforvard.
The standard 27] extensiely triesto expresswithin the grammareven suchcon-
straintsthat are intuitively semantical. This leadsto ambiguities,meaningthat
someconstructsof the languagecanbe parsedin several alternatve waysusing
differentgrammarules. Evenafterremoving theseambiguities for exampleafter
omitting the grammaticatbistinctionbetweerconstanexpressiongcalledground
expressiondgn SDL) andmoregeneralexpressionsthereare plenty of situations
thatcanonly besolvedwith extensve modificationsto the grammaror with tech-
niquesthat extendthe look-aheadn the lexical analyzey which arediscussedn
Section2.2.2and3.2

2.1 Intr oductionto LALR(1) Parsers

Programmindanguagesre usually definedin termsof a contet-free grammar
which givesa precise,yet easyto understandsyntacticspecificationfor the lan-
guage.A properlydesignedcontet-free grammarmakesit possibleto automati-
cally constructanefficient parserfor thelanguage.

BisonandYaccareLALR(1) parsegeneratoraneaninghatthey cangenerate
parserdor languageshatcanbeparsedyy readingthemfrom left to right, with all
decisionsbeingbasedon onelook-aheadsymbol. Differentclasse®f languages
arepresentedn [1].

LALR(1) parsersvork by readingtheinput, consistingof terminalsymbolsto
a stack,symbolby symbol. The terminalsymbols,alsocalledtokens aredeliv-
eredto the parserby alexical analyzer(seeChapter3), which corvertstheinput,
a streamof charactersto a streamof tokens,or terminalsymbols. Symbolsmay
have attributes. For instance a tokenrepresenting variablenamein a program-
ming languagecould have a characteistring attribute that representshe variable
name.

Readingterminal symbolsto the parseris calledshifting As soonasoneor
more symbolson the top of the stack matchthe right-hand-sideof a grammar
rule, they will be replacedwith the left-hand-sideof the rule, which is a single

7



8 CHAPTERZ2. IMPLEMENTING THE GRAMMAR

non-terminalsymbol! This is calledreducing Whenthe whole input hasbeen
read,thereshouldbe only one(non-terminallsymbolon the stack,calledthe start
symbol Parsersworking by shifting and reducingare often called shift-reduce
parsers.

2.1.1 Notation

SDL is definedin [27] with a contet-free grammay also called a Backus—Naur
Form (BNF) description.This thesisusesa notationsimilar to [27]. All terminal

symbolsarepresentedike t hi s andall non-terminalsymbolslik e (this), while

ITU-T usesbold typefacefor keywordsand (symbo) or (attributesymbo) for

othersymbols. In our notation,we omit symbol attributes. Also, wheneer we

presenSDL grammarules,we oftenomit uninterestingalternatvesandinterme-
diaterulesfrom themfor clarity. For the sale of readability we usethe notation
normally usedfor non-terminalsymbolsfor someterminal symbolsthat are not

keywords, mainly for the (name, (quotedopefator) and (characterstring) to-

kens.

A contet-free grammarconsistsof a left-hand-sidesymbol and right-hand-
side that can be a sequenceof terminal or non-terminalsymbolsor the empty
sequencé¢heremarkedwith €). For instanceto describea languagdhatconsists
of any numberof terminalsymbolsi d separatethy commaspnecouldwrite the
following grammar:

(S = ¢
(S = (9
(s = id
(s) = (9),id

In orderto compacthe notation,we introducethe| operatorwhichis usedfor
representinglternatves,andapplyit to thegrammar:

(s
() == id
| (s),id
This still looks rathercomplicated. We introducethe Kleene closureoperator:
(A) := (a)" meanghat(A) expandsto ary numberof occurrencesf (a) (includ-
ing zerooccurrences):
(A) = ¢
| (A @)

Non-terminalsymbolscanreplaceor be replacedwith sequencesf symbolsunlike terminal
symbolswhich aredeliveredby thelexical analyzer




2.1. INTRODUCTIONTO LALR(1) PARSERS 9

With (B) := [(b)] we denotethat (B) expandseitherto the emptysequencer to

(b):

(B) = ¢
| ()
Now thegrammarfor (S) canbewrittenin acompacform, similarto theExtended
Backus—NauForm (EBNF) suggesteah [25]:

(S == [id(,id)Y]

Herewe useroundparenthesem normaltypeface() for groupinggrammarsym-
bols.

2.1.2 Attrib utesand SemanticActions

In orderto be useful,a programmustdo morethanparseinput; it mustalsopro-
ducesomeoutputbasedon theinput. In Bison,a grammarrule canhave an“ac-
tion” madeup of C or C++ statementsEachtime the parserrecognizesa match
for thatrule, theactionis executed.

As mentionedin the beginning of this chaptey grammarsymbolsmay have
attributesattachedo them.For instanceaterminalsymbolrepresentingninteger
literal couldhave thenumericvalueof theintegerasanattribute.

Considerthe simple example presentedn Figure 2.1 It demonstratetiow
semanticactionsand symbol attributes,also called semanticvalues,can be used
to calculatethe value of expressiongluring parsing. The examplemakes useof
syntheticattributes the semanticvalue of the expr on the right-hand-sidas not
known until the parsetasreducedsomethingo expr . Actionsin Bisontypically
compute(synthesizethe semanticvalue of the left-hand-sidesymbol of a rule
from the semantiovaluesof theright-hand-sidesymbols.

If anattribute of a non-terminalsymbolon the right-hand-sideof a grammar
rule is computedusing an attribute of the left-hand-sidesymbol, it is called an
inheritedattribute Becauseausingthis type of attributesis very difficult in Bison,
Yaccandmary otherparserconstructiortools, they arerarelyused.

2.1.3 Conflicts

Not every languagefor which a contet-free grammarexists canbe handledby a
shift-reduceparser Therecanbesituationsvhentheparseidoesnotknow whether

expr : expr '+ term{ $$ = $1 + $3; }
| term{ $$ = $1; };

Figure2.1: Usingattributesandsemantiactionsin Bison
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it shouldshift or reduce,or which reductionit shouldperform. Thesesituations
arecalledconflicts andthey area propertyof thegrammar

Conflictsin agrammaicausedroublein parsingj.e.whenwewantto determine
whethera particularinput string belongsto the languagedefinedby the grammar
Conflictsthat cannotbe easilyremoved by alteringthe grammamustbe studied
carefully, to determinewvhatinfluencethey have onthelanguageecognizedy the
parseror on thesemanticactionsof theparser

Reduce-ReduceConflicts

A reduce-educeconflictoccurswhenthesymbolsonthestackmatchseveralrules
atthesametime, i.e. whentwo or morerulesapplyto the samesequencef input.
Usually this kind of conflictscanbe detectedirectly by looking at the grammar
rules,andin practice they areeasierto remove thanshift-reduceconflicts.

The grammarin Figure 2.2 exhibits a reduce-reduceonflict. The input con-
sistingof asinglet er mcanbe parsedn two ways. It couldbereducedo (item)
andthento (sequencevia the secondrule. Alternatively, the empty sequence
could bereducednto a (sequencevia thefirst rule, andthis could be combined
with thet er musingthethird rule for (sequence In a similar manneyanempty
input canbereducedo (sequencein two ways. This exampleis from the Bison
documentatior6].

Whenthereis areduce-reduceonflict,theparsemgeneratowill systematically
chooseone of the possiblereductionsfor all the input, which could be e.g.the
reductionwhosedefinitioncomedirst in thegrammar In our simpleexamplethis
seemdarmlessput whentherulesareassociatedavith differentsemanticactions,
the differencebecomesignificant.

Figure2.3 showvs how theambiguitiescanberemovedfrom our example.The
semantiactionsof therulesmuststill handleall the casesnvolvedwith the orig-

(sequence = ¢
| (item)
| (sequence erm
(item) = ¢
| term

Figure2.2: An ambiguouggrammairfor a sequencef symbols

(sequence = ¢
| (sequence erm

Figure2.3: Disambiguatedersionof thegrammaiin Figure2.2
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inal grammar This is easiesto accomplishby usingthe samedatastructureboth
for (item)s andfor sequencesf (term).

Shift-ReduceConflicts

Anothertypeof conflictsareshift-reduceconflicts whichoccurwhenbothshifting
andreducingis possiblej.e. whenasetof symbolsonthetop of thestackmatches
theright-hand-sidef arule while anotherrule’s right-hand-sidgartially matches
(apossiblydifferent)setof symbolson thetop of the stack.

Considerthe simplegrammarpresentedn Figure2.4 andaninput consisting
of thetokenst er m+t er m* t er m After the parserhasshiftedin thefirst sym-
bolt er m reduced er m— (expr) andshifted+t er m(againreducingt er m—
(expr)), it hasachoicebetweerreducing

(expr) + (expr) — (expr)
andshiftingthe* , sincetherule

(expr) := (expr)* (expr)

partially matcheghe (expr) onthetop of the stackcombinedwith thelook-ahead
symbol*. Thisis a shift-reduceconflict. With the additionalinformationthatthe
* operatorhasprecedencever the + operatoy the parserdecidedo shift. It will
shiftthe* andthethirdt er m At this point, the stackwill bereducedasfollows:

(expr)*term
(expr)* (expr)
(expr) + (expr)

(expr)

(expr)

+
(expr) +

Therightmostsymbolsareon thetop of the stack. The statesof the parserarenot
shavn in this example.

Bison and Yacc canresole this kind of conflicts with the help of operator
precedencefl, pp.203-215].However, oftenshift-reduceconflictsarecausedy
rulesthatseemtotally unrelatedwith eachother andthey canonly beresolhedin

(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) = (padkagereferenceclause®
SYSTEM TYPE (identifien
[(formal context parametes)]
[(specialization] (end)
(entityin systen”
ENDSYSTEM TYPE [(identifier)] (end)
| SYSTEM TYPE (namé REFERENCED (end)

Figure2.5: SDL grammarrulesrelatedwith systemtypes

thehardway by rewriting partsof thegrammaiin away thatmakesparsingeasier
but doesnot alterthelanguagedefinedby thegrammar

Any two grammarglefinethe sameanguagef the startsymbolin bothgram-
marsexpandgo the samesetof sequencesf non-terminaksymbols.Whenpartof
the grammaris modified,one canensurethat the languagedefinedby the gram-
mar is not affectedby ensuringthat all non-terminalsymbolswhoserulesrefer
to a symbolaffectedby the modificationcontinueto expandin the sameway as
earlier Performingthe comparisonsnanuallyis somevhaterrorprone,andit is a
goodideato run extensve testson the parseronceit hasbeenfinished,involving
ascomple inputaspossible.

BisonandYaccresoleall remainingshift-reduceconflictsby decidingto shift.

2.2 Implementing the SDL Grammar

The SDL grammarhasmary ambiguitiesthatmustbe removed beforeary parser
canbegeneratedrom it. Themostcommonambiguityinvolvesnamesandidenti-
fiers.In SDL, identifiersarenamegprecededby anoptionalqualifier Mostrulesin
the SDL grammaracceptingdentifiershave alternatvesthataccepthames.These
rulescausereduce-reduceonflicts,which canberemovedby remaoving the alter
natvesallowing only namesgcausinghe namedo be parsedasidentifiers.

It was quite easyto remove reduce-reduceonflictsfrom the SDL grammay
sincenotmary of themweremorecomplicatedhanthe examplepresentedh Fig-
ure2.2 Shift-reduceconflictscausednuchmoretrouble,andsomeof themcould
only beremovedby modifying thelexical analyzerasdiscussedn Section2.2.2

2.2.1 Relaxingthe Grammar

Many shift-reduceconflictsarecausedy rulesthatlook similar but begin differ-
ently. For instancegonsidertherule setpresentedn Figure2.5.

Therearetwo conflicts. One canbe removed by replacingthe (name in the
secondulewith (identifier). Theotherconflictis causedy thenon-terminakym-
bol (padkage refeenceclause * beingpresentn thefirst ruleandabsentn thesec-
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ondrule. After addingthe non-terminako the secondule, bothrulesbegin in the
sameway, andsinceneither[(formal context parametes)| nor [(specialization|
containsthe terminal symbol REFERENCED, the rule setwill be free of ambi-
guities. Of coursenow the semanticactionsof the secondrule mustensurethat
the (padkage refelenceclause” wasreducedrom anemptysequenceandthatthe
(identifier) actuallyis a (name.

Modifying thegrammaisothatit acceptslargerlanguagehanspecifiedn the
standardactuallysenestheuser Insteadf reportinga“parseerror”’ theparseican
reportthatpackagereferenceclausesnake no sensewith systemtypereferences,
or thatsystemtypescanonly bereferencedy aname notby anidentifier. In this
casewe wereforcedto relaxthegrammaybut thegrammarcanalsoberelaxedon
purposeseeSection4.2

For therecord,our lexical analyzerecognizeghe SDL keyword pair syst em
t ype asa singletoken SYSTEMTYPE, becauseorverting the keywordsto two
tokenswould introduceconflictselsavherein thegrammar

2.2.2 Extending the Look-Ahead

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

Rule setsrequiringa longerlookaheadhan one symbol are usually handled
by replacinga terminal symbolin one or more ruleswith a newv token and by
modifying the scanneraccordinglyso thatit will returnthe newv tokenwhenthe
symbolis followed by anything that only matcheshe rules containingthe new
token.

In our SDL parsey all look-aheadextensionsarerelatedwith keywords. For
instance the oper at or s keyword canbe corvertedto an OPERATORS or to an
OPERATORS _ token, dependingon the input following it. Section3.2 describes
the extendedook-aheadsmplementedn thelexical analyzer

2.2.3 Modifications to the Language

Someconstructof the SDL grammarare difficult to implementin an LALR(1)
parser The SDL parserdevelopedat Humboldt-Unversitatzu Berlin [16] does
not implementthe mostdifficult partsof the grammar It omits someparts,like
(selectdefinition), thatare problematicat the semantidevel, and modifiessome
languageconstructghatareextremelydifficult to parse.

We put considerableeffort into avoiding any modificationsto the language
recognizedy our SDL parser We only gave up on onething: macros.They could
be expandedy a separatereprocessad la C at somelaterpoint.

For therulespresentedh Figure2.6we couldnotcomeupwith any reasonably
simple look-aheadextensionschemes.The symbol (formal contet parametey,
whichis usedin an(end-separatedist, hasoneright-hand-sideendingin thenon-
terminalsymbol(processsignatue) andanotherendingin (procedue signatue).
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(processsignatue) = ¢

| [{end] FPAR(sort) (, (sort))*
(proceduesignatue) = ¢

|

(end| FPAR (parameterkind) (sort)
, (parameterkind)(sort))*

(end RETURNS (sort)]

{

[
(
[
[(end] RETURNS (sort)

Figure2.6: SDL grammarnulescontainingtroublesoméend symbols

(variablesof sort) := (name [AS (identifien)] (, (name [AS (identifier)])*
(sort) [: = (expression|

Figure2.7: Variabledefinitionsin SDL

Theparsercanby no meangleterminewvhetheran (end symbolis alist delimiter
or partof (formal context parametej. We cameup with a similar solutionasthe
oneusedin [16]: we removed the (end symbolsfrom the rulesin Figure 2.6.
Sincethis restrictsthe grammaywe addedthe (end-less({processsignatue) and
(procedue signatue) rulesdirectly to therule (formal context parametey.

For now, the semanticactionsof theserules only issueerror messageshut
they could do better: they could checkwhethera previously parsedconstruct
(formal context parametel can be extendedwith the FPAR or RETURNS con-
struct,andissuethe errormessag®nly whenthe constructis not allowed. After
this, the semanticaction of the secondrule of (procedue signatue), whoseop-
tional r et ur ns partnow makesthe parserslightly incompatiblewith [27], could
bemodifiedto issueawarningmessagé# ther et ur ns keywordis presentsaying
thata semicolonis expectedbeforethe keyword. Sincethesegrammarrulesonly
applyfor seldomlyusedconstructsye decidedo skip thefine-tuningatthis point.

2.2.4 SemanticActions

Bisondoesnotsupporinheritedattributesverywell. They canonly beusedby ac-
cessinghe symbolstackwith negative indices,which is very hazardousndmay
be impossibleif the samerule occurson the right-hand-sideof several different
rules.We choseo limit ourselesto usingsynthesizedattributes,andimplemented
everythingelsewith thehelpof globalvariables.Sometimeglobalvariablesvere
usedeven whenusing synthesizedttributeswould have beenpossible. This re-
ducesthe amountof attribute typesneededthe %uni on definitionin Bison) and
the needof post-processinthe parsednput.

Sometimegost-processinthe parsednput cannotbe avoided. For instance,
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thegrammarule covering SDL variabledefinitionsin Figure?2.7 first expectsthe
variablenamesandthentheir sort. For the parserit would be morecornvenientto
know the sortin adwance,in which caseeachdefinedvariablecould be assigned
a sort alreadyat the point when the variable nameis read. With an SDL-like
grammaythenamesf thevariablesmustbekeptin atemporarystorageuntil their
type (calledsortin SDL) is known. Actually, sinceSDL doesnot forbid forward
referencesthe semanticvalue of the non-terminal(sort) is not a referenceto a
typebut anidentifierthatcannotberesoheduntil thewhole SDL specificatiorhas
beenparsed.

Global Variablesin the SDL Parser

In additionto thevariablesupdatedy thelexical analyzeyl i neno andfi | enane,
which identify the definitionsbeingcurrentlyparsedthe parsemakesuseof the
following globalvariables.

bool quoted
The grammarrule (name coversnamesand quotedoperatomames. This
flag is usedto determinewhetherthe last (name readwas a nameor a
guotedoperatorname. This variablemakesit possibleto toleratequoted
operatorsn the placeof nameor vice versawithoutintroducingany ambi-
guitiesto rulesacceptingoothnamesandquotedoperators.

bool generator_actual
The rule (geneamtor actual containsoverlappingdefinitions. One right-
hand-sidesymbol of the rule, (term), partially overlapswith other right-
hand-sidef (genemtor actual. Thisis setto t r ue wheneer the gram-
marrule (genemtor actual is active; it will besetto f al se by theactions
in (term) assoonasit become<learthatthe (term) cannotbe ary other
(geneator actual).

bool reverseSi gnal
In (signalrefinemerjt, the non-terminalsymbol (signaldefinition) canbe
precededy ther ever se keyword. If thekeyword is presentthis flag will
be set. Theflag is usedin the semanticactionof (signaldefinitior), andit
canbeseemasaninheritedattributein thegrammar

enum Reveal edExported reveal ed
Thereveal ed andexport ed keywordscanprecedehe variablenamesn
a (variabledefinition). This global variable keepstrack which keywords
arepresentandit is usedby therule (variablesof sort). The variablewas
introducedfor purely cosmeticreasonsto reducethe size of the %uni on
definitionin the parserspecification.

class State* currentState
The SDL grammarrulesrelatedto stateautomataspana parsetreethatis
quite differentfrom ary straightforward datastructurefor describingstate
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automata.This variableholdsa pointerto the statedefinition thatis being
parsed.

stack<Entity*,list<Entity*> > ent
This variableholdsthe SDL entity stack. In SDL, entitiessuchas block,
processand channel,are nestedinside eachother and eachentity hasits
own scopeof declarations.The currentlyactie entity is kepton the top of
this stack.

In additionto thesevariablesthe Bisoninputfile definesmary auxiliary func-
tions. The following functionsallocateobjects;othersmainly take careof type
conversion,errorreportingandsomesemantiachecking.

Fpar Li st* current Parans()
Whenfirst called,this functionreturnsa new formal parametelist. Onsub-
sequentalls, it returnsa referenceo the samelist. This functionis called
by the semanticactionsof (formal context parametes) list items. When-
ever a list item, definedby (formal context parametep, is parsed,its se-
manticvaluewill be appendedo the samelist, maintainedby the function
current Params() . In this way, we avoid having to associatea semantic
valueto eachkind of (formal context parametej in the Bison specification;
thesemantiozalueswill beinternalto thesemantiactions.Thisreduceshe
sizeof the%uni on definition.

FparLi st* Reset Parans()
This function returnsa referenceto the list mostrecentlyallocatedby the
previously describectur rent Par ans() function (NULL if no list wasallo-
cated)andresetghelist, sothatthenext call to cur r ent Par ans() will allo-
cateanew list. Thefunctionwill becalledafter (formal context parametes)
hasbeenparsed.

Si gnal Li st* current Si gnal s()
Thisfunctionis otherwisethesameascur r ent Par ams( ) , but it operate®n
signallists.

Si gnal Li st* Reset Si gnal s()
This function pairs with current Si gnal s() in a similar manneras the
Reset Parans() functionpairswith current Parans() .

SemanticChecksinsteadof Syntactic

Programminglanguagegrammarsfound in standardsor usermanualsoften try
to incorporateasmary intuitively semanticatonstraintsaspossible For instance,
thegrammamightdistinguishbetweerconstanexpressiong(groundexpression
in [27]) andgenericexpressiong(expression). Somepeoplemayfind suchgram-
marseasierto read,othersthink thata few sentencesf text is moreunderstand-
able, like this: “Numeric constantsalways are constantexpressions. Function
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calls never are constantexpressions.Other expressionghat only consistof con-
stantexpressiong@reconstanexpressions. For acompilerwriter, thelatterwayis
preferablepecauseverlappingdefinitionsleadto ambiguitiesvery easily There-
fore,wefind it desirablehatsuchmattersasdifferentiatingbetweerconstantand
non-constanéxpressionarehandledby separatelymplementedsemanticchecks
ratherthanby syntacticonesbuilt in thegrammar

Semantiacheckingis alsoan advantagefor the compileruser because com-
piler applyingit cangeneratanore helpful error messageslnsteadof telling the
userthat his or her programviolatesthe grammay the compiler cansay for in-
stancethatSDL variablescanonly beinitialized with constanexpressionsChap-
ter4 discussebow theerrorreportsof acompilercanbemademoreuserfriendly.
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Chapter 3

Lexical Analysis

Usuallythereis a cleardistinctionbetweerlexical analysisandparsing.Thelex-
ical analyzey alsocalled scanner corvertsa streamof characterdo a streamof
namedokens.Forinstancetheinput13+456 couldbecorvertedto atokenstream
NUVMBER PLUS NUMBER, with integer attributesattachedo the NUMBER tokens.
Thesetokensusually have a direct correspondencwith the terminalsymbolsin
the grammar Whenshifting, the parserfetchesonetoken from the scanner The
scannerdoesnot needto convert eachinput string to a token. Space takulator
andnewline charactergoften calledwhitespackandcommentstringsareusually
silently discardedy the scanner

GNU Flex is the bestestablishedcannegeneratothatgenerate€ or C++.
Therelationbetweercharactestringsandtokensis specifiedwith searchpatterns
expresseavith regular expressionsandactionsattachedo eachsearctpattern.An
introductionto regularexpressionandscannerganbefoundin [1].

Flex translategachregularexpressionnto a finite automatorthatdetermines
whetherthe regular expressionmatcheghe string of characterseadsofar. The
automatausegreedymatching,meaningthatthey searchfor the longestpossible
input stringsthat matchthe regular expressions.All automatacorrespondingo
the regular expressionsareexecutedin parallel,andassoonasa maximalmatch
for theinputstringis found, the actionattachedo the matchedegularexpression
will beexecuted.This actionis a C or C++ block, andit usuallyendsin ar et urn
statementhatreturnsa tokento the parser If several regular expressiongnatch
theinput, Flex choosegheregularexpressionthatcomedfirst in the specification.

The SDL standard27] doesnot definelexical rulesin termsof regular ex-
pressionshut with grammarrules. Corvertingthemto regular expressionss all
but trivial. The biggestproblemsarerelatedto the underscoreharacterin SDL,
namesconsistof oneor morewordsseparateavith singleunderscoresandwords
consistof alphanumericharacteranddots,but eachword hasto containat least
onealphanumericharacter The following quotefrom [27] definesyet another
constraint:

Whenan (underline characteiis followed by oneor more (spacés,
all of thesecharactergincluding the (underline) are ignored, e.qg.
A_ B denoteghe same(name asAB. This useof (underling allows
(lexical unit)sto be split over morethanoneline.

19
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Since(lexical unit) meansary tokenrecognizedy thelexical analyzeralsokey-

words and other specialtokensthat appearas (name canbe split over multiple

lines. All suchtokensmustbe first detectedas name,and beforereturningary

NANME to the parserthe scannehasto checkwhetherit is aresenedwordin SDL,

andreturnthe correspondingokenif it is. This meanghatdealingwith resened
words,in particular is muchmore complicatedthanin mostotherprogramming
languages.

Theproblematiaunderscoreharacter$ollowedby whitespace&ouldalsohave
beenprocessedby usinga separatgreprocessoor by chainingtwo scannersthe
first of which would filter outthe underscoreandthe whitespacdollowing them.
Had we implementedan SDL macropreprocessemwe could also have handled
theunderscorethere,which would have simplifiedtheactualscanneendmadeit
somavhatfaster

Themostdifficult problemsencountereavhile developingthelexical analyzer
for SDL involved the handlingof namesand underscoresind the variouslook-
aheadextensionsrequiredto make the Bison-generate@arserwork with a look-
aheadf only 1 token.

3.1 Start Conditions

Flex translatesearchpatternsnto finite automata.ln the domainof automatat
is naturalto speakaboutstates. Introducingthe conceptof statesto the search
patternsseemspossiblewithout any performancepenalty This hasbeendone
in Flex, wherethe searchpattern“states” are called start conditionsof regular
expressions.

Startconditionsdivide the searchpatternsof thescannespecificatiorinto sub-
classes.Normally, all searchpatternsare active simultaneously Startconditions
limit the amountof active searchpatterns.The scannemill useonly the search
patternsassociatedvith the currentlyactive startcondition. Thisis how exclusive
startconditionswork in Flex. Whenaninclusivestartconditionis active,alsorules
within theinitial startconditionareenabled Fromnow onwe assumehatall start
conditionsareexclusive. Two typical tasksfor startconditionsare parsingstring
constantandstrippingcomments.

3.1.1 An Example: Handling Comments

Startconditionsnot only make regularexpressionsnorereadablethey alsomake
the generatedscanneramore efficient. Considerthe lexical commentsin SDL.
They begin with “/*” andendin “*/”, andthey canspanover multiple lines.
So, they canbe matchedwith the regular expression/ \ * ([ A*] [\ *[A/]) ¥\ */ .2
Scannergienerallykeeptrack of line numberspecausehey areextremelyuseful
in diagnostiamessagesrhescannewill haveto countthenewline characterslso

The characterclasscomplementatiorfe.g.[ /] for matchingary charactebut “/ ") is used,
becausetherwisethe greedypatternmatchingappliedby Flex could skip the endof a comment
andignorearything up to theendof thelastcommenin thefile.
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% comment
%%
int line_num= 1,

A BEG N(comment ) ;

<conment >[ A*\ n] * [* eatarnythingthat'snota‘*’ */
<conment >"*"+[~*/\n]* [* eatup‘*’snotfollowedby’/’s*/
<comment >\ n ++| i ne_num

<conment >"*" 4" /" BEG N(I NI TIAL) ;

Figure3.1: Flex definitionsfor strippingC-stylecomments

insidethecommentstring, sinceit is notacceptabléor theline counterto become
out of synchronizationn the presencef multi-line comments.

The approachof processingcommentswith one regular expressionis ineffi-
cient. Not only doesit requirethe commentto be processedwice, but the com-
ment string must also be copiedand presered in the memory until the whole
commenthasbeenread. Startconditionsallow the scannetto countlines while
skippingcommentsFor multi-line commentsthe matchedstringswill be shorter
sinceonly oneline will bereadatatime. This reducegshe memoryrequirements.
Thedefinitionsin Figure3.1arefrom the Flex documentatiorn18§].

3.1.2 Start Condition Stack

Whenthe scannerspecificationcontainslots of startconditionsandwhenthere
are“sub-automatoralls” in the Flex specificationthe%opt i on st ack featureof
Flex becomewery useful. Whenthis optionis enabled somefunctionsfor han-
dling a startconditionstackbecomeavailablein Flex actions.We make useof the
functionyy push_st at e( s) , whichpusheghecurrentstartconditiononthestack
andswitchesto a new startconditions, andof yy _pop_st ate(), which returns
from the “sub-automatorcall” The BEG N(s) macrocanbe usedfor switching
startconditionswithout affectingthe stack,i.e. asa “goto” statement.

Scannetook-aheadechniqueswhich will be discussedn Section3.2in de-
tail, often requirestartconditionswhoseonly actionreturnsan alreadyscanned
tokento the parserno matterwhatthe next input characters. Suchbehaior can
be achieved with the pattern. | \ n, which matchesary characterincluding the
newline characte? Sincethis action cannotdo arything with the characteithe
dummypatternmatchesit putsit backto theinputbuffer by callingtheyyl ess()
function.

2End-of-file conditionsstill needto be handledseparately
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3.1.3 BasicStart Conditions in the SDL Scanner

The SDL scannehasrelatively mary startconditions.Most of themarerelatedto
look-aheadechniquegseeSection3.2). In this sectionwe will only describethe
basicstartconditions.

Commentsand Include Files

SDL supportgwo kindsof commentsThegraphicalrepresentationf SDL hasa
specialcommentsymbol,whosecounterparin SDL/PRis thecoment keyword
followed by a characteistring. This kind of commentss handledby the parser
The otherkind are C-stylelexical commentsgalled (note in [27], which areal-
lowedarnywherebetweerlexical symbols.

In somelanguagesgcommentsareoftenmisusedor passingaxtrainformation
to the compiler because¢he languagdacksconstructdor otherwisepassinghat
information. As a non-standar@ddition,mary SDL-relatedtools supportinclude
filesin a slightly differentway thanthe C preprocessodoes. The comment/ *
#include "file.pr’ */ will causethe scannetto openafile namedfil e. pr,
to usethefile asinput, andto switch backto the original input file uponreaching
theendof theincludefile.

In orderto be compatiblewith other SDL tools, our scanneicontainssupport
for includefiles. Thisis achiared by extendingthe searchpatternsfor skipping
commentsandby addingtwo startconditions:

comment
This startconditionwill be calledwhenthe beginningof acomments seen
in the input3 Control will returnto the calling start condition when the
scannefindstheendof acomment.Commentsarenotblindly skipped;the
scannekeepsaneyeonlettersprecededby anumbersign(#), andwhenever
it encountershe string#i ncl ude or #1 NCLUDE in the comment,t makesa
sub-automatomwall to includel.

includel
This startconditionwill be calledwhenan #I NCLUDE directive is seenin
a comment. Whitespacewill be skipped,andif anapostrophes seenthe
scannemwill switchto include2 and call sdistring, which will readthe file
name.Any othercharactewill causeareturnbackto comment.

include2
Whenthe includefile namehasbeenreadby sdistring, this startcondition
will beactiated.It will switchbuffersandswitchto theinitial startcondi-
tion, effectively inputting the specifiedfile at thatplace.Uponreachingthe
endof theincludefile, the scannemill returnto the calling startcondition
(comment).

3Thesearchpatternfor startof commenis disabledvhenthe scanneis processingomments,
nameor strings,or whenthe active startconditiondoesnot skip whitespace.
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Strings

As a compensatiotior having C-stylecomments SDL hasPascal-like character
string constants. Strings are delimited by apostrophesand apostrophe®ccur
ring in string constantarerepresentedvith two successie apostrophesThatis,
"ab’’ ¢’’’ representshestringconstanab’ ¢’ .

ThelTU-T Recommendatiod.100[27] effectively limits the charactesetal-
lowedin SDL string constantgo the InternationalAlphabet5 [21] codes32-126,
but we choseto remove this arbitrary-feelingimitation. Our scanneallows all 8-
bit charactecode9—-255in stringconstantsandit is upto theuserto obey thelim-
itations. Eventhe NUL charactecode0) canbe allowed, sincecharactestrings
in SDL carrylengthinformationwith themandneednot be NUL-terminatedike
e.g.stringspassedo C run-timelibrary functions.

The startconditionsdistring is calledfrom theinitial startconditionandsome
other placeswhen an apostrophas seenin the input. In sdistring, the apostro-
pheandnewline charactersiretreateddifferentlyfrom othercharactersyhichare
simply appendedo thebuffer holdingthestringconstanscannedofar. An occur
renceof two successie apostrophesauseghe scannedstring to be extendedby
oneapostropheWhenthe scanneseesa newline characterit will updatetheline
counter Controlwill returnto thecalling startconditionwhena singleapostrophe
occursin theinput.

Quoted Operators

In SDL, operatorscanbe definedfor userdefineddatatypes. Whendefiningary
built-in operatorof SDL, the operatomamesmustbe surroundedy doublequo-
tationmarksin orderto avoid confusion.Becausealoublequotationmarksarenot
usedanywhereelsein the SDL grammay quotedoperatorcanbe handledby the
scannewithout fearof breakinganything.

Handling (quotedoperator) in the scanneris efficient, becausehe parseris
givenonly onetokeninsteadof three,andthereis no needto corvertthe operator
namesto tokensandbackto strings. Also errorscan be toleratedbetterin this
approach.The scannercanreturna specialtoken ERR_OP_NAME insteadof the
normalOP_NANME if somethingelsethanavalid operatomameis quoted,or if the
closingquotationmarkis missing.

Scanningjuotedoperatomamesanbeimplementedvith two startconditions,
both of which skip whitespaceandcommentsn the normalway.

opl

This startconditionwill be calledwhena doublequotationmark (") is de-
tectedin the input. If anything that looks like an SDL nameis encoun-
teredin this startcondition,thescannewill switchto op2 andcall word1 or
word2. WhenseeingSDL operatomamesconsistingof specialcharacters,
thescanneswitchesto op2. Thescannewill returnfrom opl andreturnan
ERR_OP_NAME tokento the parserif it encounters closingquoteor ary
unexpectedcharactefwhichwill be putbackto theinput buffer).
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op2

When the scannereacheghis start condition, it will have reada double
guotationmark followed by an operatornameor other name. After skip-
ping potentialcommentsand whitespacethe scannelis expectinga dou-
ble quotationmark. If oneis foundin theinput, the namescannedvill be
checled. If it is a malformednameor not a built-in operatorname,again
ERR_OP_NAME will be returnedto the parser The samehappensf ary
other characterthana double quotationmark is read (and put backto the
input buffer). In arny casethe scannewill returnto the startconditionthat
originally calledop1.

Namesand Resewved Words

SDL hasvery complicatedulesfor namesBecausealsoliteralsof numerictypes
arenamespnamesnay containdotsandevenbegin with them. Underscorefiave
aspecialposition: namesconsistof oneor morewordscombinedwith underscore
charactersMore thanonesuccessie underscoreharacteiin a nameis anerror,
andthe words mustcontainat leastone alphanumericharacter This is not all:
underscoreharactergollowed by whitespaceor commentswill beignored,i.e.
“A_ B’ isthesameas“AB’. ThecurrentSDL standardevenallows underscores
namesto be replacedwith whitespaceput this hasnot beenimplementedn our
compiler becauseloingsowould introducelots of ambiguitiesto the grammaror
requireinfeasiblycomplex look-aheadechniques.

SDL namescouldbe matchedwith onerathercomplex regularexpressionput
we decidedto usea startconditionbasedapproachor threereasonsFirst, using
themmalesit possibleto detect(andtolerate)malformedSDL names.Second,
this approachavoidsbacktracking.Thef | ex - b optionreportswhetherthescan-
ner automatorever hasto backtrack after makinga wrong guessabouta search
patternthat first seemgo matchthe input. Dividing the rathercomplex regular
expressionnto several subepressionsisingstartconditionsmakesit possibleto
completelyavoid backtrackingwhich canmake thescannemoreefficient. Third,
thereis no needto postprocesscannechamespbecausehe line numbercounter
canbe updatedwvhile scanningandpartsconsistingof underscoreharactergol-
lowed by whitespacer commentanbe skipped.

Four startconditionsareneededTwo of themarerelatedwith (word)s, which
mustcontainatleastonealphanumericharacterandtheothertwo arerelatedwith
theunderscoreharacterTo keepthefollowing descriptionsimple,we do not say
arything aboutlexical commentsyhich canoccurbeforeandafterunderscorem
SDL names.

wordl
Thisstartconditionis calledwhena“. ” occursin theinput. Any furtherdots
readfrom theinput will be appendedo the namestring. An alphanumeric
input will causea switch to the word2 state,and an underscordollowed
by whitespacewill causea call to underscore_ws. An occurrenceof a sole
underscoreharactewill causethe nameto be marked malformed(sinceit
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containsacomponentvith no alphanumericharactersandthe startcondi-

tion to be switchedto underscore. If the scanneiseesary othercharacter
it will put backthe characterreturnto the calling startconditionandmark

the namemalformed(becauséhe lastword readcontainsno alphanumeric
characters).

word2
Whenthis startconditionis calledor switchedto, the currentlyreadword
is known to containalphanumeriaccharacters. The actionsare otherwise
identicalto word1, but thereis no transitionto word2, andthe namewill
never beflaggedmalformed.

underscore

This startconditionis switchedto afterreadingan underscoreot followed
by whitespace A well-formed SDL namemustcontinuewith dots(which
causesswitchtoword1) or with alphanumericharactergswitchto word2).
Underscoref this startconditioncausehenameto beflaggedmalformed,
sinceit containsseveral underscorecharactersn a row. Underscoregol-
lowed by whitespacewill causea call to underscore_ws. Any character
unmatchedy the otherruleswill be putbackto theinput, andafterseeing
sucha charactethe scannewill returnto thecalling startconditionandflag
thenamemalformed becausdts lastword components empty

underscore_ws

This start condition is called when an underscorecharacterfollowed by
whitespaces seen.All succeedingvhitespacewill be skipped,aswill un-
derscordollowedby whitespaceA soleunderscoreharactenot followed
by whitespaceor a sequencef dotscauses returnto the calling startcon-
dition, andalphanumericharactersn the input make the scanneremove
thecalling startconditionfrom the stackandswitchto word2, sincethe next
word components guaranteedo be well-formed.

Thenamesscannedvill usuallybereturnedo the parsetthroughthe startcon-
dition ret, which checkswhetherthe nameis an SDL keyword andcalls keyword-
relatedstartconditions(seeSection3.2) if necessaryf the nameis malformedor
notakeyword, thestringrepresentingt will becopiedfrom thestringbuffer of the
scanneranda NAVE or ERR_NAME tokenwill bereturnedto the parser Other
wisethetokencorrespondingo the SDL keywordwill bereturned.Thisapproach
makesit possiblefor the scanneto supportkeywordswrittenin mixedcase.The
next versionof SDL shouldsupportonly keywordswritten entirelyin uppercase
or lower case andthis is alsowhatour scannenormallydoes.

3.2 Extendingthe Look-Ahead

SomeSDL grammarrules are ambiguousfor LALR(1) parsersj.e. parserghat
make decisionsbasedon onelook-aheadoken. BecauseBison hasno meangor
extendingthe look-aheadye areleft with two possibilities: eitherrestrictingthe
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languageacceptedy the parseror modifying the lexical analyzerso thatit will
perform a look-aheadand distinguishthe ambiguouscasesfrom eachother by
returningdifferenttokensto the parser We chosethe latterapproach.

We found thatin 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, whenthe scanneiis calledagainby the parser In this way, the look-ahead
implementedn the scanneis totally invisible to the parser

For returningthe first of two look-aheadoken namesto the parsey we will
introduceanotherdummy start condition, ret2. When the scannerhasbuffered
only onelook-aheadbstring, it canbereturnedby the startconditionret introduced
earlier

3.2.1 1-TokenLook-Ahead
Two Meaningsof the oper at or s Keyword

The SDL grammarrulesin Figure 3.2 causeproblemsthatcanonly be solved by
distinguishinghetwo meaning®of theoper at or s in thescannerTheseawo rules
seemtotally unrelated.Whaton earthcould causea conflict? The answeties in
thesurroundinggrammarrules,which arepresentedn Figure3.3.

The alertreaderwill noticethatin (partial typedefinition, the non-terminal
symbol (propertiesexpression, whoseexpansioncanbegin with (opefator list),
canimmediatelyfollow the non-terminalsymbol (extendedproperties andthus
(inheritancerule). WhentheparsereadsanOPERATORS tokenwhile processing
an (inheritancerule), it doesnot know whetherto shift or to reduce.

The conflict could be resolhed by removing the meaninglessOPERATORS)]
from (inheritancerule), but it would make the parserincompatiblewith SDL,
which we do not want. Instead,we mustmodify the lexical analyzerso that it
returnsa differenttokenfor the oper at or s keyword, if the keyword is followed
by aleft parenthesi®r by theal | keyword, which cannotoccurin the beginning
of (operator signatue). This canbe achiezedusingtwo startconditions.

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

(opemator list) := OPERATORS (operator signatue)
((end (operator signatue))* [(end)]
(inheritancerule) := | NHERI TS (typeexpression [(literal renaming|
[[OPERATORS] (ALL|( (inheritancelist)) ) [(end]]
[ADDI NG

Figure3.2: SDL grammarulescontainingthe OPERATORS token
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(partial typedefinition := NEWYPE (name

[(formal context parametes)]
[(extendedproperties]
(propertiesexpression

ENDNEWT YPE [(namg|

(inheritancerule)

(operators)

((internal properties|(external properties)
[(defaultinitialization)]

[(literal list)][(opemtor list)]

(extendedproperties =
(propertiesexpression =

(operators) =

Figure3.3: Grammarrulesreferringto therulesin Figure3.2

(pathitem) SYSTEM(name

| SYSTEM TYPE (name
|  TYPE(name

Figure3.4: Partial rulesfor SDL pathitems

scannewill returnOPERATORS , or OPERATORS if the next characteis a left
parenthesis.

In the secondstartcondition,the scannewill checkthe namereadby word2.
If it is theal | keyword, OPERATORS is returnedto the parser Otherwisethe
parsemwill getan OPERATORS _ token. In eithercase the scannewmill switchto
ret, which will returnthelook-aheadoken.

Converting Keyword Pairs to oneToken

The SDL grammarcontainstroublesomerules like the onespresentedn Fig-
ure 3.4. Togetherwith someothergrammarrulesthey causemary shift-reduce
conflicts. The problemcanbe addressedby returninga single, distinct token for
the keyword pair syst em t ype. Thisis achiezed usingtwo scanneistartcondi-
tions.

Whenthe scannerencounterghe keyword syst em it will switchto the start
conditionsystem, whichprocessewhitespacendcommentsn thenormalway:. If
therearelettersin theinput, the scannewill switchto the startconditionsystem2
andcall word2. Otherwiset will returnto the calling startconditionandreturnthe
tokenSYSTEM to the parser

In the startconditionsystem2, thenamereadby word2 will bechecled. If it is
thekeywordt ype, thetoken SYSTEMT YPE will bereturnedandthescannewill
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(literal list)

LI TERALS (literal signatue)
(, (literal signatue))” [(end)]
(name

(extendediteral name
(characterstring)
NAMECLASS (regular expression
LI TERALS (literal renamdist)
(literal renamepair)

(, (literal renamepair))*
(literal renamesignatue) =

(

(

(

(literal signatue)

(extendediteral name

(literal renaming
(literal renamdist)

(literal renamepair)
literal renamesignatue)
name
characterstring)

FORALL (namelist)

| N (extendedsort)

LI TERALS( (literal axioms

((end (literal axioms)* [(end)])

(literal renamesignatue)

(literal equatior)

Figure3.5: SDL grammarulesrelatedwith thel i t er al s keyword

popfrom thestackthestartconditionthatcalledsystem. Otherwisetheparsemill
receve the token SYSTEM, andthe scannewill switchto ret, which will return
thelook-aheadoken (nameor malformedname)to the parseron the next call to
thescanner

Similar start conditionsexist for the keyword pairs bl ock type, process
type andservice type. Also the startconditionret2, which is usedto return
thefirst of two look-aheadokensto the parseywill corvertthe keyword pairsto
singletokens.

3.2.2 2-TokenlLook-Ahead
Two Tokensforliteral s

Theliteral s keyword occursin threegrammarrules(Figure3.5). Similarly as
with theoper at or s keyword (seeSection3.2.1), conflictsoccurif thesametoken
is usedin all rules. They canberesohedby usinga differentL] TERALS _ token
in (literal list).

By looking attherules,onecannoticethatthe LI TERALS tokenshouldbe
returnedf thel it eral s keywordis followedby thenanecl ass keyword or by a
(name or (characterstring) notfollowedby anequalsign. This canbe achieved
using only two startconditions,both of which will skip whitespaceand lexical



3.2. EXTENDING THE LOOK-AHEAD 29

(opermator definition := (padkagerefeenceclause™
OPERATOR(identifier) (end)
(identifiery := [(qualifier)] (name
(qualifier) := (pathitem) (/ (pathitem))*
(pathitem) := OPERATOR((name[! || (quotedoperator))
(genemtor parametej = OPERATOR(namelist)
(textual operator refeence = OPERATCR(name
[[(formal parametes)| (operator resulb|
REFERENCED (end)
(formalparametes) := FPAR(parametes of sort)
(, (parametesof sort))*
(opemtorresuly := RETURNS[(name] (identifier)

Figure3.6: SomeSDL grammarulesinvolving theoper at or keyword

comments.

Thefirst startcondition, literals1, is calledby ret whenit is aboutto returna
LI TERALS token.Whenencounteringa nameor a charactestring, it will switch
to literals2 andcall word1, word?2 or sdistring to readin the string. Any otherinput
will make it returnLI TERALS to the parsey put backthe inputandreturnto the
startconditionthatcalledret.

The secondstartcondition, literals2, makesthefinal decision.If thefirst look-
aheadokenwasthe keyword namecl ass or if the next non-whitespaceharacter
is notanequalsign,aLl TERALS tokenwill bereturnednsteadof LI TERALS.
In eithercasethescannewill putbackthelook-aheadtharacteandswitchto ret,
whichwill returnthefirst look-aheadoken.

3.2.3 3-TokenLook-Ahead
The oper at or Keyword

The grammarrules presentedn Figure 3.6 are responsiblefor numerousshift-
reduceconflicts. The conflictscanbe resoled by usinga different OPERATOR _
tokenfor thefirst (pathitem) in (qualifier).

Now we neednothing lessthan three new start conditions, the first two of
which will skip whitespaceandcommentsret calls operatorl whenit is aboutto
return OPERATOR to the parser In this startcondition,the scannemwill advance
to operator2 andcall word1, word2 or opl whenit encountersrything thatlooks
like anameor aquotedoperator On ary otherinput,thescannewill returnto the
callerof ret andreturnan OPERATOR tokento the parser

The secondstart condition, operator2, can make somefurther decisions. It
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will extendthe look-aheachamewith any exclamationpointsit encountergand
convert the look-aheadtoken to OP_NAME or ERR_OP_NAME). A dot (which
startsa (name but not ary keyword) makesthe scanneiswitchto ret for return-
ing the look-aheadoken and return OPERATOR or OPERATOR _ to the parser
OPERATORwill bereturnedf thelook-aheadokencanstarta (pathitem).

When an alphanumericstring is encounteredn operator2, the scannerwill
checkwhetherthefirstlook-aheadokenstartsa (pathitem). If it doesthescanner
putsbackthe secondstring, switcheso ret for returningthelook-aheadstringand
returnsOPERATOR. Otherwisethe scanneswitchesto operator3 andcallsword2
for readingin the secondook-aheadoken.

If any otherinputis encounteredthe scannemwill checkif the characteiis a
slash(/ ). If it is,anOPERATCOR _ tokencanbereturned.Otherwisethe parsemwill
getan OPERATCOR tokenafterthescannehasputbackthecharacteandswitched
toret.

The third startcondition, operator3, will checkthe secondook-aheadoken.
If it is one of the keywordsf par, referenced or returns (seeFigure 3.6),
OPERATOR will be returned. Otherwisethe scannemathersthat it hasreadan
(identifier) with a (qualifier) consistingof one (pathitem) andreturnsthe token
OPERATOR _. In eithercase the scannemill switchto ret2 for returningthe two
look-aheadokens.

Ther et ur ns Keyword

The rule for (operator resul} in Figure 3.6 is self-conflicting. When given the
input RETURNS (name, the parserhastwo choiceswith regardto this rule. It
couldshift thenext token,assuminghattheoptional(name is presentpr it could
reduce,assuminghatthe (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. Whenthe optional (name is changedo (identifier),
thereis no conflict. A semanticactionwill ensurethatif presentthe optional
(identifier) is a (name.
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User-Friendliness: Err or Reporting

Error messagefom a compileraresomethinghataredislikedandappreciatedt
thesameime. Theusermayfirst beanngedby anerrorreportherecevesfor his
programbut hewill appreciatet if thereportis clearandassistdiim in correcting
the errors. The worst thing a compiler cando with erroneousnput is to ignore
theerrorsandproducesomethingunpredictabléhatseemgo becorrectatthefirst
glance.

It is customaryto distinguishbetweertwo kindsof errors[1, p. 161]. Syntactic
errors areviolationsagainsthe grammairincorporatednto the parser In the case
of LALR(1) languagesthey are causedoy sequencesf symbolsthat cannotbe
reducedoy ary rule in thegrammar Thelexical analyzerandthe parsemustdeal
with thiskind of errorsandtry to recover from them,sothatthe compilerdoesnot
needto stopatthefirst error.

Semanticerrors, on the otherhand,are expressionghat violate the language
definitionpropereventhoughthey areacceptedy the parserstypically somavhat
liberal grammar' For instance referringto previously undefinedvariablesin a
programmindanguageor calling anundefinedsubroutinecanbea semanticerror.
Sucherrorsaremainly detectedy latercompilerstageghatoperateon the syntax
treelevel, whichis discussedn Chapters.

4.1 Error Handling in Bison

By default, whena Bison-generateg@arserdetectsa grammarviolation in thein-
put, it will report“parseerror” and stop parsing,ignoring the restof the input.
This is unacceptabléor a compiler sincethe userexpectsto receve reportsfor
all errorscontainedin the program,so that he needsnot run the compiler after
correctingeachindividual error.

Yaccand Bison have a specialsymbol (error) that canbe usedfor error re-
covery. Wheneer asyntaxerroroccurs,an (error) tokenwill begeneratedy the
parser Error recoveryrules grammaruleswith an (error) symbolontheirright-
hand-sidedefineakind of synchronizatiorpoints. With their help,the parsercan
resumenormal operation. If the parsestackdoesnot matchary error recovery

INotethatgenerallythe grammaiis context-free but the programminganguagés not.

31
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(itemlist) = (
| (itemlist), (item)
|
|

Figure4.1: Errorrecovery rulesfor acomma-delimitedist

rule, statesandsymbolsfrom it will bediscardeduntil anerrorrecovery rule can
beapplied.

For a compilerit is often desirableto recover from syntaxerrorsassoonas
possible. To achieve this, theremustbe (error) rulesat a very deeplevel in the
grammar Eventhelexical analyzercancorrectsomeerrors. Malformed (names
and(quotedoperator)saredetectedy thescannermwhich corvertsthemto special
tokens,which aretakencareof by the parser

4.1.1 Sequence®f Symbols

Programmindanguagegontainmary list constructs.For instanceyariabledefi-
nitionsandfunctionparametersanbeseenraslists (usuallydelimitedby acomma
or by someothercharacter)Introducingerrorrecovery rulesfor theseconstructs
is essential. The moststraightforvard way of doing so is addingthe (error) to-
kensasalternatvesto thelist items,asshown in Figure4.1. The samecould be
achievedby augmentinghe grammamwith therule

(item) := (error).

4.1.2 Frequently UsedSymbols

Fastsynchronizatioron errorscanbe achiezedby introducingerrorrecovery rules
at the lowestpossiblelevel. For instancethe SDL grammaruses(identifier) in
verymary places Augmentingtherulefor (identifier) with an(error) tokenseems
to malke it possibleto synchronizeon errorsalmosteverywhere.

Unfortunately the (identifier) symbolis usedin so mary differentcontexts
in the SDL grammarthatallowing (error) wherever (identifier) is allowedwould
introducetoo mary conflictsto the grammar Therefore jt makessenseo define
anothemon-terminakymbol,

(identifier) := (identifier)
| (error)

whichis usednsteadf (identifier) whereverdoingsodoesnotintroduceconflicts.
Similar rulesaredefinedfor mary otherfrequentlyusedsymbols.
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4.1.3 Fall-Back Rules

Sometimeghe parsercomesvery badly out of synchronizatiorwith the input.

Without ary so-calledfall-backrules,the parsercould beforcedto discardevery-

thingfollowing abaderror. Two fall-backrulesin our SDL parsermallow the parser
to attemptsynchronizatiorafter discardinganything up to a semicolonwhich is

containedn (end:

(entityin entityy := (error)[(end]
(transition) = (error)(end

In addition,somerulesdefine(error) alternatvesfor a sequencef symbols like
thefollowing:

(signallist definition) := S| GNALLI ST (name = (signallist) (end
| SI GNALLI ST (error) (end

Unterminatedexical commentsandcharactesstringsare handledby the end-
of-file rulesof thelexical analyzer The scannedoesnottry to make arny guesses
wherethe commentor charactesstring shouldend;it merelytreatsthe restof the
file asonecommentor stringandissuesanappropriateerrormessage.

4.1.4 Shift-ReduceConflicts Involving the (error) Token

As a resultof introducingerror recovery rulesto the grammay the SDL parser
containssomeshift-reduceconflictswhereit will decideto shift the (error) token
insteadof reducing.Sincetheseconflictsdo not affectthe parsingof correctinput,

we did not try hardto remove them. Shifting the (error) token meansthat the
parsermay needto discardmoreinput to recover from an error thanit would if

therewasno conflict. On the otherhand,the errorrecovery rule causingthe shift-

reduceconflictmay make the parsersynchronizdasterin somecases.

4.2 Relaxingthe Grammar

In the previoussectionwe saw thataugmentinghe grammaiwith rulescontaining
(error) tokensallows the parserto recover from errorsin the input. The goal

wasto obtainasmary parseerrorsfrom erroneousnput aspossible;in the best
caseone parseerror for eacherrorin the input. But often we wantto proceed
even in the seeminglyoppositedirection and reducethe numberof parseerrors
generatedwithout touchingthe rules containing(error) symbols. The reasonis

that a descriptve error messagesuchas “name expected”, “missing comma” or

“extraneouscomma’” satisfiesthe usermore than a generic“parseerror”. Such
errormessagesanbeimplementedy extendingthe grammarandby addingthe

errormessages the semantiactionsof these‘extraneous’rules.

Improving errorrecovery is a kind of art. The compilercannotrecognizeall
kindsof errorsandadaptto them:idiots areclever, they say anduseranayalways
introduceerrorsthatthe compilerdoesnothandleverywell. In the SDL parsemwe
tried to relaxthegrammarasmuchaspossiblewithout introducingconflicts.
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4.2.1 Tolerating Too Generic Constructs
Sequence®f Symbolsinstead of Symbols

Someplacesof the SDL grammarcan be relaxed so that lists or sequence®sf
symbolsaretoleratedvhereonly onesymbolis allowed. Returningto theexample
illustratedin Figure4.1, agrammarrule

(item) = (itemlist)

thatverifiesthatthe (itemlist) only hasonecomponenandissuesanerrormessage
if not, canbe usedto replace(item) in the grammarwhereser doing so doesnot
introduceconflicts.

Single Symbols

Programmindanguage®sftenhave mary overlappingnon-terminakymboldefini-
tions. For instancetheremaybea distinctionbetweerlvalues(left-hand-sideval-
uesof assignmentandotherexpressionsThegrammarusuallyremaingparsable
evenif any expressioris toleratedon bothsidesof theassignmentSemantianal-
ysiscandetermindaterwhetherthe assignmeniakessense.

In the SDL grammarit is sometimegossibleto tolerateexpressionor even
expressiorlists whereonly a single (identifier) or (name is allowed. Sometimes
amissingsymbolcanbetoleratedwithout causingary conflicts.

4.2.2 Tolerating Extraneous Symbols
Repetition of Optional Symbols

The SDL grammarrules containmary optionalsymbols,thatis, therearerules

which allow the empty sequencer one occurrenceof a symbol. The grammar
usuallywill not becomearny moredifficult for the parsernf multiple occurrences
of the symbolareallowed. Semanticactionscanbe usedfor telling the userthat

the optionalconstructtanbe specifiedat mostonce.

Other Symbols

A draft of [27, Annex D], which definesthe built-in SDL datatypesin termsof
SDL, containedots of errors.For instancetherewereextraneousommasandat
oneplacetherewasan extraneougight parenthesisWhentestingthe parserone
errorthatis presenin the publishedversionof [27, Annex D] wasfound. In the
definitionof thebuilt-in | nt eger type,thereis anaxiomthatis notallowedby the
SDL grammar?

type Integer - 0 == 0;

2Thecorrectformwouldbe“t ype Integer "-" (0) ==
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(noend = [(end)]

(noqualifier) := [(qualifier)]
(nocommas = €
| , (nocommas
(norparens = ¢
| ) (noend (norparens
(noop) = ¢
| (noop) (op)

Figure4.2: The“no” rulesof the SDL parser

Theseerrorswerethe inspirationfor somenew non-terminalsymbolsin the
Bison definition file, presentedn Figure4.2 In the lastrule (noop), which is
usedin expressionsfterbinaryoperatordik e this,

(subexpression := (subexpression+ (noop) (subexpression,

the non-terminalsymbol (op) expandsto ary operatorexceptthe unaryoperators
NOT and- , whichwould introduceconflicts.

Thegrammarof the SDL parsemwasaugmentedavith theseé'no” non-terminals
in several placeswheredoing so madesenseanddid not introduceconflicts. In
orderto parsetheerroneousxiomfor thel nt eger type,therulesfor unaryoper
atorsin (termyswereaugmenteésfollows:

(term) := (noqualifier)- (noop) (term)
| (noqualifier) NOT (noop) (term)

The semanticaction of (noqualifier) will issuean error messagéQualifier not
allowedhere”for the erroneouslefinitionin [27, Annex D].
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Chapter 5

Storing the Input: The Syntax Tree

A parserthatdoesnot storethe parseddatais of no use,unlessthe goal is noth-
ing morethansimple syntaxchecking. A compilermuststoreeverythingthatis

relevantin further processingf the input. How shouldthe input be stored?[1,

p. 49] describesa translatorfor simple expressionsand discusseshe difference
betweerthe parsetree(the syntacticstructureof the languagepndthe datastruc-
turesneededy the compiler:

A usefulstartingpoint for thinking aboutthe translationof aninput

stringis anabstract syntaxtreein which eachnoderepresentsnop-

eratorandthechildrenof thenoderepresentheoperandsBYy contrast,
aparsetreeis calleda concetesyntaxtrege andthe underlyinggram-
maris calledaconcetesyntaxfor thelanguage Abstractsyntaxtrees,
or simply syntaxtrees differ from parsetreesbecauseuperficialdis-

tinctionsof form, unimportantfor translationdo notappeatn syntax
trees.

For simple expressionsthe differencebetweenparsetree and syntaxtreeis
subtle. In more complex languagesthe syntaxtree usually 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.!

5.1 ClassHierarchy

Sinceour SDL compileris implementedn C++, the mostnaturalway of defining
thesyntaxtreeis in termsof C++ classesEachsyntaxtreenodeis a C++ object.
Thereare two kinds of relationsbetweenthe syntaxtree nodesin our class
hierarchy Nodescanconsistof othernodes(or have referenceso them),or they
canbederivedfrom acommonbasenodeor from eachother
In our SDL compiler syntaxtree node classesare divided into four major
groups:ENTITY (describedn Section5.1.1), EXPRESSION (Section5.1.2, SORT

Thesyntaxtreeis aninternaldatastructureof the compiler, andit canbe constructedn mary
ways.

37
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(Section5.1.3 andSTATE (Section5.1.4. Theseclassesnake useof someutility
classedhat are discussedn Section5.1.5 e.g.IDENTIFIER and PATHITEM for
storing(identifier) data.We useTHIs typefacefor classnames.

5.1.1 ENTITY

Classedlerived from the ENTITY classspanthe frame of the syntaxtreein our
SDL compilet Theroot of the treeis a SPECIFICATION object. EacChENTITY

hasits own namespaceandscopeof visibility, andapartfrom otherENTITY ob-
jects, differentENTITY objectscancontaindifferentdefinitions(objectsnot de-
rivedfrom theENTITY class).Forinstancea PROCESS cancontainan AUTOMA -

TON, anda DATA object(which correspondso (datadefinition in the grammar)
containsa SORT.

SPECIFICATION

The SPECIFICATION classis in a specialposition. It is only instantiatedoncein
the SDL compiler andall SDL entitiesdefinedatthetop level will bestoredin the
only instantiatecdobbjectof SPECIFICATION. Thus, SPECIFICATION is the root of
the syntaxtreeandcomprisesll therelevantinputfed to the compilet

PACKAGE

In SDL, entitiesareusuallygroupednto packageswhich correspondo modules
in mary otherprogramminganguagesUsually eachpackagdan an SDL specifi-
cationis definedin a separatdile, but our compilerdoesnot have ary restrictions
regardingthis.

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

SYSTEM

Accordingto [27], an SDL specificationconsistof onesystemanda setof other
definitions. The Systementity in SDL canbe seenasa specialkind of package.
TheSySTEM classcorrespond$o the (textual systendefinition) in the SDL gram-
mar. Like PACKAGE, it is only awrapperfor otherdefinitions.

SYSTEMTYPE and SYSTEMINST

SDL is saidto be an object-orientedanguage[9], althoughit lacks mary of

the propertiesone exceptsfrom an object-orientedanguage suchas polymor

phism, multiple inheritance or packagingdatastructuresandrelatedalgorithms
into classes.
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With someimagination, one can seesimilarity betweentypesin SDL and
classesn real object-orientedanguages. In object-orientedanguagespbjects
areinstantiatedrom classesin SDL, entitiesareinstantiatedrom entity types.

Entity typesaremorelik e templateor macrosthanclassesThey areparame-
terizedentities. The parametersvill befixedwhentheentity typeis instantiated.

SYSTEMTYPE is otherwisethe sameas Sy STEM, but it hasformal parame-
ters (FPAR) thatwill be suppliedin the TYPEEXPRESSION of a SYSTEMINST.
A systemtype definition canalsobe basedon anothersystemtype; the optional
(specialization is storedin the Ty PEEXPRESSION memberof SYSTEMTY PE.

Sincean SDL specificationmay only containone systemdefinition, it is an
errorfor a SPECIFICATION to containmorethanone Sy STEM or SYSTEMINST.

SYSTEMTYPEREF

In SDL, entitiesaredefinedinside otherentities,andthey arenormally “visible”
only to entitiesthat aredefinedin the samescope.For instancejf a systemtype
is definedin onepackageijt cannotbe directly usedby an entity definedin some
otherpackageThe (textual systentyperefeence in SDL addressethis problem,
andit is mappedto the SYSTEMTYPEREF classin the SDL compiler Systems
neednot bereferencedsincethereis only onesystemin a SDL specification.

BLocCK

Blocksin SDL areyet anothercontainerfor otherentities. Unlike SYsTeEmM and
PACKAGE, BLOCK allows the definition of processesnd thusthe definition of
behaior. Blocks areconnectedo eachotherthroughCHANNEL objects,whose
namesarestoredin CONNECTION objects.

BLOCKTYPE and BLOCKINST

Theinstantiationmechanisnassociateavith BLOCK is similar to the oneassoci-
atedwith SysTem. As anew thing, BLOCKTYPE encompasseSATE definitions,
which are instantiatedto CONNECTION objects. In addition, block typeshave
virtuality constraintsandoptions,which controltheinheritance.

BLOCKREF and BLOCKTYPEREF
The BLOCKREF andBLOCKTYPEREF classesarefor referenceto BLock and
BLOCKTYPE objectsrespectiely.

PROCESS

Processearethe component#én SDL thatdefinethebehaior of the system.They
may have creation-timeparametersa set of input signals, connectiongsignal
routes)to otherentitiesand an enhancedinite stateautomatonassociatedvith

2The word “type” hasno othermeaningin SDL; abstractdatatypesare referredto with the
term“sort”
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them? In a processleclaratioronecanalsospecifytheinitial numberof process
instanceghat will be createdwhenthe systemis initialized, and the maximum
numberof instance®f the procesghatareallowedto exist simultaneously

PrROCESST YPE and PROCESSI NST

Processesanbeinstantiatedrom procesdypesjustlikeblockscanbeinstantiated
from block types? The initial and maximumnumberof processinstancesand
formal parametersre specifiedin the PROCESSINST object; everything elseis

definedin the correspondind®’ROCESSTY PE object.

ProcESSREF and PROCESST YPEREF

The PROCESSREF and PROCESSTYPEREF are for referenceso PROCESS and
PROCESSTY PE objects respectiely.

PROCEDURE, PROCEDUREREF, REMOTEPROCEDURE and | MPORTEDPRO-
CEDURE

Therearetwo kinds of proceduresn SDL: local proceduresand remoteproce-
dures. Local proceduresare executedby the calling processwhile remotepro-
ceduresareexecutedby adifferentprocess.The PROCEDURE classencompasses
local proceduralefinitions,and PROCEDUREREF is usedfor storingreferenceso
PROCEDURE objects.

Proceduredave an interfacedefinedin termsof parametersortsand return
sort. Theactionsof a procedurearedefinedin the AUTOMATON objectcontained
init.

Remoteproceduresn SDL areotherwisedefinedlik e local proceduresbut in
thepreambletheprocedures givenaremoteproceduraedentifierwhich identifies
the REMOTEPROCEDURE entity thatsenesremotecallsto the procedureCallers
of the remoteprocedureneedan IMPORTEDPROCEDURE entity thatdeclareghe
calling interfaceof the procedure.

SERVICE

SDL processesanbe partitionedinto services.Eachservicemusthave a disjoint
setof input signals,andonly oneserviceof a processs executedatatime. Each
SERVICE classhasan optional setof input signalsandan AUTOMATON object
associateavith it.

SERVICETYPE, SERVICEINST, SERVICEREF and SERVICET YPEREF

Servicesandservicetypescanbereferencedndinstantiatedust like procedures
andblocks.

3Processedividedinto servicesmay effectively containmorethanoneautomaton.
4Therearetwo differentkinds of instantiationhere: the compile-timetemplateinstantiation
from PROCESSTY PE andthe creationof run-timeprocessefrom PROCESS or PROCESSINST.
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SIGNAL and SIGNALS

Signalsdefinethe messagepasseetweernprocessesTherearetwo classese-
latedto them. SIGNAL storesa single (signaldefinitionitem), and SIGNALS en-
capsulatest SIGNALLIST object,which correspondso a (signallist) in the SDL
grammar

DATA

The DATA classcorrespondso the (datadefinitior) symbolin the SDL grammar
An objectof thisclasscontainsareferenceo theactualdatatypedefinition,which
is a SORT object,to theinitialization expressiorfor variablesof this sort,andto
ary constraintsetfor variablesof the sort,amongotherthings.

OPERATOR and OPERATORREF

It is possibleto defineoperatordor abstractdatatypes. Operatorsare morere-
strictedthanlocal proceduressincethey canonly bedefinedin a (datadefinition)
and may only containvariableand sort definitionsand an automaton. The Au-
TOMATON associatedvith an OPERATOR may not have ary persistenstateinfor-
mation,andit cannotcommunicatevith otherentities.

CHANNEL

Blocks communicatehroughchannelsaandprocessethroughsignalroutes.Both
definitionsare storedin CHANNEL objects. Unlike signalroutes,channelsmay
have internalbehaior definedin termsof SUBSTRUCTURE.

SUBSTRUCTURE and SUBSTRUCTUREREF

SDL supportanodularityandhierarchicaldesignsoy allowing the partitioningof
blocksinto sub-blocksand channelswhich in turn can be partitionedinto sub-
channelsandblocks. The SUBSTRUCTURE classis usedfor storing both block
andchannepartitions.

TIMER

Timersareusedin protocolse.g.for preventingpotentialdeadlocksor for detect-
ing deadcommunicationinks. In SDL, timersare eitherinactive or actve, and
active timers have a time and optional parametersassociatedvith them. If the
time associateavith atimer elapsedeforeanew timeis setfor thetimer or before
thetimeris madeinactive,theownerof thetimerwill besentatimersignal,which
will carrythe timer nameandoptionalparametershatwerespecifiedat the time
thetimer waslastset.

A TIMER objectcontainsalist of parametesortidentifiersandanexpression
specifyingthedefault duration.
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SELECT

SDL hasvery limited supportfor conditionalcompilation. SELECT is oneof the
few constructsvailablefor thatpurpose A (selectdefinition) in theSDL grammar
consistof abooleanexpressiorandof asetof entity definitions.If theexpression
is true, the entitiesdefinedinside the (selectdefinition will betreatedasif they
were definedin the surroundingentity. Otherwisethe definitionsare discarded
from the specification.

5.1.2 EXPRESSION

Expressiongarevery centralin any programminganguageln our SDL compiler,
all expressiomodesarederivedfrom the abstracbaseclassEXPRESSION. Some
of the expressiontypes,implementedas EXPRESSION subclassesare presentin
virtually any programminganguagesomeareSDL specific.

CHARSTRINGEXPRESSION and LI TERALEXPRESSION

Thesimplestieavesof SDL expressiorireesarecharactestringsandliterals(iden-
tifiers). In SDL, alsonumbersaretreatedasnamesor identifiers. CHARSTRING-

EXPRESSION is associatedvith a string andan optional qualifier; LITERALEX-

PRESSION encapsulatean IDENTIFIER object, which containsthe literal name
andthe optionalqualifier A LITERALEXPRESSION canbe almostarything, for

instancea numericconstant,a literal of an enumeratedort, or a referenceto a
variable.

NOPEXPRESSION
In SDL expressionstherearesomeresenedwordsthatcanbeviewedasoperators
with no aguments.Thesewordsarehandledby NOPEXPRESSION objects.

UNOPEXPRESSION

SDL hastwo unary operators the negation operator-” and the logical “not ”
operator The UNOPEXPRESSION classencapsulatea unaryoperatorandan EXx-
PRESSION associatedvith it.

BINOPEXPRESSION

Thereareplentyof binaryoperatorsn SDL, thatis, operatorshathave aleft-hand-
sideexpressiorandaright-hand-sidexpression Binary operatorexpressionsre
handledby the BINOPEXPRESSION class.

IFTHENELSEEXPRESSION

The ternaryif-then-elseoperatorfamiliar from the C programminglanguages
availablein SDL, and IFTHENELSEEXPRESSION objectsstorethe if-then-else
nodesof the expressiortree.
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STRUCTCOMPONENT and STRUCTEXPRESSION

A tupleof variablesis calledst ruct in SDL. A struct hasnamedcomponents.
Individual component®f ast ruct areaccessetty name.The STRUCTCOMPO-
NENT classhandlessuchaccesses.

All component®f thewholest ruct canbeinitialized at oncewith a special
notation. STRUCTEXPRESSION encapsulatethe expressionsusedfor initializing
thecomponents.

STRUCTOROPERATOR and OPERATORAPPLICATION

SDL hastwo syntaxesfor accessingt r uct componentsandoneof themconflicts
with OPERATORAPPLICATION, whichis usedwhenauserdefinedoperatoris ap-
pliedto, or “called with” someargumentexpressionsThe STRUCTOROPERATOR
classis usedfor dealingwith thesedefinitions. Also accesse$o arrayelements
arecatchedoy this class.All STRUCTOROPERATOR objectswill be corvertedto
otherobjectsin latercompilerstages.

PROCEDURECALL and REMOTEPROCEDURECALL

Local andremoteprocedurecalls are semanticallycloseto userdefinedoperator
applicationsput sinceproceduresinduserdefinedoperatorhave separat@ames-
paces,it is easiestto write separateclassedor procedurecalls: PROCEDURE-
CaLL for local and REMOTEPROCEDURECALL for remotecalls. Both classes
encapsulatéhe proceduradentifier andthe actualargumentexpressionist. For
REMOTEPROCEDURECALL, alsoanexpressiondentifying the call destinations
recorded.

IMPORTEXPRESSION

Whenaremotevariableis imported,its valueis copiedfrom the processholding
the mastercopy of the variable. IMPORTEXPRESSION recordsthe variableto be
imported, the expressionidentifying the process,and an optional messageath
which shouldbe usedwhenimportingthevariable.

VIEWEXPRESSION

The deprecatedi ew'r eveal ed conceptin SDL effectively lets processeshare
global variables. Processesiewing a global variable cannotmodify its value;
only the processhat declaredthe variablecan. VIEWEXPRESSION recordsthe
variableidentifierandanexpressiondentifying the processvhosemastercopy of
thevariableis to be viewed.

ACTIVEEXPRESSION

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

Bool ean Booleantruth valuesandoperators

Character | A single7-bit InternationalAlphabet5 character
Charstring | String(Character,’’)

I nt eger Arbitrary precisionintegernumber

Nat ur al Non-negative arbitraryprecisionintegernumber
Real Arbitrary precisionfloating pointnumber

Pl d Processdentifier

Duration A Real valueindicatingdurationof atime interval
Ti me A Real valueindicatingabsoluteime

ANYEXPRESSION

The ANYEXPRESSION is associatedvith the (anyvalueexpression in the SDL
grammar It denotesanunspecifiedralueof asort,i.e. it will evaluateto any value
of the specifiedsort.

RANGE

In SDL, it is possibleto defineconstraintdor valuesof a datatype. Sincethese
constraintaredefinedn termsof expressionsit is haturalto usean EX PRESSION-

derived classfor them. The abstractRANGE classandits subclassebandlethe
valueconstraintsn SDL.

5.1.3 SORT

The abstracdatatype, or sortsystemin SDL hassomepeculiarities.First of all,
SDL supportsaxiomaticdefinition of datatypes. It seemghat axiomsare only
usedfor definingthe built-in datatypesin [27, Annex D]J; it would be extremely
difficult to write a compilerthat would interpretthe axioms,checkthat they are
solid and complete,andfinally translatethe axiomsto an efficient implementa-
tion of the datatype andits operators.Our compilerparsesaxiomaticdefinitions
properly but it ignoresthemandissueserrormessagesayingthataxiomsarenot
supported.

Therearetwo kinds of sortsin SDL: simplesorts,or leaf sorts,as presented
in Table5.1, andstructuredsorts,which consistof othersorts.SDL doesnot have
arnything correspondingo the uni on type of C. Our compiler supportschoi ce
with a st ruct -like syntaxas a non-standardadditioninspiredby ASN.1. The
structuredsortsareasfollows:

Array(lndex, ltensort)
An arrayof | tensort indexed by | ndex sort. As opposedo mary other
programminglanguagesl| ndex sortneednot be anintegerlike sort; SDL
arrayscanbeindexede.g.by Char st ri ng or by a structuredsort.
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struct
A struct sortconsistof namedcomponent®f any sort. A struct value
definesvaluesof all thest ruct components.

choi ce
Thechoi ce sortislikestruct , but only oneof the componentss active at
atime. Thus,achoi ce valuemustactuallybe a valueof oneof thechoi ce
componensorts.

Power set (It ensort)
A power setof | temsort. Powerset could be implementedin termsof
Array asArray(ltensort, Bool ean) augmentedvith someoperators.

String(ltensort, Enptystring)
Stringof I t emsort ; akind of Nat ur al -indexedarray Enpt yst ri ng speci-
fiestheliteral thatwill beusedfor denotingthe emptystring.

syntype
Synorym type; a sortalias. The sortdefinedby synt ype inheritsthe data
structurefrom the original sortandpossiblyaugmentst with someliterals,
constraintandoperators.

Simple Sorts

The classeglefiningsimple sortsdo not have ary memberobjects;everythingis
inheritedfrom the baseclassSORT. The SORT classhasa referenceo the DATA
entity containingthe sortdefinition,andit holdstheliteralsdefinedfor thesort. In
addition,thebaseclassSoRT keepsrackof the operatorslefinedfor the sort.
ARRAY SORT

The ARRAY SORT classcorrespondgo the Array generatorin SDL. It hastwo
memberstheindex sortandtheitem sort.

STRUCTSORT and CHOICESORT

Thetwo classesSTRUCTSORT and CHOICESORT implementthe structuredsorts
struct andchoi ce, respectrely. The componensortsarestoredin a CoMPO-
NENTLIST.

POWERSETSORT

For now, the POWERSETSORT classonly storesthe power setitem sort.

STRINGSORT

The STRINGSORT classhandlesthe String generatar The item sort and the
emptystringliteral (hameor charactestring) arestored.
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SYNTYPESORT

The SYNTYPESORT classonly recordgheoriginal sort. Addedliteralsandopera-
torsarekepttrack by the SORT baseclass,andconstraintsareassociatedavith the
DATA entity encapsulatinghe SYNTYPESORT object.

5.1.4 STATE

Usually, all actionsin animperatve programminglanguagetake placein state-
ments which form the bodiesof functionsand procedures.SDL, asa language
designedor modelingcommunicatingautomatahasthe conceptof statesat the
function or procedurebody level. For instancea processmay have a numberof
namedstatesgeachof which is associatedvith conditionsor input signals.When
the procesgecevesaninput signalthatit is expectingin its currentstate,it will
executea sequencef statementsthe transition associatedvith that input and
state?

AUTOMATON

The AUTOMATON classgluesthebuilding blocksof extendedinite stateautomata
together It hasa referenceto the surroundingNTITY, andit hasreferencedo
all statesandtransitions(statemensequences)f the automaton.One statement
sequences in a specialposition: the (in somecasesoptional) starttransitionis
executedwhenthe automatoris enteredpeforewaiting for ary input. AUTOMA-
TON alsokeepstrack on the namesof statesandon labels,which canprecedeary
statemenandactasentrypoints.

During parsing,the AUTOMATON classmaintainssomeauxiliary structures
thatare neededor expandingthe short-handhotationsin SDL, suchasdefining
thebehaior of all statedy usingthe“state *” construct.

STATE

SDL automatdeave their currentstateuponreceving a signal, or whena logic
condition, specifiedin termsof a Booleanexpressionbecomedrue. Figure5.1
represents simpleprocesswith two statesgcalledl dl e andAct i ve. Initially, the
processwill switchto thel dl e state,whereit is expectingtwo signals,At n and
Qui t. Uponreceving the former signal, the processwill switchto the Acti ve
state;the Qui t signalwill be saredto be consumedater. In its Acti ve state,
the procesonly expectsthe Qui t signal,which will causethe terminationof the
processTheprocessanalsoreturnto thel dl e stateif the (anyvalueexpression
“any (Bool ean)” evaluatego Tr ue.

The abstractSTATE classmanageshe conditionsandactionsassociateavith
statesin SDL automata.The AUTOMATON classkeepstrack of the statenames

5The SDL statesand transitionsare not to be mixed with the placesand transitionsof Petri
Nets[20]; SDL specificationgypically have variables,which containstateinformation, and an
SDL transitionusuallyinvolvescommunicatiorandothernon-atomicasks.
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process Sinple;
start;
nextstate Idle;

state Idle;
I nput Atn;
nextstate Active;
save Quit;

state Active;
i nput Quit;
stop;
provi ded any (Bool ean);
nextstate Idle;
endprocess Sinple;

Figure5.1: An SDL processontaininga simpleautomaton

andassociategachnamewith (typically multiple) STATE objects. For example,
the AUTOMATON objectcontainingthedefinitionsof Figure5.1will associatéwo
objectsof STATE-dervedclasses|NPUT andSAVE, with the statenamel dl e.

Signalscanbe handledin threeways. They canbe consumedmmediatelyor
savedto beconsumedater The INPUT classhandleshe consumptiorof signals,
andthe SAVE classcorrespondgo the grammarrule (savepart). Unexpected
signalswill beimplicitly consumedy the system,without affecting the current
stateof theautomaton.

The third STATE-derived class, CONTINUOUS, is associatedvith the non-
terminal symbol (continuoussignal) in the SDL grammar The statecan be left
whenever the conditionEXPRESSION associateavith CONTINUOUS evaluateso
True.

Whena STATE objectcauseghe stateto be left, the actionor SDL transition
(chainedSTATEMENT object§) associateavith it will be executed.

ASSIGNMENT

Assignmentgouldalsobetreatedasexpressionshut sinceSDL doesnotallow as-
signmentsnsideexpressionsye choseto derive ASSIGNMENT from the abstract
STATEMENT baseclass. Both sidesof ASSIGNMENT are EXPRESSION objects,
andthe left-hand-sidenustevaluateto a variable!

SHerewe managalinkedlist of STATEMENT objectsby oursehes,notusingthel i st template
of the Standardlemplatel ibrary, sincestatementseedto be manipulateda lot whenperforming
optimizations.

’SDL doesnotallow e.g.IFTHENELSE in the left-hand-sideexpressionput thereis no reason
(otherthancompatibility with [27]) why it shouldnotbeallowed.
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DECISION

In SDL, therearetwo constructghatresembleheswi t ch construcfamiliar from
the C programminglanguage. Both constructs,al t ernati ve and deci si on,
translateinto DECISION objects,which have a condition EXPRESSION anda list
of STATEMENT chainsassociateavith EXPRESSIONS.

Whenthe DECISION is executed the conditionwill be evaluatedandtheac-
tion associatedvith the first EXPRESSION that evaluatesto a value equalto the
conditionwill be executed.Thereis alsoanoptionalel se partwhoseactionwill
be executedotherwise.The executionwill continuefrom the STATEMENT follow-
ing the DECISION.

EXPORT

Valuesof remotevariablesmustbe exportedexplicitly with a statementThe Ex-
PORT classis associatedvith (export) in thegrammar

EXPRESSIONSTATEMENT

In SDL, procedurecallsareexpressionsin orderto beableto call procedure$rom
automatawe needsomethingthat gluesExXPRESSION and STATEMENT objects
togetherithe EXPRESSIONSTATEMENT class.

LABEL and JOIN

With LABEL, it is possibleto defineentry pointsto STATEMENT chains,andthe
JOIN statementanbe usedto jump to anentry point® The SDL grammardoes
not allow multiple labelsto a statementbut our implementatiordoes(andissues
anappropriatevarningmessagevhenneeded).

OUTPUT

SDL automataacton input signals.Without outputfrom someavhere,therewould
notbeary input. The OuTPUT statemeninakesit possibleto sendsignalsto other
processesyr evento the currentprocesstself.

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

CREATE

In SDL, processesarecreatedwith a statementnot with a built-in functionsuch
asfork(2) in Unix-like systemkernels. The CREATE statementn SDL returns

8The SDL keywordj oi n is calledgot o in mostotherprogramminganguages.
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statusinformationto its caller throughhbuilt-in variables,which are coveredby
NOPEXPRESSION.

NEXTSTATE, RETURN and SToOP

Statementhainsareterminatedn threeways. Theautomatorcanswitchto astate
(NEXTSTATE), it canreturnto the caller (RETURN), or the processontainingthe
automatorcanbeterminated StTop).

5.1.5 Other Classes

The syntaxtree classegresentedo far enclosemary auxiliary objects,suchas
IDENTIFIER for storinge.g.sort names. Theseclassesare simple andrepresent
very low-level grammarobjects.

NAMELIST

In mary placesof the SDL grammaytherearelists of namesyvariablenamesstate
namesliteral symbolnames.The NAMELIST classwrapsal i st <char *> object
andensureshateachnameonthelist is unique.

IDENTIFIER and PATHITEM

SDL hasseveral namespaceand multiple levels of scoping. An (identifier) is a
(name optionally precededy a (qualifier), whichis alist of (pathitem)sidenti-
fying the SDL entity wherethe namedobjectis defined.The qualifier canidentify
afull pathfrom theroot of theentity definitiontree(startingfrom the SPECIFICA-
TION level), or theouterentitiescanbe omittedfromiit, if theentity containingthe
identifieris definedin their scope.

Pathitemsarestoredin PATHITEM objects,andlists of themarecollectedto
PATHITEMLIST objects.An IDENTIFIER objectencapsulatea name(a character
string) andanoptional PATHITEMLIST.

IDENTIFIERANDPARAMETERS

An IDENTIFIERANDPARAMETERS object encapsulatesin IDENTIFIER and an
EXPRESSIONLIST. It is usedfor convertinga STRUCTOROPERATOREXPRES-
SION or a LITERALEXPRESSION thatis initially parsedasan EXPRESSION. The
classis only usedduringthe parsingstage.

NAMESOFSORT and COMPONENT

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

When NAMESOFSORT is usedwhile parsingst ruct or choi ce component
declarationsit will be cornvertedto a COMPONENTLIST. EachCOMPONENT of
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the list is assigneda nhamefrom the NAMELIST and the sort identified by the
IDENTIFIER Of the NAMESOFSORT.

DEFINITIONSELECTION

SDL packagesayhave aninterface whichrestrictswhich definitionsof thepack-
ageareaccessibldy otherpackagesAlso, whenimporting definitions,onedoes
not have to import all definitionsbelongingto the interfaceof a package. The
DEFINITIONSELECTION andDEFINITIONSELECTIONLIST classeareusedboth
for specifyingthe packagenterfaceandfor listing theimporteddefinitions.

PACKAGEREFERENCE

Referenceto thedefinitionsin anSDL packagerehandledoy the PACK AGEREF-
ERENCE class.It recordsboththe packagenameandanoptional DEFINITION SE-
LECTIONLIST, which specifiesvhich definitionsof the packageareto beused.

An SDL entity may needdefinitionsfrom several packages.Thus,eachEN-
TITY classhasanoptional PACKAGEREFERENCEL IST member

CONNECTION and GATE

SDL blocks are connectedo eachothervia connectionswhich may consistof
multiple channelswhich are definedin CHANNEL entities. Whenchannelsare
referredto, theiridentifiersarestoredin CONNECTION objects.

Gatesarea kind of connectiontemplatesusedin block, processandservice
types. In additionto constrainingthe other end point (one is connectedo the
instantiatedblock, processor service)they constrainthe signalsallowed. GATE
objectsstoreall thisinformation.

FPAR and TYPEEXPRESSION

Templatesvould beof no useif they hadno parametersin SDL, theparametersf
templategsystemblock, procesandservicetypes)arecalledformal parametes,
andtheirvaluesareboundwith typeexpressionsThe FPAR andFPARLIST classes
are usedfor formal parametedefinitions. TYPEEXPRESSION is very simple: it
containsan IDENTIFIER identifying the template(type) andan IDENTIFIERLIST
with theactualparameterso be usedin theinstantiation.

SIGNALLIST

Whensignalsarereferredto in anSDL specificationsignallistsareused.A signal
list containdtemsconsistingof identifiersof signals timers,remoteproceduresr
variablesor identifiersof othersignallists. In our compiler the signallists are
SIGNALLIST objectsencapsulatingIGNALLISTITEM objects.
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VARIABLE

Without variables,a programminganguagenould be of very little use.In SDL,
variablesmay have two namesassociatedvith them: the local nameandan op-
tional exportedname by which remoteentitiescanreferto it. Eachvariablehasa
sortassociatedvith it, andin SDL, variablescanbe initialized with a default ex-
pression.In our SDL compiler, all thisinformationis wrappedtogetherin VARI-
ABLE objects.

5.2 Programming Tricks

In a big programmingprojectoneis very likely to encounteiproblemsthat have
rathertricky solutions.Tricksrelatedwith thelexical analyzehave beendescribed
in Sections3.1.3and3.2 Therearealsomary tricks specificto C andC++, which
areusefulin arny project.

5.2.1 Making Useof the C Preprocessor

C andC++ compilersprocesgheirinputin two passesThepreprocessastripsoff
any commentsexpandsmacrosandhandlesncludefiles. The preprocessenhput
is fed to therestof the compiler which performsthe actualparsing.

Programsare usually split into modules,which arecompiledseparately The
compiledmodulesarelinkedtogetherto form the executableprogram.Theinter-
faceof a moduleis definedin a headerfile, which is includedinto all modules
usingit.

Anotherusefor includefilesis definingpreprocessamacros.Commonlyused
macroscanbe definedin onefile, which is includedfrom any moduleusingthe
macros.In thisway, themacrodefinitionscanbestoredin oneplace whichmakes
maintenanceery easy

Thereis a third usefor includefiles. An include file can consistof macro
invocations.A modulewill definethe macro,includethefile, redefinethe macro,
includethefile again,andsoon. Thistrick wasneededn someplacesn our SDL
compiler Its first applicationwasin the ENTITY class.

EachENTITY objectcontainsa map of eachENTITY subclassandeachnap
is handledin a similar way. The programcode becamevery compactby us-
ing the macrotechnique. A file calledal | Entities hasanE() macrocall for
eachENTITY subclassThisfile is includedseveraltimesfrom theEntity. h and
Entity. Cfiles. Adding a new ENTITY subclasgo the compilerdoesnot neces-
sarily needarny changesn the baseclassmodule;only oneline needso beadded
totheal | Entities file. However, everythinghasits price. The codedefinedin
themacrosis difficult to delug. On the otherhand,the macroto be deluggedcan
be expandedmanually andonceit works, it will continueto work for ary setof
subclassedefinedin theal | Enti ti es file.
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5.2.2 The Standard TemplateLibrary

The StandardTemplateLibrary (STL) is a welcomeadditionto a C++ program-
mer’'sarsenallt containsC++ classtemplatedefinitionsfor practicallyeverybasic
building block of datastructuresone canimagine,saving the programmeifrom
reinventingthewheelonceagain.

STL hasits dravbacks.The STL containerscanonly storefixed-sizeobjects.
Thatis no problem,aslong asinheritances not used. Objectsof a dervedclass
typically have moremembervariablesandthusrequiremorestoragethanobjects
of the baseclass,andcastingthemto the baseclasswould loseinformation. The
only way to storesuchobjectsin STL containerss via pointersor referencesA
pointeralwaystakesthe sameamountof storageno matterwhatkind of anobject
it pointsto. Also, it is sometimesmportantto be ableto storenull pointers,e.g.
meaningthatan EXPRESSION in an EXPRESSIONLIST is empty

Problemswith Pointers

Using pointersintroducesmary problems,andone of themis dynamicmemory
allocation.SinceC++ doesnot have garbagecollection,all dynamicallyallocated
memoryshouldbe freedsomevhere,asdiscussedn Section6.4. Whenan STL
containeiobjectis deallocatedits destructomwill call thedestructofor eachstored
component. Since pointersdo not have ary useful destructorsassociatedvith
them,theobjectswhosepointersarestoredin the STL containembjectwill notbe
deallocated.

One often suggestedolutionto the deallocationproblemis using a pointer
wrapperclass. Insteadof storing raw pointers,the StandardTemplateLibrary
containerwill storepointerwrapperobjects. This introducesone more level of
indirection and hasits own problems. STL containersinvolve lots of run-time
copying dueto the way they mustbe implemented.In a compiler mostof the
copying is unnecessaryWhena semanticactionin the parserappendsa syntax
treenodeto alist, it typically alsowantsto transferthe ownershipof the nodeto
thelist, sothatthelist will take careof deallocatinghenodewhenthelist itselfis
beingdeallocatedrom thememory Whenanobjectis storedin anSTL containey
afreshcopy of it will be made,andif the objectpassedo STL for storingis no
longerneededutsidethe STL containeyit mustbe deallocatedA parserstoring
syntaxtreeobjects(insteadof pointersto them)in STL containersvould involve
muchallocationandcopying immediatelyfollowedby deallocation.

Copying pointersis simpleandefficient while copying objectshaving a com-
plex, nestedstructureis not. Unlessthe pointerwrappermakesuseof reference
counting,the objectcontainedn it mustbe copiedevery time the pointerwrapper
objectitself is copied.Also, implicit corversionsperformedby the C++ compiler
can be hazardous.If a function expectsa pointer wrapperobjectand the con-
structorof the wrapperhasa single parameterthe pointer we are juggling with
chain-savs. Now if we passaraw pointerto the function, the C++ compilerwill
allocatea pointerwrapperobjecton the stackfor us, call the functionanddeallo-
catethe pointerwrapper Typically this is not intended,andfinding the causeof
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theunwantedbehaior canbevery difficult.

Trouble with SomeC++ Compilers

Whena C++ module needsa pointerto an objectof a class,the C++ compiler
doesnot needto know the classdefinition? However, if it turnsout laterthatthe
classactually hasbeeninstantiatedirom a template,Digital C++ Compiler 6.0
startschoking. It would be mucheasieiif all commonlyusedobjectsbelongedo
normalclasses.

The Solution: Wrapping Template Instantiations

All StandardTemplateLibrary relatedproblemsdescribedearlier can be solved
by wrappingnormal C++ classesaroundthe STL containerswhich are usedfor
storingraw pointers. For instancea list of EXPRESSION is definedin the class
EXPRESSIONLIST, which hasa privatememberof thetypel i st <Expr essi on*>.
Thedestructoof EXPRESSIONLIST will take careof deallocatinghelist member
objects.

Wrapping STL containersin this way also has other advantages. The pro-
grammerhasfull control over the methodsdefinedfor the wrapperclass.Not all
methodsf thecontainemeedto bemadeavailable,andthey canberenamedit is
alsopossibleto defineadditionalmethodsg.g.for dumpingthe syntaxtreenode
(seeSection6.1).

In our SDL compiler STL templatenstantiationsvereoriginally encapsulated
by derwving otherclassegrom them. It seemedo work, but therewasa potential
risk involving destructorsSincethe destructor®f STL containersarenot virtual,
it is notguaranteethatboththedestructoof the STL containerandthedestructor
of the classderivedfrom it arecalledin all cases.Leaving sucha flaky solution
in the programwas out of question,sinceit would most probably have caused
memoryleaksor unexpectedoroblemdater.

We tried to solve the problemby usingpointerwrapperclassesn someplaces,
but thereweretwo problemsinvolvedwith them. First, a pointerwrapperwithout
referencecountingcausesery muchcopying, mostof whichis unnecessarysec-
ond,we wantedto have somecustommethodsn thecontainembjects,andadding
themto the STL templatesvasclearly out of question.

Now all STL containersn ourcompilerarekeptin privatemembersf wrapper
classes.This alsomakesit possibleto restrictaccesdo the methodsin the STL
containers.

5.3 SemanticAnalysis

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

9Rememberpointersalways requirethe sameamountof memory no matterwhatkind of an
objectthey arepointingto.
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With somedeliberateexaggerationyve simply saythata programis syntactically
correctif it is acceptedy the context-free grammarembeddedn the particular
compiler’s front-end (that is, it containsno sucherrorsthat are syntacticin the
senseof Chapterd). Sinceprogramminganguagesregenerallynot contet-free,
syntacticcorrectnesss not suflicientfor semanticconsistenceFor example,if an
operationin the programtext hasoperandshosetypesare mutually incompati-
ble, thenthe programasa whole hasno well-definedsemanticsandit is usually
not reasonableo try to incorporatethe requirednon-trivial checkinto a context-
free grammar Ensuringsemanticconsistencepr semanticanalysis(that is, the
detectionof sucherrorsthataresemantidn the senseof Chapterd), typically in-
volvesa lot of programmingwork, sincethe checkshave to be hand-codedor
eachconstrucin the syntaxtree.

5.3.1 Simple Analysiswhile Parsing

Someof the semanticanalysiscantake placein the parsingstage. For instance,
considerthe SDL constructSYSTEM (name/ENDSYSTEM[(name]. If a (name
is specifiedafter ENDSYSTEM, it mustmatchthe (name following the SYSTEM.
Our SDL parserperformsthe checkwhile readingin the SDL specificationand
thesecond/name is never storedin the syntaxtree.

5.3.2 ResolvingReferences

Whena constructin the inputis allowedto containforward referencese.g.it is
allowedto referto datatypeswhich aredefinedlaterin the program,no semantic
analysisof the constructtanbe completeduntil the wholeinput hasbeenparsed.

Forwardreferencesreallowed practicallyeverywherein SDL. Our compiler
resohesno namesor identifiersuntil it hasparsedthe whole input. Syntaxtree
nodeswill haveto househenameor identifierof areferencegyntaxtreenodeun-
til it hasbeenresohed. Thewholesyntaxtreecanberesohedrecursvely. Special
measuremustbetakento avoid infinite recursion.For instancethecyclic declara-
tionsyntype a=b endsyntype; syntype b=a endsyntype; mustbedetected
by theresolutionalgorithm.

The nestedscopingand separatsnamespacem SDL make the resolutionof
referenceinteresting. An (identifier) consistf a (name precededy anoptional
(qualifier), which identifiesthe entity wherethe objectwith the nameis defined.
Thequalifieris alist of pathitems,listing nestedentitiesstartingfrom thetoplevel.
Leftmostpartsof the qualifiercanbe omitted,if they arecommonwith the entity
surroundingheidentifier Becausef this, theidentifierresolutionalgorithmmust
be preparedo dealwith ambiguities. A qualifier could refer to two objects,for
instanceto onedefinedin an entity of the currentpackageandto anotherdefined
in anequally-nameentity on the specificatiorlevel.
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5.3.3 Type Checking and ExpressionEvaluation

EvaluatingSDL expressionss not straightforvard. Literals are almostindistin-
guishablgrom eachother Only charactestring constantaredistinguishedrom
otherliteralsin thegrammar Neithertheliteralsnorthenameof built-in sortsare
resenedwords. A literal 42 canbelongto a userdefined(possiblyenumerated)
sortaswell asto thebuilt-in sortsl nt eger orReal ortheirderivatives.It canalso
be a variablename.In addition,built-in operatorscanbe definedfor userdefined
sorts. An expressionike 1+2 canbee.g.of thel nt eger sortandevaluateto 3.
Therecouldalsobe a userdefinedsortwith literals1, 2 andthe operator+, which
canbedefinedto returnanything for 1+2.

Theseproblemscan be addressedy evaluating expressionsin two stages.
First, the sort of the expressionis determinedrom the context. For instance jf
an expressionis assignedo a variable,the expressionmust have the samesort
asthe variable. The sortwill be recursvely propagatedo all subepressionsof
the expressionjncluding theliterals. Not necessarihall subepression$ave the
samesort;e.g.theparametersf aprocedurecall mustagreewith the sortsdefined
in theinterfaceof theprocedurelf thesortpropagatiorsucceeds? theexpression
canbeevaluated.

Thesethingshave not yet beenimplementedn the SDL compiler, sinceit is
not clearwhich datatypeswill bedirectly supportedoy the reachabilityanalyzer
Expressiorevaluationis tightly coupledwith codegenerationpr PetriNet model
generationn our case.Also the ASN.1 parsemustbe integratedwith the com-
piler, sothatdatatypesdefinedin termsof ASN.1canbeusedin SDL expressions.

5.3.4 Checking Signalsand Connections

In SDL, processesommunicatdy sendingmessagesgcalledsignalsin SDL) to
eachother's messageueues.Eachprocesshasa setof valid input signals. If a
processecevesan invalid signal, the signalwill be silently discardedrom the
messagejueue.Sendinganinvalid signalto a processcanbeviewedasanerror.
Similarly, it is anerrorto sendasignalthatis notallowedonaconnectioror signal
route.

This kind of errorscanoften be discoveredby the compiler Somedataflow
analysiscanbeusedto determinenhich processor channels receving thesignal.
If it cannotbe determinedat compiletime, the modelgeneratomustmalke sure
thatsucherrorswill be detectedat “run time,” duringthe reachabilityanalysisof
themodelgeneratedrom the SDL specification.

10For instance therecould be referenceso undefinedoroceduresor a procedurecould have a
differentnumberof algumentgshanspecified Also, asortcouldlack anoperatoror aliteral thatis
usedin the expression.
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Chapter 6

Debugging Methods

Onecannotexpecta non-trivial programto be free of bugs. Compilersarevery
complicatedprogramsmanipulatingcomplex datastructures.A subtleprogram-
ming mistake can corrupta datastructureentirely. Delugging and testingare
essentialn all stagef development.

6.1 Dumping the Syntax Tree

The syntaxtreeis an utterly complex datastructure. Usually compilerscontain
routinesfor canonicallyprinting outthesyntaxtreeof theinputprogram.Our SDL
compileris no exception.Routinesfor dumpingthe syntaxtreecanbeincludedto
the programasa compile-timeoption.

Object-orientedorogrammingmakes dumpingthe syntaxtree easy Almost
every classhasa methodpret t yPrint () thatprints out the objectandits com-
ponentobjects. The methodhasone parameterthe indentationlevel. Figure6.2
illustratesa syntaxtreedumpof the simpleprogrampresentedn Figure6.1 The
typeandnameof eachobjectis displayedandthevaluesin parentheseepresent
thememoryaddressewherethe objectsarelocated.

Displayingthe memoryaddresses the syntaxtreedumpmake the outputde-
pendenbntheC++compilerandrun-timelibrariesusedfor the SDL compiler, but
they caneaseadelugging,whenonecallstheprettyPrint () methodf selected
objectsfrom thedehlugger

Dumping the syntaxtree is an easyway for detectingcoarseerrorsin the
pointerarithmeticsof the compiler! It is alsoa very usefulaid whenfine-tuning

lwhensomethings terribly wrong with the syntaxtree, the syntaxtree dump procedurewill

process click here_to;
start;
st op;

endprocess click_here_to;

Figure6.1: A simpleSDL program
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Specification (0x815¢628) {
ProcessMap {
click _here to Process (0x8160d48) {
aut onat on:
Aut omat on (0x8161398) {
start:
Stop (0x8160f 20)

}
}
}
}

Figure6.2: A syntaxtreedumpof the programin Figure6.1

errorhandling,or whentrying to find outwhy thecompilerworksin a certainway.
Togethemwith the dehuggingmodeof the Bison-generategarsey the syntaxtree
dumphelpsonelocateerrorsin thegrammaror in the semanticactions.

6.2 RegressionTesting

Even thoughour SDL compiler doesnot generatearything except syntaxtree
dumpsyet, we say a few words aboutdehugging the generateccode, which is
a PetriNet modeldescriptionin our case. It may be usefulto have two kinds of
printoutsof the generateccode: onefor dehuggingandthe othercontainingthe
actualoutputoneexpectsto obtainfrom the compilet

Thecodegeneratois oneof themostcritical partsof acompiler If it produces
incorrectcode,the compileris useless Whenmodifying the codegeneratgrone
wantsto be surethatthe modificationhasno unexpectedsideeffects.

Largecompilershave somary constructshatit is unfeasibléo manuallyverify
thatall of themaretranslategroperly Regressiortestingis amuchbettersolution.
A setof testcasesgconsistingof input programsandtheir expectedtranslations,
is written, and eachtime the compileris modified, the testcasesarerun. If the
compilerproducesunexpectedoutput,the programmemvill comparean archved
copy of the expectedoutputto the actualoutputof the compilerand determine
whetherthe compileris in erroror the expectedoutputneedso be updated?

Reagressiontestingcanbe implementedn mary ways. It seemgeasonabléo
keepthe testsuite storedin a versioncontrol system.Whenthe codegeneration
is modified,archved copiesof the expectedoutputwill be updatedo theversion
controlsystem.Testsuiteswill besynchronizedvith compilerreleaseby tagging

probablybe abortedbecaus@f a segmentatiorviolation.

2Thetestcaseneedgo be updatedvhenthe correctionof a previously undetectecrrorin the
compileraffectsthe output,or whenoptimizationsareimproved. In bothcasesthegenerate@¢ode
mustbe carefullyexaminedto ensurehatit is correct.If it is, the outputof latercompilerversions
will becomparedgainsit.
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all fileswith acommonsymbolicname.In thisway, it is possibleto repeathetest
suitesof oldercompilerreleases.

6.3 Assuring Portability

C andC++ aredesignedo be portablelanguagesmeaningthatin theideal case,
aprogramdevelopedfor onesystemusingonestandard-conformingompilercan
be compiledfor (portedto) any systemusingsomeothercompilet

Compilerstendto have non-standarar system-dependeféaturesandsome
compilersdo notimplementall of the standard.C++ andthe Standardlemplate
Library have beendevelopeda lot in the pastyears,andnot all compilerssupport
all theessentiafeaturesf the standard5] yet.

To maximizethe portability of a C++ program,one shouldtry compiling it
with asmary compilersaspossible.Somecompilersareout of questionpecause
they do not supportarecentenoughversionof the Standardifemplatelibrary, but
othersrequireonly a smallamountof changeso the code®

The SDL compilerhasbeensuccessfullycompiledusingthe following C++
compilers:

e EGCS2.91.57
¢ Digital C++ Compiler6.0
¢ Hewlett—PackardaC++CompilerA.01.06

6.4 DetectingMemory Leaks

Dynamicmemoryallocationwithoutgarbage collection automaticdeallocatiorof
unusedobjects,involvesa problemcalledmemoryleaks A programthatdynam-
ically allocatesan objectanddoesnot deallocatat whenthe objectis no longer
neededs saidto have amemoryleak. Thememoryareaoccupiedby the objectis
totally uselesssincethe objectis not neededary more. As aresult,the program
will probablyrequiremorememoryin run-timethananequialentprogramhaving
no memoryleaks.

We deluggedthe memory managemenodf our SDL compiler using several
tools. Onevery usefultool is the Electric Fencelibrary [19], amal | oc() delug-
ger library that makes useof the memorymanagementardware. It protectsall
deallocatednemoryagainstreadandwrite accessesAny accesdo unallocated
memoryis caughtimmediately* Electric Fencedoesnot detectmemoryleaks,
though.

3Hewlett—Packards C++ compiler (aC++ A.01.06)falls in the latter cateyory: its template
deductionalgorithmsfail sometimesand oper at or! = doesnot work with const i terators.
Luckily oper at or == doeswork.

4Normally sucherrorsarenot detecteduntil muchlater, whensomeotherpartof the program
crashedecausds datastructuresvereoverwrittenor theinternaldatastructuresisedfor dynamic
memorymanagemerdrecorrupted.
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Thereare not mary freely available memorydeluggingtools. Checler [11]
only works with C programs,not with genericC++. The dmalloc library [24]
seemgpromising,but theversionwetesteddoesnot produceveryusefuldelugging
messages.For eachleaked memoryarea,dmalloc reportsthe line numberand
the file nameof the new operatorapplicationor nal | oc() call thatallocatedthe
memoryarea. Whenusingthe StandardTemplateLibrary, the informationis of
little use,sincemostobjectswill be allocatedsomeavherein an STL template.A
stacktracedump, listing all procedureinvocationsthat werein effect whenthe
memoryareawas allocated,would be more useful. However, generatingsucha
dumpis nontrivial andhighly system-dependent.

The only commerciallyavailable memory delugging tool we tried is Third
Degree[7]. Whena programis run underits control? alog file will begenerated,
reportingall memoryleaksusing helpful stacktraces. An interactve memory
deluggerthatwouldlet oneto analyzememoryleakswhile the programis running
would be morecorvenientto use,but no suchtool wasavailablefor us. Currently
our parseleaksmemoryfrom severalplaces.

Luckily, memoryleaksare not very crucial in typical compiler front-ends,
which merelyparsethe program,allocatingnodesfor the syntaxtree. Thewhole
syntaxtreewill bekeptin memoryuntil thecompilerfinishes hopefullydeallocat-
ing all memoryareast hasallocated Whenthecompilerterminatesthe operating
systemwill freeall memoryallocatedby it anyway. If the compilerallocatedand
deallocatednemoryrepeatedlyin aloop, the situationwould be completelydif-
ferent, and the memoryleakswould becomesignificant. Memory leaksare far
more significantin the codegeneratiorphase especiallywhen performingopti-
mizations sincethe generatedodeis lik ely to bereoiganizedor rewritten several
times.

STheprogramwill run hundredsr thousand®f timesslower thannormally.



Chapter 7

Conclusions

7.1 Contribution of the Thesis

We have createca compilerfront-endfor the CCITT SpecificatiorandDescription
Languagd27], sothatthe MARIA reachabilityanalyzereventuallycanverify the
correctnes®f distributed systemsspecifiedin termsof SDL. Until very recently
(seee.qg.[12)]), formalverificationof adesignhasnotbeenpossiblenithoutmanual
translationof the systemto a model. Compilerswill make this laboriousstep
unnecessanandformal verificationtoolswill becomemoreaccessibléo system
designers.

To thebestof our knowledge,our compileris thefirst freely distributableSDL
compiler that supportsall of the SDL/PR grammay* asdefinedin [27]. It was
ableto find a previously undetectecerrorin [27, Annex D], asdescribedn Sec-
tion4.2.2

Transformingthe SDL grammarfrom [27] to a format suitablefor the parser
generatottool Bison [6] andimplementingpart of the parsingin the lexical an-
alyzer asdescribedin Chapters2 and 3, were the most challengingand time-
consumingasksin the developmentof the compilerfront-end.

Considerablamountof work wasinvestedn fine-tuningtheparserimproving
its tolerancefor erroneousnput andmakingerror messagemore helpful for the
user asdiscussedn Chapter4. We find that a compiler producingmeaningful
error messagess comparableto an interactve programhaving a polisheduser
interface.

The syntaxtree of the compilermakesuseof the StandardTemplateLibrary
definedin the C++ standard5]. This reducesthe amountof code neededand
improvesthe reusabilityof the code. Therewere someproblemswith the Stan-
dard TemplateLibrary. Both problems,storingobjectsderived from an abstract
baseclass,and portability problemswith somecompilers,have beensolved, as
describedn Chapterb.

All in all, we aresatisfiedwith the overall designof the compilerandbelieve
thatit hasgreatpotential,onceits modelgeneratompart hasbeenfinished. As a

LCurrentlythe compilerdoesnot supportmacros but it caneasilybe extendedwith a separate
preprocessdaterif desired.
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Figure7.1: Block diagramof the SDL front-endfor MARIA

freely distributableprogrant it will be used(andtested)oy a heterogenougroup
of usersaroundtheworld, andpeoplewill becomemoreawareof the possibilities
of formal verification.

7.2 FutureWork

A completeSDL compiler including a model generatotback-end would have
beentoo big a projectto be presentedn a Masters thesis* Whathasbeendone
sofaris approximatelyhalf of a completenon-optimizingcompiletr

The next stepin the MARIA projectis to develop the core of the reachabil-
ity analyzer A quick anddirty versionwill sufiice at first—differentreduction
methodsandoptimizationscanbe addedin later The SDL systemwill have two
interfacesto the analyzer The SDL front-end(Figure7.1) will producea model
(seeSection7.2.]) thatwill beanalyzedoy theanalyzer The SDL back-endwill
translatethe resultsof the analysisto a form understandabley SDL users(see
Section7.2.2. Bothinterfaceswill usetext files—theanalyzerthe SDL front-end
andthe SDL back-endareseparatg@rograms.

2The software developedin the MARIA projectwill be available underthe conditionsof the
GNU GeneralPublic License[10], which basicallyallows everyoneto useand distribute the li-
censedsoftware andto publish modified versionsof it, provided that the modificationsare also
distributedin the form of sourcecode.

3A Petri Net modelgeneratoback-endfor an SDL-like languagg 15, 17] wasthe subjectof
two Masterstheses.

4The parserandthe rudimentarysemanticanalysisroutineswritten sofar consistof morethan
20,000linesor 500kilobytesof sourcecode.
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7.2.1 Model Generation

Generatinga high-level Petri Net modelof an SDL specificationinvolves much
work, butit is ratherstraightformardandhasbeendonepreviouslyfor TNSDL e.g.
in [13, 15, 17]. Figure7.1representshe outline of the modelgeneratofront-end.
The SDL specificationpptionallymakinguseof datatypesdefinedin ASN. 1, will
be corvertedto a syntaxtreerepresentatiomby the SDL andASN.1 parsers.The
modelgeneratoproduceswo outputs:a high-level PetriNetmodelcorresponding
to the SDL specificatiorandsomereverse-mappinghformation,whichis required
by the SDL back-end Section7.2.2.

The modelgeneratordoesnot needto supportall aspectof SDL at once—a
limited setof constructswill make it possibleto testthe modelgenerato(andthe
reachabilityanalyzer)with simpleSDL specifications.

It is usefulto have oneadditionallevel of abstractiorin the modelgeneration.
Whenthe PetriNet modelis first generatedn memory usingplaceandtransition
objects,the compiler can supportdifferentoutputlanguages.Thereare several
toolsfor analyzinghigh-level PetriNets,andeachtool hasits own inputlanguage.
Outputmethodswill beimplementedor eachsupportedhetdescriptionanguage.
This makesit possibleto comparethe analyzerbeing developedin the MARIA
projectwith competingapproaches.

Mapping Data Types

Modernprogrammindanguagesupportvery sophisticatedlatatypes,while tools
for reachabilityanalysisoftenarelimited to tuplesof integersor to typesthatcan
be easilyrepresentedvith integershaving a limited range.In [17], TNSDL data
typesweremappedo tuplesof integers.

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

The new reachabilityanalyzerof the MARIA project must supportthe data
typespresentedn Tables7.1 and 7.2, or theremustexist an efficient mapping
betweenthesetypesand the internal datatypesof the analyzer The analyzer
shouldsupportASN.1-like constraintsfor all datatypes. The Realtype is not
suitablefor analysisunlessts precisionandrangearelimited.

Also the Array typeis goingto bedifficult for theanalyzerbecaus¢heindex-
ing typecanbearnything. It canbeimplementedvith adynamicallygrowing hash
tableala Perl[23], or with pairsof index typesanditem types.Thelattersolution
is utterly inefficient, andit doesnot preventduplicatedarray entries. Array ele-
mentscanbeinitializedin aneffective way by assigninga defaultexpressiorto the
array Only elementghatdiffer from the default value (which may be calculated
from theindex value)will be physicallystoredin thereachabilitygraph.

Uninitialized variablesare handledwith a specialvalue “uninitialized?” Any
attemptto readan uninitialized variable(or Array elementor Structcomponent)
will bereportedasanerrorin thereachabilityanalysis.
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Table7.1: Simpledatatypesrequiredin the analysisof high-level languages

Integer At most32-bitor 64-bit signedor unsignednteger
Boolean Booleantruth value

Enumerated Typewith namediterals

Character | A single8-bit character

Real Floatingpointnumber

Id Typefor retrieving uniqueobjectidentifiers

Table7.2: Comple datatypesrequiredin theanalysisof high-level languages

String | Variable-lengtharrayof arny typeindexedby integers
Array | An arrayof ary typeindexedby valuesof ary type
Struct | Structureddatatypewith namedandtypedcomponents
Union | Collectionof alternatve types

Valuesof the Union type will betagged,sothatthe actualtype of the Union
valueis known at all times. Implicit type conversionsare not supported:writing
anintegervalueto aUniontypeandattemptingo assignt to aBooleanvariableis
anerror. Union couldalsobeimplementedasa Structwith all componentgxcept
onebeinguninitialized. In this case specialmeasureshouldbe takento ensure
thatonly onecomponents initialized at a time. Similar to Array elementsgach
Structcomponenwvill be assigneda default value,which mustbe a literal of the
type of the componenbr the specialvalue“uninitialized” Also Stringitemsand
simpledatatypescanhave defaultvalues.Defaultvaluesfor simpledatatypeswill
only applywhenthe typeis usedby itself, i.e. not asa componenf a comple
datatype.

Template Instantiation

SDL containssomehigh-level constructghat have to be expandedio equialent
lower-level constructdeforeany compilationcantake place.Supportor thehigh-

level constructssuchassystemplock, processandservicetypes,haslow priority

whenthe codegenerators developed.Firsttheremustexist a translationfrom the

underlyinglower-level constructgo thetargetlanguageThen,afterthetranslation
for the higherlevel constructhasbeenimplementedit is fairly easyto compare
the target codegeneratedor a programusingthe higherlevel constructwith the

translationof anotheprogramusinganequialentlower-level construct.

7.2.2 Representingthe Analysis Results

Whenthereachabilityanalysidindsanerrorin themodelgeneratedrom the SDL
specificationjts errorreport,consistingof cryptic, automaticallygenerateghlace
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andtransitionnames,is Pig Latin for the engineerwho wantsto know what s
wrong with his design. The error reportfrom the analyzereffectively only tells
him: “Thereis anerrorsomevherein thedesign.

For eachstatethatthe engineeiis interestedn,® valuesof all systemvariables
needto be extracted,and eachtransitionfrom one stateto anothershouldbe as-
sociatedwith a statemenin the SDL specification.This taskeitherrequiressome
additionalreverse-mappingnformation from the modelgenerataror the places
andtransitionsin the modelmustbe namedso thatthe SDL variablenamesand
executionpoints can be deducedfrom them. [17] presentsone solutionto this
problem.

STypically onewantsto examinethe error stateanda few statesprecedingt, or the stateson
theshortespathfrom theinitial stateto theerror.
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