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Abstract

An extensionto canonicalattributegrammarsis introduced,permittingattributesto bereferencesto ar-
bitrarynodesin thesyntaxtree,andattributesto beaccessedvia thereferenceattributes.Importantpractical
problemssuchasnameandtypeanalysisfor object-orientedlanguagescanbeexpressedconciselyin these
grammars,andan optimal evaluationalgorithmis available.The proposedformalismandalgorithmhave
been implemented in an interactive language development tool.

1 Introduction

Canonicalattributegrammars(AGs),asintroducedby Knuth [20], is anappealingformalismthatallows con-
text-sensitive propertiesof individual constructsin a languageto bedescribedin a declarative way, andto be
automaticallycomputedfor any programin thelanguage.Importantapplicationsincludedefiningcontext-sen-
sitive syntax and code generation for a language.

A major problemwith canonicalAGs is that the specificationsoftenbecometoo low-level whendealing
with non-localdependencies,i.e.,situationswherea propertyof onesyntaxtreenodeis dependenton proper-
tiesof nodesfaraway in thetree.For example,thetypeof anidentifierusesitedependsonthetypeof thedec-
laration which may be located arbitrarily far away in the tree.

Many researchershave suggesteddifferentextensionsto attributegrammarsto solve this problem,e.g.[3,
4, 10,11,13,14,17,27]. Weproposeyetanotherextension:ReferenceAttributedGrammars(RAGs).Advan-
tagesof RAGsover previousapproachesincludethatthey canhandleadvancednameandtypeanalysisprob-
lems(includingfor object-orientedlanguages)without theneedfor circulardependencies,andalsothat there
is anoptimalevaluationalgorithmthatworksfor any non-circularRAG. We have implementedtheformalism
andevaluationalgorithmin our interactive languagedevelopmenttool APPLAB (APPlicationlanguageLAB-
oratory)[5, 6]. Thekey ideain RAGsis to allow attributesto bereferencesdenotingnodesarbitrarily faraway
in the syntax tree. Attributes of other nodes can be accessed via such reference attributes.

The restof this paperis structuredasfollows. In Section2 a backgroundis given on canonicalAGs and
their drawbacks.Section3 introducesRAGs, discussesthe evaluation algorithm, and comparesRAGs to
canonicalAGs.Section4 addssomeobject-orientedextensionsto RAGs,includinga classhierarchy for non-
terminalsandsupportfor virtual functionattributes.Section5 shows anextensive exampleof nameandtype
analysisfor anobject-orientedlanguage,PicoJava.Section6 discussesour tool APPLAB, section7 relatesto
other work, and section 8 concludes the paper and suggests future research.

2 Background

2.1 Canonical attribute grammars

A canonicalattributegrammarconsistsof a context-freegrammarextendedwith attributesfor thenon-termi-
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nals and semanticrules for the productions.The attributes are characterizedas synthesizedor inherited,
dependingon if they areusedto transmitinformationdownwardsor upwardsin thesyntaxtree.Givena pro-
duction , a semanticrule is written anddefines asthevalueof applying
thesemanticfunction to theattributes . Theattribute mustbeeithera synthesizedattributeof

or an inheritedattribute of . I.e., a semanticrule defineseithera synthesizedattribute of the
left-handsymbolof theproduction,or aninheritedattributeof oneof thesymbolson theright handsideof the
production.A function argument, , must be an attribute of . I.e., a rule is local,
depending only on information available in the attributes of the symbols of the production.

A grammaris consideredto bewell-formedif eachattributein any syntaxtreeof thegrammarhasexactly
onedefiningsemanticrule.This is obtainedby restrictingthestartsymbolto have synthesizedattributesonly,
andby requiringa production to have exactly onerule for eachsynthesizedattributeof and
one rule for each inherited attribute of .

The assignmentof valuesto attributesof a syntaxtreeis calledan attribution. An attribution is calleda
solution if all semanticrulesaresatisfied.A well-formedgrammaris consideredto be well-definedif there
existsexactly onesolution(or onebestsolutionaccordingto somecriteria) for eachsyntaxtreeof thegram-
mar.

If anattributea1 is usedfor defininganotherattributea2 we saythat thereis a dependency(a1, a2). If the
dependency graphfor a syntaxtree is non-circular, the attribution can be obtainedsimply by applying the
semanticfunctionsin topologicalorder, provided that the semanticfunctionsterminate.If any syntaxtree
derivablefrom a grammarwill have a non-circulardependency graph,thegrammaris saidto benon-circular.
Usually, canonicalAGs are requiredto be non-circular, but thereare also extensionswhich allow circular
dependencies.Theusualrequirementfor suchgrammarsis that thevaluesin thedomainof anattributeon a
cyclic dependency chaincanbearrangedin a latticeof finite height,andthatall semanticfunctionsaremono-
tonic with respectto theselattices.In this case,therewill be at leastonesolution,andthe solutionwith the
“least” attribute valuesis taken to be the bestone.For suchnon-circulargrammars,the attribution can be
obtainedby iteratively applyingthe semanticfunctions,giving the attributeson the cycle the lattice bottom
values as start values. See, e.g. [21, 7, 15].

2.2 Problems with canonical attribute grammars

CanonicalAGs arewell-suitedfor descriptionof problemswherethe dependenciesarelocal andfollow the
syntaxtreestructure.For example,in typeanalysis,thetypeof anoperatortypically dependson thetypesof
its operands.CanonicalAGsarelesssuitedfor descriptionof problemswith non-localdependencies,suchas
nameanalysisproblemswherepropertiesof anidentifierusesitedependson propertiesof anidentifierdecla-
rationsite.Typically, theuseanddeclarationsitescanbearbitrarily far away from eachotherin thetree,and
any informationpropagatedbetweenthemneedsto involve all intermediatenodes.Thereareseveral draw-
backs with this.

Onedrawback is that the informationaboutdeclarationsin the syntaxtreeneedsto be replicatedin the
attributes:To do staticsemanticanalysis,all declarednamesin a scope,togetherwith their appropriatetype
information,needto bebundledtogetherinto anaggregateattribute,the“environment”,anddistributedto all
potential use sites. At each use site, the appropriate information is looked up.

A seconddrawback is that the aggregateattributeswith informationreplicatedfrom the syntaxtreecan
becomeverycomplex. Thedistributionof theaggregateinformationworkswell for procedurallanguageswith
Algol-lik e scoperules (nestedscopes),but is substantiallymoredifficult for languageswith morecomplex
scoperules,for examplemodularlanguagesandobject-orientedlanguages.For example,theuseof qualified
accessin a languageimplies that it is not sufficient with a singleenvironmentattributeat eachusesite - it is
necessaryto provide accessto all potentiallyinterestingenvironmentsandselecttheappropriateonedepend-
ing onthetypeof thequalifying identifier. Theaggregateattributesthusneedto becomemorecomplex, andto
containalso informationaboutrelationsbetweendifferentdeclarations.The semanticfunctionsworking on
thesecomplex attributesnaturallyalsobecomemorecomplex. TheAG formalismdoesnot itself supportthe
description of these complex attributes and functions.

X0 X1…Xn→ α0 f α1 … αm,,( )= α0
f α1 … αm,, α0

X0 X j 1 j n≤ ≤,

αk 1 k m≤ ≤, X j 0 j n≤ ≤,

X0 X1…Xn→ X0
X j 1 j n≤ ≤,
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A third drawbackis that it is difficult to extendthegrammar. Supposewe have a grammarwith a working
nameanalysisfor extractingtypes,andwe want to extend it by propagating also the declarationmode,i.e.
informationaboutif thedeclarationis a constantor a variable.Therearetwo alternativesfor modellingthis.
Either we introducean additionalenvironmentattribute which mapsnamesto modesand is definedanalo-
gouslyto theenvironmentmappingnamesto types.Justlike thetypeenvironment,thedefinitionof themode
environmentneedsto involve all intermediatenodes.A secondalternative is to modify theoriginal typeenvi-
ronmentto also include mode information. None of thesealternatives is very attractive since we cannot
describe the extension in a clean concise way.

A fourth drawbackwith canonicalgrammarsis that they arenot suitedfor incrementalevaluation.This is
partlybecausethereis nomechanismfor incrementalupdatingof theaggregatedattributes(environments)and
partly becausea changeto a declarationtypically affectsattributesall over thesyntaxtree(i.e., theenviron-
ments),eventhoughtheextractedinformationis unchanged.Incrementalevaluationbasedon this modeldoes
thus not scale up.

In this paper we address the first three of these drawbacks.

3 Reference Attributed Grammars (RAGs)

3.1 Reference Attributes

Canonicalattributegrammarsassumevaluesemanticsfor theattributes.I.e.,anattributecannot(conceptually)
bea referenceto anobject,or have a valuecontainingsuchreferences.Fromanimplementationpointof view
it is possible,andcommon,to implementtwo attributeswith thesamevalueasreferencesto thesameobject.
However, this is merely an implementationalconveniencefor saving space,and the fact that thesetwo
attributesrefer to the sameobject cannotbe usedin the grammar. I.e., the implementationis referentially
transparent, preserving the value semantics of the grammar.

In our extensionto canonicalattribute grammars,attributesareallowed to be referencesto nodesin the
syntaxtree.Thus,we abandonthe valuesemanticsand introducereferencesemantics.Structuredattributes
like sets,dictionaries,etc.,mayalsoincludereferencevalues.As we will show in Section5, theuseof refer-
encevaluesmakesattributegrammarswell-suitedfor expressingproblemswith non-localdependenciesthat
do not necessarily follow the syntax tree structure.

A referencevaluedenotinga nodein thesyntaxtreemay bedereferencedto accesstheattributesof that
node.This way, a referenceattribute constitutesa direct link from onenodeto anothernodearbitrarily far
away in the syntaxtree,andinformationcanbe propagateddirectly from the referrednodeto the referring
node,without having to involve any of the other nodesin the syntax tree. We call an attribute grammar
extended with this capability areference attributed grammar (RAG).

3.2 TINY: an example RAG

Figure1 shows theRAG specificationof TINY, a tiny languagemadeup to illustratesomecentralconceptsin
RAGs.TINY is sosimplethat it hasonly onepossiblesyntaxtree,which is shown with its attribution in Fig-
ure 2.

Theexampleillustratesimportantaspectsof RAGs.First, by consideringthe referenceattributesin addi-
tion to thetreelinks, thesyntaxtreecanbeviewedasa (syntax)graph.Thesyntaxgraphmaycontaincycles:
theB nodecontainsa referenceattribute rC denotingtheC nodewhich in turn containsa referenceattribute
rB referring back to the B node.However, althoughthe syntaxgraphcontainsa cycle, the dependencies
betweentheattributesform a non-circulargraph,andtheRAG is thusnon-circular. Sinceall semanticfunc-
tions terminate,theRAG is well-defined,anda uniquesolutionhasbeenfoundfor the treeby evaluatingthe
attributes in topological order, e.g.,rB, c, rC, b.

Thevalueof a referenceattributeis the(unique)identityof thedenotednode,drawn asanarrow in thefig-
ure. This valuecanbe computedbeforethe attributesof the denotednodeareevaluated,anddoesthusnot
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dependon thoseattributes.In theexample,thesemanticrulesdefiningrC andrB dependonly onconstantval-
ues(the identitiesof nonterminalsB andC), andrB andrC do thereforenot have any incomingdependency
edges.

In acanonicalAG all dependenciesarelocal, i.e., they occurbecauseanattributeof anon-terminalX1 in a
productionis definedusinganattributeof anon-terminalX2 in thesameproduction.For any givensyntaxtree,
it is possibleto determinethecompletedependency graphwithout evaluatingany attributes.In a RAG, there
arenon-localdependenciesin additionto thelocal dependencies.A non-localdependency occursbetweenan
attributea definedby a semanticfunctionandanotherattributeb whosevalueis obtainedby qualifiedaccess
via areferenceattributer. Thedependency (b,a) canbedeterminedonly afterevaluatingthereferenceattribute
r. In theTINY example,thenon-localdependency from c to b canbedeterminedonly afterrC hasbeengiven
a value.

As will beshown in section5, practicalgrammarsfor complex problems,likenameanalysisfor object-ori-
ented languages, can be written concisely using a non-circular RAG.

3.3 Attribute evaluation

Similar to a non-circularcanonicalAG, a non-circularRAG canbeevaluatedsimply by following thedepen-
dencies,evaluatingtheattributesin topologicalorder. As notedabove, thedependency graphfor a RAG can-
not, in contrastto canonicalAGs,becompletelydeterminedbeforeevaluation,it hasto bedeterminedduring
the evaluation.Algorithms basedon static computationof dependency graphs,suchas for OAGs [18] are
thereforenot immediatelyapplicableto RAGs.However, demand-drivenalgorithms,i.e.,whereeachattribute

Fig. 1. RAG specification of TINY

Nonterminal Attributes Productions Semantic rules

A
A → B C B.rC = C

C.rB = B

B
↓ rC: ref (C)
↑ b: integer

B → B.b = B.rC.c

C
↓ rB: ref (B)
↑ c: integer

C → C.c = 7

Fig. 2. RAG attribution of TINY (non-circular)

B

Attr. Value

rC

b 7

C

Attr. Value

rB

c 7

A

reference
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dep.

reference

tree link tree link



Reference Attributed Grammars

157

accessis replacedby a call to the correspondingsemanticfunction,canbe directly usedfor RAGs andwill
work for any non-circularRAG. By cachinganattributevalueat thefirst accessandreturningthecachedvalue
at subsequentaccesses,this evaluationalgorithmbecomesoptimal.Several implementationsof this algorithm
have beenpresentedfor canonicalattributegrammars[21, 12,16]. In our system(APPLAB), we have imple-
mentedthe algorithm for RAGs by using techniquesfrom object-orientedprogramming,as describedfor
canonicalAGsin [8]. This techniquefits well with theobject-orientedextensionswe have doneto RAGs(see
Section 4) and makes the translation particularly simple.

3.4 Translation of a RAG to a canonical AG

To show the relationbetweena RAG anda canonicalAG we will discusstwo differentwaysa RAG canbe
translated into a canonical (but in general circular) AG: table translation and substitution translation.

Table translation
In tabletranslation, theideais to modelreferencesasindicesinto a largetable,with oneentrypernodein the
syntax tree, and where eachentry containsthe attributes of the respective node.This table can itself be
describedasan attribute andbe madeavailablethroughoutthe syntaxtreeso that dereferencinga reference
attributecanbereplacedby indexing into thetable.Thetabletranslationwill leadto a circularAG, but which
maystill bewell-definedandpossibleto evaluatewith iterative methods.Thedetailedstepsof thetabletrans-
lation are as follows.

• For eachsymbolX in thegrammar, anattribute id is definedin sucha way thatthe id attributesenumerate
thenodesin thesyntaxtreein apreordertraversal.I.e., therootwill have id = 1, its leftmostsonid = 2, and
soon. To defineid, a helpattributemaxId is introducedwhich containsthemaximumid usedin thesub-
tree ofX.

• An attributect (the “contents”)is definedfor eachsymbolX asa tuple<a1, .., ak> wherea1 .. ak arethe
original attributes inX. Thei’ th field in the tuple can be accessed by the notationct(i).

• An attributeallCt is definedfor eachsymbolX asanarrayof size|T|, whereallCt[n.id]=n.ct for any noden
in the syntaxtree T. To defineallCt, array slicesare collectedbottom up using a synthesizedattribute
subCt. TheallCt attribute is equalto subCt of the root, andthatvalueis propagateddown to eachnode
using inheritedallCt attributes.

• Each reference attributer is replaced by an integer attributer.

• In semanticrules,anaccessto a symbolX (usedasa referencevalue)is replacedby theexpressionX.id,
i.e. theid attribute of theX node.

• In semanticrules,a dereferencingexpressionr.a, wherer is a referencedenotinga nodeof nonterminalX
and a is an attribute of the denotednode,is replacedby the expressionallCt[r](i), wherea is the i:th
attribute ofX.

While this translationis straight-forward, it introducescircularattributedependencieswhich arenot allowed
in canonicalattributegrammars.In particular, any attributea definedusingattributedereferencingintroduces
a circulardependency sinceit dependson T, andthedefinitionof T in turn dependson a. However, although
the translatedgrammaris in generalcircular, it is well-defined(provided that the RAG is non-circular),and
possible to evaluate using iterative algorithms.

Figure3 shows the specificationof TINY, translatedby tabletranslationto canonicalAG form. Figure4
shows theresultingsyntaxtreeandits attribution solution(somevaluesareleft out for brevity). Thederefer-
encingof the referenceattribute rC leadsto a circular dependency chain.However, the grammaris well-
defined: a unique solution has been found for the tree.
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The substitution translation
An alternative to the tabletranslationis to translateRAGsby replacingeachreferenceattributeby thecorre-
spondingct attribute,i.e. thetuplecontainingtheattributesof thedenotedsyntaxnode.In this translation,the
allCt attribute is not needed.We refer to this translationmethodasthesubstitutiontranslation. Theproblem
with this methodis that if a referenceattributeis partof a circulardatastructure,it will have aninfinite value
in the translatedcanonicalAG, andalsogive rise to a circulardependency chain.Figure5 shows theattribu-
tion for TINY for sucha translation.We might considera refinementof this methodwherect would include
only thesubsetof attributesthatareaccessedvia references.For TINY, sucha translationwould yield a non-
circularcanonicalAG. However, thereareothernon-circularRAGsfor which sucha refinementwill still pro-
duce a circular AG with infinite attribute values. Consider, e.g., extendingC with an attributed = rB.b.

4 Object-Oriented RAGs

In this section,we will introducesomeextensionsto RAGs which make specificationsmoreconcise.These
extensionsare basedon an object-orientedview of attribute grammars,wherenonterminalsare viewed as
superclassesandproductionsassubclasses.We refer to suchextendedgrammarsasobject-orientedreference
attributedgrammars (ORAGs).ORAGs extendRAGs with virtual function attributesandan extendedclass
hierarchy of nonterminals.

Fig. 3. Table-translated specification of TINY (canonical AG form)

Attributes Semantic rules

A

↑ id: integer
↑ ct: <>
↑ subCt: array[tuple]
↑ allCt: array[tuple]

A → B C B.rC = C.id
C.rB = B.id
A.id = 1
B.id = A.id+1
C.id = B.maxId+1
A.ct = <>
A.subCt = [A.id → A.ct] ∪ B.subCt ∪ C.subCt
A.allCt = A.subCt
B.allCt = A.allCt
C.allCt = A.allCt

B

↓ rC: integer
↑ b: integer
↓ id: integer
↑ maxId: integer
↑ ct: <integer, integer>
↑ subCt: array[tuple]
↑ allCt: array[tuple]

B → B.b = B.allCt[B.rC](2)
B.maxId = B.id
B.ct = <B.rC, B.b>
B.subCt = [B.id → B.ct]

C

↓ rB: integer
↑ c: integer
↓ id: integer
↑ maxId: integer
↑ ct: <integer, integer>
↑ subCt: array[tuple]
↑ allCt: array[tuple]

C → C.c = 7
C.maxId = C.id
C.ct = <C.rC, C.c>
C.subCt = [C.id → C.ct]
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Fig. 4. Attribution of TINY for table-translated specification (circular)
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Fig. 5. Attribution of TINY for substitution-translated specification (circular).
AttributesrC andrB have infinite attribute values
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4.1 Virtual function attributes

CanonicalAGshaveastraight-forwardtranslationto object-orientedprogramming[8]. In particular, asynthe-
sizedattributeis equivalentto a parameterlessvirtual function:Thedeclarationof a synthesizedattributea of
anonterminalX is modelledby adeclarationof avirtual functiona() in aclassX; andasemanticruledefining
a in a productionp is modelled by a virtual function implementation in a classp which is a subclass ofX.

With this view, it is closeat handto make a generalization:to allow virtual functionswith parameters.
However, for acanonicalAG, suchageneralizationis notnecessary. This is becausethenumberof accessesto
anattribute is alwaysbounded,soif parametersaredesired,they canbemodelledby inheritedattributes.For
RAGs, the situationis different.Becauseof the referenceattributes,theremay be an unboundednumberof
accessesto a given attribute. For example,in a typical RAG an identifier usesite hasa referenceattribute
denotingtheappropriatedeclarationnode.Sincea declarationcanbeusedin anunboundednumberof places
in the syntax tree, the numberof referencesto a given declarationnode,and therebyalso the numberof
accessesto attributesin thedeclarationnode,is not boundedby thegrammar. In RAGs,parametersto virtual
functions can therefore not be modelled by inherited attributes.

In ORAGs, we generalizesynthesizedattributes by allowing nonterminalsto have virtual function
attributes. A virtual functionattribute of a nonterminal , is similar to a synthesizedattributein
thatit mustbedefinedby asemanticruleof eachproduction . A semanticrule for is
written , where , is anattributeof . Fromthis we
seethat a virtual function attribute w(), i.e. a parameterlessvirtual function, is equivalent to a synthesized
attribute.

A virtual functionattributecanbetranslatedto RAG form by replacingeachsemanticrule by anauxiliary
function,andmakinguseof typecasingto call thecorrectfunction.This translationis analogousto translating
object-oriented programs to procedural programs.

4.2 Extended class hierarchy

The object-orientedview on attribute grammarsgives a two-level classhierarchy wherenonterminalsare
viewedassuperclasses,i.e. generalconcepts,andproductionsassubclasses,i.e. specializedconcepts.Taking
this view, it is naturalto expandtheclasshierarchy into morelevels.In doingthis we differ betweenabstract
nonterminalsandconcretenonterminals. An abstractnonterminaldiffers from a concretenonterminalin that
it maynotoccurin any productionandit maynothaveaconcretenonterminalasits superclass.Abstractnon-
terminalsarethusirrelevantfor thecontext-freepartof thegrammar. They areintroducedin orderto simplify
thedescriptionof theattribution, allowing commonbehavior (in theform of attributesandsemanticrules)to
be factored out. They are also useful as types for reference attributes.

We make useof a rootedsingle-inheritanceclasshierarchy, i.e. eachnonterminalhasexactly onenonter-
minalasits superclass,exceptfor therootnonterminalANY whichhasnosuperclass.Eachnodein thesyntax
treewill thusbeaninstanceof asubclassto ANY whichmodelsthebehavior commonto all nodesin thetree.
Theclasshierarchy will thusbea treerootedat ANY, with a top region of abstractnonterminals,lower sub-
trees of concrete nonterminals, and productions at the leaves.

Abstractnonterminalsaresimilar to thenotionof symbolinheritancein [19], which is actuallya bit more
generalsinceit allows multiple inheritance.This approachcouldbeadoptedasanalternative for ORAGsas
well.

To beableto refer to eachclassin theclasshierarchy, theproductionsarenamed.If a nonterminalX has
exactly oneproduction,that productionwill alsobe namedX, andboth the nonterminalandproductionare
mapped to the same class.

As a generalizationof associatingattributeswith nonterminalsandsemanticruleswith productions,it is
possibleto alsoassociateattributeswith individual productions(local attributes)andsemanticruleswith non-
terminals.A semanticrule in anonterminalconstitutesadefaultdefinitionthatmaybeoverriddenby aseman-
tic ruledefiningthesameattributein asubclass(productionor othernonterminal).Thisnotionof overridingis
analogous to overriding of virtual functions in object-oriented programming languages.

v b1 … bk,,( ) X0
X0 X1…Xn→ v b1 … bk,,( )

v b1 … bk,,( ) f b1 … bk a1 … am, , , , ,( )= ai 1 i m≤ ≤, X j 0 j n< <,
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In orderto make surethatthegrammaris well-formed,a productionor concretenonterminalC1 thathasa
concretenonterminalC2 asasuperclassmaynotdeclareany inheritedattributes.All theinheritedattributesof
C1 mustbedeclaredfurtherup in theclasshierarchy, eitherin anabstractnonterminalor in thetopmostcon-
crete nonterminal.

5 PicoJava - an example

To illustrate the utility of ORAGs we will demonstratehow nameand type analysiscanbe definedfor an
object-orientedlanguage.From the point of view of this analysis,our demonstrationlanguagePicoJava, a
small subsetof Java [1], includesthe major featuresof an object-orientedprogramminglanguage:classes,
inheritance,variables,qualifiedaccess,and referenceassignment.For brevity, methodsareomittedbut the
languageallows nestedclassdefinitions[22, 26] andglobal variables,in order to show the combinationof
block structureandinheritance.Thegoalof thenameanalysisis to definea referenceattributedecl of each
identifierusesite,which denotesthecorrespondingdeclaration.Thegoalof the typeanalysisis to definean
attribute tp modellingthetypeof eachexpression.We alsoshow how typecompatibility for assignmentscan
bespecified,in thepresenceof object-orientedsubtyping.Theexamplegrammaris non-circularandhasbeen
implemented in our language tool APPLAB.

5.1 Context-free grammar

Figure6 shows the context-free grammarof PicoJava in ORAG form. Someremarksaboutthe notation:A
nonterminalX appearingto theleft of thetablecell of anothernonterminalor productionC is a superclassof
C. A productionp: is written“p: → ” andappearsto theright of thetablecell for . If
a nonterminal hasonly oneproduction,theproductiontakeson thesamenameasthenonterminal,andis
written simply “→ ”. ID is a predefinednonterminalmodelling an identifier. The productionsfor
Decls andStmts make useof a shorthandfor lists. Thetopmostconcretenonterminal,Program, is thestart
symbol.

5.2 Semantic nodes

Severalof thenonterminalsin thecontext-freegrammarhave theprefix SEM. This is a conventionfor mark-
ing so calledsemanticnonterminals, i.e., nonterminalsthat arenot motivatedfrom the context-free syntax
point of view, but from anattribution point of view. Semanticnonterminalsalwayshave only oneproduction.
Thus,by includinga semanticnonterminalSon theright handsideof a productionp, a correspondingp-node
will getanextra Snodeasa son,a socalledsemanticnode. As anexample,theproductionClassDecl hasa
right handsidestartingwith ID SuperOpt Block, asonewould expect,modellingthenameof theclass,an
optionalsuperclass,anda block consistingof declarationsandstatements.Theproductioncontinueswith two
semanticnonterminals:SEMClassStaticEnv SEMClassClassEnv. Theselattertwo nonterminalshaveonly
oneproductioneach,anda ClassDecl nodein the syntaxtreewill thusalwayshave two extra sonsof type
SEMClassStaticEnv andSEMClassClassEnv, respectively. Ratherthanlocatingall attributesrelevant to
classdeclarationsdirectly in ClassDecl, someattributeswith a specificpurposecanbepackagedinto a sepa-
ratesemanticnonterminal,e.g.SEMClassStaticEnv. This techniqueallows anordinarynodeto beprovided
with several interfaces.A referenceattributer canbedefinedto denoteeithertheClassDecl nodedirectly, or
oneof its semanticnodes,dependingon whatpartof theinformationis relevant to theclientsof r. This tech-
niqueis somewhatsimilar to theuseof part objectsin object-orientedprogramming[23], wherepartsof the
behavior of anobjectaredelegatedto a separateobject,thatneverthelessformsanintegral partof theoriginal
object.

Constant semantic nodes
Whenreferenceattributesareused,it maybethecasethatanappropriate“real” nodecannotbefoundin the

X0 X1…Xn→ X1…Xn X0
X0

X1…Xn
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syntaxtree.For instance,supposethereis a useof anidentifierx in a PicoJava program,but no corresponding
declaration.In this case,thereis no Decl nodethat thedecl attributeof theusesitecandenote.Onesolution
couldbeto give thedecl attributethespecialvaluenull, denotingno node.However, it is oftena nicerdesign
to avoid null andinsteadmake useof constant“null objects”[28]. In this case,we introducea constantnode
SEMMissingDecl, modellinga missingdeclaration.This allows clientsof the decl attribute to, e.g.,access
thetypeof thedecl, regardlessof if thereis a realdeclarationor not.Thetypeof amissingdeclarationcanbe
modelledby another“null object”, the constantnodeSEMUnknownType, modelling that the type of the
identifier is unknown. An abstractnonterminalSEMDecl is introducedasa commonsuperclassto Decl and
SEMMissingDecl in orderto beusedasthetypefor thedecl attribute.Thesamepatternis usedfor SEMUn-
knownType, whereSEMType is introduced as a common superclass ofDeclType andSEMUnknownType.

Global access to constant nodes
In many cases,it is usefulto maketheconstantnodesgloballyaccessible,i.e., throughoutthesyntaxtree.This
is accomplishedby collectingall constantnodesundera semanticnonterminalSEMGlobalConstants which
is madea semanticnodeunderthestartsymbolProgram. A referenceto theSEMGlobalConstants nodeis

Fig. 6. Context-free syntax for PicoJava

Abstract
nonterminals

Concrete nonterminals Productions

ANY

Program → Block SEMGlobalConstants SEMProgramStaticEnv

Block → Decls Stmts

Decls → Decl*

Stmts → Stmt*

SEMGlobalConstants → SEMEmptyEnv SEMUnknownType

SEMEnv

SEMEmptyEnv →

SEMProgramStaticEnv →

SEMClassStaticEnv →

SEMClassClassEnv →

SEMType
SEMUnknownType →

DeclType
RefDeclType: → UnQualUse
IntDeclType: →

SEMDecl

SEMMissingDecl →

Decl
ClassDecl: → 'class' ID SuperOpt '{' Block '}'

SEMClassStaticEnv SEMClassClassEnv
VarDecl: → DeclType ID

Stmt
AssignStmt: → Use '=' Exp
WhileStmt: → 'while' Exp 'do' Stmt

Exp Use
UnQualUse: → ID
QualUse: → Use '.' UnQualUse

SuperOpt
Super: → 'extends' Use
NoSuper: →
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propagateddown throughoutthesyntaxtree,thusgiving accessto all theconstantnodes.Figure7 shows how
this canbe doneconvenientlyby defininga default semanticrule in the abstractnonterminalANY which is
overriddenin Program. The semanticrule in ANY propagatesthe value of its inheritedglobals attribute
down to all its sonnodesof typeANY. Sincethisholdsfor all nodes(exceptfor therootProgram nodewhich
overridesthe rule), the referenceis propagateddown throughoutthesyntaxtree.Theoverriding rule in Pro-
gram insteaddefinesglobals of its sonnodesasdenotingthe SEMGlobalConstants sonnodeof the Pro-
gram node.Notethatwepermitinheritedattributesof thestartsymbolaslongasthey arenotaccessed.In this
case,Program hasan inheritedattribute globals sinceit is a subclassof ANY, but this attribute is never
accessed forProgram nodes sinceProgram overrides the rule inANY.

Remarksaboutthe notation.In Figure7, the sub/superclassrelationshipsbetweennonterminalsandpro-
ductionsarenot shown. Pleasereferto Figure6 for theserelationships.In semanticrules,anattributea of the
left handsidenonterminal(or theproduction)is writtenwithoutany qualifyingname,i.e.simply “a”, whereas
anattributeb of anonterminalX of theright-handsideis written“X.b”. A semanticruleX*.b = expmeansthat
theb attributeof eachright-handsidenonterminalof typeX is definedto have thevalueexp. Thekeyword ref
thatweusedfor RAGsis left outhere.Any attributedeclaredwith anonterminaltypeis assumedto bearefer-
ence.

5.3 Modularization

In PicoJava,nameandtypeanalysisaredependentoneachother. For example,in orderto dofind thetypeof a
usesite,we first needto know its declaration,andin orderto find the declarationof a qualifiedusesite,we
needto first know thetypeof thequalifying usesite.In orderto modularizethedefinitionof this attribution,
we first defineaninterfacemoduleconsistingof theattributesdeclaredin Figure8. TheDecl.name attribute
is simply thenameof aDecl node,andthedefinitionof thisattributeis sosimplethatit is givendirectly in the
figure.Thedefinitionsof theotherthreeattributesareabit morecomplex andarethereforegivenin aseparate
modules,makinguseof theattributesin theinterfacemodule.TheExp.tp attributeis a referenceto theSEM-
Type nodemodelling the type for the expression.For expressionswherethe type is unknown, e.g.usesof
undeclarednames,theconstantnodeSEMUnknownType is used.TheUse.decl attribute is a referenceto a
SEMDecl node.For declarednames,thiswill bethecorrespondingDecl node,andfor undeclaredor multiple
declarednamesit will be the constantnode SEMMissingDecl. The ClassDecl.isCircular attribute is a
booleanattributewhich is true if theClassDecl is partof acircularlydefinedclasshierarchy (which is illegal
in PicoJava,but cannotberuledout by thecontext-freesyntax),andfalseotherwise(thenormalcase). In the
following sections, these attributes are defined.

5.4 Name analysis

The goal of the nameanalysismoduleis to definethe Use.decl attribute.The key ideafor doing this is to
definedatastructures,constitutingof syntaxtreenodesandreferenceattributes,to supportthescoperulesof
PicoJava.For eachblock-like constructin thelanguage,anattributedecldict containinga dictionaryof refer-
encesto theDecl nodesfor localdeclarationsis defined,excludingreferencesto multiply declaredidentifiers.
Theblocksareconnectedto eachothersothatthedeclarationof anidentifiercanbelocatedby doinglookups

Fig. 7. Specification of the propagation of a reference to global constants

Non-
terminal

Attributes Semantic rules

ANY ↓globals: SEMGlobalConstants ANY*.globals = globals

Program ANY*.globals = SEMGlobalConstants
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in block dictionariesin anappropriateorder. For Algol-lik e block structure,a block is connectedby a refer-
enceattributeto its outerblock.For object-orientedinheritance,aclassis connectedby areferenceattributeto
its superclass.Semanticnodesthataresubclassesof theabstractnonterminalSEMEnv encapsulatethesecon-
nectionsanddefinethefunctionattribute lookup for finding a Decl nodefor a givenidentifier. For eachnode
n in the syntaxtree,an attribute env is definedwhich refersto a SEMEnv nodethat connectsto the visible
identifiersat thepointof n. Thedeclarationfor aUse canbefoundby calling thelookupfunctionin Use.env.
Theattributeenv thusrepresentstheenvironmentof visible identifiers,similar to thecommonsolutionusedin
canonicalattributegrammars,but hereenv is a referenceto anode,possiblyconnectingto othernodes,rather
than a large aggregate attribute.

Figure9 shows thedeclarationof ANY.env, the lookup functionof SEMEnv, andthedefinitionof decl-
dict. Actually, decldict is an attribute of the Decls node,but is accessedvia the function lookup in Block
which returns the constant nodeSEMMissingDecl in case no declaration was found indecldict.

Remarksaboutthenotation.Thedefinitionof Block.lookup makesuseof aninspect-expression“ inspect
$V := exp ...”, which is similar to a let-expression,but in additionperformsa type case.Within eachcase
“when T do exp” thenamedvalueV is guaranteedto have thetypeT. A catch-allclause“otherwise exp”
is needed to make sure there is always an applicable case.

Figure10 shows thedefinitionof theSEMEnv connectionsandtheSEMEnv.lookup function.Thereare
two block constructsin PicoJava: Program containingglobaldeclarations,andClassDecl, containingdecla-
rationslocal to aclass.Algol-lik eblockstructureis obtainedby nestingaclassinsideanotherclass.Program
has a single semanticnode SEMProgramStaticEnv connectingto the Block of the Program (blk).
ClassDecl hastwo semanticnodes;SEMClassClassEnv handlesinheritanceby connectingto Block of the

Fig. 8. Module declaringname, tp, decl, andisCircular.

Nonterminals/productions Attributes and Semantic Rules

Decl ↑name: string

ClassDecl name = ID.val

VarDecl name = ID.val

Exp ↑tp: SEMType

Use ↑decl: SEMDecl

ClassDecl ↑isCircular: boolean

Fig. 9. Module declaringenv andSEMEnv.lookup

Nonterminals/
Productions

Attributes and Semantic Rules

ANY ↓env: SEMEnv

SEMEnv SEMDecl func lookup(str: string)

Decls
↑decldict: dictionary (string → Decl) =

{(d.name → d) | d ∈ Decl* ∧ (d.name ∉ {d’.name | d’∈ Decl* - {d}}) }

Block

SEMDecl func lookup(str: string) =
inspect $D := Decls.decldict(str)
when Decl do $D
otherwise globals.SEMMissingDecl
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class(blk) andto theSEMClassClassEnv of thesuperclass(superE); andSEMClassStaticEnv combines
inheritancewith Algol-lik eblockstructureby connectingto theSEMClassClassEnv of theclass(thisE) and
to the environment (outerE). Figure 11 shows theseconnectionsfor an example PicoJava program.The
lookup function in SEMClassClassEnv is definedto give preferenceto local declarationsover thosein the
superclass(a declarationin theclasswill shadow declarationsof thesamenamein superclasses).The lookup
function in SEMClassStaticEnv is definedto give preferenceto inheritanceover block structure(a declara-
tion in a superclass will shadow declarations of the same name in an outer block).

Remarksaboutthe notation.The expression“parent T” is a referencedenotingthe parentnodewhich
mustbeof typeT. This is a shorthandfor usingan inheritedattributeparent definedby theparentnode.To
assurethat this expressionis alwayswell defined,it is only applicablefor nonterminalsthat appearon the
right-hand side of exactly one production.

If thePicoJava programcontainsan(illegal) circularclassstructure,caremustbetakensothat therecur-
sively definedlookup function doesnot lead to endlessrecursion.To prevent this, a teston the isCircular
attribute (declaredin the interfacemodule)is performedwhendefiningthe connectionsbetweenthe SEM-
ClassClassEnv nodes.In casetheclasshierarchy is cyclic, theattributesuperE is definedasa referenceto
the constantnodeSEMEmptyEnv ratherthanto the SEMClassClassEnv of the superclass.This way, the
graphconsistingof SEMClassClassEnv nodesandsuperE attributescannever becyclic, andtheir lookup
functions will therefore terminate.

Figure12 shows the definition of env. For mostnodes,the environmentis the sameasfor the enclosing
node,asdefinedby thedefault semanticrule in ANY. Thisdefault behavior is overriddenin threeproductions.
In Program andClassDecl, the environmentfor the Block is definedasa referenceto the SEMProgram-

Fig. 10. Module definingSEMEnv.lookup

Nonterminals/Productions Attributes and Semantic Rules

SEMEmptyEnv lookup(str: string) = globals.SEMMissingDecl

SEMProgramStaticEnv
↑ blk: Block = parent Program.Block

lookup(str: string) = blk.lookup(str)

SEMClassClassEnv

↑ blk: Block = parent ClassDecl.Block
↑ superE: SEMEnv =

if parent ClassDecl.isCircular
then globals.SEMEmptyEnv
else parent ClassDecl.SuperOpt.classE

lookup(str: string) =
inspect $D := blk.lookup(str)
when Decl do $D
otherwise superE.lookup(str)

SEMClassStaticEnv

↑ thisE: SEMEnv = parent ClassDecl.SEMClassClassEnv
↑ outerE: SEMEnv = env

lookup(str: string) =
inspect $D := thisE.lookup(str)
when Decl do $D
otherwise outerE.lookup(str)

SuperOpt ↑ classE: SEMEnv

Super

classE =
inspect $D := UnQualUse.decl
when ClassDecl do $D.SEMClassClassEnv
otherwise globals.SEMEmptyEnv

NoSuper classE = globals.SEMEmptyEnv
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ClassDecl

name “A”

Block SCCE

blk
superE

SCSE

thisE
outerE

Block SPSE

blk

Program

ClassDecl

name “B”

Block SCCE

blk
superE

SCSE

thisE
outerE

ClassDecl

name “BB”

Block SCCE

blk
superE

SCSE

thisE
outerE

Fig. 11. Connections between SEMEnv nodes for a small program

class A { ... };
class B extends A {

class BB { ... }
...

}

Fig. 12. Module definingenv

Nonterminals/Productions Attributes and Semantic Rules

ANY ANY*.env = env

Program Block.env = SEMProgramStaticEnv

ClassDecl Block.env = SEMClassStaticEnv

QualUse

UnQualUse.env =
inspect $T := Use.tp
when RefDeclType do

inspect $D := $T.UnQualUse.decl
when ClassDecl do $D.SEMClassClassEnv
otherwise globals.SEMEmptyEnv

otherwise globals.SEMEmptyEnv
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StaticEnv andSEMClassStaticEnv, respectively. In the QualUse production,the environmentof the sec-
ond operand depends on the type of the first operand which should be a reference variable.

The definition of thedecl attribute is now simple, as shown in Figure 13.

5.5 Check of circular class hierarchy

Figure14showsthedefinitionof theisCircular attributedeclaredin Figure8 whichsaysif aclassis circularly
definedor not. The idea is to use a help function circularClass(s) which is called recursively for each
ClassDecl in thesuperclasschain.Thearguments containsthesetof referencesto alreadyvisitedClassDecl
nodes.Therecursionis terminatedeitherwhenthetop of theclasshierarchy is reached(thenormalcase),or
when aClassNode is reached that is already ins (a cycle is found in the hierarchy).

Remarkon thenotation.Theconstruct“self” in a rule meansa referenceto the left-handnonterminalof
the production. E.g., in Figure 14,self refers to theClassDecl node.

5.6 Type analysis

Figure15shows thedefinitionof thetp attributedeclaredin Figure8. For illegal usesof identifiers,e.g.where
the declaration is missing, the constant nodeSEMUnknownType is used.

The tp attribute canbe usedto performtype checking,e.g.,checkingthat the typesof the left andright
handsideof anassignmentarecompatible.For anobject-orientedlanguage,thischeckis rathermoreinvolved
thanfor procedurallanguages,dueto thesubtypecompatibilityrules.For a referenceassignmentUse = Exp
in PicoJava, theclassof Exp mustbethesameor a subclassof theclassof Use. To furthershow theexpres-
sivenessof RAGs, Figure16 shows how a booleanattribute typesCompatible canbe definedfor Assign-
ment, taking into accountboth ordinary typesand referencetypeswith subtyping.The typesCompatible

Fig. 13. Module definingdecl

Nonterminals/Productions Attributes and Semantic Rules

UnQualUse decl = env.lookup(ID.val)

QualUse decl = UnQualUse.decl

Fig. 14. Module definingisCircular

Nonterminals/Productions Attributes and Semantic Rules

ClassDecl

isCircular = SuperOpt.circularClass({self})
boolean func circularClass (s: set of ClassDecl) =

if self ∈ s
then true
else SuperOpt.CircularClass(s ∪ {self})

SuperOpt boolean func circularClass (s: set of ClassDecl)

NoSuper circularClass(s: set of ClassDecl) = false

Super

circularClass(s: set of ClassDecl) =
inspect $D := UnQualUse.Decl
when ClassDecl do $D.circularClass(s)
otherwise false
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attributeis true if theassignmentstatementis typecorrect.A helpfunctionassignableTo is definedin SEM-
Type suchthatT1.assignableTo(T2) is true if it is legal to assignavalueof typeT1 to avariableof typeT2.
For referencetypes(RefDeclType), this functionchecksif theclassof T1 is a subclassof thatof T2. To per-
form this check,the classhierarchy is traversedusing a recursive function recSubclassOf in ClassDecl.

Fig. 15. Module definingtp

Nonterminals/Productions Attributes and Semantic Rules

Use

tp =
inspect $D := decl
when VarDecl do $D.DeclType
otherwise globals.SEMUnknownType

QualUse tp = UnQualUse.tp

Fig. 16. Module definingAssignment.typesCompatible

Nonterminals/Productions Attributes and Semantic Rules

SEMType boolean func assignableTo(T: SEMType)

SEMUnknownType assignableTo(T: SEMType) = false

IntDeclType assignableTo(T: SEMType) = T in IntDeclType

RefDeclType

assignableTo(T: SEMType) =
inspect $T := T
when RefDeclType do

inspect $D := UnQualUse.decl
when ClassDecl do

inspect $DT := $T.UnQualUse.decl
when ClassDecl do $D.subclassOf($DT)
otherwise false

otherwise false
otherwise false

ClassDecl

boolean func subclassOf(C: ClassDecl) =
if isCircular
then false
else recSubclassOf(C)

boolean func recSubclassOf(C: ClassDecl) =
if C = self
then true
else

inspect $Super := SuperOpt.superClass
when ClassDecl do $Super.recSubclassOf(C)
otherwise false

AssignStmt ↑typesCompatible: boolean = Exp.tp.assignableTo(Use.tp)

SuperOpt ↑superClass: ClassDecl

NoSuper superClass = null

Super

superClass =
inspect $D := SimpleUse.decl
when ClassDecl do $D
otherwise null
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However, in orderto makesurethatthis functionterminates,evenin thecaseof anillegal circularclasshierar-
chy, the attribute isCircular is checked before calling the recursive function (inClassDecl.subclassOf).

6 Experimental system

Wehave implementedRAGsin our languagetool APPLAB andusedRAGsto specifyanumberof languages,
includinganextendedversionof PicoJava describedin Section5 (theextendedversionincludesalsomethods
andsomeadditionalbasictypes,operators,andstatements).We arealsoworking with specificationof worst-
caseexecutiontime analysis[24], specificationsof robot languages[6], statetransitionlanguages,and the
RAG formalism itself.

TheAPPLAB systemis aninteractive languagetool wherebothprogramsandgrammarsfor theprogram-
ming languagecanbe editedat the sametime, resultingin a highly flexible andinteractive environmentfor
languagedesign.Changesto thegrammars,e.g.changesto thecontext-freesyntaxor changesto theattributes
andsemanticfunctions,areimmediatelyreflectedin the language-basedprogrameditor, allowing theuserto
get immediatefeedbackon the effectsof changesto the grammarspecification.The detailsof APPLAB are
covered in [5, 6] (although these papers do not focus on RAGs which is a later addition).

Figure17 shows a screendumpfrom theAPPLAB system,showing theeditingof anexampleprogramin
PicoJava,andpartsof thegrammarspecification.Thetwo windows labelledtypesCompatible show theval-

Fig. 17. Screendump from APPLAB. ThetypesCompatible windows show the corre-
sponding attribute values for the two assignment statements in classBB.
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uesof thecorrespondingattributefor thetwo assignmentstatementsin classBB which is aninnerclassof B
which is a subclassof A. The exampleillustratesboth block structure(g is declaredglobally, i.e. two levels
outsideof BB) andcombinedblock structureand inheritance(rB is declaredone level outsideof BB in a
superclassof B). Thefirst assignmentis correct(typesCompatible=TRUE) sincetheclassof rB (B) is asub-
classof theclassof g (A). Thesecondassignmentis not correct(typesCompatible=FALSE) sinceA is not
equal to or a subclass ofB.

7 Related work

Theideato supportnon-localdependencieshasbeensuggestedin anumberof systemsin variousways.Many
of theseapproachesprovidesomekind of specialsupportfor nestedscopes(supportingAlgol-lik eblockstruc-
ture)suchas[13, 14,3, 17,11,2], but fail to handlemorecomplex scopecombinationssuchasinheritanceor
qualifiedaccessof identifiers.In contrast,RAGsallow thescopemechanismsto bedefinedcompletelywithin
the grammar formalism and are not restricted to predefined combinations.

Somesystemssupportlimited kindsof referenceattributes,allowing thesyntaxtreeto beextendedto acy-
clic or evencyclic graphs,but wherereferenceattributesarenot allowedto bedereferencedin orderto define
otherattributes.Thus,they cannotbe usedfor specifyingnameanalysisin the conciseway we have shown
above, where, e.g., inheritance chains are traversed during name lookup and type checking. In particular:

• The SynthesizerGeneratorsupportssyntacticreferences, i.e., an attribute may be a referenceto a syntax
treenode[25]. However, attributesof thereferencednodemaynot beaccessedvia thereferenceattribute.
I.e., thesyntacticreferencesareconsideredto standfor unattributedsubtrees.Therearecertainsimilarities
to RAGsin thatthesyntaxtreecanitself beusedase.g.symboltables,ratherthanhaving to constructsuch
information in a separateattribute domain.However, RAG referenceattributesaremuchmorepowerful
thansyntacticreferencesin that theattributesof thereferencednodesmaybeaccessed,allowing attribute
information to be propagated along non-locally paths.

• TheSynthesizerGeneratoralsoallowsattributesto bedefinedasreferencesto otherattributes.Theis used
to definecyclic graphsin codegeneration,e.g.for linking thelast instructionof a while statementbackto
thefirst instruction.However, for thepurposeof theattributeevaluation,thesereferencesarejust treatedas
constantsandmaynot bedereferenced.Dereferencingcanonly bedoneafter theattribution is complete,
by an interpreter written directly in C.

• TheElegantsystem[2] alsosupportstheconstructionof a cyclic programconstructgraphwhich is essen-
tially thesyntaxtreeextendedwith edgesfrom usesitesto declarationsites.However, theadditionaledges
cannotbe dereferencedin orderto defineotherattributes.They may, however, be dereferencedafter the
attribution is complete,in order to checkcontext conditions.The resultingprogramconstructgraphcan
also be processed by a special-purpose code generation formalism.

There is some earlier work which aims at fuller support for reference attributes.

• In our previous work on Door Attribute Grammars [9, 10] dereferencingof referenceattributesis sup-
ported,but mayonly takeplacein specialnonterminalscalleddoors. Thisway, thenon-localdependencies
areencapsulatedin a so calleddoor package. Door AGs alsosupportremotedefinition wherecollection
valuescanbedefinedremotelyvia references.DoorAGssupportefficient incrementalattributeevaluation,
but the implementationis not fully automaticbecausethe door packageneedsto be implementedmanu-
ally. Door AGsallows object-orientedlanguagesto bespecifiedin a way very similar to for RAGs,using
similar techniquesfor connectingenvironmentsandtraversinginheritancegraphs,but RAGsareconsider-
ably morecompactbecausethenon-locallyaccessedinformationdoesnot needto bepropagatedto door
nonterminals,but canbeaccesseddirectly, thusavoidingreplicationof information.RAGsoffer fully auto-
matic evaluation, but not (currently) incremental attribute evaluation.

• Vorthmannhasdevelopedagraphicaltechniquecalledvisibility networksfor describingnameanalysisand
use-declarationbindingsin programminglanguages,and exemplified the techniquefor Ada [27]. Also
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here,thefocusis onproviding efficient incrementalevaluation.This techniquemightbeinterestingto inte-
gratewith RAGs in order to provide supportfor incrementalattribute evaluationfor certainclassesof
RAGs.

• Boyland has addressedthe problem of computingstatic evaluation schemesfor grammarswith both
remoteaccessand remotedefinition via referenceattributes in order to apply visit-orientedevaluation
algorithms.However, the scopeof his techniqueis unclear. It hasbeenappliedonly for simpleexample
grammars and does not seem to be implemented [4].

8 Conclusions

We have presentedReferenceAttributed Grammars(RAGs) and showed how they can be applied to an
advancedproblem:nameand type analysisfor an object-orientedlanguage,yielding a simple and concise
non-circularspecification.We have implementedthe RAG formalismandan evaluationalgorithmthat can
handleany non-circularRAG. In our tool for languageexperimentation,APPLAB, it is possibleto experiment
with RAG specificationsandimmediatelytry out changesto theattribution rules,e.g.by askingfor thevalues
of attributes in an example program.

Thereareseveraladvantagesof RAGsovercanonicalAGs.First, thereis noneedin RAGsto replicatethe
informationavailablein thesyntaxtreeinto attributes.By usingreferenceattributesthesyntaxtreeitself can
beusedastheinformationsource.Thesyntaxnodescanbeconnectedusingreferenceattributesto form suit-
abledatastructures,alsocyclic ones,without theneedfor introducingdatastructuresandfunctionsin auxil-
iary languages.Second,thesemanticfunctionsworking on a complex datastructurecanbesplit into smaller
functions,delegated to the different syntaxnodesmaking up the datastructure,and specifiedcompletely
within theRAG formalism.Third, it is easyto extendanexisting grammarwith additionalfunctionality. This
wasshown in thePicoJava examplewherethetestfor typecompatibilityof assignmentswasaddedin a very
concise way, although it included advanced rules for subtype compatibility.

In ourexperience,RAGsareof immediatepracticaluseandwehaveanumberof currentprojectsconcern-
ing languagespecificationusingthis technique.Therearemany interestingareasfor furtherresearch,includ-
ing the following.

• Efficient incrementalevaluationof RAGs is anopenproblem.However, RAGsarea muchbetterstarting
point for incrementalevaluationthan canonicalAGs sincelarge aggregate attributesare not neededin
RAGs, and the number of affected attributes after a change is much lower than for a canonical AG.

• It would beusefulto developalgorithmsfor decidingstaticallyif a RAG is non-circular. This is anopen
problem. The APPLAB system currently reports circular dependencies at evaluation time.

• It would be useful to develop algorithmsfor decidingif a RAG containsnonterminatingsemanticfunc-
tions.In thePicoJavaexampletherearetwo caseswherespecialcareis takenin orderto makesurethatthe
semanticfunctionsterminate,namelywhenusingrecursive functionsthattraversetheclasshierarchy. The
attribute isCircular wasintroducedin orderto beableto terminatethe recursionin caseof a cyclic class
hierarchy. During grammardevelopmentit would be useful if potentialcircular structuresandnontermi-
nating functions could be automatically spotted by the system.

• The formalismshouldbe extendedso that semanticnonterminalsandnodescanbe addedin extension
modules, i.e. without having to modify the context-free syntax.

• SinceRAGsallow arbitrarydatastructuresto bebuilt usingsyntaxtreenodesandreferencesit shouldbe
interestingto extendthetechniqueto allow graph-basedgrammars,working on syntaxgraphsratherthan
trees.This would be relevant for building language-basededitorsfor, e.g.,UML classdiagramsor state-
transition diagrams.
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