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Abstract

An extensiorto canonicalattributegrammarss introduced permittingattributesto bereferenceso ar-
bitrary nodesn the syntaxtree,andattributesto be accessedia thereferencattributesImportantpractical
problemssuchasnameandtype analysisfor object-orientedanguagesanbe expresseaonciselyin these
grammarsand an optimal evaluationalgorithmis available.The proposediormalismand algorithm have
been implemented in an interactive language development tool.

1 Introduction

Canonicalattribute grammargAGs),asintroducedby Knuth[20], is anappealingormalismthatallows con-
text-sensitve propertiesof individual constructsn alanguageo be describedn a declaratve way, andto be
automaticallycomputedor ary programin thelanguagelmportantapplicationsgncludedefiningcontext-sen-
sitive syntax and code generation for a language.

A major problemwith canonicalAGsis thatthe specificationsften becometoo low-level whendealing
with non-localdependencies.e., situationswherea propertyof onesyntaxtreenodeis dependenbn proper-
tiesof nodedfaraway in thetree.For example thetype of anidentifierusesitedepend®nthetypeof thedec-
laration which may be located arbitrarirfavay in the tree.

Many researcherbave suggestediifferentextensiongo attribute grammargo solwe this problem,e.g.[3,
4,10,11,13,14,17,27]. We proposeyet anotherextension:ReferencettributedGrammargRAGs). Advan-
tagesof RAGsover previous approachemcludethatthey canhandleadvancednameandtype analysisprob-
lems(includingfor object-orientedanguagesyvithout the needfor circulardependenciegndalsothatthere
is anoptimalevaluationalgorithmthatworksfor any non-circularRAG. We have implementedhe formalism
andevaluationalgorithmin our interactive languageadevelopmentool APPLAB (APPlicationlanguagd. AB-
oratory)[5, 6]. Thekey ideain RAGsis to allow attributesto bereferenceslenotingnodesarbitrarily far avay
in the syntax tree. Attrildes of other nodes can be accessed via such referenagtextrib

The restof this paperis structuredasfollows. In Section2 a backgrounds given on canonicalAGs and
their drawvbacks. Section3 introducesRAGS, discusseghe evaluation algorithm, and comparesRAGS to
canonicalAGs. Section4 addssomeobject-orientedxtensionso RAGs, includinga classhierarcly for non-
terminalsandsupportfor virtual function attributes.Section5 shavs an extensve exampleof nameandtype
analysisfor anobject-orientedanguagePicoJaa. Section6 discussesur tool APPLAB, section? relatesto
other work, and section 8 concludes the paper and suggests future research.

2 Background

2.1 Canonical attribute grammars

A canonicalattribute grammarconsistsof a context-free grammarextendedwith attributesfor the non-termi-

153



GOREL HEDIN

nals and semanticrules for the productions.The attributes are characterizedas synthesizedr inherited
dependingonif they areusedto transmitinformationdownwardsor upwardsin the syntaxtree.Givena pro-
duction X, - X;...X,, asemantiaqule is written a, = f(ay,...,a,) anddefinesa, asthevalueof applying
the semantidunctionf to theattrioutesa,,...,a,,. Theattribute a, mustbe eithera synthesizedttribute of
X, or aninheritedattribute of X;, 1< j<n. lL.e., a semanticrule defineseithera synthesizedttribute of the
left-handsymbolof the production,or aninheritedattribute of oneof the symbolson theright handsideof the
production.A function agument, a,, 1< k<m, must be an attribute of X;,0<j<n. le,a rule is local,
depending only on informatiorvailable in the attribtes of the symbols of the production.

A grammaris consideredo bewell-formedif eachattributein arny syntaxtreeof the grammarhasexactly
onedefiningsemantiaule. Thisis obtainedby restrictingthe startsymbolto have synthesizedttributesonly,
andby requiringa productionX, - X;...X, to have exactly onerule for eachsynthesizedttribute of X, and
one rule for each inherited attuite of X, 1< j<n.

The assignmenbf valuesto attributesof a syntaxtreeis calledan attribution. An attribution is calleda
solutionif all semanticrulesare satisfied.A well-formed grammaris consideredo be well-definedif there
exists exactly onesolution(or onebestsolutionaccordingto somecriteria) for eachsyntaxtree of the gram-
mar.

If anattribute a; is usedfor defininganotherattribute a, we saythatthereis a dependencya,, a,). If the
dependeng graphfor a syntaxtreeis non-circulay the attribution can be obtainedsimply by applying the
semanticfunctionsin topologicalordet provided that the semanticfunctionsterminate.If ary syntaxtree
derivablefrom agrammawill have anon-circulardependengcgraph,the grammaris saidto be non-circular.
Usually, canonicalAGs are requiredto be non-circulay but there are also extensionswhich allow circular
dependenciedl he usualrequiremenfor suchgrammards thatthe valuesin the domainof an attribute on a
cyclic dependengchaincanbearrangedn alattice of finite height,andthatall semantidunctionsaremono-
tonic with respectto theselattices.In this case therewill be at leastone solution,andthe solutionwith the
“least” attribute valuesis taken to be the bestone. For suchnon-circulargrammarsthe attribution canbe
obtainedby iteratively applyingthe semanticfunctions,giving the attributeson the cycle the lattice bottom
values as startalues. See, e.g. [21, 7, 15].

2.2 Problemswith canonical attribute grammars

CanonicalAGs arewell-suitedfor descriptionof problemswherethe dependenciearelocal andfollow the
syntaxtreestructure For example,in type analysisthe type of an operatortypically dependn the typesof
its operandsCanonicalAGs arelesssuitedfor descriptionof problemswith non-localdependenciesuchas
nameanalysisproblemswherepropertiesof anidentifier usesite depend®n propertiesof anidentifierdecla-
ration site. Typically, the useanddeclaratiorsitescanbe arbitrarily far awvay from eachotherin thetree,and
ary information propagtedbetweenthemneedsto involve all intermediatenodes.Thereare several draw-
backs with this.

Onedrawbackis that the information aboutdeclarationsn the syntaxtree needsto be replicatedin the
attributes: To do staticsemanticanalysis,all declarednamesin a scopetogethemwith their appropriatetype
information,needto be bundledtogetherinto anaggrejateattribute, the “environment”,anddistributedto all
potential use sites. At each use site, the appropriate information éxllapk

A seconddrawvbackis that the aggreyate attributeswith informationreplicatedfrom the syntaxtree can
becomevery complex. Thedistribution of theaggrejateinformationworkswell for proceduralanguagesvith
Algol-lik e scoperules (nestedscopes)put is substantiallymore difficult for languagesvith more complex
scoperules,for examplemodularlanguagesndobject-orientedanguageskor example,the useof qualified
accessn alanguagdampliesthatit is not sufficient with a single environmentattribute at eachusesite - it is
necessaryo provide accesgo all potentiallyinterestingervironmentsandselectthe appropriateonedepend-
ing onthetype of thequalifyingidentifier The aggreateattributesthusneedto becomemorecomple, andto
containalsoinformation aboutrelationsbetweendifferentdeclarationsThe semanticfunctionsworking on
thesecomplex attributesnaturallyalsobecomemorecomple. The AG formalismdoesnot itself supportthe
description of these complattributes and functions.
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A third drawbackis thatit is difficult to extendthe grammar Supposeve have a grammarwith aworking
nameanalysisfor extractingtypes,andwe wantto extendit by propagting alsothe declarationmode,i.e.
informationaboutif the declarationis a constantor a variable.Therearetwo alternatvesfor modellingthis.
Either we introducean additionalenvironmentattribute which mapsnamesto modesandis definedanalo-
gouslyto the ervironmentmappingnamedo types.Justlik e the type ervironment,the definition of the mode
ervironmentneeddo involve all intermediatenodes A secondalternatie is to modify the original type ernvi-
ronmentto also include mode information. None of thesealternatves is very attractize since we cannot
describe thex@ension in a clean concisew

A fourth dravbackwith canonicalgrammards thatthey arenot suitedfor incrementakvaluation.Thisis
partly becausehereis no mechanisnfor incrementalipdatingof the aggreatedattributes(ervironmentsjand
partly because changeto a declarationtypically affectsattributesall over the syntaxtree(i.e., the environ-
ments) eventhoughthe extractedinformationis unchangedincrementakvaluationbasedn this modeldoes
thus not scale up.

In this paper we address the first three of theseldreks.

3 Reference Attributed Grammars (RAGS)

3.1 ReferenceAttributes

Canonicahttributegrammarassumealuesemanticgor theattributes.l.e., anattribute cannot(conceptually)
beareferenceo anobject,or have a valuecontainingsuchreferenceskFromanimplementatiorpoint of view
it is possibleandcommon,to implementtwo attributeswith the samevalueasreferenceso the sameobject.
However, this is merely an implementationalconveniencefor saving space,and the fact that thesetwo
attributesrefer to the sameobject cannotbe usedin the grammar |.e., the implementationis referentially
transparent, preserving thalue semantics of the grammar

In our extensionto canonicalattribute grammarsattributesare allowed to be referenceso nodesin the
syntaxtree. Thus,we abandorthe value semanticsaand introducereferencesemantics Structuredattributes
like sets,dictionaries etc.,may alsoincludereferencevalues.As we will shav in Section5, the useof refer-
encevaluesmakesattribute grammarswell-suitedfor expressingproblemswith non-localdependenciethat
do not necessarily foll@ the syntax tree structure.

A referencevaluedenotinga nodein the syntaxtree may be dereferencedo accesghe attributesof that
node.This way, a referenceattribute constitutesa direct link from one nodeto anothernodearbitrarily far
away in the syntaxtree,andinformation canbe propagteddirectly from the referrednodeto the referring
node, without having to involve ary of the other nodesin the syntaxtree. We call an attribute grammar
extended with this capability @felence attrinted gammar(RAG).

3.2 TINY: an example RAG

Figurel shavs the RAG specificatiorof TINY, atiny languagemadeup to illustratesomecentralconceptsn
RAGs.TINY is sosimplethatit hasonly onepossiblesyntaxtree,whichis shavn with its attribution in Fig-
ure 2.

The exampleillustratesimportantaspectof RAGs. First, by consideringhe referenceattributesin addi-
tion to the treelinks, the syntaxtreecanbe viewed asa (syntax)graph.The syntaxgraphmay containcycles:
the B nodecontainsa referenceattribute rC denotingthe C nodewhich in turn containsa referenceattribute
rB referring backto the B node. However, althoughthe syntax graph containsa cycle, the dependencies
betweenthe attributesform a non-circulargraph,andthe RAG is thusnon-circular Sinceall semantidunc-
tionsterminate the RAG is well-defined,anda uniquesolutionhasbeenfound for the tree by evaluatingthe
attributes in topological ordee.g.,IB, c, rC, b.

Thevalueof areferencattributeis the (unique)identity of the denotechode, dravn asanarrow in thefig-
ure. This value can be computedbeforethe attributesof the denotednodeare evaluated,and doesthus not
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Nonterminal Attributes Productions Semantic rules
A A-BC B.rC=C
CrB=B

L rC: ref (C) B - B.b =B.rC.c
B -

1 b:integer
C 1 rB: ref (B) C - Cc=7

1 c:integer

Fig. 1. RAG specification of TINY

A
tree lin tree link
I refeence
B C
Attr. | Value Attr. | Value
refeence
rC B ——
IocalC
dep' b 7 - — — — — — — — — — C 7
non-local dependency

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

dependnthoseattributes.In the example the semanticulesdefiningrC andrB dependonly on constanwval-
ues(theidentitiesof nonterminaldB andC), andrB andrC do thereforenot have ary incomingdependeng
edges.

In acanonicalAG all dependenciearelocal, i.e.,they occurbecausanattribute of anon-terminalX, in a
productionis definedusinganattribute of anon-terminalX, in the sameproduction For ary givensyntaxtree,
it is possibleto determinethe completedependeng graphwithout evaluatingary attributes.In a RAG, there
arenon-localdependencieim additionto thelocal dependencie®\ non-localdependengoccursbetweeran
attribute a definedby a semantidunctionandanotherattribute b whosevalueis obtainedby qualifiedaccess
via areferenceattributer. Thedependeng(b,a) canbedeterminednly afterevaluatingthereferenceattribute
r. Inthe TINY examplethenon-localdependengcfrom c to b canbedeterminednly afterrC hasbeengiven
a\alue.

As will beshavn in section5, practicalgrammardgor comple problems)ike nameanalysisfor object-ori-
ented languages, can be written concisely using a non-circufar RA

3.3 Attributeevaluation

Similar to a non-circularcanonicalAG, a non-circularRAG canbe evaluatedsimply by following the depen-
denciesgvaluatingthe attributesin topologicalorder As notedabove, the dependenggraphfor aRAG can-
not, in contrastto canonicalAGs, be completelydeterminedeforeevaluation,it hasto be determinediuring
the evaluation. Algorithms basedon static computationof dependeng graphs,suchasfor OAGs [18] are
thereforenotimmediatelyapplicableto RAGs.However, demand-dsienalgorithms,.e., whereeachattribute
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accesss replacedby a call to the correspondingemanticfunction, canbe directly usedfor RAGs and will
work for ary non-circularRAG. By cachinganattribute valueatthefirst accesandreturningthecachedvalue
at subsequeraccesseghis evaluationalgorithmbecome®ptimal. Severalimplementation®f this algorithm
have beenpresentedor canonicakttribute grammarg21, 12, 16]. In our system(APPLAB), we have imple-
mentedthe algorithm for RAGs by using techniquesirom object-orientedorogramming,as describedfor
canonicalAGsin [8]. This techniqudfits well with the object-orientedxtensionsve have doneto RAGs (see
Section 4) and mas the translation particularly simple.

3.4 Trandation of a RAG to a canonical AG

To show the relationbetweena RAG anda canonicalAG we will discusstwo differentwaysa RAG canbe
translated into a canonicalutin general circular) &: table translation and substitution translation.

Tabletrandation

In tabletranslation theideais to modelreferencessindicesinto alargetable,with oneentry pernodein the

syntax tree, and where eachentry containsthe attributes of the respectie node. This table can itself be

describedas an attribute and be madeavailable throughoutthe syntaxtree so that dereferencing reference
attribute canbereplacedyy indexing into thetable. Thetabletranslationwill leadto acircular AG, but which

may still bewell-definedandpossibleto evaluatewith iterative methodsThe detailedstepsof thetabletrans-
lation are as folla's.

e ForeachsymbolX in thegrammaranattributeid is definedin suchaway thattheid attributesenumerate
thenodesn thesyntaxtreein a preordettraversal.l.e.,therootwill haveid =1, its leftmostsonid = 2, and
soon. To defineid, a help attribute maxld is introducedwhich containsthe maximumid usedin the sub-
tree ofX.

« An attribute ct (the “contents”)is definedfor eachsymbol X asatuple<ay, .., a> wherea; .. a, arethe
original attributes inX. Thei’th field in the tuple can be accessed by the notat{on

< 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 synthesizedttribute
subCt. TheallCt attributeis equalto subCt of theroot, andthatvalueis propagiteddown to eachnode
using inheritedlICt attributes.

e [Each reference attuiber is replaced by an inger attrituter.

« In semanticqules,anaccesgo a symbol X (usedasa referencevalue)is replacedby the expressionX.id,
i.e. theid attribute of theX node.

« In semantiaqules,adereferencingxpressiorr.a, wherer is areferencelenotinga 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-forvard, it introducescircular attribute dependencieshich arenot allowed
in canonicalattribute grammarsin particular any attribute a definedusingattribute dereferencingntroduces
acirculardependengsinceit dependn T, andthe definition of T in turn dependsn a. However, although
the translatedgrammatris in generalcircular, it is well-defined(provided thatthe RAG is non-circular),and
possible to ealuate using iterate algorithms.

Figure 3 shaws the specificationof TINY, translatedby tabletranslationto canonicalAG form. Figure4
shaws theresultingsyntaxtreeandits attribution solution(somevaluesareleft out for brevity). The derefer-
encingof the referenceattribute rC leadsto a circular dependeng chain. However, the grammaris well-
defined: a unique solution has been found for the tree.
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Attributes Semantic rules
tid: integer A-BC (BrCc=_C.d
T ct <> C.rB =B.id
t subCt: array[tuple] Aid=1
1 allCt: array[tuple] B.id = A.id+1
A C.id = B.maxld+1
Act=<>
A.subCt = [A.id - A.ct] O B.subCt O C.subCt
A.allCt = A.subCt
B.allCt = A.allCt
C.allCt = A.allCt
L rC: integer B - B.b = B.alICt[B.rC](2)
t b:integer B.maxld = B.id
| id: integer B.ct = <B.rC, B.b>
B |t maxld: integer B.subCt = [B.id - B.ct]
t ct: <integer, integer>
t subCt: array[tuple]
1 allCt: array[tuple]
| rB: integer C - Cc=7
1 c:integer C.max|d = C.id
| id: integer C.ct =<C.rC, C.c>
C |t maxld: integer C.subCt =[C.id - C.ct]
t ct: <integer, integer>
t subCt: array[tuple]
t allCt: array[tuple]

Fig. 3. Table-translated specification of TINY (canonic& £orm)

The substitution trandation

An alternatve to the tabletranslationis to translateRAGs by replacingeachreferenceattribute by the corre-
spondingct attribute,i.e. thetuple containingthe attributesof the denotedsyntaxnode.In this translationthe
allCt attribute is not neededWe referto this translationmethodasthe substitutiontranslation The problem
with this methodis thatif areferenceattributeis partof a circulardatastructurejt will have aninfinite value
in the translateccanonicalAG, andalsogive rise to a circulardependeng chain.Figure5 shows the attribu-
tion for TINY for suchatranslation. We might considera refinemenbof this methodwherect would include
only the subsef attributesthatareaccessedia referenceskor TINY, sucha translationwould yield a non-
circularcanonicalAG. However, thereareothernon-circularRAGsfor which sucha refinementill still pro-
duce a circular & with infinite attritute \alues. Considee.g., &tendingC with an attrituted = rB.h.

4 Object-Oriented RAGs

In this section,we will introducesomeextensionsto RAGs which make specificationgnore concise.These
extensionsare basedon an object-orientedview of attribute grammarswhere nonterminalsare viewed as
superclasseandproductionsassubclassedlVe referto suchextendedgrammarsasobject-orientedefeence
attributedgrammas (ORAGS). ORAGs extend RAGs with virtual function attributesand an extendedclass
hierarcly of nonterminals.
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allCt =]
A 15 <5
2 - <3,7>
Attr Val 3. <2,7>
id 1 ]
ct <> ;
subCt
C allCt
B C
Attr Val Attr Val
rc 3 B 2
b 7 o c 7
id 2 circular id 3
dependency
ct <3,7> chain ct <2,7>
subCt )J subCt D
allCt allCt

Fig. 4. Attribution of TINY for table-translated specification (circular)

A
B C
circular
Attr. Value dependency Attr. Value
chain
rC <rB, 7> rB <rC, 7>
C b 7 c 7 ]
C ct <rC, 7> ct <rB, 7>

Fig. 5. Attribution of TINY for substitution-translated specification (circular).
AttributesrC andrB have infinite attritute \alues
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4.1  Virtual function attributes

CanonicalAGshave a straight-forvardtranslatiornto object-orientegorogrammind8]. In particular asynthe-
sizedattributeis equivalentto a parameterlesgirtual function: The declaratiorof a synthesizedttribute a of
anonterminalX is modelledby a declaratiorof avirtual functiona() in a classX; andasemanticule defining
ain a productiorp is modelled by a virtual function implementation in a clasgich is a subclass &

With this view, it is closeat handto make a generalizationto allow virtual functionswith parameters.
However, for acanonicalAG, suchageneralizations not necessaryr his is becaus¢he numberof accesset
anattributeis alwaysboundedsoif parameteraredesiredthey canbe modelledby inheritedattributes.For
RAGs, the situationis different. Becauseof the referenceattributes,theremay be an unboundechumberof
accesse$o a given attribute. For example,in a typical RAG an identifier usesite hasa referenceattribute
denotingthe appropriatedeclaratiomode.Sincea declaratiorcanbe usedin anunboundedciumberof places
in the syntaxtree, the numberof referencedo a given declarationnode, and therebyalso the numberof
accesseto attributesin the declaratiomode,is not boundedby the grammarin RAGs, parameterso virtual
functions can therefore not be modelled by inherited at&#h

In ORAGS, we generalizesynthesizedattributes by allowing nonterminalsto have virtual function
attributes A virtual functionattribute v(b,,...,b,) of anonterminalX,, is similarto a synthesizedttributein
thatit mustbedefinedoby asemantiaqule of eachproductionX; - X;...X,,. A semantiaulefor v(b;,,...,.b,) is
written v(b,,....by) = f(by, ..., b ay, ..., ay) , wherea, 1<i<m, is anattribute of X;,0<j<n. Fromthiswe
seethat a virtual function attribute w(), i.e. a parameterlessirtual function, is equivalentto a synthesized
attribute.

A virtual functionattribute canbetranslatedo RAG form by replacingeachsemanticule by anauxiliary
function,andmakinguseof typecasingto call thecorrectfunction. This translations analogougo translating
object-oriented programs to procedural programs.

4.2  Extended class hierarchy

The object-orientedview on attribute grammarsgives a two-level classhierarcly where nonterminalsare
viewed assuperclasses.e. generalconceptsandproductionsassubclasses,e. specializecdconceptsTaking
this view, it is naturalto expandthe classhierarcly into morelevels.In doingthis we differ betweerabstract
nonterminalsandconcetenonterminals An abstracihonterminaldiffersfrom a concretenonterminalin that
it maynotoccurin ary productionandit may not have a concretenonterminaksits superclassAbstractnon-
terminalsarethusirrelevantfor the context-free partof the grammarThey areintroducedn orderto simplify
the descriptionof the attribution, allowing commonbehaior (in theform of attributesandsemantiaules)to
be factored out. Theare also useful as types for reference aiteib.

We male useof arootedsingle-inheritancelasshierarcly, i.e. eachnonterminalhasexactly onenonter-
minal asits superclassxceptfor theroot nonterminalANY which hasno superclassEachnodein the syntax
treewill thusbeaninstanceof asubclasso ANY which modelsthe behaior commonto all nodesn thetree.
The classhierarcly will thusbe a treerootedat ANY, with a top region of abstracthonterminalsjower sub-
trees of concrete nonterminals, and productions at thedea

Abstractnonterminalsaresimilar to the notion of symbolinheritancen [19], which is actuallya bit more
generalsinceit allows multiple inheritance.This approactcould be adoptedasan alternatve for ORAGs as
well.

To beableto referto eachclassin the classhierarcly, the productionsarenamed.If a nonterminalX has
exactly one production,that productionwill alsobe namedX, andboth the nonterminaland productionare
mapped to the same class.

As a generalizatiorof associatingattributeswith nonterminalsand semanticruleswith productionsijt is
possibleto alsoassociatattributeswith individual productionglocal attributes)andsemanticquleswith non-
terminals A semantiaule in anonterminakonstitutesa default definitionthatmaybeoverriddenby a seman-
tic rule definingthe sameattributein a subclasgproductionor othernonterminal) This notionof overridingis
analogous towerriding of virtual functions in object-oriented programming languages.
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In orderto make surethatthe grammaris well-formed,a productionor concretenonterminalC, thathasa
concretenonterminalC, asa superclassnaynotdeclareary inheritedattributes.All theinheritedattributesof
C, mustbedeclaredurtherupin the classhierarcly, eitherin anabstrachonterminalor in the topmostcon-
crete nonterminal.

5 PicoJava- an example

To illustrate the utility of ORAGs we will demonstratdnow nameand type analysiscan be definedfor an
object-orientedanguage From the point of view of this analysis,our demonstratiolanguagePicoJaa, a
small subsetof Java [1], includesthe major featuresof an object-orientecorogramminglanguageclasses,
inheritance variables,qualified accessand referenceassignmentFor brevity, methodsare omitted but the
languageallows nestedclassdefinitions[22, 26] and global variables,in orderto shov the combinationof
block structureandinheritance The goal of the nameanalysisis to definea referenceattribute decl of each
identifier usesite, which denoteghe correspondingleclarationThe goal of the type analysisis to definean
attributetp modellingthe type of eachexpressionWe alsoshov how type compatibility for assignmentsan
be specifiedjn the presenc®f object-orientedubtyping.The examplegrammatis non-circularandhasbeen
implemented in our language tool APPLAB.

51 Context-free grammar

Figure 6 shavs the context-free grammarof PicoJaa in ORAG form. Someremarksaboutthe notation: A
nonterminalX appearingo theleft of thetablecell of anothemonterminalor productionC is a superclassf
C. A productionp: X, - X;...X, iswritten“p: - X,...X,” andappearso theright of thetablecell for X . If
anonterminalX, hasonly oneproduction the productiontakeson the samenameasthe nonterminal andis
written simply “ — X;...X,”. ID is a predefinednonterminalmodelling an identifier The productionsfor
Decls andStmts make useof a shorthandor lists. The topmostconcretenonterminal Program, is the start
symbol.

5.2  Semantic nodes

Several of thenonterminaldn the contect-free grammarhave the prefix SEM. This is a corventionfor mark-
ing so called semanticnonterminalsi.e., nonterminalsthat are not motivatedfrom the contet-free syntax
point of view, but from anattribution point of view. Semanticmonterminalsalwayshave only oneproduction.
Thus,by includinga semanticmonterminalS on theright handsideof a productionp, a correspondingp-node
will getanextra Snodeasa son,a so calledsemantimmode As anexample,the productionClassDecl hasa
right handside startingwith ID SuperOpt Block, asonewould expect,modellingthe nameof the class,an
optionalsuperclassanda block consistingof declarationsandstatementsThe productioncontinueswith two

semantimonterminalsSEMClassStaticEnv SEMClassClassEnv. Thesdattertwo nonterminaldave only

one productioneach,anda ClassDecl nodein the syntaxtreewill thusalwayshave two extra sonsof type
SEMClassStaticEnv and SEMClassClassEnv, respectiely. Ratherthanlocatingall attributesrelevant to

classdeclarationglirectly in ClassDecl, someattributeswith a specificpurposecanbe packagednto a sepa-
ratesemanticnonterminale.g. SEMClassStaticEnv. This techniqueallows anordinarynodeto be provided

with severalinterfaces A referenceattributer canbe definedto denoteeitherthe ClassDecl nodedirectly, or

oneof its semantimodes dependingn what partof the informationis relevantto the clientsof r. This tech-
nigueis someavhatsimilar to the useof part objectsin object-orientegrogramming23], wherepartsof the
behaior of anobjectaredelegatedto a separat®bject,thatneverthelessormsanintegral partof the original

object.

Constant semantic nodes
Whenreferenceattributesareused,it may be the casethatanappropriatéreal” nodecannotbe foundin the
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noAn?esrtr?::r:als Conceete nonterminals Productions
Program - Block SEMGIobalConstants SEMProgramStaticEnv
Block - Decls Stmts
Decls - Decl*
Stmts - Stmt*

SEMGiIobalConstants | -~ SEMEmptyEnv SEMUnknownType

SEMEmptyEnv >

SEMProgramStaticenv | -

SEMEnv
SEMClassStaticEnv | -
SEMClassClassEnv | -
ANY SEMUnknownType |-
SEMType RefDeclType: - UnQualUse
DeclType P Q
IntDeclType: -
SEMMissingDecl -
SEMDecl ClassDecl: - 'class' ID SuperOpt '{' Block '}'

Decl SEMClassStaticEnv SEMClassClassEnv
VarDecl: - DeclType ID
AssignStmt: - Use '=' Exp

Stmt
WhileStmt: - 'while' Exp 'do’ Stmt
UnQualUse: - ID
Exp Use
QualUse: - Use "' UnQualUse
Super: - 'extends' Use
SuperOpt P

NoSuper: -

Fig. 6. Contet-free syntax for Picoda

syntaxtree.For instance supposehereis a useof anidentifierx in a PicoJaa programbut no corresponding
declarationln this case thereis no Decl nodethatthe decl attribute of the usesite candenote Onesolution
couldbeto give thedecl attribute the specialvaluenull, denotingno node.However, it is oftenanicerdesign
to avoid null andinsteadmake useof constant'null objects”[28]. In this case we introducea constaninode
SEMMissingDecl, modellinga missingdeclaration This allows clientsof the decl attribute to, e.g.,access
thetype of thedecl, regardlessof if thereis arealdeclaratioror not. Thetype of a missingdeclaratiorcanbe
modelledby another“null object”, the constantnode SEMUnknownType, modelling that the type of the
identifieris unknowvn. An abstractonterminalSEMDecl is introducedasa commonsuperclas$o Decl and
SEMMissingDecl in orderto be usedasthetypefor thedecl attribute. The samepatternis usedfor SEMUn-
knownType, whereSEMType is introduced as a common superclasBet|Type andSEMUnknownType.

Global accessto constant nodes

In mary casesit is usefulto make theconstanhodesglobally accessiblei,e., throughouthe syntaxtree. This
is accomplishedby collectingall constanhodesundera semantimonterminalSEMGlobalConstants which
is madea semanticnodeunderthe startsymbolProgram. A referenceo the SEMGlobalConstants nodeis
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Non-
terminal

ANY |lglobals: SEMGIlobalConstants |ANY*.globals = globals

Attributes Semantic rules

Program ANY*.globals = SEMGlobalConstants

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

propagteddown throughouthe syntaxtree,thusgiving accesdo all the constanhodes Figure7 shavs how
this canbe donecorveniently by defininga default semanticrule in the abstracthonterminalANY which is
overriddenin Program. The semanticrule in ANY propagtesthe value of its inherited globals attribute
down to all its sonnodesof type ANY. Sincethis holdsfor all nodes(exceptfor theroot Program nodewhich
overridestherule), the references propagteddown throughoutthe syntaxtree. The overriding rule in Pro-
gram insteaddefinesglobals of its sonnodesasdenotingthe SEMGlobalConstants sonnodeof the Pro-
gram node.Notethatwe permitinheritedattributesof the startsymbolaslong asthey arenotaccessedn this
case,Program hasan inherited attribute globals sinceit is a subclassof ANY, but this attribute is never
accessed fdProgram nodes sinc®rogram overrides the rule iANY.

Remarksaboutthe notation.In Figure7, the sub/superclasgelationshipshetweemonterminalsand pro-
ductionsarenot shawvn. Pleasaeferto Figure6 for theserelationshipsin semantiaqules,anattribute a of the
left handsidenonterminalor the production)is written withoutary qualifying namej.e. simply“a”, whereas
anattributeb of anonterminalX of theright-handsideis written“ X.lo". A semantiaule X*.b = exp meanghat
theb attribute of eachright-handsidenonterminalof type X is definedto have thevalueexp. The keyword ref
thatwe usedfor RAGsis left outhere.Any attributedeclaredwvith anonterminatypeis assumedo bearefer-
ence.

5.3 Modularization

In PicoJ&a, nameandtypeanalysisaredependenbn eachother For example,in orderto dofind thetypeof a
usesite, we first needto know its declarationandin orderto find the declarationof a qualifiedusesite, we
needto first know the type of the qualifying usesite. In orderto modularizethe definition of this attribution,
we first defineaninterfacemoduleconsistingof the attributesdeclaredn Figure8. The Decl.name attribute
is simply thenameof a Decl node,andthe definitionof this attributeis sosimplethatit is givendirectly in the
figure. Thedefinitionsof the otherthreeattributesarea bit morecomplex andarethereforegivenin aseparate
modulesmakinguseof the attributesin theinterfacemodule. The Exp.tp attributeis areferenceo the SEM-
Type nodemodelling the type for the expression.For expressionsvherethe type is unknawn, e.g. usesof
undeclarechamesthe constaninodeSEMUnknownType is used.The Use.decl attribute is a referenceo a
SEMDecl node.For declarechamesthiswill bethecorrespondindecl node,andfor undeclaredr multiple
declarednamesit will be the constantnode SEMMissingDecl. The ClassDecl.isCircular attribute is a
booleanattributewhichis true if the ClassDecl is partof a circularly definedclasshierarcly (whichis illegal
in PicoJaa, but cannotbe ruled out by the contet-free syntax),andfalseotherwise(the normalcase). In the
following sections, these atttites are defined.

54  Nameanalysis

The goal of the nameanalysismoduleis to definethe Use.decl attribute. The key ideafor doing this is to
definedatastructuresconstitutingof syntaxtreenodesandreferenceattributes,to supportthe scoperulesof
PicoJaa. For eachblock-like constructin the languageanattribute decldict containinga dictionaryof refer-
encedo the Decl nodesfor local declarationss defined excludingreferenceso multiply declareddentifiers.
Theblocksareconnectedo eachothersothatthedeclaratiorof anidentifiercanbelocatedby doinglookups
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Nonterminals/poductions Attributes and Semantic Rules
Decl tname: string
ClassDecl name = ID.val
VarDecl name = ID.val
Exp 1tp: SEMType
Use 1t decl: SEMDecl
ClassDecl tisCircular: boolean

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

Nonterminals/
Productions

ANY Lenv: SEMEnv

Attributes and Semantic Rules

SEMEnv  |SEMDecl func lookup(str: string)
t decldict: dictionary (string — Decl) =

Decls {(d.name — d) | d O Decl* O (d.name O {d".name | d'C] Decl* - {d}}) }
SEMDecl func lookup(str: string) =
Block inspect $D := Decls.decldict(str)

when Decl do $D
otherwise globals.SEMMissingDecl

Fig. 9. Module declaringenv andSEMEnv.lookup

in block dictionariesin an appropriateorder For Algol-lik e block structure a block is connectedy arefer-
enceattributeto its outerblock. For object-orientednheritancea classis connectedy areferencaattributeto

its superclassSemantimodeghataresubclassesf the abstrachonterminalSEMEnv encapsulatéhesecon-
nectionsanddefinethe function attribute lookup for finding a Decl nodefor a givenidentifier For eachnode
n in the syntaxtree,an attribute env is definedwhich refersto a SEMEnv nodethat connectdo the visible
identifiersatthe pointof n. Thedeclaratiorfor aUse canbefoundby callingthelookupfunctionin Use.env.

Theattributeenv thusrepresentthe environmentof visible identifiers,similar to the commonsolutionusedin

canonicalattribute grammarshut hereenv is areferenceo anode,possiblyconnectingo othernodesyather
than a lage aggrgate attrilute.

Figure9 shavs the declaratiorof ANY.env, the lookup functionof SEMEnv, andthe definition of decl-
dict. Actually, decldict is an attribute of the Decls node,but is accessedia the function lookup in Block
which returns the constant noB&EMMissingDecl in case no declarationas found irdecldict.

Remarksaboutthe notation.Thedefinitionof Block.lookup makesuseof aninspect-&pressiorfinspect
$V = exp ...", which is similar to a let-expressionbut in addition performsa type case.Within eachcase
“when T do exp” thenamedvalueV is guaranteedo have thetypeT. A catch-allclause’otherwise exp”
is needed to maksure there iswahys an applicable case.

Figure 10 shavs the definition of the SEMEnNv connectionandthe SEMEnv.lookup function. Thereare
two block constructsn PicoJaa: Program containingglobal declarationsandClassDecl, containingdecla-
rationslocal to aclass.Algol-lik e block structures obtainedby nestinga classinsideanotherclass.Program
has a single semanticnode SEMProgramStaticEnv connectingto the Block of the Program (blk).
ClassDecl hastwo semantimodes;SEMClassClassEnv handlesnheritanceby connectingo Block of the
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Nonterminals/Poductions Attributes and Semantic Rules

SEMEmptyEnv lookup(str: string) = globals.SEMMissingDecl

blk: Block = parent Program.Block
lookup(str: string) = blk.lookup(str)
blk: Block = parent ClassDecl.Block
superkE: SEMEnv =

if parent ClassDecl.isCircular

then globals.SEMEmptyEnv
SEMClassClassEnv else parent ClassDecl.SuperOpt.classE
lookup(str: string) =

inspect $D := blk.lookup(str)

when Decl do $D

otherwise superE.lookup(str)
thisE: SEMEnv = parent ClassDecl. SEMClassClassEnv
outerE: SEMEnv = env
SEMClassStaticEnv lookup(str: string) =
inspect $D := thisE.lookup(str)
when Decl do $D
otherwise outerE.lookup(str)

—

SEMProgramStaticEnv

—

—

—

—

SuperOpt 1 classE: SEMEnv
classk =
Super inspect $D := UnQualUse.decl
P when ClassDecl do $D.SEMClassClassEnv
otherwise globals.SEMEmptyEnv
NoSuper classk = globals.SEMEmptyEnv

Fig. 10. Module definingSEMEnv.lookup

class(blk) andto the SEMClassClassEnv of the superclas¢superE); and SEMClassStaticEnv combines
inheritancewith Algol-lik e block structureby connectingo the SEMClassClassEnv of the class(thisE) and
to the ervironment (outerE). Figure 11 shavs theseconnectionsfor an example PicoJaa program.The
lookup functionin SEMClassClassEnv is definedto give preferenceo local declaration®ver thosein the
superclasga declaratiorin the classwill shadev declaration®f the samenamein superclasses)helookup

functionin SEMClassStaticEnv is definedto give preferenceo inheritanceover block structure(a declara-
tion in a superclass will shadaleclarations of the same name in an outer block).

Remarksaboutthe notation. The expression‘parent T” is a referencedenotingthe parentnodewhich
mustbe of type T. This is a shorthandor usinganinheritedattribute parent definedby the parentnode.To
assurethat this expressionis alwayswell defined,it is only applicablefor nonterminalshat appearon the
right-hand side ofxactly one production.

If the PicoJaa programcontainsan (illegal) circular classstructure caremustbe taken sothattherecur-
sively definedlookup function doesnot leadto endlessrecursion.To prevent this, a teston the isCircular
attribute (declaredin the interfacemodule)is performedwhendefining the connectiondetweenthe SEM-
ClassClassEnv nodes.n casethe classhierarcly is cyclic, the attribute superE is definedasa referenceao
the constanhode SEMEmptyEnv ratherthanto the SEMClassClassEnv of the superclassThis way, the
graphconsistingof SEMClassClassEnv nodesandsuperE attributescannever be cyclic, andtheir lookup
functions will therefore terminate.

Figure 12 shaws the definition of env. For mostnodesthe ervironmentis the sameasfor the enclosing
node,asdefinedby thedefault semanticqule in ANY. This defaultbehaior is overriddenin threeproductions.
In Program andClassDecl, the ervironmentfor the Block is definedasa referenceto the SEMProgram-
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Program
Block SPSE <
blk [
)
ClassDecl ClassDecl
name |A name |B
v y
Block SCCE SCSE Block SCCE SCSE
blk =i [thisE blk el [thiSE
superE outerE superkE | L. JouterE
‘ i
ClassDecl
name |“BB"
classA{... };
class B extends A {
classBB { ...} y
Block SCCE SCSE
} blk =& [thisE | -
superk outerkE

Fig. 11. Connections between SEMEnodes for a small program

Nonterminals/Poductions Attributes and Semantic Rules
ANY ANY*.env = env
Program Block.env = SEMProgramStaticEnv
ClassDecl Block.env = SEMClassStaticEnv
UnQualUse.env =
inspect $T := Use.tp
when RefDeclType do
QualUse inspect $D := $T.UnQualUse.decl
when ClassDecl do $D.SEMClassClassEnv
otherwise globals. SEMEmptyEnv
otherwise globals.SEMEmptyEnv

Fig. 12. Module definingenv
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Nonterminals/Poductions Attributes and Semantic Rules
UnQualUse decl = env.lookup(ID.val)
QualUse decl = UnQualUse.decl

Fig. 13. Module definingdecl

StaticEnv and SEMClassStaticEnv, respectiely. In the QualUse production,the ervironmentof the sec-
ond operand depends on the type of the first operand which should be a referiate. v
The definition of thelecl attribute is nav simple, as shen in Figure 13.

5,5  Check of circular class hierarchy

Figure14 shavsthedefinitionof theisCircular attribute declaredn Figure8 which saysif aclassis circularly
definedor not. The ideais to use a help function circularClass(s) which is called recursvely for each
ClassDecl in thesuperclasshain. Theaguments containghesetof referenceso alreadyvisited ClassDecl

nodes.Therecursionis terminatedeitherwhenthetop of the classhierarcly is reachedthe normalcase) or

when aClassNode is reached that is alreadysr(a gscle is found in the hierargih

Nonterminals/Poductions Attributes and Semantic Rules

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

ClassDecl if self O's

then true

else SuperOpt.CircularClass(s [ {self})
SuperOpt boolean func circularClass (s: set of ClassDecl)
NoSuper circularClass(s: set of ClassDecl) = false

circularClass(s: set of ClassDecl) =
inspect $D := UnQualUse.Decl
when ClassDecl do $D.circularClass(s)
otherwise false

Super

Fig. 14. Module definingsCircular

Remarkon the notation. The construct‘self” in a rule meansa referenceo the left-hnandnonterminalof
the production. E.g., in Figure 1€lf refers to th&ClassDecl node.

56 Typeanalysis

Figurel5 shavs thedefinitionof thetp attributedeclaredn Figure8. For illegal usesof identifiers,e.g.where
the declaration is missing, the constant nSE&MUnknownType is used.

The tp attribute canbe usedto performtype checking,e.g.,checkingthatthe typesof the left andright
handsideof anassignmenarecompatible For anobject-orientedanguagethis checkis rathermoreinvolved
thanfor proceduralanguagesgueto the subtypecompatibility rules.For areferenceassignmentse = Exp
in PicoJ&a, the classof Exp mustbethe sameor a subclas®f the classof Use. To furthershaw the expres-
sivenessof RAGs, Figure 16 shavs how a booleanattribute typesCompatible canbe definedfor Assign-
ment, taking into accountboth ordinary typesand referencetypeswith subtyping.The typesCompatible
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attributeis trueif theassignmenstatemenis type correct.A helpfunctionassignableTo is definedin SEM-
Type suchthatT1.assignableTo(T2) is trueif it is legal to assigna valueof type T1 to avariableof type T2.
For referencaypes(RefDeclType), this functionchecksf theclassof T1 is a subclas®f thatof T2. To per-
form this check,the classhierarcly is traversedusing a recursve function recSubclassOf in ClassDecl.

Nonterminals/Poductions

Attributes and Semantic Rules

tp =
inspect $D := decl

Use when VarDecl do $D.DeclType
otherwise globals.SEMUnknownType
QualUse tp = UnQualUse.tp

Fig. 15. Module definingp

Nonterminals/Poductions

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

ttypesCompatible: boolean = Exp.tp.assignableTo(Use.tp)

SuperOpt

t superClass: ClassDecl

NoSuper

superClass = null

Super

superClass =
inspect $D := SimpleUse.decl
when ClassDecl do $D
otherwise null

Fig. 16. Module definingAssignment.typesCompatible
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However, in orderto make surethatthis functionterminatesevenin the caseof anillegal circularclasshierar-
chy, the attriluteisCircular is checled before calling the recuvsi function (inClassDecl.subclassOf).

6 Experimental system

We have implementedRAGsin ourlanguageool APPLAB andusedRAGsto specifyanumberof languages,
includinganextendedversionof PicoJaa describedn Section5 (the extendedversionincludesalsomethods
andsomeadditionalbasictypes,operatorsandstatements)We arealsoworking with specificatiorof worst-
caseexecutiontime analysis[24], specificationsof robot languageg6], statetransitionlanguagesand the
RAG formalism itself.

The APPLAB systemis aninteractve languageool whereboth programsandgrammardor the program-
ming languagecan be editedat the sametime, resultingin a highly flexible andinteractve ervironmentfor
languagedesign.Changedo thegrammarse.g.changedo the context-free syntaxor changego theattributes
andsemantidunctions,areimmediatelyreflectedin the language-basegrogrameditor, allowing the userto
getimmediatefeedbackon the effectsof changego the grammarspecification.The detailsof APPLAB are
covered in [5, 6] (although these papers do not focus dBR#hich is a later addition).

Figure17 shaws a screendumgrom the APPLAB system shaving the editing of an exampleprogramin
PicoJaa, andpartsof the grammarspecification The two windows labelledtypesCompatible shav theval-

Al‘ picojava < Release 1.4 Rev 298 > I i_l

2, eSTRACT |, 00SL-Inter face|
Sn CONCRETE::|4n uUSL—mobamnnstants[;

“x, 005L-Checkassignnent|rcularCheck

addto RefbeciType
impl assignableTo :=
i §T := 7
Reflec1Type do
inspect $0 := a_Simplelse.dec]
when ClassDecl do
inspect $0T := $T.a_Simplelse.dec)

when ClassDecl do $0.subclassOf( $DT ) rw
otherwise false -
otherwise false > ExanplePragranf
otherwise false b oa;
H
aes 4 4
addto Classbec “dEurg L
syn th assbecl: ref Classbecd H ? — —
e thi Dec] := . LJEtypes%Fmpat1b1
this Classhec] 4 TRUE

cubelaesnt: fune booles class B extends & {
subclass0f: func boolean class BE {

(C: ref ClassDecl ) :=

if disCircular

then false i

else thisClassDecl.recSubclassOf( G J; 1. = (E typesCompatible
reciubclass0f: func hoolean . =

(C: ref ClassDecl ) 1 FALSE
(* £all only when not isCircular *):= !
if C=this ClassDec]
then true
else
inspect $Super := a_SuperOpt.superClass
when ClassDec] do $Super.recSubclass0fi C )
otherwise false

I

addto Assignitmt
{ syn typesCompatible: hoolean ;
eq typesCompatible :=
a_Exp.tp.assignableTol a_lUse.tp }

Fig. 17. Screendump from APPLAB. ThgpesCompatible windows shaev the corre-
sponding attribite \alues for the tw assignment statements in cl&&
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uesof the correspondingttribute for the two assignmenstatementén classBB which is aninner classof B
which is a subclasof A. The exampleillustratesboth block structure(g is declaredglobally, i.e. two levels
outsideof BB) and combinedblock structureand inheritance(rB is declaredone level outsideof BB in a
superclassf B). Thefirst assignmenis correct(typesCompatible=TRUE) sincetheclassof rB (B) is asub-
classof the classof g (A). The secondassignmenis not correct(typesCompatible=FALSE) sinceA is not
equal to or a subclass Bf

7 Reated work

Theideato supportnon-localdependenciesasbeensuggesteih anumberof systemsn variousways.Many
of theseapproacheprovide somekind of specialsupportfor nestedscopegsupportingAlgol-lik e block struc-
ture)suchas[13, 14,3,17,11, 2], but fail to handlemorecomplex scopecombinationsuchasinheritanceor
gualifiedacces®f identifiers.In contrastRAGsallow the scopemechanisms$o be definedcompletelywithin
the grammar formalism and are not restricted to predefined combinations.
Somesystemsupportimited kinds of referenceattributes,allowing the syntaxtreeto be extendedo agy-
clic or evencyclic graphsput wherereferenceattributesarenot allowedto be dereferenceth orderto define
otherattributes.Thus,they cannotbe usedfor specifyingnameanalysisin the conciseway we have shavn
above, where, e.g., inheritance chains aredrsed during name lookup and type checking. In particular:

* The SynthesizeGeneratorsupportssyntacticrefeiencesi.e., an attribute may be a referenceo a syntax
treenode[25]. However, attributesof the referencechodemay not be accessedia the referenceattribute.
l.e.,thesyntacticreferencesireconsideredo standfor unattributedsubtreesTherearecertainsimilarities
to RAGsin thatthe syntaxtreecanitself beusedase.g.symboltables ratherthanhaving to construcsuch
informationin a separatettribute domain.However, RAG referenceattributesare much more powerful
thansyntacticreferencesn thatthe attributesof the referencechodesmay be accessedallowing attribute
information to be propaged along non-locally paths.

* TheSynthesizeGeneratoalsoallows attributesto be definedasreferenceso otherattributes.Theis used
to definecyclic graphsin codegeneratione.qg.for linking thelastinstructionof a while statemenbackto
thefirstinstruction.However, for the purposeof the attribute evaluation thesereferencesrejusttreatedas
constantsandmay not be dereferencedDereferencinganonly be doneafterthe attribution is complete,
by an interpreter written directly in C.

* TheElegantsystem2] alsosupportghe constructiorof a cyclic programconstructgraphwhichis essen-
tially thesyntaxtreeextendedwith edgedrom usesitesto declaratiorsites.However, theadditionaledges
cannotbe dereferencedh orderto defineotherattributes. They may, however, be dereferenceafter the
attribution is complete,in orderto checkcontet conditions.The resultingprogramconstructgraphcan
also be processed by a special-purpose code generation formalism.

There is some earlieraxk which aims at fuller support for reference atités.

¢ In our previous work on Door Attribute Grammas [9, 10] dereferencingf referenceattributesis sup-
ported,but mayonly take placein specialnonterminalsalleddoors. Thisway, thenon-localdependencies
areencapsulateth a so calleddoor padkage. Door AGs also supportremotedefinition wherecollection
valuescanbedefinedremotelyvia referencesDoor AGssupportefficientincrementahttribute evaluation,
but the implementatioris not fully automaticbhecausehe door packageneedsto be implementedmanu-
ally. Door AGs allows object-orientedanguageso be specifiedin a way very similar to for RAGs, using
similar techniquedor connectingervironmentsandtraversinginheritancegraphs but RAGsareconsider-
ably more compactbecausehe non-locallyaccessedformationdoesnot needto be propagtedto door
nonterminalsbut canbeaccessedirectly, thusavoiding replicationof information.RAGsoffer fully auto-
matic e/aluation, It not (currently) incremental attribte evaluation.

« Vorthmanrhasdevelopeda graphicalttechniquecalledvisibility networksfor describingnameanalysisand
use-declaratiobindingsin programminglanguagesand exemplified the techniquefor Ada [27]. Also
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here thefocusis on providing efficientincrementakvaluation.This techniquemight beinterestingo inte-
gratewith RAGs in orderto provide supportfor incrementalattribute evaluationfor certainclassesof
RAGs.

¢ Boyland has addressedhe problem of computing static evaluation schemedor grammarswith both
remoteaccessand remotedefinition via referenceattributesin orderto apply visit-orientedevaluation
algorithms.However, the scopeof his techniqueis unclear It hasbeenappliedonly for simple example
grammars and does not seem to be implemented [4].

8 Conclusions

We have presentedReferenceAttributed Grammars(RAGs) and shaved how they can be appliedto an
adwancedproblem: nameand type analysisfor an object-orientedanguageyielding a simple and concise
non-circularspecification.We have implementedhe RAG formalism and an evaluationalgorithm that can
handleary non-circularRAG. In ourtool for languagexperimentationAPPLAB, it is possibleto experiment
with RAG specificationandimmediatelytry out changedo theattribution rules,e.g.by askingfor thevalues
of attributes in an xample program.

Thereareseveraladvantage®f RAGsover canonicalAGs. First, thereis no needin RAGsto replicatethe
informationavailablein the syntaxtreeinto attributes.By usingreferenceattributesthe syntaxtreeitself can
be usedastheinformationsource The syntaxnodescanbe connectedisingreferenceattributesto form suit-
abledatastructuresalsocyclic ones,without the needfor introducingdatastructuresandfunctionsin auxil-
iary languagesSecondthe semantidunctionsworking on a comple datastructurecanbe split into smaller
functions, delegated to the different syntax nodesmaking up the datastructure,and specifiedcompletely
within the RAG formalism.Third, it is easyto extendan existing grammarwith additionalfunctionality This
wasshawn in the PicoJaa examplewherethe testfor type compatibility of assignmentsvasaddedin avery
concise vay, although it included adwced rules for subtype compatibility

In our experienceRAGsareof immediatepracticaluseandwe have anumberof currentprojectsconcern-
ing languagespecificatiorusingthis technique Therearemary interestingareador furtherresearchinclud-
ing the follawing.

« Efficientincrementakvaluationof RAGsis anopenproblem.However, RAGs area muchbetterstarting
point for incrementalevaluationthan canonicalAGs since large aggreyate attributes are not neededin
RAGs, and the number offa€ted attribites after a change is muchvir than for a canonical@&

¢ It would be usefulto develop algorithmsfor decidingstaticallyif a RAG is non-circular This is anopen
problem. The APPLAB system currently reports circular dependenciealaagon time.

« It would be usefulto develop algorithmsfor decidingif a RAG containsnonterminatingsemanticfunc-
tions.In the PicoJaa exampletherearetwo casesvherespecialcareis takenin orderto malke surethatthe
semantidunctionsterminate namelywhenusingrecursve functionsthattraversethe classhierarcly. The
attribute isCircular wasintroducedin orderto be ableto terminatethe recursionin caseof a cyclic class
hierarcly. During grammardevelopmentit would be usefulif potentialcircular structuresand nontermi-
nating functions could be automatically spotted by the system.

¢ The formalism shouldbe extendedso that semanticnonterminalsand nodescan be addedin extension
modules, i.e. without héng to modify the contd-free syntax.

« SinceRAGsallow arbitrarydatastructurego be built usingsyntaxtreenodesandreferencedt shouldbe
interestingto extendthe techniqueto allow graph-basedrammarsworking on syntaxgraphsratherthan
trees.This would be relevant for building language-baseeditorsfor, e.g.,UML classdiagramsor state-
transition diagrams.
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