Department of Computer Science Lund University

P.O. Box 118 S-221 00 Lund

Sweden

Applications of Door Attribute Grammars

Werner Burghard and Magnus Nilsson

LUNDFD6-NFCS:94-5055

Applications of Door AttributeGrammars b y W e r n e r B u r g h a r d a n d M a g n u s N i l s s o n L u n d U n i v e r s i t y June 1994(Examensarbete i Datalogi)Department of Computer ScienceLund UniversityCODEN: LUNDFD6/NFCS-5055/1-162/94

Department of Computer ScienceLund UniversityBox 118S-221 00 Lund, Sweden' 1994 by Werner Burghard and Magnus Nilsson

Abstract

As computers get faster and the tasks for computers to solve get more complex,the demands on program development increase. These demands are met by de-veloping new high level languages or by building suitable programming envi-ronments around a programming language. The heart of such an environment isthe compiler. Semantic analysis has a key function in any compiler, so methodsand techniques in this area play an important role in the development of new pro-gramming environments. The increased use of high powered workstationsmakes the research on incremental semantic analysis particularly important.This work is about specifying and implementing language constructs for incre-mental systems. The specification method used is Door attribute grammars — anextended attribute grammar suitable for specifying efficient incremental systems.The OOSL language is used for specifications. All suggested constructs are im-plemented using a metasystem developed in this work — the Embla system.Using these techniques several language constructs where specified and imple-mented, such as if-, while-, and with-statements; procedure usage; and user de-fined types.The Embla metasystem is described in detail, explaining the structure of the sys-tem and how this system can be used by different tools, such as editors, debug-gers, and pretty-printers.Also included in this work is a short survey over different specification methods,including context free grammars, attribute grammars, object-oriented attributegrammars, and Door attribute grammars.

Contents

Abstracti i i Contentsv1Introduction1Goals2Achievements2How to Read This Document4Part 1 Grammar Survey5

2Languages, Grammars, and Compilers7Syntax and Semantics7Compiler Overview93CFG and AST1 1 Abstract Syntax Trees14The Chomsky Hierarchy15Structural Ambiguity19Other Types of CFG21CFG and Compilers25Limitations of CFG Specifications254Attribute Grammars2 7 Two Examples Using Attribute Grammars27Formal Definition of Attribute Grammar30Dependency Graphs32Evaluation33Limitations of AG Specifications365Door Attribute Grammars3 7 EST an Extended AST37Reference Attributes39Collections and Conditions40Terms41Evaluation42Advantages of Door Attribute Grammars46 v i ContentsPart 2 Architecture4 7

6Implementation of a Door AG4 9 Syntactic Package50Semantic Package51Door Package527The Embla Metaprogramming System5 3 Overview53Interface of the Embla System54Grammar Dependent Parts of Embla57The Assembly of a Tool588The Ask Language5 9 Contents of the Syntax Package59Contents of the Semantic Package61Contents of the Door Package67Part 3 Case Studies7 3

9If- and While-Statements7 5 Overview75Grammar Extensions76IfStmt76WhileStmt77Analysis771 0 With-Statement7 9 Grammar Extension80InspectDoor81Analysis831 1 Procedures and Parameters8 7 Overview87Semantic Problems87Grammar extensions92Procedure Declaration and Parameters92Extensions to the Type System99Procedure usage100Summary101Return Statement and ReturnDoor102Other solutions103Analysis1041 2 User Defined Types1 1 9 Overview119Cyclic Dependencies120Grammar Extensions121Understanding the Specification122Extending the Type Hierarchy124Introducing ComplexDoor127Specifications of Syntax Classes127Detecting and Breaking Cyclic Dependencies129Analysis132

Contentsvii1 3 Matching of Types1 3 9 Overview139Introducing CompareDoor141Analysis1421 4 Using the BETA Language1 4 5 Singular Objects145Implementation of Demand Attributes145The qual Pattern146The inspect Pattern147Data Types148Transformations148Fragments of a System149Pros and Cons15015 Conclusions1 5 1 This Work151Future Work153A Final Comment154Acknowledgements155References1 5 7 Appendix A: CFG for the Ask Language1 5 9

1Introduction

The area of compilers and computer languages is a fast moving field that alwaysinterests computer scientists. The debate on which programming language that isthe best is a sometimes heated discussion that has not been solved yet, and prob-ably never will. One cannot even define what such a language would look like.Should it be large and cover many areas, small and flexible, object-oriented orprocedural? Object-orientation has for the last years been the most dominantparadigm, and also this work has a strong connection to it.While computer languages stir up the most talk, tools and programming envi-ronments come a close second. Which compiler is superior? What about linkers,debuggers, class browsers, pretty-printers, etc.? A full fettered programmingenvironment is more unusual, Smalltalk has one and so does most lisp-environ-ments. For most languages, however, the traditional development cycle is mostlyused, with compilation, linking and execution as separate steps performed byseparate tools. In the latter years one can see more and more programming envi-ronments reach the market. From this one might conclude that the developmentof new languages is put on hold while the environment is in focus.This work concerns incremental compilation. To compile incrementally is tocompile only the changes that has occurred since the last compilation. To do this,the compiler maintains information about the program at all times. This informa-tion is a valuable asset for the programmer, since he or she can use it to workfaster and make fewer errors.Incremental programming environments allow many features not normally avail-able in programming environments. The incremental compiler maintains a com-piled program at all times. When the programmer makes a change to the programan incremental compilation is triggered, either by the environment itself or by theprogrammer. Since the compiler only compiles the small changes made to theprogram the compilation is instant and hopefully not noticeable. The environmenthas access to the compiled program at all times, which gives the environmentunique possibilities. It can for example know which identifiers that are reachablefrom a certain point in the program, and thus present these to the programmer in,

2Chapter Onefor instance, a menu. Since compilations are instant, so is the error reporting.The programmer can correct syntactic and semantic mistakes when they happen.Incremental compilers make use of the time the programmer spends thinkingabout the problem and is immediately available to the programmer when he orshe is ready to make the required changes. The negative effect of this is the lostcoffee breaks for the programmer, due to less time spent waiting for the compi-lation to finish.The work presented in this paper concerns the techniques for performing staticsemantic analysis in an incremental environment. The term incremental environ-ment does not have to be a programming environment, but can be any programthat demands immediate response to changes. An example of this could be aWYSIWYG-application.Goals

The original goals for this project was:¥To rewrite the existing testbench1 in BETA.¥To integrate an existing syntax directed editor.¥To extend the door package.¥To write a main-grammar generator.Since the original goals were defined, some changes have been made. The main-grammar generator was left aside and so was the existing syntax directed editordue to practical problems. Research was done in integrating the Sif editor of theMj¿lner BETA system, but finally we choose to write our own syntax tree editoras a side project. The rewrite of the testbench took up a large proportion of thetime devoted to the project, something we had not anticipated.Achievements

During the course of this project we have come in touch with many differentproblems and research areas. This has been interesting and educational, but alsoslowed the fulfilment of the original goals presented above. In spite of this we

1 The original testbench, written by G�rel Hedin in Simula, was used to test theories andlanguage constructs introduced in [Hed92].

Introduction3have achieved some results. The most important are the Embla metaprogrammingsystem, a grammar based environment with incremental evaluator, and the spec-ification and implementation of the Ask language. Below we give a short expla-nation of the areas we have studied during the project.AG and Door AGAttribute grammars and Door attribute grammars are the base for analysing andspecifying the computer languages we have studied. Door Attribute grammarswere first introduced in [Hed92] and both AG and Door AG are explained inchapter 4 and 5.BETA and its Modularization Techniques.The Embla system has been implemented using the BETA programming lan-guage [MMN93]. In the process of learning to master this many faceted lan-guage, we have struggled with the philosophy of the process of analysing, de-signing, and implementing a computer program. This has given us many insightsand valuable approaches that we will carry with us. Our impressions and experi-ences of the BETA programming language, its modularization system, and as-sociated tools are summarised in chapter 14.Incremental Semantic AnalysisIncremental semantic analysis, which forms the basis of incremental compilers,is a difficult and demanding subject. As with the whole area of grammar basedtechniques it is described with extensive use of formalism. We have spent a lottime in trying to understand the knots and bolts of incremental semantic analysis.The Mj¿lner Metaprogramming SystemThe Mj¿lner Metaprogramming System, or MPS [MPS92], is a view ofmetaprograms as programs that manipulate other programs. Examples ofmetaprograms are compilers and pretty-printers. In order for different metapro-grams to manipulate a program, the program must be represented in such a waythat the metaprograms can understand it. In most cases that representation is thesource code itself, however in MPS that common representation is the abstractsyntax tree, AST. In MPS one tool can parse the source code into an AST thatthe other tools can understand. That AST can be opened by another tool that canadd or withdraw information from the AST. It can also use information in theAST placed there by another tool.The Embla SystemWe started out with a testbench written in Simula by G�rel Hedin. The testbenchhad a rudimentary syntax tree editor, a full incremental evaluator for a small ob-ject oriented language, and a door package. Our task was to rewrite the testbenchin BETA, improve the system interface, and to extend the language it supported.The rewritten testbench became the Embla metaprogramming system and the lan-guage was named Ask. The goal of the rewrite was to restructure the testbench to

4Chapter Oneuse the powerful features found in the BETA programming language. By im-proving the system interface the integration of existing tools, such as Sif thesyntax directed editor found in MPS, would be possible. The new interface alsomade it possible to write tools that used the Embla metaprogramming system atdifferent levels. From the most language independent level to the level that givescomplete access to the implementation of a language.As a side project we developed a syntax tree editor, WMEdit, that used theEmbla system to allow graphical editing of a program. Another goal of the Emblasystem was to organise the system in such a way that the extensions needed tosupport a new language would be as simple as possible.The Ask LanguageThe Ask language is a small object oriented language, which supports a numberof semantically difficult constructs. It is an extension to the language that thetestbench originally supported. In order to specify the language we have usedOOSL, the object oriented specification language, introduced in [Hed92]. Fromthe OOSL specification we have implemented the Ask language for the Emblametaprogramming environment.How to Read This Document

This document is structured in three parts:¥Part 1 is a grammar survey, introducing the formalism that this work isbased upon. This part covers, context-free grammars, attribute gram-mars, object-oriented attribute grammars, and finally in chapter 5 Doorattribute grammars.¥Part 2 discusses the structure and implementation of a metaprogrammingsystem, using Door attribute grammars. This part also covers the Emblasystem and the foundations of the Ask language.¥Part 3 contains specification and analysis of the language extensions toAsk. Chapter 14 summarises our experiences using the BETA pro-gramming language.

P A R T 1 G R A M M A R S U R V E Y

This part is about grammars used in computer science and especially those usedin compiler techniques. Our aim is to explain the �whys� and �hows� of specify-ing programming languages using grammars. Let us start by looking at a dictio-nary definition of the word grammar.grammar n. the science dealing with the systematic rules of a language, itsforms, inflections and syntax, and the art of using them correctly [�] || theapplying of these rules || the system of forms and syntactical usages charac-teristic of any language || a book of grammar [�] [Web92].There is some ambiguity in the term, meaning the science of dealing with lan-guage rules, the usage of language rules when speaking, and a description ofthese rules. We will use the term grammar to mean the rules and elements consti-tuting a (programming) language.The linguist often talks about different types of grammars, for instance:¥Descriptive grammar — a description containing rules of how a languageis actually spoken.¥Prescriptive grammar — a description containing rules of how to speakcorrectly according to some preferences.¥Teaching grammar — a collection of language rules and word definitionsused as an aid in learning a new language.Trying to accomplish a complete description grammar the linguists developed aformal method for describing natural languages. These formal methods have thenbeen used in computer science for programming language specifications. Theycould constitute something that can be called a definition grammar, i.e., a gram-mar stating the correct usage of a (programming) language. Specifying a(programming) language with a grammar has several advantages such as simpli-fying the construction of compiler and translators for the language.

6In this short survey we cover three types of grammars: chapter 3 covers context-free grammars (CFG), chapter 4 attribute grammars (AG), and chapter 5 Doorattribute grammars (Door AG). First in chapter 2 we introduce some conceptsand terms used later.

2Languages, Grammars, and Compilers

What do we mean by language? Many different answers are conceivable, e.g.,natural languages in a broad sense, a specific natural language such as English,sign language such as the American Sign Language, query languages such asSQL, formal specification languages such as Z or programming languages suchas BETA. For most people the term language probably means natural language.If a person is involved in computer science the term language will most certainlymean some formal language. Natural languages are those languages we usewhen communicating between people. The characteristics of these languages arethat they evolve naturally over a long time, are often large and complex, and arerich in ambiguities. On the other hand the formal languages are always designedby man, are often small, and are hopefully designed in a way that ambiguities areavoided.Among the formal languages our main interest lies in the group of programminglanguages. These are languages constructed for the sole purpose of programmingcomputers, i.e., instructing computers what to do.Syntax and Semantics

Although very different, all languages have some properties in common. Everylanguage has its syntax and semantics. Syntax and semantics are terms used indescribing languages. In the syntax of a language the form or rules of sentenceformation are described. For natural languages, syntax tell us how to buildphrases and sentences from the vocabulary of the language. E.g., a sentence inEnglish can be built using a noun phrase (NP) followed by a verb phrase (VP)where the noun phrase is made of an article (Art) and a noun (N) and the verbphrase is constructed from a verb (V) and a noun, as in the example: The boy counted cars.NPVPArtNV N

8Chapter TwoFor programming languages, syntax describes the rules for forming correct sen-tences. For example an assignment in Simula [DMN68] can be constructed usingan identifier (ID) followed by an assignment operator (�:=�) and an expression.The expression can be built using two identifiers and a multiplication (�*�) opera-tor, as in:Y := X * X;ID ID IDMost languages are different in syntax. The following two examples, in the pro-gramming languages BETA [MMN93] and Simula, are syntactically very differ-ent but perform the same computation. We say that they are semantically equiva-lent, performing the operation of assigning the square of the identifier X to theidentifier Y.Y := X*X;X -> (# i: @integer enter i exit i*i #) -> Y;The semantics of a language describes the meaning of phrases in the language. Innatural languages, semantics deals with word meaning, i.e., the meaning ofwords as described in a lexicon, and phrase and sentence meaning, i.e., themeaning of a whole sentence or phrase. In programming languages, semanticsdescribes what the program means, i.e., what computation is performed whenthe program is executed. For example the statements above has the semantics ofreturning the square of a supplied integer.Syntax and semantics are not the only properties of a language. For natural lan-guages we have phonology — the sound system, morphology — the rules of wordformation, and the lexicon — the words included in the language. For program-ming languages other properties are conceivable such as characters or tokens (the�words� of the programming language).There is no sharp border between syntax and semantics. Which parts of a lan-guage description that are in the syntax or in the semantics can vary. For pro-gramming languages a common example of this is type matching. Take for in-stance the expression X*2 in the programming language Pascal [Wir71] and as-sume that the identifier X is declared of type char. This is erroneous but the errorcan be either syntactic or semantic:¥If it is a syntactic error then the program must be considered as a whole,i.e. the identifier X is used inconsistently with its declaration.¥If this is a semantic error the expression will fail since the semantics ofthe language defines that both operands to multiplication must be a num-ber.For programming languages both syntax and semantics can be subdivided fur-ther. Some terms frequently used are:

Languages, Grammars, and Compilers9¥Abstract syntax — the hierarchical structure of the language without con-cern for the actual symbols used.¥Concrete syntax — both the hierarchical structure and the symbols.¥Static semantics — the parts of the semantics that can be checked atcompilation time.Compiler Overview

In this section we recapitulate some elementary concepts in compiler techniques.The tasks of a compiler are often broken down in four different phases (figure2.1):¥Lexical analysis — translates the stream of characters in the program intotokens — single units representing the �words� of the language (seechapter 3).¥Syntactic analysis — translates the tokens into a hierarchical structure.This phase uses the context-free grammar to structure the tokens into anabstract syntax tree (AST) (see chapter 3).¥Semantic analysis — Checks for static semantic errors and evaluates allattributes in the AST (see chapter 4).¥Code Generation — translates the attributed AST into code for the targetmachine.

begin<begin>tp=intA := A + 1;<ID: A>end;<:=><ID: A><+>...ID=Alexicalsyntax semanticcodeanalysisanalysisanalysisgeneration

100101110111001001111011111

Figure 2.1: The four major phases in a compilation.This is a somewhat simplified description, ignoring phases such as intermediatecode generation and code optimisation. Grammars can be used in all the fourphases.The compilation of programs is traditionally done in batch, meaning that if thesource program is changed the whole program must be recompiled. A smallchange in the program can lead to time-consuming recompilation of the wholeprogram. If we can find efficient methods to isolate the parts of the program that

1 0 Chapter Twohave changed, and only recompile these parts, a lot of time can be saved. Thesemethods can also be used to construct systems where the program is recompiledautomatically after a change. This is the idea behind incremental compilation.The later parts of this report (chapter 5 and onwards) is about methods, systems,and examples all using incremental compilation techniques. Furthermore, this re-port is about the semantic analysis phase. We assume that both lexical and syntaxanalysis are already done, and ignore the code generation phase altogether.

3CFG and AST

In this chapter we look at context-free grammars (CFG). We explore the possi-bilities of context-free grammars in specifying the syntax and structure of pro-gramming languages. Other terms introduced in this chapter are concrete and ab-stract syntax, syntax trees, BNF-notation, Chomsky Hierarchy, object-orientedcontext-free grammar, and structured context-free grammar.Let us start by an informal description of a context-free grammar. As an examplewe use the following small program in Pascal:A: integer;

A := 0;while A < 10 doA := A + 1;

In this program we have a variable declaration, an assignment, and a while-statement containing an assignment. After lexical analysis this will be a stream oftokens. All items surrounded with brackets (�<� and �>�) are considered singletokens. There is no structure in the program at this point.<ID:A> <:> <integer> <;> <ID:A> <:=> <NUM:0> <;>

<while> <ID:A> <<> <NUM:10> <do> <ID:A> <:=> <ID:A><+> <NUM:10> <;>

Now, the aim of the syntax analysis is to structure this into a representation thatreflects our view of the program, i.e., a variable declaration, an assignment, anda while-statement containing an assignment. One way of doing this is to repre-sent the program as a syntax tree.A syntax tree is a data structure containing leaves, called terminals, and internalnodes, called nonterminals. The leaves correspond to the actual tokens in theprogram. A word about the nonterminals: these are something we introduce inthe process of structuring the program, and are not found in the program. Forinstance, we decide that the variable declaration has an identifier and a type. Tomodel this we introduce the nonterminals Decl, ID, and DeclType. Figures 3.1

1 2 Chapter Threeand 3.2 show the resulting syntax trees of our example program, where nodes inboldface represents terminals:DeclAssignStmtID:DeclType;Use:=Exp;AintegerIDNUMA0

Figure 3.1: Syntax trees for the variable declaration and assign-state-ment.WhileStmtwhileExpdoStmtExpopExpAssignStmtUse<NUMUse:=Exp;ID1 0 IDExpopExpAAUse+NUMID1A

Figure 3.2: Syntax tree for the while-statement.Trees are not the most practical way of representing the structuring rules of ourprogramming language, so we need to be able to write these rules in anotherform. This can be done using something called a context-free grammar (CFG)2.A few words about the notation: A widely used notation for specifying CFG�s isthe BNF form, Backus-Naur form or Backus-Normal form. Here the symbol�::=� mean something like �have sons�, nonterminals are written within brackets(�<� and �>�), and terminals are written in boldface3. To specify alternatives thesymbol �|� is used. For example, a rule stating that the nonterminal A can as sons

2See the section �The Chomsky Hierarchy� for a formal definition of context-free grammar.3The notation of terminals vary in different literature.

CFG and AST1 3 have either the nonterminal B followed by the terminal b or only the terminal b,would look like <A> ::= <B> b | b. Only one nonterminal is allowed on the leftside.We can now state the syntactic rules for our programming language in the BNFnotation:<Decl>::=<ID> : <DeclType> ;<DeclType>::=integer<AssignStmt> ::=<Use> := <Exp> ;<Use>::=<ID><Exp>::=<Exp> <op> <Exp> | <Use> | <NUM><Op>::=+ | <<WhileStmt>::=while <Exp> do <Stmt><Stmt>::=<AssignStmt> | <WhileStmt>Note that we have not stated the rules for the nonterminals <ID> and <NUM>.<ID> denotes all valid identifiers and <NUM> denotes all integer constants thatcan be used in the program. The integer constants could be specified by the fol-lowing rule:<NUM> ::= -MAXINT� | -3 | -2 | -1 | 0 | 1 | 2 | 3 | � MAXINTRecall the first example from chapter two. Breaking up a sentence in the Englishlanguage (�The boy counted cars�) in noun phrase (NP) and verb phrase (VP),and then the noun phrase into an article (Art) and a noun (N) and the verb phraseinto a verb (V) and a noun. This can be represented with the following syntaxtree and context-free grammar:SNPVPArtNVNTheb o y countedcars

Figure 3.3: Syntax tree for a sentence.<S>::=<NP> <VP><NP>::=<Art> <N><VP>::=<V> <N><Art>::=The<N>::=boy | cars<V>::=counted

1 4 Chapter ThreeUsing this limited grammar we see that the sentence �The cars counted boy � issyntactically correct although it is semantically erroneous.Going back to the CFG for our example program, we see that this is a very lim-ited grammar allowing only integer declarations, assign- and while-statements,and addition and less-than operations. The grammar can easily be extended bychanging the rules. If we for instance would like to add boolean, real, and char-acter declarations; an if-statement; and some more operators, this can be done bythe following changes:<DeclType>::=integer | boolean | real | char<Stmt>::=<AssignStmt> | <WhileStmt> | <IfStmt><IfStmt>::=if <exp> then <Stmt><Op>::=+ | - | * | / | < | > | = | <>It should be noted that this is not a complete or even correct specification ofPascal, it is only a simple example used to introduce context-free grammars. See[Wir71] for a complete description of Pascal.Abstract Syntax Trees

The syntax-trees shown i figures 3.1 and 3.2 are called concrete syntax trees orparse-trees. These are trees containing all information about what the programlooked like, including all tokens. Often much information in the concrete syntaxtree is used only in lexical analysis an parsing, so a more compact representationcould omit this information. This is true for the abstract syntax tree (AST).Figures 3.4 and 3.5 show the abstract syntax tree for our variable declaration,assign-statement, and while-statement.DeclAssignStmtAintegerA1

Figure 3.4: Abstract syntax trees for the variable declaration and assign-statement.WhileStmtExpAssignStmtA<10AExpA+1

Figure 3.5: Abstract syntax trees for while-statement.

CFG and AST1 5 These trees differ from the concrete syntax trees in two ways:¥ All syntactic information, i.e., all information used only for lexicalanalysis, is removed. In the above example the nodes for :, :=, ;,while, and do are removed.¥ All nodes having only one son are replaced with that son.Both forms of syntax trees can be used as the internal representation after syntaxanalysis. In the rest of this report we will make extensive use of abstract syntaxtrees and we use the term syntax tree to mean abstract syntax tree.Different concrete syntax trees can lead to the same abstract syntax tree. The pro-gram for the while-statement in the example above can in C be written as:while (A < 10)

A++;

or in ADA as:while A < 10 loop

A := A + 1;end loop;

The concrete syntax trees for these examples are different but both can be repre-sented by the abstract syntax tree in figure 3.5.The Chomsky Hierarchy

In the above sections we talked about languages and grammars in a very informalway. In this section we make a short presentation of formal languages and theChomsky hierarchy, leading up to a formal definition of context free grammars.First we need to define the terms alphabet, string, formal language, and gram-mar.Definition AlphabetAn alphabet is any finite set of symbols. ¥Definition StringA string over some alphabet is a finite sequence of symbols drawn fromthat alphabet. ¥

1 6 Chapter ThreeDefinition Formal Language4A formal language denotes any set of strings over some fixed alphabet. ¥For example, given the alphabet � = {a,b}, abba is a string over �, andL={a,b,ab,abba} is a language over �. In addition to this we could add a set ofrules to determine what strings of symbols from � are legal words of L, and de-fine the term grammar:Definition GrammarAn alphabet and a set of rules for forming strings. ¥One way of specifying these rules is simply to list all strings in the language. Sofor the language L the rules could say that a, b, ab, and abba are valid strings.This specification method, called a list grammar, is not very useful because weoften need to specify infinite languages. Take for instance a grammar containinga rule, stated informal as, all strings beginning with one or more a and finishedwith one b is in the language. Lets call this language L1. To list all strings startingwith ab, aab, aaab � would not be a good idea. We clearly need another methodso we introduce production system.Definition Production systemA production system consists of two alphabets and a set of rules for form-ing legal strings. The alphabets are VT the set of terminals and VN the set ofnonterminals. The set of nonterminals contains a start symbol, S. The rulesare also called productions. ¥To clarify this let us look at the example above. The informal rule for the lan-guage L1 can now be specified using two rules as:S fi aAA fi aA | bS is the start symbol meaning �start here�, i.e., use this rule first. a and b are theterminals, i.e., the symbols used in the output string. S and A are nonterminals,these symbols are introduced as syntactic variables in the productions. The firstrule, S fi aA, states that from the nonterminal S the terminal symbol a followedby the nonterminal symbol A can be derived. The second rule, A fi aA | b, saysthat from the nonterminal symbol A the terminal symbol a followed by the non-terminal symbol A or only the terminal symbol b can be derived. Note that thevertical bar (�|�) means or. Applying these rules, starting from the start symbolS, all strings beginning with one or more a and ending with one b can be de-

4In this section we use the term language to mean formal language.

CFG and AST1 7 rived. Now using the production system the grammar for the language L1 can bewritten as:GL1 = The terminals:VT = {a, b}.The nonterminals: VN = {S, A}, where S is the start symbol.The production rules: {S fi aA , A fi aA | b}.In the rest of this section we use the following notation5:¥Terminals: lower-case letters early in the alphabet, such as a, b, c; opera-tor symbols such as +, -, *; punctuation symbols such as parentheses,comma etc.; the digits 0-9; boldface strings such as while, id.¥Nonterminals: upper-case letters early in the alphabet, such as A, B, C ;the letter S is used as the start symbol.¥The empty string: the Greek letter epsilon, e.¥Strings of terminals: lower-case letters late in the alphabet, such as u, v,w, x, y, z.¥Strings of grammar symbols: lower-case Greek letters a, b, g. Stringsof grammar symbols are strings including both terminals and nontermi-nals.¥Alphabet: VT denotes the set of terminal symbols; VN denotes the set ofnonterminal symbols; V = VT ¨ VN denotes the set of all symbols.¥Repetitions: we use the notation a* to mean a repeated zero or moretimes and a+ to mean a repeated one or more times; V* means stringfrom the alphabet V containing zero or more symbols, and V+ meansstring from the alphabet V containing one or more symbols.By adding more restrictions to the definition of grammars it is possible to definea language hierarchy. This hierarchy is normally called the Chomsky hierarchyafter its inventor the American linguist Noam Chomsky. In the hierarchy the lan-guages with higher type number form subclasses of languages of lower type6(see figure 3.6).The first, and the most powerful, grammars are type 0 or unrestricted grammars.In these grammars the only change to the original definition of grammar is thatthe left side of a production must contain at least one nonterminal. That is, eachproduction is of the form a fi b where a, b ˛ V* and a contains at least onenonterminal. Unrestricted grammars are also called phrase structure grammars.

5This is the same notation as used in [ASU86].6This classification can be done slightly different. Here we follow the presentation in [HU69].

1 8 Chapter ThreeType 0: Unrestricted grammars, generatingrecursively enumerable languages.Type 1: Context-sensitive grammars,generating context-sensitive languages.Type 2: Context-free grammars,generating context-free languages.Type 3: Regular grammars,generating regular languages.

Figure 3.6: The Chomsky hierarchy.The next restriction to make is to restrict the productions so that, for any produc-tion, the length of the left side is less than or equal to the length of the right side.This class of grammars is called type 1 or context-sensitive grammars (CSG).Put more formally each production must be of the form:aAg fi abg where A ˛ VN, a,g ˛ V* and b ˛V+In type 2 grammars, also called context-free grammars (CFG), the restriction onthe production is that each production must have a nonterminal on the left side.Formally, all productions are of the form A fi a where A ˛VN, and a ˛V*.In the last class, type 3 grammars or regular grammars, the restriction is that, forall productions, the left side must be a nonterminal and the right side can containat most one nonterminal, that is, all productions have the form A fi uBv or A fiu where A,B ˛VN, and u,v ˛ VT *.The languages generated by these grammars are called recursively enumerable,context-sensitive (CSL), context-free (CFL), and regular. It is possible to in-clude the empty string (e) in the definition of context-free language, context-sensitive language, and regular language. This can be done by adding the follow-ing rule (S is the start symbol):S fi e and S does not occur to the right of any production.For a thorough description of these grammars and the languages they define see[HU69], [HU79], and[Ray86].One result of the restrictions applied to the grammars is that the power, i.e., thenumber of strings recognised, decreases. This means that it is easier to recognisea string belonging to a context-free grammar than it is to recognise a string for anunrestricted grammar. The most suitable grammars for use in conjunction with

CFG and AST1 9 programming languages are regular grammars and context-free grammars.Regular grammars are often used in specifying the lexical structure of a pro-gramming language, i.e., the rules explaining how to assemble individual char-acters in a program text to atomic symbols called tokens. As seen in the previoussection, context-free grammars can be used in specifying the syntax of program-ming languages.Putting all this together we can define context-free grammars as:Definition Context-free grammar (CFG)A CFG consists of two alphabets and a set of rules (productions) forforming legal strings. The alphabets are VT the set of terminals and VN theset of nonterminals. The set of nonterminals contains a start symbol, S. Allrules have a nonterminal on the left side and a sequence of nonterminalsand/or terminals on the right side. This can formally be noted as a 4-tupleG = (VT, VN, S, P) where P is the set of rules. ¥One word can be said about the productions. All productions are rules of theform A fi a where A is a nonterminal and a is a string consisting of nontermi-nals and/or terminals. A production, A fi a, would mean that the symbol(nonterminal) A can be replaced by the string a. If more than one rule is appli-cable for the symbol A, this can be specified using the bar character (�|�), as in Afi a | b | g.Structural Ambiguity

When applied to a string the syntax rules of a language describe several differentthings, for instance:¥The grammaticality of the string, i.e., is this a valid string in the lan-guage.¥The order of symbols in the string.¥The structure of the string.The last two points say that given the rules used to identify the string as part ofthe language and the order in which they apply, we can tell in which order theindividual symbols occur in the string, and we can figure out the syntacticalstructure of the string. The term syntactic structure can best be explained usingan example from natural language. Consider the sentence:�The boy saw the man with the telescope.�This could mean two things:1. The boy sees a man through his telescope or

2 0 Chapter Three2. The boy sees a man and the man has a telescope.Thus the sentence has two different syntactic structures. Another example ofstructural ambiguities is the expression a + b * c. This can mean either calculatethe sum of a and b and the multiply this by c or it can mean (and usually does)multiply b and c and then add a. These structures can be pictured graphically inthe following abstract syntax trees:*++ca*abbc

Figure 3.7: Different representation of the expression a+b*c.We can define rules for an unambiguous grammar that will recognise the ex-pression and will use the standard operator precedence (* before +). Using BNFnotation the rules can look like:<exp>::= <exp> + <term> | <term>(* rule 1 *)<term>::= <term> * <factor> | <factor>(* rule 2 *)<factor> ::= symbol(* rule 3 *)symbol is a terminal representing some character. Now using the rules�backwards� we can show that our string is an expression.a + b * c fi <factor> + <factor> * <factor> using rule 3 on a, b, and cfi <term> + <term> * <factor>using rule 2 on the firsttwo <factor>fi <term> + <term>using rule 2 on <term> * <factor>fi <exp> + <term>using rule 1 on the first <term>fi <exp>using rule 1 on <exp> + <term>The concrete syntax tree for this new unambiguous CFG is pictured in figure3.8. Note that the right-hand side of a production corresponds to sons of the left-hand side node. In figure 3.8 the production <exp> ::= <exp> + <term> showup in the concrete syntax tree as a node exp with three sons exp, +, and term.

CFG and AST2 1 expexp+termtermterm*factorfactorfactorcab

Figure 3.8: Concrete syntax tree for a+b*c (obeying standard operatorprecedence).Other Types of CFG

By modifying the context free grammar definition, it is possible to define othervariants of context free grammars. We present here two different but relatedtypes, object-oriented grammars — using the all present ideas of object orienta-tion, and structured grammars — used in the Mj¿lner BETA System [MPS92].Object Orientation and Context Free GrammarsObject-orientation (OO) is a term widely used today in many areas of computerscience, e.g. object-oriented programming languages, object-oriented databases,and object-oriented operating systems. The ideas of object orientation originatedfrom the programming language Simula. The goal of object-orientation tech-niques is to obtain better structuring mechanisms. The problem to be solved isdivided into classes. These classes are structured in class hierarchies. Inheritanceis used to transfer properties from super classes down to subclasses. The solu-tion of the problem consists of creating and executing instances (called objects)of the classes. There are two types of inheritance: single inheritance meaning thata class can only inherit properties from one superclass; and multiple inheritancemeaning that a class can inherit from multiple superclasses. An common exampleof (multiple) inheritance is the concept of amphibian vehicle sharing propertiesfrom both cars and boats.This OO structuring can be done for two main reasons: �code reuse� and�modelling the real world�7. If �code reuse� is the reason, the classes are con-structed so that each class forms a well structured part of the problem and can be

7The Scandinavian school of object-orientation.

2 2 Chapter Three(re)used in different applications. If �modelling the real world� is the reason, theclasses are constructed to model some aspect of the real world.Object-orientation can also be used to structure a CFG specification, as describedin [Kos91]8. Here nonterminals correspond to classes, and nodes in the syntaxtree correspond to objects. We divide the nonterminals into two categories, basicnonterminals and superclass nonterminals. Basic nonterminals are those non-terminals having only a single production and superclass nonterminals are thosehaving a set of chain productions, i.e., productions of the type A fi B | C | D.The latter category is used to determine class hierarchy. This is done by assign-ing, for each chain production, that a production of type A fi B means that A isa superclass of B. The productions for the basic nonterminals give rise to com-ponent objects for the left-hand side nonterminal. This means that if the CFGcontains a production A fi B C D the (basic) nonterminal A will contain threecomponent objects and these objects will at least be of class B, C, and D respec-tively. Seen another way, if the (basic) nonterminal occurs in a syntax tree it willhave three sons and these sons will at least be of class B, C, and D.Example 3.1: Expressions and OO context-free grammar.All context-free grammars can be converted into object-oriented context-freegrammars. As an example let us look at the expression a + b * c introducedabove. The CFG for our limited expressions was:<exp>::= <exp> + <term> | <term><term>::= <term> * <factor> | <factor><factor> ::= symbolTo turn this specification into an object-oriented CFG we break up the produc-tions for <exp> and <term> introducing the basic nonterminals <sum> and<mult>.<exp>::= <sum> | <term><sum>::= <exp> <addop> <term><term>::= <mult> | <factor><mult>::= <term> <mulop> <factor><addop> ::= +<mulop> ::= *<factor> ::= symbol

8Although this description is from [Kos91], object orientation, or related notation, in languagespecification/implementation has been suggested in several different papers. See [Kos91] formore information.

CFG and AST2 3 The concrete syntax tree for a + b * c. would then look like:expsumexpaddoptermterm+multfactortermmulopfactorafactor*cb

Figure 3.9: Concrete syntax tree for a+b*c using an OO context-freegrammar.Using the chain rules for <exp>, <term>, <mulop>, <addop>, and <factor> wecan construct the class hierarchy for this example.

expmulopaddopsumterm*+ multfactor symbol

Figure 3.10: Class hierarchy derived from the OO context-free grammar.The two remaining rules are used to construct the needed component objects for<sum> and <mult>.

summultexptermaddopmuloptermfactor

Figure 3.11: Component objects derived from the OO context-freegrammar.

2 4 Chapter ThreeThis means that if we have a <mult> node in the syntax tree this node will be asubclass of <term>, and <term> will be a subclass of <exp>. The <mult> nodewill have three sons in the syntax tree, a <term>, a <mulop>, and a <factor>node. Things will be even more complicated when we introduce attributes in thesection on object oriented attribute grammars. ¥Without going into too much formality we now state the rules that makes a con-text-free grammar an object-oriented context-free grammar.1 . The CFG part concerning the superclass nonterminals (i.e. the chain rules)must be cycle-free. This is to avoid cyclic class hierarchies.2 . All nonterminals must either be used directly in some derivation of a terminalor a subclass to the nonterminal must be used in some derivation of a termi-nal.93 . For all nonterminals there must be only one production or if there is morethan one production the right-hand side of the production must be a singlenonterminal. That is, all nonterminals are either basic nonterminals or super-class nonterminals.104 . If we only allow single inheritance, then if we have two productions AfiBand Cfi B this implies that A = C.11Structured CFGThis special version of CFG is defined in [MPS92] and used extensively in theMj¿lner BETA System. A structured CFG is a context-free grammar where theproductions satisfy a certain structure. Each nonterminal must be defined by ex-actly one of the following rules:1. Alternation rule: a rule of the form <A0> ::| <A1> | <A2> | … | <An>where <An> are nonterminal symbols. The �::|� corresponds to �::=� inthe BNF notation and the vertical bar means or (as in BNF).2. Constructor rule: a rule of the form <A0> ::= w0 <t1:A1> w1 …<tn:An> wn where <A0> and <ti:Ai> are nonterminals and wn are pos-sibly empty strings of terminal symbols. As expected the rule means<A0> derives the string on the right of �::=�. ti stands for tag-name and

9A CFG with this property is called pseudo-reduced in [Kos91].10A pseudo-reduced CFG with this property is called MI-Structured in [Kos91].11A MI-Structured CFG with this property is called SI-Structured in [Kos91].

CFG and AST2 5 are used to distinguish between different nonterminal occurrences. Alltag-names must be different.3. List rules are used to specify that a nonterminal can derive a list ofstrings. There are two list rules <A> ::+ <B> w and <A> ::* <B> w.Where <A> and <B> are nonterminals and w is a possibly empty stringof terminals. The rule means <A> generates a list of <B> separated byw. �::*� means zero or more elements in the list and �::+� means one ormore elements.4. Optional rule, a rule of the form <A> ::? <B> meaning that the non-terminal <A> may derive the same string as the nonterminal <B> or theempty string.Nonterminals defined by the alternation rule correspond to superclass nontermi-nals in OO-CFG, and nonterminals defined using the constructor rule correspondto basic nonterminals. The main reason for using structured CFG in the Mj¿lnerBETA System is to make it possible to generate class and object definitions au-tomatically from the context-free grammar.For a large example of a structured CFG see [MMN93] where the whole of theBETA programming language is specified using structured CFG.CFG and Compilers

By specifying the syntax of a programming language we can design programsthat, given the grammar of the language, can generate a compiler for that lan-guage. As we shall see in the next section CFG has several limitations, so theconcept of automatic compiler generation from formal specifications is only use-ful to limited extent for CFG. This idea will play an important role in later sec-tions when the formal notation is extended to attribute grammars and Door-at-tribute grammars.A formal specification of the programming language syntax can also (and haveoften done so) serve as an aid to compiler designers in implementing compilers.Limitations of CFG Specifications

As the name suggests context-free grammars cannot be used to specify thingsthat require that we take the context into consideration. Such rules are very com-mon in programming languages and are called contextual constraints. Example ofthese types of rules are:¥An identifier can only be used in the block where it is declared.

2 6 Chapter Three¥In an assignment the left-hand and the right-hand sides must be of thesame type.Using a context-sensitive grammar we could formally specify these rules.However this has been found to be impractical. Instead we use CFG to specifythe syntax of the language, and all rules not possible to specify in CFG aremoved to the semantics of the language. Then we use an extended CFG, an at-tribute grammar (AG), to specify these rules. Attribute grammars is the subjectof the next chapter.

4Attribute Grammars

To overcome some of the limitations of context-free grammars we present at-tribute grammars (AG). First introduced in [Knu68], attribute grammars arecontext-free grammars to which we add extra information to all symbols, andadd rules on how to find this information to all productions. The information weadd is normally called attributes and the rules to obtain the information (evaluatethe attributes) are called semantic rules.The outline of this chapter is as follows: First we present the use of attributegrammars in two examples. Then we give a formal definition of attribute gram-mar. The next two sections explains dependency graphs and how to evaluate(find value for) the attributes. Thereafter we discuss two variants of attributegrammars, namely ordered attribute grammars (OAG) and object-oriented at-tribute grammars (OO AG). At the end of the chapter we present some of thelimitations of attribute grammars.Two Examples Using Attribute Grammars

The first example is a small attribute grammar capable of generating strings con-taining the symbol a or b.Example 4.1: Small stringStarting off with the context-free grammar G = ({a, b}, {S, A}, S, {S fi A, Afi a | b}), that is, the terminals a and b, the nonterminals S and A, the start sym-bol S and the two productions S fi A and A fi a | b. We add two attributes whatand str. what is an attribute containing an explanatory string and str is an attributecontaining the string we generate. These attributes are added to each symbol inthe following way: to S we add str, to A we add what and str, and to a and b weadd what.Now we have to state the semantic rules, i.e., how the attributes get their values.These semantic rules are added to the productions.

2 8 Chapter FourS fi A: A.what := �A small example�S.str := A.strA fi a:a.what := A.whatA.str := �a�A fi b:b.what := A.whatA.str := �b�SstrAstr = �b�what = �A small example�bwhat

Figure 4.1: Attributed syntax tree for the string b, containing an inher-ited attribute, what, and a synthesized attribute, str.Looking at the semantic rules we can see that the attribute what flows from thestart symbol to the terminal symbols, i.e., down in a syntax tree. This meansA.what is assigned to a text in the production S fi A and in the productionA˚fi˚b the attribute is copied to b using the semantic rule b.what := A.what.Attributes that get their value from attributes in the father node are called inheritedattributes.The attribute str is assigned from the terminals and up to the start symbol, it isassigned upwards in the syntax tree. A.str is given a value in the productionA˚fi˚b and is copied up to S.str in the production S fi A. Attributes that gettheir value from attributes in the son nodes are called synthesized attributes (seefigure 4.1). ¥Example 4.2: Binary numbersTo clarify things further we present a larger example12. If we want to formallydefine the binary notation for numbers we can do this by using an attribute gram-mar. The underlying context-free grammar is defined as:VT = {0, 1, Æ}VN = {B, L, N}, N is the start symbol.P = {B fi 0 | 1,L fi B | L B,N fi L | L Æ L}

12Example originally from [Knu68].

Attribute Grammars2 9 The terminals are the binary numbers (�0� and �1�) and the decimal point (�.�).The nonterminals are B, standing for bit; L, for lists of bits; and N, for number.The productions state that:¥A bit is either �0� or �1� (B fi 0 | 1).¥A list is either a bit or a list followed by a bit (L fi B | L B).¥A number is either a list or two lists separated by a decimal point(N fi L | L Æ L).Now we want to extend this CFG so that for each string of binary numbers weassociate a decimal value corresponding to the string�s binary value. For in-stance, the binary string 1101Æ01 is equal to the decimal value 13.25. A synthe-sized value attribute (v) is used to propagate the decimal value up to the root node(N). The CFG is extended with attributes in the following way:B has a rational attribute value, v, and an integer attribute scale, s.L has two integer attributes: scale, s, and length, l, and a rational at-tribute value, v.N has a rational attribute value, v.v and l are synthesized attributes and s is an inherited attribute. The value at-tribute (v) is used to store the decimal value for each bit. Scale (s) denotes whichposition the bit has in the number and length (l) is the position in the list. To thiswe add the semantic rules to the productions.p1: B fi 0 B.v := 0p2: B fi 1B.v :=

2B.s

p3: L fi B L.v := B.v, B.s := L.s and L.l := 1p4: L1fi L 2 B L 1 . v := L 2 . v + B . v, B.s := L1 . s ,L2 .s := L1 .s + 1 and L1 .l := L2 .l + 1p5: N fi L N.v := L.v and L.s := 0p6: N fi L1 Æ L 2N . v := L 1 . v + L2 . v , L 1 .s := 0 andL 2 . s := -L 2 . lLet us clarify these rules:p1:If the bit is assigned a �0� the value is set to zero.p2:If the bit is assigned a �1� the value is set to 2 to the power of thescale attribute.p3:The first two equations are what are called copy equations. They copyattributes from one node in the syntax tree to another. Here this ap-plies to the attributes v and s. The last equation sets the length at-tribute of the list to one.P4:Here we have four equations: First the value attribute for the list nodeL1 is set to the sum of the value attributes of the sons (L2 and B), thev a l u e i s p r o p a g a t e d u p w a r d s i n t h e t r e e . T h e n e x t t w o e q u a t i o n s p r o p a g a t e t h e s c a l e a t t r i b u t e d o w n t o B and L 2 . L 2 . s is set to one

30Chapter Fourmore than L1 .s Finally the length attribute for the list L1 is set onemorethanthelengthattributeforL2.p5:The value attribute, v, is copied to N and the scale attribute, s, for thelist node is set to zero.P6:The value attribute, v, is set to the sum of the value attribute of thetwo sons (L1 and L2) and the scale attribute, s, is set to zero in L1 andto -L2.l in L2.Figure 4.2 shows the syntax tree corresponding to the string 1101Æ01 in whichallattributesareshownwiththeirvalues.Thevalueattribute,v, for the root nodecontains the decimal value for the binary string (1101Æ012 = 13.2510). ¥v=13.25v=13Nv=0.25l=4l=2s=0s=-2v=12L.Ll=3s=1v=1v=0v=0.25v=12LBs=0Ll=1Bs=-2l=2s=-1s=2v=0v=8LBs=11Bv=01l=1s=-1s=3v=4LBs=200v=8Bs=311

Figure 4.2: Attributed syntax tree for the binary number 1101Æ01.Formal Definition of Attribute Grammar

We are now ready for a formal definition of attribute grammar:Definition Attribute grammar An attribute grammar is a context-free grammar, G = (VT, VN, S, P) towhich we add attributes and semantic rules in the following way: To eachsymbol X ˛ VT ¨ VN we associate a finite set of attributes, Attr(X). Theattributes are partitioned into two disjoint sets, the synthesized attributes,Syn(X), and the inherited attributes, Inh(X). We require Inh(S) to beempty and we require Syn(X) to be empty if X is a terminal.For each production p: X0 fi X1 � Xnp we give a set of semantic rulesdefiningthesynthesizedattributesforthesymbolX0andthesetofinher-

Attribute Grammars31ited attributes for the symbols X1�Xnp in terms of the elements inAttr(X i) for 0 £ i £ np. ¥From the definition we have that the start symbol, i.e., the root node in any syn-tax tree, cannot have any inherited attributes and that terminals cannot have syn-thesizedattributes.Thesemanticfunctionsdefiningtheattributesinaproductionhave the form a0 = ~(a1, �, am ) where a0 � am are attributes of the symbol X0or the sons of X 0. When applied to an instance of a production a 0 � a m denoteattributeinstances.An attribute grammar is said to be well-formed if it fulfils the properties that thestart symbol does not have any inherited attributes and that for each productionthe only equations are those defining all synthesized attributes of X0 and all in-herited attributes of sons to X0.For each nonterminal node in the syntax tree a certain production is applied.Consider figure 4.3 that shows a part of a syntax tree. We have one production,p: A fi B C, which is applied twice.a1a1a2syntax treea2AABCBC

Figure 4.3: Part of syntax tree with two instances of the productionA fi B C.The encircled part in figure 4.3 is called an instance of the production A fi B C.Each nonterminal node (except the root node) belongs to two instances. Once asthe right-hand side of a production and once as the left-hand side. For each sym-bol in the syntax tree there is an attribute instance for each attribute assigned tothat symbol. In figure 4.3 we have two attributes for the symbol A (Attr(A) ={a1, a2})andtwoinstancesofeachoftheattributesa1anda2.Othertermsfrequentlyusedforattributegrammarsinclude:¥available — attributes that have received values are said to be available.¥consistent — an attribute is consistent if all its arguments are available andits defining function holds. A tree is consistent if all its attribute in-stances are consistent.¥decorated (attributed) syntax tree — a syntax tree in which all attributeshave a value.

32Chapter Four¥solution — if the syntax tree is consistent its attributes is a solution to theequation system in which all attributes instances are variables.¥uniquely-defined — the grammar is uniquely-defined if every possiblesyntax tree has exactly one solution.¥well-defined — the grammar is well-defined if every possible syntax treehas at least one solution.¥underdetermined — the grammar is underdetermined if it is well-definedbut some syntax tree has more than one solution.Dependency Graphs

An important concept for attribute grammars is the dependency graph. This is arelation showing all the dependencies among the attributes. If we for instancetake the last production (p6) in example 4.2:N fi L 1 Æ L 2N . v := L 1 . v + L2 . v , L 1 .s := 0 and L 2 . s := -L 2 . l .Here the attributes L1.v and L2.v are used to calculate N .v thus we say that N.vdepends on L 1 . v and L2 . v . In the same way L 2 . l is used to obtain the value forL2.s so L2.s depends on L2.l . These dependencies can be represented in the de-pendencygraphforthisproduction.Inthegraphthereisanodeforeachattributeandadirectededgeforeachdependency(seefigure4.4).

N.vL1.vL1.lL1.sL2.vL2.lL2.s

Figure 4.4: Dependency graph for production N fi L 1 Æ L 2 . We denote this dependency graph D(p6). If we combine the dependency graphsfor all production instances we get a directed graph describing all dependenciesof attributes in the syntax tree, this we denote D(T). Dependency graph can bedefined as:13Definition Dependency graphA directed graph that represents functional dependencies among the at-tribute instances of a production p or a tree T, denoted D(p) and D(T),re-spectively,anddefinedasfollows:a)Foreachattributeinstanceb, the dependency graph contains a vertex b.b) If attribute instance b is an argument of attribute instance c, the depen-

13Definition from [Rep84] page 18.

Attribute Grammars33dency graph contains a directed edge (b, c).Anedgefromb to chasthemeaning:bisusedtodeterminethevalueofc.¥Dependency graphs play an important role in attribute evaluation — the process ofassigning the correct value to attribute instances.Evaluation

Evaluation techniques are well studied, and several different methods have beensuggested. Here we explain the basic terminology and some variants of attributeevaluation important to this work.The goal for evaluation is to assign the correct values to all attribute instances inthe syntax tree. First we talk of exhaustive and incremental evaluation. Ex-haustive evaluation evaluates all attributes in a given syntax tree whereas incre-mental evaluation restores consistency in a tree by re-evaluating attributes thathave become inconsistent due to some changes in the tree.The value for an attribute is defined by the semantic function for this attribute.Depending on the implementation of this function we get two evaluation tech-niques:¥Data-driven evaluation — where each attribute instance is representedwith a cell in memory and the evaluation of the attribute stores the correctvalue in this cell.¥Demand-driven evaluation — where each attribute is represented by itssemantic function. Each time the attribute is needed the semantic functionis called.Choosing between these two techniques is a matter of choosing between spaceand time, where data-driven consumes space and demand-driven time.Combining the two techniques we get lazy attribute evaluation; this techniqueuses the semantic function the first time the attribute is needed, stores the result-ing value in a cache, and uses the cached value if the attribute is needed again.If we assume that we only have inherited attributes in our syntax tree then theevaluation can simply be done by visiting all nodes in such a way that we ensurethat all parents are visited before their sons. For each visited node we simply as-sign values for all inherited attributes for all sons. If only synthesized attributesare allowed the evaluation is simple if we visit all sons to a node before a visit tothe node. But for attribute grammars to be useful things are not that simple. Wemust allow a mix of inherited and synthesized attributes and allow these at-tributes to be dependent on each other. This give rise to the problem of evalua-tion order, that is, in which order the attributes can be evaluated.

34Chapter FourThe dependency graph contains all dependencies between attributes in the syntaxtree and can therefore be used in determining evaluation order. The dependencygraph can be constructed either statically when the evaluator is constructed ordynamically during evaluation. This gives us a static and a dynamic evaluationalgorithm.Many different classes of attribute grammars have been suggested in the litera-ture. As for the grammars in the Chomsky hierarchy the different attributegrammars constitute a grammar hierarchy with different expression power anddifferent complexity for each class. This classification can be done based on dif-ferent features of the grammar, e.g., based on the order between attributes orbased on evaluation features such as static or dynamic evaluation, evaluation inone or several passes. The top of this classification is non-circular attributegrammars (anything allowed except cycles in the dependency graph for somesyntax tree), and the bottom is S-attribute grammars (AG using only synthesizedattributes) respectively.We here make a brief presentation of two attribute grammars needed later,namely ordered attribute grammar and object-oriented attribute grammar.Ordered AGOrdered attribute grammars (OAG), introduced in [Kas80], is an important andoften mentioned class of attribute grammars. These attribute grammars are char-acterised by the way the attributes are ordered. As stated in [Kas80]: �For eachsymbol of the grammar a partial order over the associated attributes can be de-fined, such that in any context of the symbol the attributes are evaluated in thatorder.� This means that we have to calculate a partial order14forallattributesforeach symbol (X ˛ V T ¨ V N ). This order must be applicable in all contexts inwhichthesymbolcanoccur.Thismeansthatastaticevaluationalgorithmcanbeu s e d . Visit SequencesThe evaluator for ordered attribute grammars can be based on visit sequences.This means that the attribute dependencies are converted into a series ofEVAL/VISIT/RETURN statements. Here EVAL(a) means evaluate the attributeinstance a; VISIT(i,r) means visit the i�th son for the r�th time; and RETURN(r)

14 P a r t i a l o r d e r i s a r e l a t i o n ´ o n a s e t A t h a t i s r e f l e x i v e , f o r a l l x ˛ A , x ´ x h o l d s ; antisymetric, x´ y and y ´x implies x= y ; and transitive, x´y and y ´z implies x´ z . A relationf r o m t w o s e t s A and B is any subset of A · B ( [ G r i m 8 9 ] ) . F o r t h e o r d e r o f a t t r i b u t e s t h i s means ( assuming a, b, c are attributes): (a depends on a); if a depends on b and b depends on athen a=b;ifa depends on bandbdependsonc then a will depend on c.

Attribute Grammars35means return to the father node for the r�th time. These visit sequences are com-puted for each production in the grammar.The parameter r is included to allow evaluators to use more than one visit to eachnode. If, during exhaustive evaluation, each node is visited only once the gram-mar is said to be 1-visit. This is a subclass of ordered attribute grammars forwhich it is simple to implement effective evaluators.VISIT(1,1)VISIT(2,1)EVAL(�)EVAL(�)EVAL(�)RETURN(1)RETURN(1)

Figure 4.5: Simple example of visit sequences.In [Kas80] it is shown how these visit sequences can be implemented using re-cursive procedures, a stack automaton or a finite automaton.Object Oriented AGSo far the attribute grammars have been based on standard context-free gram-mars. We now turn to an attribute grammar based on object-oriented context-freegrammars (OO CFG). We add attributes and equations to the OO CFG. Both at-tributes and equations are inherited by all subclasses. A definition of an equationoverrides corresponding definitions made in superclasses.Two different types of classes are used: alternation- and construction-nodeclasses. Alternation classes are used to model abstract language concepts andconstruction classes are used for concrete language constructs. Figure 4.6 showsa small class hierarchy containing two types of statements, construction classesWhileStmt and AssignStmt, both subclasses to the alternation class Stmt.

WhileStmtStmtAssignStmt

Figure 4.6: Part of class hierarchy for statement.The alternation classes are never instantiated. There is no such thing as just a�statement�, in any program the actual statements are either while- or assign-statements, i.e., instances of WhileStmt or AssignStmt construction classes.

36Chapter FourNote that we now have two different forms of inheritance. First we have inheri-tance in attribute grammars sense, i.e., inherited attributes and second we haveinheritance in the object oriented sense, i.e., subclasses inherits from superclasses. We will use the term OO-inherit to mean the latter form of inheritance.OOSLOOSL15 is a specification language introduced in [Hed92] and is used as a toolf o r d e s c r i b i n g o b j e c t - o r i e n t e d a t t r i b u t e g r a m m a r s , D o o r a t t r i b u t e g r a m m a r s (introduced in the next chapter), and incremental attribute evaluation for thesegrammars. In the later chapters of this document we will make extensive use ofOOSL. For a complete description of OOSL see chapters 5, 6, and 8 in [Hed92].Limitations of AG Specifications

The attribute grammars presented in this chapter have several limitations.16 Themainonesare:¥Attribute values can only be regular values, i.e., cannot be references.This means that to be able to model for instance the concept of a localblockinaprogramminglanguageanenvironmentattributecontainingthesymbol table has to be distributed to all syntax nodes, instead of havingonesymboltableandlettingeachnodehaveareferenceattributepointingtothissymboltable.¥Semantic functions always define a whole attribute and the attribute isdefinedintermsofwholeattributes.Thismakesitimpossibletomodeladeclaredidentifierbyoneobjectconsistingoftypeandnameinformationandletsomesyntaxnodeuseonlythetypeinformation.¥Equations can only use attributes belonging to the nodes of a single pro-duction. This makes it impossible to connect a name application with itscorrespondingnamedeclarationsituatedfarapartinthesyntaxtree.In the next chapter we present Door attribute grammar, an extended attributegrammar that solves these problems.

15OOSL stands for Object-Oriented Specification Language.16Discussion from [Hed92].

5Door Attribute Grammars

Door attribute grammars, introduced in [Hed92], is an extension to standard at-tribute grammars. It extends the syntax tree by adding door objects and semanticobjects. Reference attributes are allowed which can lead to non local dependen-cies. Collection-valued object are introduced to handle structured values. All thisis briefly introduced below. For a complete coverage of Door attribute grammarsthe reader is referred to [Hed92], [Hed93], [Hed94], and [KLMM93].EST an Extended AST

In Door attribute grammars the syntax tree is seen as a tree consisting of in-stances of classes. Besides the syntax node classes introduced in object orientedAG�s we here add two more types of classes. These are:¥Semantic classes: instances of semantic classes, semantic objects, areused for representing static semantic structures such as symbol tablesand visibility graphs (see chapter 8).¥Door classes: instances of door classes, door objects, are used as an in-terface between syntax nodes and semantic objects.Both semantic objects and door objects are defined as part-objects referenced byits owner by a static reference. By static reference we mean a reference that onlycan denote one object, meaning that once assigned a value the reference cannotchange. A part-object is an object pointed to by a static reference, i.e., an objectthat is a permanent part of the declaring object (see [MMN93]). This is declaredin OOSL in the following way:C: class { � };

D: door { � };

38Chapter FiveE: class

{rC: object C;rD: doorobject D;};

In class E there are two part objects, a C (semantic) part object, rC , and a D(door) part object, rD. These object will be automatically created when E is cre-ated. E is said to own the part objects. The references rC and rD can never bechanged.An extended syntax tree (EST) is a syntax tree with the above extensions. Seefigure 5.1.Syntax nodesStatic referenceDoor objectsStatic referenceSemantic objects

Figure 5.1: Extended syntax tree.Door objects are owned by syntax nodes. Semantic objects can be owned bydoor objects, by other semantic objects or they can be defined globally (notowned by any other object).As in standard attribute grammars the nodes and objects have attributes andequations. The following rules apply: (A local attribute is an attribute that onlycan be used in the node itself.)¥Syntax nodes have inherited, synthesized and local attributes, and equa-tions defining the local and synthesized attributes for the node and all in-herited attributes of its son nodes and door objects.¥Door objects have, as syntax nodes, inherited, synthesized and local at-tributes, and equations defining the local and synthesized attributes forthe door object and all local attributes of its semantic part objects.¥Semantic objects have only local attributes and no equations. Attributesare defined by the owning door object.

Door Attribute Grammars39Reference Attributes

One of the advantages with Door attribute grammars is that reference attributesareallowed.Thisisdeclaredinthefollowingway:E: class

{ rC: r e f C;};

Here r C is a reference to an object of type C (or a subclass to C ). A referencemay denote syntax node objects, door objects and semantic objects. Using refer-ence attributes we can access information in any part of the syntax tree. Thisleadstonon-localdependenciesamongtheattributes.Seefigure5.2.

Reference attributeDynamic reference

Figure 5.2 : R e f e r e n c e a t t r i b u t e . In principle, non-local access could be used in all kinds of nodes, but to simplifythe attribute evaluation we make two restrictions:1.The use of non local access is only allowed in door objects and2.only attributes in semantic or door objects may be accessed non-locally.This means that the doors are used to encapsulate all the non-local dependenciesin the tree and that standard methods for attribute evaluation can be used for thesyntax nodes.We have three different kinds of references in the syntax tree. First, all syntaxnodes are connected using son-references, references created and modified as aresult of syntactic changes in the tree. Next, we have the static references (orowner references). These are references between syntax nodes and door objects,door objects and semantic objects or between semantic objects. They are neverchanged. Last, we have the dynamic references introduced by the reference at-

40Chapter Fivetributes. These are references between door objects or between door objects andsemantic objects and are changed as a result of attribute evaluation.Collections and Conditions

The last extension made in Door attribute grammars is the addition of conditionsand collections. These are used for handling collection-valued attributes. This isan attribute constructed out of several different attributes. A common example ofthis is a symbol table where many declaration nodes contribute to the contents. Instandard attribute grammars, collection-valued attributes lead to complex specifi-cations containing many attributes and equations used for gathering and propa-gating the attributes. This problem can be simply solved in Door attribute gram-mars by using a condition that defines an attribute as member of a collection.A collection is a semantic object containing a number of member elements, e.g.,lists, sets or bags. A condition is a boolean expression stating an object as amember in a collection. In a consistently attributed syntax tree all conditions mustbe true.Consider the following symbol table example:17List: class [T: class A N Y C L A S S ]

{contains: func boolean(x: ref T);};Entry: class { � };SymbolTable: class{collection entries: object List[Entry]};D1: door{myTable: object SymbolTable;syn tbl: ref SymbolTable;eq tbl :- myTable;};D2: door{inh tbl: ref SymbolTable;myEntry: object Entry;reg: cond tbl.entries.contains(myEntry);};

17Example from [Hed92].

Door Attribute Grammars41List is a general class used for storing objects. The function contains(x) returnstrue if x is a member of the list. A class SymbolTable is used to model the sym-bol table. It contains a collection, entries, which stores Entry objects by use ofthe List class.The door class D1 owns a SymbolTable object and propagates a reference to thesymbol table using the synthesized reference attribute tbl. The door class D2 in-herits a reference to the symbol table and defines its part-object, myEntry, asmember of the collection entries in the symbol table by means of a condition,reg. Different D2 objects can define members in the collection. Note that theseD2 objects can be situated far from the D1 object in the syntax tree.Terms

Some of the terms used in Door attribute grammars are:18¥Well-formed condition — a condition c in a door d is said to be well-formedifandonlyif:— The condition is a boolean expression from which, given an other-wise consistent attribution, it follows that an object x is member ofeach of the collection objects in a (possibly empty) set S, and where¥ x is either d or a (direct or indirect) part object of d.¥ None of the collection objects in S are (direct or indirect) part ob-jects of d.¥ No other membership follows from the expression.— There is no other condition c� in d stating the membership of x� as am e m b e r o f e a c h o f t h e c o l l e c t i o n s i n S�, where x� =˚x a n d S ˚ ˙˚S�˚ „ ˚˘ .This means that if a condition is well-formed then the condition can only statemembership for the door itself or for direct or indirect part objects owned by thedoor, and it cannot state membership in collection objects owned by the door. Inadditiontothisthereisnootherconditionstatingmembershipforthesameobject(x = x�) in a set of collection objects (S�) that is not disjoint from S.¥Well-formed Door AG — a Door AG is well-formed if and only if:— The root node class has no inherited attributes.— Each node class has equations defining the synthesized and local at-tributes of the node itself and equations defining the inherited at-tributes of its son nodes and its door objects.

18 From [ISAh92].

42Chapter Five— Each door class has equations defining the synthesized and local at-tributes of the door itself and equations defining the local attributes ofall its semantic part objects (owned directly or indirectly).— There are no other equations.— All conditions are well formed.¥Consistent attribute — an attribute is said to be consistent if the equationdefining the attribute is fulfilled.¥Consistent condition — a condition is said to be consistent if the conditionexpression is true.¥Consistent tree — a syntax tree described by a Door AG is said to beconsistent if and only if: all attributes and conditions are consistent; nocollection contains members that do not follow from any condition.¥Fix attribute — an attribute is said to be fix if its value is not affected byany subtree replacement. In OOSL the keyword fix is used to declare anattribute as fix. This is used to simplify the implementation of the at-tribute evaluator.Evaluation

One of the main goals of Door attribute grammars is that it should be �reasonablysimple to develop efficient incremental attribute evaluators for a given specifica-tion�19 .Main Grammar and Door PackageFirst of all the Door attribute grammar specification is divided into two parts(figure 5.3):¥Main grammar — containing syntax node classes and constant semanticobjects. The evaluator for this part can be implemented automaticallyusing standard methods.¥Door package — containing door classes, semantic classes, and constantsemantic objects. This part requires manual implementation of the eval-uator.The main grammar contains reference attributes but it does not contain any non-local access and can thus be handled as a standard attribute grammar. From the

19[Hed92] page 53.

Door Attribute Grammars43main grammar point of view the doors are treated as syntax nodes. This meansthat the evaluator for the main grammar can be automatically implemented usingmethods for standard attribute grammars.All the non-local dependencies and all collection objects are isolated in the doorpackage. This makes the implementation of the evaluator for the door package abit more difficult. In [Hed92] a manual but systematic method for this implemen-tation is developed. The door package can be seen as modelling different seman-tic concepts used in the language. These concepts are often the same in differentlanguages. This means that one door package can be developed and used formany different languages.

main grammardoor package

Figure 5.3: A Door AG is divided into a main grammar and a door pack-age.This gives us the formal definition of Door attribute grammars:20Definition Door attribute grammarsA Door attribute grammar is a quadruple G = (N, D, S, C) where N is a setof syntax node classes, D is a set of door classes, S is a set of semanticclasses, and C is a set of constant semantic objects.The grammar can be split into a main grammar, GM = (N, CM), and a doorpackage, GD = (D , S, C D), and where C = C M ¨ CD. ¥TechniquesThe evaluator for Door attribute grammars is based on visit sequences. The eval-uation starts by calling a visit procedure in a syntax node (at the root node in thecase of exhaustive evaluation or in the changed syntax node in the case of incre-mental evaluation) and spreads to other syntax nodes and door objects by calling

20From [Hed92] page 116.

44Chapter Fivevisit procedures in these nodes. There are several different visit procedures,these are:procedureincalled frompurpose exhDeEvalVisitdoorowning syntaxnodeDe-evaluates all conditions.

exhVisitsyntax nodefather syntaxnodeEvaluates all equations.

exhEvalVisitdoorowning syntaxnodeEvaluates all equations and condi-tions.

incDoorVisit( d )syntax nodeowned door (d)Re-evaluatesequationsdependingon the synthesized attributes ofdoord.

incSonVisit( s )syntax nodeson (s)Re-evaluatesequationsdependingon the synthesized attributes ofson node s.

incFatherVisitsyntax nodefatherRe-evaluates equations dependingon the inherited attributes in thesyntax node.

incOwnerVisitdoorowning syntaxnodeRe-evaluates equations and condi-tions depending on the inheritedattributes in the door.

deevalLdoor (d)A door which dis non-locallydependent on.De-evaluate equations and condi-tions according to the non-localdependency labelled L.

evalLdoor (d)A door which dis non-locallydependent on.Evaluate equations and conditionsaccording to the non-local depen-dency labelled L.

We will use a 1-visit evaluator for the main grammar. Because of the extendedexpressive power of Door attribute grammars a 1-visit evaluator is sufficient forall the language constructs we need (i.e., classes, reference, types and proce-d u r e s ) . ImplementationImplementing the incremental attribute evaluator means constructing and addingvisit procedures to all syntax node classes and to all door classes. These visitprocedures are constructed out of the dependency graph for the Door attributegrammar. As mentioned above this can be done automatically for the maingrammar but for the door package manual intervention is needed. This includesanalysing the non-local dependencies and extending the dependency graph forthe door package. Using this extended dependency graph the implementation of

Door Attribute Grammars45visit procedures for the door package is straight-forward. This is covered in de-tail in chapter 9 and 10 in [Hed92].Figure 5.4 shows the resulting layout of a language specification and the imple-mentation of the corresponding attribute evaluator. The layout is split into twoparts: the specification and the implementation. The specification part containsthe specifications of all syntax node classes (in the Main Grammar part) and thespecification for all door classes and semantic classes (in the Door Package part).The door package interface is the part of a door specification accessed directly bythe main grammar. This interface contains the inherited and the synthesized at-tributes of all doors.The implementation part contains all visit procedures. In addition to this it alsocontains dependency attributes, dependency functions, and dependency proce-dures added to the door package as a result of the analysis of the non-local de-pendencies.

SPECIFICATIONDoor Packagedoor packageMain Grammarinterfacedoor packagemain grammarbodydependency attributes,dependency functions, anddependency proceduresvisit proceduresvisit proceduresIMPLEMENTATION

Figure 5.4: Layout of specification and implementation of main gram-maranddoorpackage.In the implementation a mix of demand and data attributes are used. The tablebelow summarises the default implementation techniques:inheritedsynthesizedlocal

syntax nodesdemanddemanddemand door objectsdemanddemanddata semantic objects——data

46Chapter FiveAdvantages of Door Attribute Grammars

Using the techniques explained above some of the limitations of standard at-tribute grammars can be relaxed. For instance using door attribute grammars it ispossible to specify the declaration and application of names occurring in any or-der. This can be done without having to pass large environment attributes in thesyntax tree, and the resulting grammar can use a simple 1-visit evaluation tech-nique. (See chapter 8 and [Hed92] for more information.)Another advantage of Door attribute grammars that has been shown is that it ispossible to specify grammars that lead to better incremental behaviour for theevaluator of the specified language. The size of the set of attributes changed dueto a change in the syntax tree are often significant smaller than it would be for thecorresponding specification using standard attribute grammars.The rest of this document is about different applications using Door attributegrammars. Amongst others it contains numerous examples of specification andimplementation of different language constructs.

P A R T 2 A R C H I T E C T U R E

In this part we will introduce a view on language based tools, such as compilers,editors, and pretty printers, as metaprograms, i.e. programs that manipulateother programs. We will explore the properties and benefits of such a view. Wewill also describe our own metasystem, Embla, which is a metasystem for ma-nipulating extended syntax trees. The goal of Embla is to provide support for in-tegration with existing tools and ease development of new ones. The Embla sys-tem is a BETA fragment, i.e. a separately compiled unit. A tool using the Emblasystem, includes the fragment, and is then compiled into a program.In order to test and explore the metasystem, we have specified a programminglanguage that contains a number of semantically difficult constructs. We call thislanguage Ask.We have also implemented a syntax tree editor, WMEdit. The editor is a tool thatmakes heavy use of the metasystem and basically allows visualisation and ma-nipulation of the extended syntax tree that Embla upholds. It is not our goal thatWMEdit should be a complete or even useful editor, it is merely a tool thatdemonstrates the metasystem. As to the integration of existing tools, research hasbeen done to integrate Sif, the syntax directed editor of the Mj¿lner BETA sys-tem, with Embla and has up until this point shown promise.We have followed the tradition of the Mj¿lner project in picking names fromNordic mythology. Ask and Embla are the names of the first humans, and willthus symbol the authors first exploration in the area of metaprograms, grammarspecification, and incremental compilers. We consider WMEdit not to be a fullmember of this project, hence the name is fetched from the authors initials, ashas been the case in earlier projects.This part is structured as follows: Chapter 6 describes a way to implement a doorattribute grammar. In chapter 7 we introduce the Embla metaprogramming sys-tem and in chapter 8 the first small version of the Ask-language in presented.

6Implementation of a Door AG

In the previous chapter we introduced Door Attribute grammars, what they areand how to use them. In this section we will discuss what we can use them for.The main applications of all grammars are without doubt to specify some lan-guage that has a textual representation, such as programming languages.Research has been done in the area of using attribute grammars for other pur-poses. For example, [Hud87] describes how to use a system of attributes tomaintain a user interface. As the author points out, such interface is �self-updat-ing�, since the attributes are updated through evaluation of its dependencies.As stated in chapter 5 a door attribute grammar specification contains three dif-ferent kinds of classes. Syntactic node classes that describe the syntax of a lan-guage, semantic classes that describe the semantics of a language and doorclasses to provide an interface between the syntax nodes and the semantic ob-jects. The three kinds of classes can be divided into three packages. In the Emblasystem each package is a BETA fragment. This organisation of the differentclasses are not the only one imaginable, but one we have found useful.Syntactic packageSemantic packageDoor package

Figure 6.1: The three packages of a Door AG implementation.Considering these three packages, one can draw some conclusions on their con-tents for a wide range of programming languages. The door and semantic pack-ages are more general then the syntactic package since many languages share se-mantic properties, such as declarations of variables. Developing a language-de-pendent tool, such as a compiler or parser, is often a tedious and error proneprocess. From a developers point of view it is then a great benefit to be able to�reuse� previous materials.The viewpoints presented in this chapter are based upon our experience frombuilding the Embla system.

50Chapter SixSince many languages share properties in the different packages, we will dividethe three packages into two parts, the independent and the specific.Syntatic packageSemantic packageDoor packageIndependent syntacticIndependent semanticIndependent doorpartpartpartSpecific syntacticSpecific semanticSpecific doorpartpartpart

Figure 6.2: The independent and specific parts of the packages.The independent part of a package contains the essence of some construct foundin many programming languages. This part is language independent, while thespecific part represents an actual language. The main benefit of this approach isreuse, which means faster development and safer software when applied cor-rectly. But other benefits are possible. Suppose that the independent part of thepackages contains the mechanisms for name analysis and scope rules. Then atool for showing which variables are accessible at a particular point in the pro-gram, can be implemented. This tool will be language independent and can beused for any language that uses this mechanism at the specific level.The specific part of a package can use the classes found in the independent parteither as is, by subclassing, or by creating a new class which combines severalindependent classes. The independent classes that are not useful for a particularlanguage can be left aside.For the approach of independent and specific parts to work, independent classesthat fit many languages must exist. It is our belief that many such classes can bedesigned and we will look into a few examples below. It would be desirable tofind a set of independent classes that could cover most known programming lan-guages. Such research is however outside the scope of this work.Syntactic Package

The syntactic package contains syntax node classes that correspond to produc-tions in the grammar. In chapter 3 we introduced the nonterminals <DeclType>,<Stmt>, <Op>, etc. these would all be classes in this package. The syntacticpackage corresponds to the main-grammar part found in [Hed92].The syntactic package is tightly connected to the language that the grammar rep-resents, but common elements can be found. The BETA metaprogramming envi-ronment has four such nodes, NameDecl, NameAppl, String and Const. TheEmbla system is more limited in terms of syntax and only contains one, namely

Implementation of a Door AG51ID. In BETA, NameDecl and NameAppl model the declaration and usage of anidentifier. In Embla, ID is used in a similar way.Semantic Package

The semantic package contains the classes used for modelling semantic objects.A semantic object is a construct introduced by a tool, like a compiler or analyser,during the process of evaluating the program. A semantic node differs from asyntactic in the sense that it does not occur in the user�s source code. An exampleof a semantic object is a symbol table.What semantic objects are useful depends on what semantic concepts the lan-guage supports. When constructing a language new semantic classes will, mostcertainly, have to be added. However, one can introduce a set of independentsemantic classes that represents orthogonal semantic concepts.The relationship between the door package and the semantic package is strong,since the door is a mechanism for providing an interface between syntax nodesand semantic objects. So any change to the semantic package will probably callfor changes to the door package. Examples of this will be shown in the next partwhere we describe the additions and modifications we have done to the existingdoor and semantic package.By introducing an independent class for a semantic concept like types, we canconstruct doors that are independent on the actual type of the semantic node. Asymbol table entry, for example, might consist of an identifier and a type. Theidentifier node is found in the syntactic package described above. The entry pro-vides a connection between the identifier and the type, the actual type is irrelevantwith regards to the symbol table. If we later on introduce a new type, like for in-stance the CARDINAL type of MODULA-2, no changes have to be made to thesymbol table.There is a connection between the different tasks that normally falls into the do-main of semantic analysis and the semantic classes. Among these tasks the mostprominent are name analysis and type checking.Although name analysis differs among programming languages, the fundamentalconcept is the same. All identifiers are stored in some kind of symbol table.Applications or usages of identifiers are checked against one or more symbol ta-bles. The scope rules, i.e. the way to find the reachable symbol tables from acertain point in the program, can be modelled by a semantic object that ties sym-bol tables together.

52Chapter SixDoor Package

A door encapsulates a semantic concept, such as identifier scopes and typematching. An independent door should then try to find the essence of the prob-lem it was created for, so that it may solve similar problems.An independent door has knowledge of the contents of the independent parts ofthe syntactic and semantic packages. From these syntax nodes and semantic ob-jects independent door objects can be constructed. Suppose that the syntacticpackage contains an ID node for identifiers and that the semantic package con-tains objects for symbol tables and types. Then the DeclDoor, found in [Hed92]and in the independent package for the Ask language21,canbespecified.AnexampleofusagesofdoorsistheTypeDecl syntax node found in the specificpart of the syntactic package for the Ask language. The TypeDecl node success-fully assembles both independent and specific doors of the Ask door package.The specification of the TypeDecl node can be found in chapter 12, �User de-fined types�.

21See chapter 8, �The Ask Language�.

7The Embla Metaprogramming System

Overview

When developing a metaprogramming environment, one can choose from differ-ent architectures. An overview of grammar based architectures is given in[KLMM93]. For the Embla system we have chosen the so called common repre-sentation architecture. The common representation is, as in the Mj¿lner environ-ments, the view on a program as an abstract syntax tree.The Embla system is a metaprogramming system for manipulation of extendedsyntax trees. It also provides incremental evaluation of the tree. The metasystemis implemented as a BETA fragment which provides a programmer interface fortool developers. This means that the tool and the Embla system is compiled into acomplete program. Other approaches can be considered, such as reading gram-mar dependent information from file at initialisation. This might, however, leadto slower execution.To generate source code from the grammar and then compile the tool, will in-evitable lead to slow turnaround time during development. The Embla system iscompilable, like the Mj¿lner BETA metaprogramming system, while the Mj¿lnerOrm system has a more sophisticated mechanism, where the grammar develop-ment phase is integrated into the environment. The Mj¿lner Orm environment is agrammar interpreting system where the grammar is read in an intermediate formduring initialisation.The tool communicates with the Embla environment through Embla�s built-inclass hierarchy, its tree editing methods, and the three packages.The Embla system is grammar independent in the sense that it can handle syntaxtrees and packages for any grammar. The Embla has, however, a small grammardependent part that will be described later. Some tools can be grammar indepen-dent if they view the syntax tree at an abstract level, i.e. do not access the pack-ages. Other tools can access the independent parts of the three packages and thusbe package dependent, but not language dependent. If some sort of class concept

54Chapter Sevenis available in the any of the independent parts, then a class browser can be con-sidered package dependent. Other tools may access the specific parts of someparticular package and thus be fully language dependent.The Runtime ModelSince the Embla system is compiled as part of a tool, the tool is the controllingpart. The tool uses the Embla system through methods and access to two syntaxnodes in the tree, theRoot and theFocus. The focus node is the current focus ofattention, for example the editing point of a syntax directed editor. The Emblasystem upholds the syntax tree and keeps it evaluated at all times.ToolEmblaGrammar independentGrammar dependent

Figure 7.1: The relationship between a tool and the Embla system.The Implementation ArchitectureFigure 7.2 shows the organisation of the source code of the Embla system. TheEmbla pattern encloses all the different parts for manipulating the syntax tree.The BETA slots for the three packages can hold one or more independent and/orspecific part of any package. More information on how to assemble a tool isgiven in the section �The assembly of a tool�. The tree editing methods and theabstract class hierarchy are described in the following sections.Interface of the Embla System

Tree Editing Methods of EmblaEmbla provides five basic tree operations. These operations are used by the toolto manipulate the syntax tree. One operation for replacing ordinary trees, threeoperations for administration of lists, and one for the creation of new trees.¥ReplaceSubTree replaces a subtree with another.¥ReplaceInList replaces a subtree in a list, i.e. the son of a LISTNODE.¥InsertInList insert a subtree in a list.¥DeleteInList deletes a subtree in a list.¥NewTree creates a new, empty tree.

The Embla Metaprogramming System55All these operations perform incremental evaluation and devaluation of the syntaxtree. So the tree is consistent after performing any of these operations. Althoughit is possible for the tool to manipulate the tree directly, any such operation willprobably result in an inconsistent tree.Embla patternTree editing methodsAbstract Class HierarchySyntactic Package slotSemantic Package slotDoor Package slot

Figure 7.2: The organisation of the Embla system.Class hierarchyIt is possible for Embla to manipulate the tree for any grammar, since all gram-mar dependent classes are specialisations of a set of abstract classes. Theseclasses represent a classification of the different nodes that exist in the decoratedtree.ANYCLASSANYNODEANYDOORSEMANTICLISTNODEID

Figure 7.3: The classification and inheritance of the Embla classes.The classes allow a more abstract view on the syntax tree and are used by thetools and Embla to perform tree operations. Here is an example of tree navigationtaken from WMEdit:

56Chapter SevenUp :

(#do(if theFocus[] <> NONE // TRUE t h e n (if t h e F o c u s . f a t h e r [ ] < > NONE // T R U E thentheFocus.father[] -> SetFocusif);if);#)

The current editing focus is moved around in the tree as response of user actions.The traversal of the tree is grammar independent, since it does not access thepackages.Introduction to ANYCLASSThe abstract classes and their methods are the most important part of themetaprogramming system. Many of the methods are used by Embla or the syntaxnodes themselves, but are available for tool developers as well. As shown in fig-ure 7.3, ANYCLASS is the base class of all classes in the Embla system.ANYCLASS contains no methods.Introduction to ANYDOORThe abstract class describing a door contains virtual evaluation methods.Through ANYDOOR, Embla can evaluate doors in the independent and specificdoor package.¥exhEvalVisit performs exhaustive evaluation of the door.¥exhDeEvalVisit performs exhaustive de-evaluation of the door.¥incOwnerVisit performs incremental evaluation of the door, when de-manded by the owning syntax node.Introduction to ANYNODEANYNODE is the most complex class in the hierarchy. All syntax nodes will besubclasses of ANYNODE. Even though an ANYNODE object is a syntax node,some methods view the ANYNODE object as the root of a subtree. These viewsare both correct and thus some methods of the ANYNODE class concern onlythe syntax node itself, while other concern the subtree rooted by the syntax node.The methods of this class can be divided into three categories; evaluation meth-ods, son handling methods, and door methods.¥exhVisit performs exhaustive evaluation of the syntax node.¥incFatherVisit performs incremental evaluation, demanded by its father.¥incSonVisit performs incremental evaluation, demanded by one of itssons.¥incDoorVisit performs incremental evaluation, demanded by one of itsdoors.

The Embla Metaprogramming System57¥copyInheritedAttributesFrom copies data attributes from old to new sub-trees.¥replaceBy replaces a son with another.¥son returns the son with a specified index.¥putSon replaces a son at a specified index.¥noOfSons returns the number of sons the node has.¥Index returns the index of a given son.¥GetAllSons collects all sons of the syntax node.¥setAllFathers sets the father of the subtree to a given syntax node.¥allDoors collects all doors in the subtree.¥findDoors collects all doors of the syntax node that satisfy a given con-dition.¥findAllDoors collects all doors in the subtree that satisfy a given condi-tion.Introduction to LISTNODEA special case of ANYNODE is a node that handles a list of sons. LISTNODE isused for lists of syntax nodes, for example parameter list to procedures.¥incBrotherVisit performs incremental evaluation, demanded by brother.¥evalInheritedAttributesOfSon evaluates the inherited data attributes of agiven son.¥whatSon returns the index of a given son.Introduction to IDID is a class for manipulating identifiers and it belongs to the syntactic package.Through the ID node, the Embla system and the other packages can perform op-erations on identifiers. One such operation is name analysis.Introduction to SEMANTICThe class SEMANTIC is the super class of all semantic classes. At this stage itcontains no methods or variables, since semantic objects differ greatly from eachother. The SEMANTIC class can be used to distinguish between a semantic ob-ject an object of other kind. All classes in the semantic package is subclasses ofSEMANTIC.Grammar Dependent Parts of Embla

When creating a syntax tree, either from user action or reading a syntax tree fromfile, new nodes have to be created. The creation of nodes are grammar depen-dent. The Embla system and tools using it, may only need to access the tree at

58Chapter Seventhe abstract level, i.e. ANYNODE, ANYDOOR, etc. But a tree with only in-stances of these classes is without meaning.To isolate these grammar dependent parts, the Embla system contains threemethods.¥CreateNode creates an instance of a given class name.¥ExpandNode creates and builds a default subtree rooted in a given classname.¥BuildInitialTree builds the initial tree for a particular grammar.The implementation of these methods could however be generated automaticallyfrom the grammar and put in a separate BETA fragment. The consequences ofthis is that a grammar independent tool such as WMEdit must be recompiled foreach language.The Assembly of a Tool

Figure 7.4 shows the source code structure of a complete tool. The tool assem-bles the different BETA fragments that makes up a complete system. The boxesrepresenting the three packages symbolises the inclusion of one or more frag-ment containing independent or specific classes.ToolEmbla patternSyntactic fragmentTree editing methodsSemantic fragmentAbstract Class HierarchyDoor fragmentSyntactic Package slotSemantic Package slotDoor Package slotGrammar dependent fragment

Figure 7.4 : The parts of a complete tool.

8The Ask Language

In this section we describe the foundations of the Ask-language. All constructsdescribed here originate from a test system for the language introduced in[Hed92]. This test system, implemented in Simula, was rewritten and adapted tothe BETA environment. We will use these language constructs in later additionsto the Ask-language as described in part 3 of this document. For more details onthe topics covered in this chapter see [Hed92] chapters 8 and 11.Contents of the Syntax Package

This first version of the Ask-language is very small, supporting only a few lan-guage elements, these are:¥Two different declarations: variable-declaration and class-declaration.¥Two statements: block-statement and assign-statement.¥Two expressions: a use expression and a remote access expression.The syntax of the declaration, statements, and expressions is straight-forward,resembling for instance Simula. The variable-declarations use the syntax nodeVarDecl. Three types of simple declarations are supported, integer, boolean, andreferences. For more information on declaration types see the section �Types�.The additional declaration supported is a class-declaration (using syntax nodeClassDecl).Block-statement is, as the name suggests, used to introduce a new block in theprogram. The syntax node is BlockStmt. Assign-statement is used for variableassignments. The two expressions, Use and RemoteAccess, are used for mod-elling the use of simple variables and reference variables. The block-statement isalso used as the first statement in a program. Consider the small program and thecorresponding syntax tree in figure 8.1.

60Chapter EightBEGIN

INTEGER x;INTEGER y;X := Y;END;

RootDoorProgramBlockDoorBlockStmtBlockDeclListStmtListVarDeclVarDeclDeclDoorAssignStmtDeclTypeIDDeclTypeIDUseDoorUseUseUseDoorident="x"ident="y"IDIDident="x"ident="y"

Figure 8.1: Syntax tree for a simple program.As seen in figure 8.1 there are additional constructs not mentioned above, theseare nodes such as Program, Block , StmtList, and DeclList. Program is the rootof the syntax tree. The syntax class Block denotes a sub block, i.e., a part of theprogram containing local declarations and statements. The classes DeclList andStmtList are lists of declaration and statements containing zero or more elements.Some extra alternation classes are used to form the top of the classification hier-archy. In Descendant two attributes needed in all construction nodes are defined.These are table and path. The specifications for Main, Root, Descendant, andProgram are shown below.Main: alt {};

Root: alt Main {};

The Ask Language61Descendant: alt Main {

inh path: r e f SearchPath fix;inh table: r e f SymbolTable fix ;eq s o n Descendant.path :- path;eq son Descendant.table :- table;};Program: cons Root ( blkStmt: ref BlockStmt ) {rDoor: doorobject RootDoor;eq blkStmt.path :- rDoor.rootPath;};

Contents of the Semantic Package

Three semantic concepts are modelled in this first version of the Ask-language:search paths, symbol tables, and a type hierarchy.Visibility GraphsBefore we go into details of the contents of the semantic package we will intro-duce visibility graphs. These will be used to model the search rules for pro-gramming languages in this and later chapters.22A visibility graph is a directed acyclic graph (G = (V, E)) where the vertices, V,are divided into three disjoint sets. We have:¥Each local symbol table is represented with a table vertex, t, with no out-going edges.¥Each connection in the graph is represented with a path vertex, p. Thepath vertex has one or more outgoing edges. In our examples we willonly use path vertices with two edges.¥A Null vertex with no outgoing edges is used to terminate searches.To clarify this let us look at an example. Consider the following program struc-ture where two classes B and C are defined so that C is a subclass of B. In classC we have two anonymous blocks.BEGIN

CLASS B;BEGINEND;

22 Definition and example from [Hed92].

62Chapter EightB CLASS C

BEGINBEGINEND;BEGINaVariable := 17END;END;END;

Figure 8.2 shows the corresponding visibility graph. This graph contains fivesymbol table vertices: one for each block and one for each class. A total of sevenpath vertices are used to connect the graph. Each of the anonymous blocks aremodelled using a path vertex where the first edge points to a table vertex and thesecond edge points to the path vertex of the enclosing block or to a Null vertex ifno enclosing block exists. These path vertices are labeled sn standing for staticpath vertex. To model the search rules for the classes we use two path vertices.One for the static path as for anonymous blocks and one additional to model theclass hierarchy. In the figure these are labeled pn which stands for prefix pathvertex.Nullverticesareindicatedusingadiagonallineintheoutgoingslotofthepath vertex.

the main blockclass Bclass C tAtBstCtDtEAsCsEsDsBpBpC

Figure 8.2 : V i s i b i l i t y g r a p h e x a m p l e . A search in the graph is done in the following way. If we start at the assignmentin the above program example (block E) we will start the search in path vertex

The Ask Language63sE. The two outgoing edges in a path vertex are ordered so that the left edge areexamined first. This means that we will examine the vertices in the following or-der: sE , t E , s C , p C , t C , p B , t B , s A , and t A . In other words: we will first search thelocal symbol table, then the symbol tables in all superclasses, and then the sym-bol tables in all enclosing blocks. If the enclosing block is a class we will againsearch the symbol tables for all superclasses of this class. Normally a search isterminatedwiththefirstmatch.PathsThe first part of the semantic package, paths, is used to model the scope rules inthe program, i.e., the visibility graph. The class SearchPath is used as an ab-stract superclass for all classes and objects in this package. The virtual functionlookup returns a SymbolTable entry and is used in finding a specific entry in thesymbol table. This function is implemented in all subclasses so that the visibilityrules are enforced. To model the path vertices in the visibility graph the classesTwoPath and SymbolTablePath are used. TwoPath has two references to otherpath-objects and SymbolTablePath has one reference to a symbol table. empty-Path is a constant object used to denote an empty search path. One additionalclass will later be added to the paths-package, this is the WatchPath used in theWith-statement introduced in chapter 10.SearchPath: class (* abstract *)

{lookup: func ref Entry(ident: string);(* may return NONE *)};TwoPath: class SearchPath{loc first: ref SearchPath;loc second: ref SearchPath;};SymbolTablePath: class SearchPath{loc table: ref SymbolTable;};emptyPath: object SearchPath;

The scope rules in Ask are the same as in traditional ALGOL-like languages. Allvariables are visible in the block in which they are declared and in all blocks de-clared in this block. Variables declared in a class are visible in all subclasses. Asearch for a variable searches first the current class (if any), then all superclasses(if any), then the current block, and last all enclosing blocks (if any). As a simpleexample, consider the program and corresponding visibility graph in figure 8.3.Figure 8.4 shows the same visibility graph modelled with the paths-package. Forexample a search in the class A starts at the point marked with ‹ in figures 8.3and 8.4.

64Chapter EightBEGIN (* main *)

CLASS A ; BEGIN ‹ END;END; 1 tmain

tAsmainpAsA

Figure 8.3 : Visibility graph for a simple program.

in BlockDoorto symboltableSymbolTablePathTwoPathtablefirstsecond1SymbolTablePathTwoPathTwoPathtablefirstfirst

secondsecondin ClassDoor emptyPath

Figure 8.4: Corresponding path structure.Symbol TablesAn important concept in (almost) all programming languages is to be able to storeidentifiers. This is done in Ask by the SymbolTable class. We use a collectionpart-object, entries, to store a list of Entry objects. Each entry has an identifier (astring denoting its name), and a reference attribute pointing to a type object. Tofindanentryinthesymboltablethefunctionlookup is used.SymbolTable: class

{collection entries: o b j e c t L i s t [ E n t r y ] ; lookup: func r e f Entry(ident: string)(*may return NONE*)};Entry: class AbstractEntry{loc ident: string;loc tp: ref Type;};

The Ask Language65nullEntry: object AbstractEntry;

A reference attribute will be used to represent the binding of an identifier. Thisattribute will be a reference to an entry object if the identifier is declared. ThenullEntry object is used to represent all identifiers not declared.TypesIn the entry object the attribute tp points to a type object. This object is used inmodelling the type hierarchy. The class Type is the common superclass to allclasses in the type hierarchy.Type: class;

Two simple types exist in the Ask-language, integer ( i n t T y p e ) a n d b o o l e a n ( boolType). Besides this the object u n k n o w n T y p e is used to denote a variablewith unknown type.unknownType: object Type;

intType: object Type;b o o l T y p e : object Type;

To model the class hierarchy in an Ask-program the classes AbstractClassType,ClassType, objectClassType, and noClassType are used. For each class definedin the program there exists one ClassType object. ClassType is a subclass of theabstract superclass AbstractClassType in which the functions ubclassOrEqual ,getPrefixPath, and getRefType are defined. Suppose A and B are two classesdefined in Ask, then these functions will return the following:¥A.subclassOrEqual(B) is a boolean function that will return true if theclass A is a subclass of class B or if A and B are the same class.¥A.getPrefixPath returns the prefix path (the path to the superclass) ofclass A.¥A.getRefType is used to get the corresponding reference type to class A.objectClassType is used to model the most general class, i.e., the superclass ofall classes. All references to NONE are modelled by the object noClassType.subclassOrEqual and getPrefixPath return emptyPath for the objectClassTypeand the noClassType. For technical reasons, noClassType is viewed as mod-elling a subclass of all Ask program classes, thus turning the hierarchy into a lat-tice. This simplifies type checking of NONE references as explained in section3.5 in [Hed92].

66Chapter EightAbstractClassType: class Type ( abstract *)

{subclassOrEqual: func boolean (ct: refAbstractClassType);getPrefixPath: func ref SearchPath f i x ;g e t R e f T y p e : func ref AbstractRefType f i x ;};ClassType: class AbstractClassType;objectClassType: object AbstractClassType;noClassType: object AbstractClassType;

Figure 8.5 shows the class lattice for a simple Ask-program.BEGIN

C L A S S A ; BEGIN END; A CLASS B; BEGIN END; A CLASS C; BEGIN END;END;

ObjectClassTypeClassTypeA

ClassTypeClassTypeBCNoClassType

Figure 8.5: Class lattice for a simple Ask-program.The last types in the Ask-language are reference types. These are handled similarto the class types. Each reference type in an Ask-program has a RefType object.ObjectRefType is the common �super reference� and noRefType models the typeof NONE.AbstractRefType: class Type (* abstract *)

{getClassType: func ref AbstractClassType f i x ;};RefType: class AbstractRefType;objectRefType: object AbstractRefType;noRefType: object AbstractRefType;

The function getClassType in AbstractRefType is used to get the correspondingclass type. All the above taken together results in the type class hierarchy shownin figure 8.6.

The Ask Language67Contents of the Door Package

We now turn to the contents of the door-package. The first version of the pack-age contains five doors, these are:¥RootDoor for the enclosing scope of the program.¥BlockDoor for block structuring.¥DeclDoor for name declarations.¥UseDoor for name applications.¥ClassDoor for class declarations.unknownTypeintTypeboolTypeClassTypeTypeAbstractClassTypeobjectClassTypenoClassTypeRefTypeAbstractRefTypeobjectRefTypenoRefType

Figure 8.6 : T y p e c l a s s h i e r a r c h y . For all doors we present the OOSL-specification of the interface and a figureshowing the door with its attributes and part-objects. By the interface we meanthose parts of a door specification accessed directly by the syntax package. Theinterface contains the inherited and the synthesized attribute of the door.Figure 8.7 shows the graphical notation used throughout this report.23

23This is the same notation as used in [Hed92].

68Chapter Eight

syntax nodexAReference attribute xdoor objectdenotes object of class A.semantic objectxy semantic object aggregateAttribute y dependson attribute x.static referencedynamic referencecA

Condition c defines membermembership definitionin the collection objectof class A.attribute access dependencyattribute or condition

Figure 8.7 : G r a p h i c a l n o t a t i o n u s e d . RootDoorRootDoor represents the top of a program and is used for terminating searches ofdifferent kinds. It is a very small door, defining a synthesised attribute, rootPath,which denotes the semantic object, emptyPath. There is only one RootDoor ob-ject in a syntax tree.RootDoor: door

{syn rootPath: r e f SearchPath f i x ;};

ProgramRootDoorrootPathemptyPath

Figure 8.8 : R o o t D o o r . BlockDoorBlockDoor is used for modelling a local block. It maintains a symbol table for lo-cal declarations. A TwoPath object is used to model connection to local and en-closing scopes. There is one BlockDoor object for each block (each block-state-ment) in the program. The inherited attribute encPath is a reference to the enclos-ing block and the synthesized attribute locPath and table are references to the lo-cal path, i.e., the path that includes the local symbol table, and the symbol tablerespectively.

The Ask Language69BlockDoor: door

{inh encPath: r e f SearchPath f i x s y n locPath: ref SearchPath fix ;syn table: ref SymbolTable f i x ;};

BlockStmtSearchPathBlockDoorencPathlocPathtabletablefirstSymbolTableSymbolTablePathsecondTwoPath

Figure 8.9 : B l o c k D o o r . DeclDoorA DeclDoor is used for declarations. It contains an Entry part-object, that will beregistered in a symbol table. Since symbol tables are semantic objects, the syntaxtree is not allowed to manipulate it directly. This manipulation is done through aDeclDoor. The attributes are table, tp, and ident, all three inherited. table is a ref-erence to the used symbol table and tp and ident are the type and the identifier ofthe entry.

SymbolTableVarDeclDeclDoortableidentidenttptpEntryregistered

Figure 8.10 : D e c l D o o r .

70Chapter EightDeclDoor: door

{inh table: r e f SymbolTable f i x i n h tp: ref Type;inh ident: string;};

The condition registered in figure 8.10 is used to state that the entry owned bythisDeclDoorisamemberinthesymboltablereferencedtobythetableattribute.The syntax package is not allowed to access registered directly, so registered isnot included in the interface specification for DeclDoor.UseDoorAll usages of identifiers are modelled through a UseDoor. UseDoor inherits theattributes path and ident. path points to a SearchPath object in which the searchfor the identifier starts. Finding the identifier is done by using the functionlookup in SearchPath. ident is a string denoting the name of the identifier. Thesynthesized attribute tp is a reference to the type-object of the entry and the syn-thesized attribute declared is true if the identifier is declared, i.e., the resultingentry from the lookup is not a nullEntry object.UseDoor: door

{inh path: r e f S e a r c h P a t h f i x i n h ident: string;syn tp: ref Type;syn declared: boolean;};

to enclosing blockSymbolTableEntryUseidenttpUseDoorTwoPathpathfirstidentsecondtpdeclaredbinding

Figure 8.11 : U s e D o o r . One additional attribute, binding, is shown in figure 8.11. This is a local attributeaccessible only from within UseDoor and used for retrieving the type of theidentifier.

The Ask Language71ClassDoorClassDoor is, as the name suggests, used for class declarations. This door is themost complex of the five. The door has to model the visibility rules for classes.This is done by using two SearchPath-objects (TwoPath): one for the prefix pathand one for the static path. ClassDoor also contains a symbol table used to collectentries defined locally in the class. The TwoPath-object for the prefix path pointsto the local symbol table and to the prefix path of the superclass or to an empty-Path-object if there is no superclass. As for the BlockDoor the static path pointsto the local symbol table but here through the TwoPath of the prefix path, andthen to the static path of the enclosing block. The attributes in ClassDoor are:¥encPath a reference to the static path of the enclosing block.¥syntPrefixClass a reference to the prefix path of the superclass.¥locPath pointing to the TwoPath-object of the static path.¥table pointing to the local symbol table.¥classTp pointing to the ClassType part-object and thus denoting the typeof the class.¥causesCycle a boolean attribute that is true if this class causes a cycle inthe visibility graph.ClassDoor: door

{inh encPath: r e f SearchPath f i x i n h syntPrefixClass: ref AbstractClassType;syn locPath: ref S e a r c h P a t h fix;syn table: r e f SymbolTable fix;syn classTp: ref ClassType fix;syn causesCycle: boolean;};

72Chapter Eight

ClassTypeClassDeclabSearchPathSearchPathClassDoorsyntPrefixPathencPathlocPathprefix pathstatic pathclassTptablecausesCyclefirstfirstSymbolTablesecondsecondTwoPathTwoPath

Figure 8.12 : C l a s s D o o r .

P A R T 3 C A S E S T U D I E S

This, the last part of this report, covers our extensions to the Ask-language. Theorigin for the Ask-language is an adaptation of the language constructs intro-duced in [Hed92] as described in the chapter 8. The addition made here are if-,while-, and with-statements; procedures and parameters; and user defined types.This part is structured as follows: In chapter 9 two simple extensions, an if- anda while-statement, are made. Chapter 10 introduces the with-statement and theInspectDoor. The two main chapters in this part, 11 and 12, contains the additionof procedures and of user defined types. The ideas in chapter 10 are from[KLMM93] and from a graduate course in methods for incremental semanticanalysis held autumn 1992.For each of the new constructs we will present a short overview of the semanticproblems involved with this construct, a description of the solution including theOOSL-specification and appropriate syntax-trees, followed by a complete analy-sis including dependency graphs and visit sequences. All the methods and algo-rithms used in the analysis in the following chapters are from [Hed92]. Theseinclude: algorithms 7-5 for dependency graph construction, 7-6 for exhaustivevisit sequences construction, and 7-9 for incremental visit sequences construc-tion. All algorithms are used with the modifications done in section 10.8.2 in[Hed92] to include doors. Characteristic sets for doors are described in section10.4.2 in [Hed92]. In the examples in this part we use capital letters to meanAsk-language and lower-case letter to mean other languages such as Simula,OOSL or Pascal.

9If- and While-Statements

In this chapter we make two simple additions to the Ask-language, we add if-and while-statements.Overview

The i f - s t a t e m e n t p r o v i d e s t h e p o s s i b i l i t y f o r a t w o - w a y b r a n c h . F i g u r e 9 . 1 showsthesyntaxtreeforanif-statement.Ifcondition is true then statements1areexecutedelsestatements2areexecuted.Duringsemanticanalysisweonlyneedtocheckiftheconditionisoftypeboolean.BEGIN

IF condition THEN statements1 ELSE statements2 END I F ;END;

IfStmtStmtListStmtListExpStmtStmt

Figure 9.1 : Syntax tree for if-statement.The most common forms of iteration found in programming languages are for-,while-, and repeat-statements. To show how iteration can be added to the Ask-language we add a while-statement. In a while-statement the statements are exe-cuted until the condition is false. The syntax and the corresponding syntax treefor a while statement is shown in figure 9.2. As for the if-statement, the semanticanalysis must check the type of the condition.

76Chapter NineBEGIN

WHILE condition D O statements END WHILE ;END;

WhileStmtStmtListExpStmt

Figure 9.2: Syntax tree for while-statement.The only new nodes added in this chapter are IfStmt and WhileStmt. All othernodes are from the original Ask-language. This means for example that we usethe same exp nodes as for the assign-statement and thus we will get the same in-cremental update mechanism as for the assign-statement.Grammar Extensions

To the Stmt production we add the nonterminal IfStmt and WhileStmt.<Stmt>::|<NullStmt> | <BlockStmt> | <AssignStmt> |<IfStmt> | <WhileStmt><IfStmt>::=IF <Exp> THEN <StmtList> ELSE<StmtList> END IF<WhileStmt>::=WHILE <Exp> DO <StmtList>END WHILEIfStmt

The OOSL specification for the if-statement contains, in addition to the syntacticconstructs, one local error attribute, condError, and the equation for defining thisattribute.IfStmt: cons Stmt ( cond: ref Exp,

thenPart: ref StmtList, elsePart: r e f StmtList ) {loc condError: boolean;eq condError := not(cond.tp == unknownType orcond.tp == boolType );};

condErroristrueifthetypeoftheconditionisknownandisnotboolean.

If- and While-Statements77WhileStmt

The OOSL specification of the while-statement is similar to that of the if-state-ment.WhileStmt: cons Stmt ( cond: ref Exp,

doPart: ref StmtList{loc condError: boolean;eq condError := not(cond.tp == unknownType orcond.tp == boolType );};

Analysis

Analysis of If Statement

inhsynfixfixfixelsePart.pathcond.path

condErrorthenPart.pathfixfixfixcondthenPartelsePart

Figure 9.3: Dependency graph for if statement.From the dependency graph we get the following visit sequences:24addto IfStmt {

impl exhVisit {eval cond.path;cond.exhVisit;eval condErroreval thenPart.path;thenPart.exhVisit;eval elsePart.path;elsePart.exhVisit;};

24Note that the incremental father visit is empty because the path attribute is fixed (see [Hed92]section 10.8.2.3 for information on handling fix attributes).

78Chapter Nineimpl incSonVisit {

if S == cond t h e n e v a l condError;end if ;};};

Analysis of While Statement

inhsynfixfixcond.path

condErrordoPart.path

fixfixconddoPart

Figure 9.4: Dependency graph for while statement.Here we get the following visit sequences:addto WhileStmt {

impl exhVisit {eval cond.path;cond.exhVisit;eval condErroreval doPart.path;doPart.exhVisit;};impl incSonVisit {if S == cond theneval condError;end if;};};

10With-Statement

The with-statement is used to �open up� a record or an object. As an example,suppose we have a temperature record containing three integers, max, min, andcurrent. Then assigning values to the temperature record can be done in the fol-lowing two ways:temperature.max := 23;

temperature.min := 10;temperature.current := 17;WITH temperature DOBEGINmax := 23;min := 10;current := 17;END WITH;

That is, using a with-statement the contents of the temperature record can be ac-cessed directly.By adding an extra path vertex the lookup rules for the with-statement can berepresented. The new vertex, v, has two edges, one points to the prefix pathvertex for the opened record or class, and one to the path vertex of the surround-ing block. The prefix path vertex is examined first. See figure 10.1 for an ex-ample.BEGIN (* main *)

CLASS A B E G I N END; REF(A): R; WITH R; BEGIN END WITH;END;

tmain

tAPAsAvsmain

Figure 10.1 : Visibility graph for a with statement.

80Chapter TenTo handle the extra inspect vertex we have developed a new door, InspectDoor.Figure 10.2 shows the syntax tree for a simple with statement.BEGIN

WITH expression D O statements END WITH ;END;

WithStmtInspectDoorStmtListexpStmt

Figure 10.2 : Syntax tree for with statement.The specification of the with-statement contains the son-nodes, exp and StmtList;an InspectDoor; a local error attribute, inspObjError; and equations defining theattributes.WithStmt : cons Stmt

( inspObj: ref Exp, doPart: r e f StmtList ) {i D o o r : doorobject InspectDoor;loc inspObjError: boolean;eq inspObj.path :- path;eq iDoor.normalPath :- path;eq iDoor.classTp :-inspect $x :- inspObj.tpwhen AbstractRefType d o getClassTypeotherwise noClassType;eq inspObjError := (iDoor.classTp == noClassType);eq doPart.path :- iDoor.inspectPath;};

The type attribute of the exp node is examined and the actual class is obtainedusing the function getClassType.Grammar Extension

<Stmt>::|<NullStmt> | <BlockStmt> |<AssignStmt> | <IfStmt> |<WhileStmt> | <WithStmt><WithStmt>::=WITH <Exp> DO <StmtList>END WITH

With-Statement81InspectDoor

The main responsibility of the InspectDooristoaddaninspectpathvertextothevisibility graph. This is done by adding a TwoPath object (newPath) to the door.The first edge in newPath points to the prefix path vertex of the class of the in-spected object and the second edge to the path vertex of the surrounding block. Areference to newPath is passed as path attribute to StmtList.By not assigning the first edge of newPath directly to the prefix path vertex butthrough a watch path object (theWatch) all bindings via the inspect path vertexcan be registered. This information is used for later incremental rebinding ofUseDoors bound through this with-statement.The inherited attribute classTp is the type of the inspected expression. This is ei-ther a class type or a noClassType object. This gives the following specificationof InspectDoor:InspectDoor : door {

inh normalPath : r e f SearchPath fix;inh classTp : r e f AbstractClassType;syn inspectPath : ref SearchPath f i x ;theWatch : object WatchPath;newPath : object TwoPath;eq theWatch.path :- classTp.getPrefixPath;eq newPath.first :- theWatch;eq newPath.second :- normalPath;eq inspectPath :- newPath;};

Note that if c l a s s T p denotes a n o C l a s s T y p e object then getPrefixPath returnsemptyPath. Figure 10.3 shows a InspectDoor with all attributes and static objectsand figure 10.4 shows the information flow in a WithStmt.

82Chapter Ten

To surrounding block.SearchPathInspectDoornormalPathinspectPathclassTpfirstsecondTwoPathTo prefix path for the classdenoted by the ref exp.SearchPathpathWatchPath

Figure 10.3: InspectDoor with attributes and static objects.pathWithStmtinspectPathInspectDoortp, pathtppathinspectPathexpStmtList

Figure 10.4 : I n f o r m a t i o n f l o w f o r W i t h S t m t .

inhsynfixfixinspObj.pathiDoor.normalPathinspObjErrordoPart.path fixfixiDoor.ClassTpfixfixinspObjiDoordoPart

Figure 10.5: Dependency graph for WithStmt.

With-Statement83Analysis

Analysis of With StatementFigure 10.5 shows the dependency graph for the WithStmt.Thecorrespondingvisit-sequencesare:addto WithStmt {

impl exhVisit {eval inspObj.path;eval iDoor.normalPath;inspObj.exhVisit;eval iDoor.classTp;iDoor.exhEvalVisit;eval inspObjError;eval doPart.path;doPart.exhVisit;};impl incSonVisit {if S == inspObj theneval iDoor.classTp;iDoor.incOwnerVisit;eval inspObjError;end if;};impl incDoorVisit {eval inspObjError;};};

Analysis of InspectDoorStep I - Implement conditions: This step is empty.Step II - Local analysis: Build the dependency graph.

fixclassTpnormalPathinspectPathfixinspectPath.firstinspectPath.second

theWatch.path

Figure 10.6: Dependency graph for InspectDoor after step II.

84Chapter TenStep III - Add send vertices: Added send vertex �lookupChanged�.Step IV - Simplify send / receive vertices: Empty.Step V - Implement dependency function: The send vertex of InspectDoor pro-duces:addto InspectDoor { fAttemptedEdge: func ref S e t [ U s e D o o r ] :- theWatch.attemptedEdge.contents;};

Step I - Implement conditions: This step is empty..Step II - Local analysis: Extend the dependency graph with the send vertex.

fixclassTpnormalPathinspectPathfixnewPath.firstnewPath.second

lookupChanged

theWatch.pathUseDoor

fAttemptedEdge

Figure 10.7: Modified dependency graph for InspectDoor after step II.This results in the following characteristic sets:ScondSlocSsend

exhDeEvalVisitflflfl exhEvalVisitfl{ v(theWatch.path,newPath.second,newPath.first) }{ v(lookupChanged,UseDoor,fAttemptedEdge) }

incOwnerVisitfl{ v(theWatch.path)}{ v(lookupChanged,UseDoor,fAttemptedEdge)}

exhEvalVisitandincOwnerVisitcannowbeimplemented.

With-Statement85addto InspectDoor {

impl e x h E v a l V i s i t { attemptedSet: ref Set[UseDoor];attemptedSet :- fAttemptedEdge;for $d :- attemptedSet.eachdo $d.deEvalLookupChanged;end for;eval theWatch.path;eval newPath.second;eval newPath.first;for $d :- attemptedSet.eachdo $d.evalLookupChanged;end f o r ;evaluator.worklist.addSet( attemptedSet );};impl incOwnerVisit {attemptedSet: ref Set[UseDoor];attemptedSet :- fAttemptedEdge;for $d :- attemptedSet.eachdo $d.deEvalLookupChanged;end for;eval theWatch.path;for $d :- attemptedSet.eachdo $d.evalLookupChanged;end for;evaluator.worklist.addSet( attemptedSet );};};

11Procedures and Parameters

In this chapter we describe how support for procedures and parameters can beadded to the Ask-language.Overview

A form of abstraction found in almost all programming languages is the procedu-ral abstraction. This is a collection of declarations and statements packaged to-gether and stored with a name. The procedure can be called from different partsin the program. Furthermore each procedure has its own local environment inwhich it executes. To be able to change the execution the procedure can have pa-rameters. These parameters can be sent to the procedure or from the procedure.There is a wide range of possible procedure constructs ranging from a simpleprocedure without any parameters to the procedure pattern in BETA, which con-tains multiple in- and out-parameters. Together with block the procedure is thesimplest form of program modularization.Often a procedure returning a parameter is called a function. We use the termprocedure to mean both procedure and function.Semantic Problems

The semantics for a procedure can be broken down into two main parts, the dec-laration and the usage. Several different semantic problems arise, the most im-portant are:¥The procedure introduces a new block and possibly introducing localvariables.¥It is possible to parameterize the procedure, that is, to use the same pro-cedure with different data. The parameters supplied at the usage of theprocedure (the actual parameters) must be checked against the parameters

88Chapter Elevengiven in the declaration of the procedure (the formal parameters). Thisinvolves matching the types of actual and formal parameters and to checkto see if the numbers of actual and formal parameters are the same.¥Parameters can be of different sort, i.e., in, out or in/out.¥Parameters can be passed using several different techniques, e.g., byvalue, by reference or by name.¥The procedure can be used in two ways, as a statement or as an expres-sion.These items will briefly be covered below. We start by discussing different as-pects of procedure declaration and after that, in the section �Calling theProcedure�, we discuss procedure usage.A New BlockAs stated above, the procedure executes in an environment of its own. In a lan-guage with a block structuring mechanism (such as Ask), this means thatdeclaring a procedure introduces a new block. In conjunction with this, it intro-duces a new symbol table, which is added to the visibility graph. Adding a newblock also means that the procedure can declare local variables. Figure 11.1shows the syntax tree for a procedure declaration with an added block. AProcDecl node is added for each procedure declaration. The ID node in the tree isthe name of the procedure and the block node is the same node class as used foranonymous blocks.Syntax treeProcDeclBlockIDDeclListStmtList

Figure 11.1: Syntax tree with procedure declaration, first attempt.Variables used in a procedure are bound first in the local block and if not foundthere, in the most closely nested block that contains the declaration of the vari-able. The visibility graph for procedures is thus the same as for anonymousblocks. For a description and definition of visibility graphs see chapter 8 �TheAsk-language�. Figure 11.2 shows the visibility graph for a simple proceduredeclaration. The scope for variables declared in a procedure is the procedure

Procedures and Parameters89block and all nested blocks in the procedure. This is also the same as for anony-mous blocks.BEGIN (* main *)

PROCEDURE P ; BEGIN END;END;

tmain

tPsPsmain

Figure 11.2: Visibility graph for a simple procedure.ParametersAs a procedure can have parameters, the procedure declaration must containthese parameters (called formal parameters). Each of these can be seen as a decla-ration of a variable having a name and a type. A procedure declaration can con-tain variable numbers of parameter declarations so we need a list to handle theformal parameters. The (formal) parameters can be used as ordinary variables inthe procedure block so they must be added to the local symbol table. In figure11.3 the syntax tree for a procedure declaration with formal parameter list isshown. We add the node class FormalParamList to handle the formal parame-ters. This is a list of VarDecl nodes.Syntax treeProcDeclBlockIDFormalParamListVarDeclDeclListStmtList

Figure 11.3: Syntax tree with procedure declaration, second attemptwithformalparameterlistadded.In some languages (such as ADA) the parameters can be declared as in, out, orin/out. An in-parameter is not changed by the procedure, an out-parameter is as-signed a value by the procedure and returned to the caller but cannot be used inany other way in the procedure. An in/out-parameter can both be used and as-signed a value. Thus the semantics of the parameters is different depending onthe declaration in the formal parameter list.

90Chapter ElevenAnother aspect to be considered is parameter passing, that is, by which mecha-nism the parameters are transferred to the procedure. The most common mecha-nisms are:25¥Value — the value of the actual parameter is transferred.¥Reference — a reference (pointer to) the actual parameter is transferred.¥Name — information about the actual parameter is transferred. This in-formation contains type, if the parameter is variable or expression, andhow to evaluate the expression.The parameter passing information is used in code generation and lacks static-semantic implications.Sort and TypeA way to implement support for different passing mechanisms and for in/out pa-rameters is to extend the type system. This could be done by adding a kind at-tribute to the DeclDoor and the UseDoor. This kind-attribute would be passedfrom the declaration of the parameters to the usage in the same way as the tp at-tribute. This is not done in this first version of procedure implementation.Return ValueUntil now we have only talked about parameters and overlooked the fact that aprocedure can return a value. This means that a type has to be added to the pro-cedure declaration and that the type system has to be extended. It also means thatwe need some construct to assign the procedure a value. For this purpose we adda DeclType node class and a return-statement (ReturnStmt node class). SeeFigure 11.4 for the resulting syntax tree.Note that to be able to check the type of the return-statement, the return type ofthe procedure must be known within the procedure block. The return type mustof course also be known in the block in which the procedure is declared.Calling the ProcedureA procedure can be called in two ways, as a statement or as an expression. Thisleads to two constructs, ProcCall for the usage as a statement, and ProcUse forthe usage as an expression. The following Simula code illustrates the differentusage of a procedure.

25See [ASU86] for a description of parameter passing.

Procedures and Parameters91Syntax treeProcDeclBlockDeclTypeIDFormalParamListVarDeclDeclListStmtListReturnStmtexp

Figure 11.4: Syntax tree with procedure declaration, third attempt withreturntypeandreturnstatementadded.begin integer a;integer procedure P;;P;! P used as a statement;a := P;! P used as an expression;end;

The ProcUse node class has a son of type ActualParamList. This makes it pos-sible to specify a list of zero or more actual parameters. Each parameter is repre-sentedbyanActualParam node. The usage as a statement is handled by the nodeclass ProcCall, a small class using ProcUse as a son. Figure 11.5 shows a syn-tax tree for procedure usage.Syntax treeProcUseProcCallIDActualParamListProcUseActualParamexp

Figure 11.5: Syntax tree with procedure usage.

92Chapter ElevenRecursion, meaning that a procedure can be used in the local block, is possible ifthe procedure declaration is visible from within the procedure.And MoreA problem arising when using procedures and arrays is how to differentiate be-tween arrays and procedure call. In for instance Pascal the syntax are different,using parenthesis for procedures and brackets for arrays, as in p() and a[](supposing p is a procedure and a an array). This is not so in for instance Simulawhere parenthesis are used both for procedures and for arrays (p(), a()). In Askwe assumed different syntax for procedures and arrays.Grammar extensions

Formalising the above syntax trees we get the following additions to the context-free grammar for procedure declarations and usage.<Decl>::|<NullDecl> | <VarDecl> | <ClassDecl> |<ProcDecl><ProcDecl>::=<DeclType> PROCEDURE <ID>( <FormalParamList> ) <Block><FormalParamList>::+<VarDecl> ,<ProcCall>::=<ProcUse><ReturnStmt>::=<Exp><ProcUse>::=<ID> ( <ActualParamList> )<ActualParamList>::+<ActualParam> ,<ActualParam>::=<Exp>Procedure Declaration and Parameters

We now turn to the details of the actual implementation of procedures in the Ask-language. Our aim was to make a simple implementation and to try to reuse thedoors we already had. We also tried to make the changes to the rest of the systemas small as possible. In this first implementation we do not model different pa-rameter sorts, assuming all parameters are in-parameters. Figure 11.6 gives anexample of the syntax for procedure declaration, procedure usage, and the returnstatement.INTEGER PROCEDURE P(INTEGER: A; BOOLEAN: B)

BEGINRETURN 1;END;P(n, TRUE);B := P(n, TRUE);

Figure 11.6: Example of procedure declaration and usage.

Procedures and Parameters93As seen in the previous sections we have added several different nodes to thesyntax tree. Nodes such as ProcDecl for procedure declarations, ProcUse andProcCall for procedure usage, and FormalParamList and ActualParamListforpa-r a m e t e r c h e c k i n g . T h r e e n e w d o o r s h a v e a l s o b e e n c o n s t r u c t e d , t h e s e a r e ProcDoor, ProcUseDoor, and R e t u r n D o o r . In the next few sections we take acloser look at these syntax node classes and doors classes in turn. Figure 11.7gives a preview of how the syntax tree will look like after addition of the doors.DeclDoorProcUseDoorProcCallBlockDoorSyntax treeProcDeclProcDoorProcUseBlockIDActualParamListDeclTypeIDFormalParamListStmtListDeclListCompare-ActualParamDeclDoorVarDeclDoor expCompareDoorReturnStmtUseDoorReturnDoorexp

Figure 11.7: Syntax tree with procedure declaration and usage, final at-temptwithappropriatedoorsadded.FormalParamList, ActualParamList and Their ContentsThe first step is to define the classes needed for formal and actual parameters.The main semantic concern regarding parameters is to find a way to check thetype of the actual parameters against the formal parameters. Procedure usage andprocedure declaration can be situated far apart in the program and therefore thedistance between the corresponding syntax nodes in the syntax tree can be large.To pass information between the actual and the formal parameters we need adoor. Depending on where we add the doors this can be done in two ways:1.Each parameter (formal and actual) has a door of its own or2.the procedure declaration and the procedure usage own the doors andwe use a list construction mechanism to assemble and disassemble thetype information.

94Chapter ElevenWe use the second approach, using the list constructions introduced in [Hed93].At each procedure declaration a compound attribute containing all type informa-tion is constructed and at procedure usage this attribute is broken up and dis-tributed to the actual parameters.We need some way to store the type of a parameter according to the position ofthe parameter in a list (an integer). For this purpose we introduce a generic classArrayContainer with the following interface: put stores an element, Elem, at po-sition i; get returns the element at position i; and size returns the number of storedelements.26ArrayContainer: class [E: class A N Y C L A S S ] {

put: proc (x: integer, Elem: r e f E);get: func ref E (x: integer);size: func integer ;};

Next we define the classes needed to store the formal types. A b s t r a c t F o r m a l - T y p e s is, as the name suggests, an abstract superclass and as such not instanti-ated. The functions in this class are: at returns the type stored at position i; addadds a type at position i; and noOfParareturnsthenumberofstoredparameters.AbstractFormalTypes: class {(* abstract *)

at: ref Type f u n c ( i : i n t e g e r ) ; add: ref FormalTypes func(i: integer, tp: ref type);noOfPara: integer func;};

FormalTypes is a subclass of AbstractFormalTypes in which a static objecttheArray is added and all functions are implemented. theArray is of type Array-Container[Type] and the implementation of the functions in FormalTypes usesthe get, put, and size functions in ArrayContainer.FormalTypes: class AbstractFormalTypes{

loc theArray: object A r r a y C o n t a i n e r [ T y p e ] impl at :- theArray.get(x);impl add: {theArray.put(i, tp);add :- this FormalTypes;};impl noOfPara := theArray.size;};

26In the actual implementation in BETA, the class ArrayContainer in BETA�s container libraryis used.

Procedures and Parameters95EmptyFormalTypes is used to denote an empty list of formal parameters. Thefunction at returns unknownType and noOfPara returns 0.EmptyFormalTypes: object AbstractFormalTypes{

impl at :- unknownType;impl add :- this EmptyFormalTypes;impl noOfPara := 0;};

We are now ready to implement the syntax node classes for the formal and actualparameter lists. Both classes are declared as list and as a subclass of Descendant.FormalParamList stores nodes of type VarDeclandhasonesynthesizedattribute,formals. Note the use of attribute construction in the equation defining the at-tribute formals. In attribute construction (AC) the synthesized attribute, in thiscase formals, is constructed using synthesized attributes of son nodes. AC intro-duces a temporary variable, $X, that is used in the AC sub-expressions. The firstof the two sub-expressions is used for initialization of $X and the second is exe-cuted once for each son node (in left to right order). The expressions are sepa-rated by �|�. As stated in [Hed93] the expressions must be without side-effects.The add procedure in FormalTypes will add the son�s position and type and re-turn a reference to the same FormalTypes object. Although this is a side-effect itis local to the FormalTypes object and does not change any other object. Thismeans that the equation defining formals has no side-effects as a whole.FormalParamList: list Descendant(f: ref VarDecl) {

syn formals: r e f F o r m a l T y p e s ; (* build formals consisting of type information *)(* from all sons *)eq formals :- AC $X := (new FormalTypes |$X.add(son.pos, s o n .tp));};

By using V a r D e c l as the node type stored in F o r m a l P a r a m L i s t the formal pa-rameters are treated as ordinary variable declarations.A special node class, ActualParam, is added and used as the node type for the listclass ActualParamList. ActualParam contains the attributes and equations neededto type-check the actual parameter. The error attribute typeError is true if there isa mismatch between the actual and formal parameter types. ActualParam has anExp node as son. This makes it possible to use arbitrary expressions as actualparameters.ActualParam: cons Descendant(is: ref Exp) {

inh formalTp: r e f Type;(*should be of this type*)loc typeError: boolean;(* wrong actual type *)cmpDoor: doorobject CompareDoor;

96Chapter Eleveneq cmpDoor.leftType :- formalTp;(* inh type *) eq cmpDoor.rightType :- is.Tp;(* type of son *)eq typeError := cmpDoor.inComparable; ;};

Matching of types is an important and often used operation so we have con-structed a door to be used when matching types. The interface to CompareDooris presented below. See chapter 13, �Matching of types�, for a complete descrip-tion of the CompareDoor.CompareDoor: door {

inh leftType: r e f Type;inh rightType: ref Type;syn inComparable: boolean;syn notStaticKnown: boolean;};

As the last class for parameter checking ActualParamList is implemented. Wemake use of list distribution to distribute the formal type of a parameter at posi-tion i to the actual type at position i. The local attribute parameterError is true ifthe numbers of the actual and formal parameters are different.In this specification we use three built-in features in list nodes and in sons of listnodes. These are:¥cardinal - an attribute in list nodes indicating the number of sons in thelist.¥son - a pseudo variable indicating a current son node. This is used incollective equations to access or define attributes of a son node.¥pos - an attribute in all nodes that are sons of a list node. It indicates theposition in the list, starting with 1 for the leftmost son.ActualParamList: list Descendant(a: ref ActualParam)

{inh formals: ref F o r m a l T y p e s ; loc parameterError: boolean;eq parameterError := cardinal < > f o r m a l s . n o O f P a r a ; eq son.formalTp :- i f son . p o s <= formals.noOfParathen formals.at(son.pos)else unknownType;};

ProcDeclWe now have all utility classes needed to implement ProcDecl. ProcDecl ownsthree doors, DeclDoor, BlockDoor, and ProcDoor. The use of DeclDoor andBlockDooristhesameasforexampleindeclarationsofaclass,i.e.,DeclDoorisused to declare the procedure in the current block and BlockDoor is used in in-troducing a new local block for the procedure. The difference between simple

Procedures and Parameters97declarations and procedure declarations is that in a procedure declaration we needto store information about the formal parameters. This information is, as saidabove, assembled in the son node FormalParamList and transferred to the Proc-Decl node. Here we set up equations to transfer the formal parameter informationto ProcDoor. Besides this the return type of the procedure is also transferred toProcDoor.In ProcDoor the type object of the procedure is assembled and the type is trans-ferred back to ProcDecl and is used as the type in the declaration of the proce-dure. ProcDecl can be seen as a syntax node used for transferring informationbetween the doors and the son nodes (figure 11.8).ProcDecl: cons Decl (

returnType: ref DeclType,(* returned type *)declID: ref ID,(* procedure name *) fParam: ref FormalParamList, (* formal parameters *)b: ref Block){(* procedure block *)dDoor: doorobject DeclDoor;bDoor: doorobject BlockDoor;pDoor: doorobject ProcDoor;(* equations for the inherited attributes in DeclDoor *)eq dDoor.tp :- pDoor.ProcTp;eq dDoor.ident :- declID.ident;eq dDoor.table :- table;(* equations for the inherited attributes in BlockDoor *)eq bDoor.encPath :- path;(* equations for the inherited attributes in ProcDoor *)eq pDoor.retType :- returnType.tp;eq pDoor.formals :- fParam.formals;(* equations for the formal parameter list *)eq fParam.table :- bDoor.table;(* equations for the inherited attributes in block *)eq b.path :- bDoor.locPath;eq b.retTp :- pDoor.ProcTp;(* 1 *)eq b.table :- bDoor.table;};

98Chapter Eleven

ProcDeclDeclDoorDeclTypeTypeProcDoorFormalParamListProcTypeBlockDoorblockFormalTypesType1 TypeFormalTypes2 Type ...

Figure 11.8 : Information flow in ProcDecl.Note the equation 1 in the specification of ProcDecl. Here we propagate the typeobject to the block node. This is used later on to type-check the return-statement.See the section �Return Statement and ReturnDoor� for more details.ProcDoorIn ProcDoor the type of the procedure is assembled. The type is constructedfrom the inherited attributes retType (the type returned by this procedure) andformals (the type of all formal parameters). The synthesized attribute procTp isused to transfer the procedure type to the owning node. Note that the attributeprocTp is fixed meaning that the value of procTp (a reference to theProcTypeobject), once evaluated, is not changed. However the contents of theProcTypecan change due to changes in the syntax tree.ProcDoor: door{

(* attributes *)inh retType: ref type;(* return type *)syn procTp: ref ProcType f i x ; (* the type *)inh formals: ref FormalTypes;(* part-objects *)theProcType: object ProcType; (* declaration type*)eq theProcType.formals :- formals;(* formal param*)eq theProcType.retType :- retType;(* return type *)(* equations for procTp *)eq procTp :- theProcType;};

Procedures and Parameters99Extensions to the Type System

In ProcDoor we used a new type to declare a procedure. This means that thistype has to be added to the type system. The additions are:¥AbstractProcType — an abstract superclass for the procedure types.¥ProcType — a type used to indicate procedure declaration.¥noProcType — a type used to indicate missing procedure declaration.¥noType — a type indicating that a procedure does not have a return type,i.e., it is not a function.AbstractProcType: class type {(* abstract *)

loc formals: r e f AbstractFormalTypes;loc retType: ref type;};ProcType: class AbstractProcType { };noProcType: object AbstractProcType {eq formals :- emptyFormalTypes;eq retType :- noType; };noType object type { };

The resulting type class hierarchy is shown in figure 11.9.noTypeunknownTypeintTypeboolTypeClassTypeTypeAbstractClassTypeobjectClassTypeNoClassTypeRefTypeAbstractRefTypeobjectRefTypenoRefTypeAbstractProcTypeProcTypenoProcType

Figure 11.9 : Type class hierarchy after addition of procedure types.

100Chapter ElevenProcedure usage

ProcUseWe now turn to the usage of procedures and explain the classes ProcUse ,ProcCall, and ProcUseDoor. If we want to use a procedure as an expression thenode class ProcUse is used. ProcUse is an extension of the Use node class. Theadditions are that ProcUse has one additional son, aParam, for the actual parame-ter list; an extended UseDoor, ProcUseDoor; an additional local error attribute,noProcedure; and some additional equations. These equations define the errorattribute and the attributes in ProcUseDoor and aParam.ProcUse: cons exp (

useId: ref ID,(* ident of proc *)aParam: ref ActualParamList) {(*formal parameters*)pDoor: doorobject ProcUseDoor;loc noProcedure: boolean;(* this is not a procedure*)loc notDeclared: boolean;(* name not declared *)eq pDoor.path :- path;eq pDoor.ident := useId.ident;eq tp :- pDoor.tp;(* equation for actual parameter list *)eq aParam.formals :- pDoor.formals;eq aParam.path :- path;(* equations for error attributes *)eq notDeclared := useId.ident <> "" andnot pDoor.declared;eq noProcedure := useId.ident <> "" andpDoor.tp == noProcType;};

ProcCallTo be able to use procedures as a statement we define a construction nodeProcCall as a subclass of Stmt. ProcCall has a ProcUse node as son.ProcCall: cons Stmt (theP: ref ProcUse) { };

ProcUseDoorThe extended UseDoor used in ProcUse has an additional synthesized attributeformals for the formal parameter types and an equation defining formals. A smallchange in the equation defining tp is made to reflect the changes made to the typesystem.

Procedures and Parameters101ProcUseDoor: door UseDoor{

syn formals: r e f F o r m a l T y p e s ; eq tp :- inspect $E :- binding.getTpwhen AbstractProcType d o $E.retTypeotherwise noProcType;eq formals :- inspect $E :- binding.getTpwhen AbstractProcType d o $E.formalsotherwise EmptyFormalTypes;};

From UseDoor we have the following attributes and equations:UseDoor: door

{inh path: r e f S e a r c h P a t h ; inh ident: string;syn tp: r e f Type;syn declared: boolean;loc binding: ref A b s t r a c t E n t r y ; eq binding :-if ident = � then nullEntryelse i n s p e c t $ E : - p a t h . l o o k u p ( i d e n t ) when Entry do $Eotherwise nullEntry;eq declared := binding =/= nullEntry;};

Summary

Figure 11.10 summarises all of the above. Here we see that each of the formalparameters are registered in the local symbol table (for the procedure). This isdone using the same DeclDoor as in all other declarations. Furthermore the pro-cedure declaration is registered in the symbol table for the enclosing block usingthe same mechanisms. The Types of all formal parameters are assembled in theattribute formals in FormalParamList and propagated to the semantic object theP-rocType in ProcDoor. The Type object in the DeclDoor for the procedure decla-ration contains a reference to theProcType.The usage of the procedure is bound to the DeclDoor for the procedure declara-tion using the attribute binding.

102Chapter ElevenSymbolTableTypeDeclDoorSymbolTableProcUseDoorBlockDoorSyntax treeProcDeclProcDoorProcUsetheProcTypeFormalParamListActualParamListCompare-ActualParamVarDeclDoor expUseDoorDeclDoor binding binding registered

registered

formals

Figure 11.10: Attributed syntax tree for procedure declaration and usage.Return Statement and ReturnDoor

In the previous sections we introduced procedure declaration and usage. Tocomplete the introduction of procedures we need a mechanism to specify andcheck the return parameter in a block. There are mainly two ways to return avalue in a procedure: as an assignment to the procedure name, as in for exampleSimula, or by using a return statement, as in for example ADA. We choose toimplement a return statement. In this first attempt only a single value is returned,this could later be extended to a list of parameters.The semantics for the return statement should be that:¥it is valid only in the statement part of a procedure declaration, i.e., aProcDecl where the type is specified and¥the type of expression matches the return type in the procedure declara-tion.First of all we need a mechanism to propagate the return type in the syntax tree.For this we add an inherited attribute, retTp, to the Descendant node class. Herewe also add a collective equation that propagates this attribute to all son nodes ofclass Descendant or any subclass of Descendant. As Descendant is the superclass of all node classes except Program, this means that the retTp attribute willbe propagated throughout the syntax tree. In the Program node we set the retTpto noProcType to denote an empty return type.

Procedures and Parameters103addto Descendant {

inh retTp: r e f AbstractProcType fix;eq s o n Descendant.retTp :- retTp;};addto Program {eq son Descendant.retTp :- noProcType;};

Note that the retTp attribute is a reference to an AbstractProcType, that is, thecomplete procedure type and not just to the return type. As stated above, theProcDecl specification contains an equation that sets the retTp attribute to the typeobject of the procedure, (which of course contains the return type).The return statement is a construction subclass of Stmt. We use a CompareDoorto type check the returned parameter. The local attribute typeError is true if thetypes do not match. If the return statement is used outside a procedure with a re-turn type defined, the local error attribute noFunction is true.ReturnStmt: cons Stmt(rt: ref Exp) {

loc typeError: boolean;loc noFunction: boolean;rDoor: doorobject ReturnDoor;cmpDoor: doorobject CompareDoor;eq rDoor.retTpD :- retTp;(* type down to rDoor *)eq rt.path :- path;(* path down to son *)eq cmpDoor.leftType :- rDoor.tp;(*type from rDoor*)eq cmpDoor.rightType :- rt.tp; (*type from son *)eq typeError :- cmpDoor.inComparable;eq noFunction :- rDoor.tp == noType;};

A new door, R e t u r n D o o r , is constructed and used in ReturnStmt. This door isimplementedasfollows:ReturnDoor: door {

(* attributes *)inh retTpD: ref A b s t r a c t P r o c T y p e ; syn tp: r e f type; (* the type *)eq tp :- retTpD.retType;};

Other solutions

Another solution to the problem of type checking the parameters is to let each pa-rameter (formal and actual) have a door of its own. This has both advantages and

104Chapter Elevendisadvantages. The main advantage is that this makes it possible to incrementallyevaluate each parameter separately. The disadvantage is that it takes considerablymore space to have one door for each parameter.Analysis

In this section all classes introduced are analysed using the methods introducedin chapter 9 and 10 in [Hed92] and in [Hed93] for list constructions. For allclasses the dependency graph, the topological order, and all the visit sequencesare presented. The characteristic sets for all doors are also presented. For Proc-UseDoor and ReturnDoor the analysis is described in more detail.Note that for clarity the attributes table, path, and retTp defined in Descendant arenot always shown in the analysis.Analysis of FormalParamList

inhsynfixsonpos

formals

cardinal

son.table son

Figure 11.11: Dependency graph for FormalParamList.SortexhVisitincFatherVisitincSonVisitincBrotherVisit

inhson.tablesonformalssyncardinalsonpos"son eval son.table"son son.exhVisiteval formals�eval formalsfather.incSonVisiteval formalsfather.incSonVisit

Procedures and Parameters105Analysis of ActualParamList

inhsynsonposparameterError cardinalson.formalTp

fixsonson.table

Figure 11.12: Dependency graph for ActualParamList.SortexhVisitincFatherVisit

inhson.tablesonposcardinalparameterErrorson.formalTpsonsyn"son eval son.tableeval parameterError"son eval son.formalTp"son son.exhVisiteval parameterError"son eval son.formalTp"son son. i n c F a t h e r V i s i t

SortincSonVisitincBrotherVisitinhson.tablesonposcardinalparameterErrorson.formalTpsonsyn�eval parameterError"son (from aft) eval son.formalTp"son (from aft) son.incFatherVisit

106Chapter ElevenAnalysis of ActualParam

inhsyncmpDoor.leftType

typeError

iscmpDoor.rightType

cmpDoor

Figure 11.13: Dependency graph for ActualParam.SortexhVisitincFatherVisit

inhiscmpDoor.leftTypecmpDoor.rightTypecmpDoortypeErrorsynis.exhVisiteval cmpDoor.leftTypeeval cmpDoor.rightTypecmpDoor.exhVisiteval typeErroreval cmpDoor.leftTypecmpDoor.incFatherVisiteval typeError

SortincDoorVisit for cmpDoorincSonVisit for is

inhiscmpDoor.leftTypecmpDoor.rightTypecmpDoortypeErrorsyneval typeErroreval cmpDoor.rightTypecmpDoor.incOwnerVisiteval typeError

Analysis of ProcUse

inhfixsynfixnotDeclaredaParam.path pDoor.pathtpaParam.formalspDoor.ident

noProcedure

pDooruseIdaParam

Figure 11.14: Dependency graph for ProcUse.

Procedures and Parameters107SortexhVisitincFatherVisitincSonVisit for useId

inhpDoor.pathuseIdpDoor.identpDoornotDeclarednoProcedureaParam.formalsaParam.pathaParamtpsyneval pDoor.pathuseID.exhVisiteval pDoor.identpDoor.exhVisiteval notDeclaredeval noProcedureeval aParam.formalseval aParam.pathaParam.exhVisiteval tp�eval pDoor.identpDoor.incOwnerVisiteval notDeclaredeval noProcedureeval aParam.formalsaParam.incFatherVisiteval tpfather.incSonVisit

SortincDoorVisit for pDoorincSonVisit for aParam

inhpDoor.pathuseIDpDoor.identpDoornotDeclarednoProcedureaParam.formalsaParam.pathaParamtpsyneval notDeclaredeval noProcedureeval aParam.formalsaParam.incFatherVisiteval tpfather.incSonVisit�

Analysis of ProcDecl

inhsynfixb.retTpfixfixdDoor.TablefixbDoor.encPath

fixdDoor.identpDoor.retTypefixb.table

dDoor.TppDoor.formalsb.path

fixfParam.Tablefixfix

fix fixfixfixdDoordeclIDpDoorfParamreturnTypebDoorb

Figure 11.15: Dependency graph for ProcDecl.

108Chapter ElevenSortexhVisitincFatherVisitincDoorVisit forpDoor inhdDoor.tablebDoor.encPathdeclIddDoor.identreturnTypepDoor.retTypebDoorfParam.tablefParamb.pathb.tablepDoor.formalspDoorb.retTpbdDoor.TpdDoorsyneval dDoor.tableeval bDoor.encPathDeclId.exhVisiteval dDoor.identreturnType.exhVisiteval pDoor.retTypebDoor.exhVisiteval fParam.tablefParam.exhVisiteval b.patheval b.tableeval pDoor.formalspDoor.exhVisiteval b.retTpb.exhVisiteval dDoor.TpdDoor.exhVisit�

SortincSonVisit forfParamincSonVisit for DeclIdincSonVisit for re-turnType

inhdDoor.tablebDoor.encPathDeclIddDoor.identreturnTypepDoor.retTypebDoorfParam.tablefParamb.pathb.tablepDoor.formalspDoorb.retTpbdDoor.TpdDoorsyneval pDoor.formalspDoor.incOwnerVisiteval dDoor.identdDoor.incOwnerVisiteval pDoor.retTypepDoor.incOwnerVisit

Procedures and Parameters109incDoorVisit forbDoorincDoorVisit fordDoorincSonVisit for b

�Analysis of ProcUseDoorStep I - implement conditions. This step is empty.Step II - local analysis. There are four non-local dependencies:¥Thefunctionlookup in the equation defining the attribute binding.v(lookupChanged) is added to the dependency graph.¥The function getTp in the equations defining the attributes tp and for-mals. v(getTpChanged) is added to the dependency graph.¥The reference to retType in the equation defining tp addsv(retTypeChanged2).¥The reference to formals in the equation defining formals addsv(formalsChanged).

pathidenttpformalsdeclaredformalsChangedbindinggetTpChanged

retTypeChanged2 lookupChanged

Figure 11.16: Dependency graph for ProcUseDoor after step II.Step III - A d d s e n d v e r t i c e s . A d d s e n d v e r t i c e s f o r v (RetTypeChanged2 ) , v( f o r m a l s C h a n g e d ), v ( g e t T p C h a n g e d ), and v ( lookupChanged). The send ver-tices for v(getTpChanged) and v(lookupChanged) are the same as for the simpleUseDoor as described in [Hed92] section 9.5.3 and are not covered here.For v(RetTypeChanged2), v ( f o r m a l s C h a n g e d ) t h e r e a r e d e p e n d e n c i e s f r o m binding.getTp when getTp returns an AbstractProcType. This means there aretwostaticdependencies:(ProcDoor.theProcType.retType, ProcUseDoor.tp) and

110Chapter Eleven(ProcDoor.theProcType.formals, ProcUseDoor.formals).To find the affected ProcUseDoors we add a dependency function to ProcDoor,this function is implemented in step V.addto ProcDoor { fProcUses: func r e f S e t [ P r o c U s e D o o r ] ; };

Two new send vertices, v ( R e t T y p e C h a n g e d 2 , ProcUseDoor , fProcUses) andv(formalsChanged, ProcUseDoor, fProcUses) are added to ProcDoor.Step IV - Simplify send / receive vertices . T h e t w o r e c e i v e v e r t i c e s v(RetTypeChanged2) and v ( formalsChanged) are removed and replaced byv(ProcTypeChanged).The two send vertices in ProcDoor, v(RetTypeChanged2, ProcUseDoor, fPro-cUses) and v(formalsChanged, ProcUseDoor, fProcUses) are replaced byv(ProcTypeChanged, ProcUseDoor, fProcUses).Step V - Implement dependency functions. The dependency function fProcUsesshould return a set containing all ProcUseDoors using the AbstractProcType ob-ject. A collection is added to AbstractProcType that keeps track of these Proc-UseDoors.addto AbstractProcType {

collection P r o c U s e s : o b j e c t UnorderedCollection[ProcUseDoor];};

Membership in the ProcUses collection is established by a condition in ProcUse-Door. Local copy attributes are added to ensure that evaluation and de-evaluationof the door uses the same information.addto ProcUseDoor {

loc localPath: r e f SearchPath;loc localIdent: string;eq localPath :- path;eq localIdent :- ident;eq binding :-if localIdent = � then nullEntryelse i n s p e c t $E:-localPath.lookup(localIdent)when Entry do $Eotherwise nullEntry;

Procedures and Parameters111cProcUses : cond inspect $B :- binding.getTp

when AbstractProcType d o $B.ProcUses.contains(this ProcUseDoor)otherwise true;};

Now the dependency functions fProcUses can be implemented:addto ProcDoor {

impl fProcUses :- theProcType.ProcUses.contents;};

In step V we added a condition to ProcUseDoor so we go back to step I to im-plement this condition.Step I - implement conditions. The evaluation and de-evaluation procedures forcProcUses are implemented by using the add and remove procedures of the col-lection.addto ProcUseDoor {

evalCProcUses: proc{inspect $B :- binding.getTpwhen AbstractProcType do$B.ProcUses.add(this ProcUseDoor)end inspect;};deEvalCProcUses: proc{inspect $B :- binding.getTpwhen AbstractProcType do$B.ProcUses.remove(this ProcUseDoor)end inspect;};};

Step II - local analysis. The condition and the local copy attributes are added tothe dependency graph (cAttempted and cUses are from the analysis of the simpleUseDoor):

112Chapter Eleven pathidenttpformalsdeclaredlocalPathlocalIdent

ProcTypeChanged

binding

cAttemptedgetTpChanged

lookupChanged

cUsescProcUses

Figure 11.17: Resulting dependency graph for ProcUseDoor.The dependency graph for ProcUseDoor gives the following characteristic sets:ScondS l o c Ssend

exhDeEvalVisit{v(cUses),v(cAttempted),v(cProcUses)}flfl exhEvalVisitfl{ v(localPath),v(localIdent),v(binding),v(cUses),v(cAttempted),v(cProcUses)}fl incOwnerVisit{v(cUses),v(cAttempted),v(cProcUses)}{ v(localPath),v(localIdent),v(binding),v(cUses),v(cAttempted),v(cProcUses)}fl deEval/EvalgetTpChanged{v(cProcUses)}{v(cProcUses)}fl deEval/EvallookupChanged{v(cUses),v(cAttempted),v(cProcUses)}{ v(binding),v(cUses),v(cAttempted),v(cProcUses) }fl deEval/EvalProcTypeChangedflflfl

Procedures and Parameters113This is implemented as:addto ProcUseDoor {

impl exhDeEvalVisit {(* Step 3. De-evaluate local conditions. *)deeval cUses;deeval cAttempted;deeval cProcUses;};impl exhEvalVisit {(* Step 4. Evaluate local invariants. *)eval localPath;eval localIdent;eval binding;eval cUses;eval cAttempted;eval cProcUses;};impl incOwnerVisit {(* Step 3. De-evaluate local conditions. *)deeval cUses;deeval cAttempted;deeval cProcUses;(* Step 4. Evaluate local invariants. *)eval localPath;eval localIdent;eval binding;eval cUses;eval cAttempted;eval cProcUses;};deEvalGetTpChange proc {deeval cProcUses;};evalGetTpChange proc {eval cProcUses;};deEvalLookupChanged proc {(* Step 3. De-evaluate local conditions. *)deeval cUses;deeval cAttempted;deeval cProcUses;};

114Chapter ElevenevalLookupChanged proc {

(* Step 4. Evaluate local invariants. *)eval binding;eval cUses;eval cAttempted;eval cProcUses;};};

Analysis of ProcDoor

retTypeprocTpformalsRetTypeChangedReturnDoortheProcType.retTypefReturn

ProcTypeChanged

theProcType.formalsProcUseDoor

fProcUse

Figure 11.18: Dependency graph for ProcDoor.ScondS l o c Ssend

exhDeEvalVisitflflfl exhEvalVisitfl{ v(theProcType. formals), v(theProcType. retType) }{ v(RetTypeChanged,�),v(ProcTypeChanged,�)} incOwnerVisitfl{ v(theProcType. formals), v(theProcType. retType) }{ v(RetTypeChanged,�),v(ProcTypeChanged,�)}Analysis of ReturnStmtDependency graph for ReturnStmt:

Procedures and Parameters115

inhfixsynrt.pathrDoor.retTpDtypeErrorcmpDoor.leftType

noFunctioncmpDoor.rightType

rDoorrtcmpDoor

Figure 11.19: Dependency graph for ReturnStmt.Eval / visit sequences:SortexhVisitincFatherVisit

inhrDoor.retTpDrt.pathrDoorrtcmpDoor.leftTypecmpDoor.rightTypecmpDoortypeErrornoFunctionsyneval rDoor.retTpDeval rt.pathrDoor.exhVisitrt.exhVisiteval cmpDoor.leftTypeeval cmpDoor.rightTypecmpDoor.exhvisiteval typeErroreval noFunction eval rDoor.retTpDrDoor.incOwnerVisiteval cmpDoor.leftTypecmpDoor.incOwnerVisiteval typeErroreval noFunction

SortincDoorVisit for rDoorincDoorVisitfor cmpDoorincSonVisit for rt

inhrDoor.retTpDrt.pathrDoorrtcmpDoor.leftTypecmpDoor.rightTypecmpDoortypeErrornoFunctionsyneval cmpDoor.leftTypecmpDoor.incOwnerVisiteval typeErroreval noFunctioneval typeErroreval c m p D o o r . r i g h t T y p e cmpDoor.incOwnerVisiteval typeError

116Chapter ElevenAnalysis of ReturnDoorStep I - implement conditions. This step is empty.Step II - local analysis.

retTpDtpRetTypeChanged

Figure 11.20: Dependency graph for ReturnDoor after step II.Step III - A d d s e n d v e r t i c e s . A d d s e n d v e r t i c e s f o r v (RetTypeChanged ) . DependencyfromretTpD.retType This means there is a static dependency:(ProcDoor.theProcType.retType, ReturnDoor.tp).To find the affected ReturnDoors we add a dependency function to ProcDoor,this function is implemented in step V.addto ProcDoor {

fReturns: func r e f S e t [ R e t u r n D o o r ] ; };

A new send vertex v ( R e t T y p e C h a n g e d , ReturnDoor , fReturns) is added toProcDoor.Step IV - Simplify send / receive vertices. Empty step.Step V - Implement dependency functions. The dependency function fReturnsshould return a set containing all ReturnDoors using the AbstractProcType ob-ject. A collection is added to AbstractProcType that keeps track of theseReturnDoors.addto AbstractProcType {

collection R e t U s e s : o b j e c t UnorderedCollection[ReturnDoor];};

Membership in the RetUses collection is established by a condition in Return-Door. A local copy attribute, localRetTpD, is added to ensure that evaluation andde-evaluation of the door uses the same information.

Procedures and Parameters117addto ReturnDoor {

loc localRetTpD: r e f AbstractProcType;eq localRetTpD :- retTp;eq tp :- localRetTpD.retType;cReturns: cond localRetTpD.RetUses.contains(this ReturnDoor)};

Now the dependency function fReturns can be implemented simply by returningthecontentsoftheRetUses collection.addto ProcDoor {

impl fReturns :- theProcType.retUses.contents;};

In step V we added a condition to ReturnDoor so we go back to step I to imple-mentthiscondition.Step I - implement conditions. The evaluation and de-evaluation procedures forcReturns are implemented by using the add and remove procedures of the collec-tion.addto ReturnDoor {

evalCReturns: proc {localRetTpD.retUses.add(this ReturnDoor)};deEvalCReturns: proc {localRetTpD.retUses.remove(this ReturnDoor)};};

Step II - local analysis. The condition, cReturns, and the local copy attribute,localRetTp,areaddedtothedependencygraphfortheReturnDoor.

retTpDtplocalRetTpDRetTypeChanged cReturns

Figure 11.21: Resulting dependency graph for ReturnDoor.

118Chapter ElevenThe dependency graph for ReturnDoor gives the following characteristic sets:ScondS l o c Ssend

exhDeEvalVisit{v(cReturns)}flfl exhEvalVisitfl{v(localRetTpD),v(cReturns)}fl incOwnerVisit{v(cReturns)}{v(localRetTpD),v(cReturns)}fl deEval / evalRetTypeChangeflflflThis is implemented as:addto ReturnDoor {

impl exhDeEvalVisit {(* Step 3. De-evaluate local conditions. *)deeval cReturns;};impl exhEvalVisit {(* Step 4. Evaluate local invariants. *)eval localRetTpD;eval cReturns;};impl incOwnerVisit{(* Step 3. De-evaluate local conditions. *)deeval cReturns;(* Step 4. Evaluate local invariants. *)eval localRetTpD;eval cReturns;};deEvalRetTypeChange proc {(* Empty *)};evalRetTypeChange proc {(* Empty *)};};

12User Defined Types

This chapter describes a type extension to Ask making it possible to define newtypes. The type extension we specify is similar to record types found in otherlanguages.Overview

Ask today supports integer, boolean, class, and procedure types. We define acomplex type as a named type containing one or more variable declarations. Thussimilar to the Pascal record type. Here is an example of such type:TYPE Point : [ INTEGER : x, I N T E G E R : y ];This declaration defines a new complex type, Point. The variables occurring in-side the brackets are called individuals, Point contains two individuals, x and y,both having the type integer. The new type can be used in an ordinary variabledeclaration:Point : aPoint;Or encapsulated in another complex type declaration, as follows:TYPE Line : [ Point : p1, Point : p2, INTEGER : length ];The Ask language supports operations between complex types, as most lan-guages do:aPoint := anotherPoint;This assignment is legal if both operands have the same type, in this case Point.In Ask it is also possible to match a complex type with a list of its individuals.Consider the following example:aPoint := [ 1, 2 ];

120Chapter TwelveThis is also a legal assignment, the list on the right side is said to have a anony-mous type. An anonymous type can be legally matched with any complex, oranonymous, type as long as the type of the individuals match.aPoint := [ 1, TRUE ];This assignment will generate a type mismatch, since the types of the individualsof Point is two integers and TRUE is considered boolean.Since an anonymous type can be matched with another anonymous type, thefollowing assignment is legal in Ask:[ aInt, anotherInt, aBool ] := [ 1, 2, anotherBool ];Nested type lists is also possible. Consider the above definition of Line, the fol-lowing assignment is perfectly legal:aLine := [ [ 1, 2 ], aPoint, aInt ];Cyclic Dependencies

The type declaration can, like the class declaration, lead to cyclic dependencies.Consider this erroneous example:TYPE A : [ A : aA ];This example introduce a static semantic error, since the type A is defined interms of itself. In the Ask language the type of the individuals are needed, tofully determine the type of the declared name. When considering the dependen-cies that this declaration introduces, it is analogous to the following class decla-ration:A CLASS A;Cyclic dependencies can occur in several cases with both type and class declara-tions. These declarations of classes will also yield a cycle:C CLASS A;A CLASS B;B CLASS C;From the dependency view, the equivalent type declarations are:TYPE A : [ C : aC ];TYPE B : [ A : aA ];TYPE C : [ B : aB ];

User Defined Types121C is defined in terms of B that is defined in terms of A that is defined in terms ofC. Thus a cyclic dependency has occurred. This latter example of cyclic depen-dencies can only occur in languages that do not require the names to be declaredbefore use. In Pascal the type names used inside a record declaration must bedeclared earlier. This means that we, in the above example, cannot have a vari-able of type C, since C is not declared before it is used. Note that this not true forthe first example, when the type is defined in terms of itself, but this can be con-sidered a special case and therefore much easier to detect.The Ask classes do not support multiple inheritance, so the dependencies followa single chain, from the class itself to its super class. This list of ancestors has acycle, if the lists ends are connected. When dealing with complex types the de-pendencies do not form a chain. The following declarations demonstrate this:TYPE A : [ INTEGER : i ];TYPE B : [ INTEGER : j ];TYPE C : [ A : aA, B : aB ];C is defined in terms of both A and B, i.e. C is dependent on both A and B. So,a type can have several sources that can form a cycle.Grammar Extensions

The new type construct will lead to a number of new productions. First of all theuser has to be able to declare a new type, therefore a new production TypeDecl isadded to the grammar:<TypeDecl>::=TYPE <ID> : [ <VarDeclList > ]<VarDeclList>::+<VarDecl> ,<Decl>::|<NullDecl> | <VarDecl> | <ClassDecl> |<ProcDecl> | <TypeDecl>The Decl production is modified to allow type declarations where appropriate.To allow variable declarations with a complex type, a new production is intro-duced and the DeclType production extended:<UseDeclType>::=<Use><DeclType>::|<NullDeclType> | <IntDeclType> | <BoolDeclType> | <RefDeclType> |<UseDeclType>To support the different usages of a complex type, two new productions areadded and the Exp production modified:

122Chapter Twelve<ComplexExp>::=[ <ExpList> ]<ExpList>::+<Exp> ,<Exp>::|<NullExp> | <ComplexExp> | <Use> |<RemoteAccess>Understanding the Specification

In this section we will investigate the actual syntax tree for some examples,where the trees are decorated according to the specification given in the later sec-tions. We will try to motivate the specification of the different nodes, in particu-lar the complex specification of the TypeDecl node.Consider this small program with a rather uncomplicated type declaration:BEGINTYPE Point : [ INTEGER : x, INTEGER : y ];END;The type declaration will yield the subtree found in figure 12.1. The completesyntax tree is to large to show even for this small program.ComplexDoorTypeDeclBlockDoortypespathencPathcomplexPathtablelocPathtptableDeclDoorident = �Point�tableidenttpVarDeclListpathtabletypesVarDeclVarDeclpathtableDeclDoorident = �x�IntDeclTypetableidenttp

Figure 12.1 : S y n t a x t r e e e x a m p l e .

User Defined Types123The italic VarDecl node on the right in figure 12.1 symbolises an identical sub-tree for y, as the VarDecl node for x, found on the left. Figure 12.1 reveals thatTypeDecl contains three doors. The BlockDoor and the DeclDoor are knownfrom chapter 8 �The Ask Language� The ComplexDoor are specified later in thischapter. TypeDecl, like VarDecl, should introduce a new name, Point, into thesymbol table of the scope it is declared in. This is achieved through theDeclDoor. The declarations inside a type declaration forms its own scope. TheTypeDecl node uses the BlockDoor to register its individuals.The somewhat complex figure 12.2 shows the information flow, how attributesare propagated in the syntax tree.ComplexDoorTypeDeclBlockDoortypespathencPathcomplexPathtablelocPathtptableDeclDoorident = �Point�tableidenttpVarDeclListpathtabletypesVarDeclVarDeclpathtableDeclDoorident = �x�IntDeclTypetableidenttp

Figure 12.2: Information flow in the example tree.If we extend our program to include a variable declaration of type Point, we getthe following program and abbreviated syntax tree:BEGINTYPE Point : [ INTEGER : x, INTEGER : y ];Point : aPoint;END;

124Chapter TwelveDeclListTypeDeclVarDeclpathtableUseDeclTypeDeclDoorident = �Point�ident = �aPoint�pathtabletableidenttptptypeErrorUseDoorUsepathpathident = �Point�identtabletptpdeclarederror

Figure 12.3: Type declaration and usage tree.The UseDeclType node makes it possible to use a type name, but a conflict in-volving both names and types arises. The identifier aPoint is a normal variablethat can be used in an assignment. The name Point on the contrary should onlyoccur when declaring a variable, as in this example. So there is a difference be-tween the two names and there is a difference in their types. The variable aPointis a complex type, but not of the same type as the type name Point. One of thenames, Point, is used in declarations and will be of ComplexDeclType, while theother is a usage of a type name and will be of ComplexUseType.In the next sections we will specify the new syntactic, semantic, and door classesin OOSL. We will also analyse their dependencies. We start with the extensionsof the type hierarchy.Extending the Type Hierarchy

The extensions to the type system will involve adding a new subtree to the hier-archy. All type classes connected with complex types are gathered under the ab-stract super class AbstractComplexType:ComplexDeclTypeTypeAbstractComplexTypeComplexUseTypenoComplexType

Figure 12.4 : T y p e h i e r a r c h y .

User Defined Types125Before we go into a detailed specification of these new types, we will examine autility class ComplexTypeList.Specification of ComplexTypeListAs stated before, Ask needs the types of the individuals to fully determine thetype of a declared type name. In practise this means that we maintain a list of theindividual types. To maintain an ordered collection of some element, we intro-duce the interface of class OrderedCollection:OrderedCollection: class [T: class ANYCLASS] {

Append: proc ( e: r e f T );H e a d : func ref T;SucOf: func r e f T ( e: ref Type );E m p t y : func b o o l e a n ;};

The type list is modelled through the class, ComplexTypeList. The class containsan ordered collection of types and methods to add and retrieve types from it. Astatic object to denote the empty list is also needed. This object is called empty-ComplexTypeList and provide new implementations of the methods found inComplexTypeList.ComplexTypeList: class { itsTypes: OrderedCollection[Type];Add: proc ( tp : ref Type ) { itsTypes.Append( tp); };First: func ref Type :- itsTypes.Head;Next: func r e f Type ( cur : ref Type ):- itsTypes.SucOf( cur ) };};emptyComplexTypeList: object ComplexTypeList {impl Add {};impl First :- NONE;impl Next :- NONE;};

Specification of AbstractComplexTypeAbstractComplexType is a class that define the common behaviour of all com-plex types. It defines a function for retrieving the types of its individuals, i.e. atype list. The TypeDecl node must define its own local scope where the individ-uals register. In some cases it is necessary to be able to �open up� this scope,like for instance the with-statement in Pascal. Therefore a function to retrieve thepath to that symbol table is included.

126Chapter TwelveAbstractComplexType: class Type {

getTypes: func r e f C o m p l e x T y p e L i s t ; g e t C o m p l e x P a t h : func ref SearchPath f i x ;};

Specification of ComplexDeclTypeAs we noted in the section �Understanding the specification� we need two typesto fully model the different usages of a complex type object. There is only oneoccasion where it is semantically legal to access the type name. That is in thedeclaration of a variable, either as a normal variable or as an individual of acomplex type. In order to separate the two cases we have introduced two differ-ent kinds of complex types. ComplexDeclType for the declaration of the typename and ComplexUseType for the usage of that type.The ComplexDeclType and the ComplexUseType are interconnected in a similarway as ClassType and RefType, but we have chosen an alternative specification.The specification of ComplexDeclType introduces some local attributes and spe-cialises the equations declared in AbstractComplexType. The ComplexDeclTypeuses a door called ComplexDoor, which we will give a detailed specification ofin the section �Introducing ComplexDoor�. At this stage we use the Complex-Door to retrieve the path to the symbol table that encloses the individuals.ComplexDeclType: class AbstractComplexType { itsUsage: object C o m p l e x U s e T y p e ; itsTypes: ref ComplexTypeList;loc owner: r e f C o m p l e x D o o r ; loc anonymous: boolean fix;eq itsUsage.owner :- t h i s ;impl getTypes :- itsTypes;impl getComplexPath :- owner.complexPath;getComplexType: func ref ComplexUseType f i x {getComplexType :- itsUsage;};};

Specification of ComplexUseTypeThe ComplexUseType models the usage of a complex type.ComplexUseType: class AbstractComplexType {

loc owner: r e f C o m p l e x D e c l T y p e ; impl getTypes :- owner.getTypes;impl getComplexPath:- owner.getComplexPath;};

User Defined Types127Specification of noComplexTypeThe object noComplexType is used instead of a NONE reference. The noCom-plexType object is propagated to the syntax tree by UseDeclType and Complex-Door, both described below, when the declaration of a type is incomplete or er-roneous. The CompareDoor introduced in the chapter �Matching of types� alsouses this object to perform type matching between two complex types.noComplexType: object AbstractComplexType {

impl getTypes :- emptyComplexTypeList;impl getComplexPath:- emptyPath;};

Introducing ComplexDoor

The ComplexDoor has the responsibility of assembling a ComplexDeclTypefrom a list of types.ComplexDoor : door {

inh types: r e f C o m p l e x T y p e L i s t ; inh complexPath: ref SearchPath f i x ;inh anonymous: boolean fix ;syn tp: r e f ComplexDeclType;theType: object ComplexDeclType;eq theType.itsTypes :- types;eq theType.anonymous := anonymous;eq theType.owner :- this;eq tp :- theType;};

Specifications of Syntax Classes

In the extension to the Ask grammar presented earlier in this chapter, five newproductions were introduced. In this section we will specify these productionsand their attributes and equations.Specification of TypeDeclTypeDecl is the node class that models the declaration of a new type. To maintaina list of individuals and to collect their types, it uses a VarDeclList that we willpresent later on.The sons of TypeDecl is an identifier and a list of variables. The identifier is thenew name that will be associated with the type. Earlier in this chapter we madecertain conclusions about the behaviour of TypeDecl. We discovered that we

128Chapter Twelveneeded a DeclDoor to register the new name in a symbol table, a BlockDoor toencapsulate the individuals in a new scope, and a ComplexDoor to maintain thesemantic type object.TypeDecl: cons Decl(typeID: ref ID, typeList : ref VarDeclList ) {d D o o r : doorobject DeclDoor;bDoor: doorobject BlockDoor;xDoor: doorobject ComplexDoor;eq bDoor.encPath :- path;eq typeList.table :- bDoor.table;eq dDoor.table :- table;eq dDoor.ident := typeID.ident;eq dDoor.tp :- xDoor.tp;eq xDoor.types :- typeList.types;eq xDoor.complexPath :- bDoor.locPath;eq xDoor.anonymous := f a l s e ;};

Specification of VarDeclListAs stated before VarDeclList is a list of variable declarations. Except for the listfunctionality, modelled through the list keyword, VarDeclList has a synthesizedattribute types. ComplexTypeList was presented in the section �Extending theType Hierarchy�, and maintains a list of type objects. The actual building of thetypes attribute is specified using attribute construction.VarDeclList : list Descendant( d: ref VarDecl ) {

syn types: r e f C o m p l e x T y p e L i s t ; eq types :- AC $t :=( new ComplexTypeList | $t.add( s o n .tp ) );};

Specification of UseDeclTypeThe UseDeclType makes it possible to use a type name when declaring a newvariable or as a return type for a function. UseDeclType has one son, which is aUsenode.ThelocalattributetypeError and the equation that define it, are used toassure that the used name is really the name of a type. It is also legal to use a un-declared name, that will be introduced later. The tp attribute is a synthesized at-tribute inherited from DeclType.The need for the typeError attribute and the difference between ComplexDecl-Type and ComplexUseType has been discussed earlier in this chapter. Note thatUseDeclType operates on ComplexDeclType, but propagates ComplexUseTypeto its context, through the call to GetComplexType.

User Defined Types129UseDeclType: cons DeclType( typeUse: ref Use ) {

loc typeError: Boolean;eq typeError :=not typeUse.tp i n ComplexDeclTypeand typeUse.tp <> noComplexType;eq tp :-if typeUse.tp in ComplexDeclTypetypeUse.tp.GetComplexType;elsenoComplexType;};

Specification of ComplexExpComplexExp is a simpler version of TypeDecl, used to create an anonymous(nameless) complex type for use as an expression. For example, this class makesit possible to model the following assignment:aPoint := [ 1, 2 ];The right-hand side of the assignment is clearly an expression. Since the assign-ment is between two complex types, a new ComplexDeclType and ComplexUse-Type has to be created. The equations are similar to those of TypeDecl. The sonis a list of expressions instead of variable declarations, but since both declara-tions and expressions have well defined types they are in this sense equal.ComplexExp: cons Exp( expL : ref ExpList ) { xDoor: doorobject C o m p l e x D o o r ; eq tp :- xDoor.tp;eq xDoor.types :- expL.types;eq xDoor.complexPath :- path;eq xDoor.anonymous := t r u e ;};

Specification of ExpListExpList is, as stated above, analogous to VarDeclList. The equation definingtypes is similar since both declarations and expressions have a tp attribute.ExpList : list Descendant( e: ref Exp ) {

syn types: r e f C o m p l e x T y p e L i s t ; eq types :- AC $t :=( new ComplexTypeList | $t.add( s o n .tp ) );};

Detecting and Breaking Cyclic Dependencies

To break and detect cyclic dependencies in complex types might at a first glancelook simple, but leads to a rather complex solution. As a first step we can con-

130Chapter Twelvesider what happens if we ignore the possibility of cycles. The answer is that inthe case of an erroneous Ask program with cyclic types, the evaluator enters anendless loop. This comes as no surprise, but what actually causes the loop?Well, first we will consider the propagation of the different type objects, tp andtypes. DeclDoortpTypeDecltpComplexDoortypesVarDeclListtypestptptp

Figure 12.5 : Propagation of t p and types attributes.VarDeclList collects the different tp attributes into a ComplexTypeList, which ispropagated to TypeDecl. TypeDecl passes the types attribute to its Complex-Door, which composes them into a new tp attribute that is returned to the Type-Decl node. From there the tp attribute is propagated out to the rest of the envi-ronment, through the DeclDoor.If a type declaration contains a cycle, one of the subtrees of VarDeclList mustcontain a UseDeclNode. One of the propagated tp attributes shown in the figure,must be propagated from that UseDeclNode. The UseDeclNode fetches that tpattribute from another declaration, through a UseDoor. Since we have a cycle,the UseDoor is connected, directly or indirectly, to the TypeDecls DeclDoor. Theresult is that the tp attribute propagated to the DeclDoor in TypeDecl, is the sametp attribute propagated upwards to the VarDeclList.The detection of cyclic dependencies is located in the ComplexDoor, by adding asynthesised attribute. The ComplexDoor detects the cycle by stating that a type isdefined in terms of all type names that occur among the individuals. TheComplexDeclType maintains a collection of the types that it is defined in termsof.TYPE T: [ T1 : a, T2 : b, T3 : c ];The type T is defined in terms of T1, T2, and T3. By searching the types in thecollection for a reference to the defined type, in this case T, we can detect a cy-cle. Note that if one of the types found in the collection is a usage of a complextype, then the search must continue in that types own collection. In the above ex-

User Defined Types131ample the search would propagate from the search of the collection of T, to thecollections of T1, T2, and T3.We extend the specification of ComplexDeclType to include a collection of otherComplexDeclTypes that the type is defined in terms of. We also add a collectionof objects that causes a cycle in this type declaration. The causers collection canbe used for error reporting. The interface of the collection can be found in theprevious section �Specification of ComplexTypeList�addto ComplexDeclType {

collection t e r m s : o b j e c t OrderedCollection[ ComplexDeclType ];collection causers: objectOrderedCollection[ ComplexDeclType ];definedInTermsOf:func Boolean ( tp: ref C o m p l e x D e c l T y p e ) ; };

The C o m p l e x D o o r is extended with a synthesised attribute c a u s e s C y c l e . Theimplementation of the conditions and corresponding evaluation procedures areonly sketched below, since they are rather lengthy. The terms and causers col-lections are build from the ComplexDeclTypes contained in the inherited typesattribute, which follows the rules in [Hed92], ⁄9.4.3. The ComplexDeclTypesthat do not cause a cycle in this type is added to the terms collection, the othersare added to the causers collection.addto ComplexDoor {

syn c a u s e s C y c l e : B o o l e a n ;eq causesCycle := not theType.causers.Empty;cTerms: cond �evalCTerms: proc �deEvalCTerms: proc �cCausers: cond �evalCCausers: proc �deEvalCCausers: proc �};

The only missing piece is the definedInTermsOf function. This function shouldcheck if the passed type, tp, is defined in terms of the current declaration, this.The declaration is defined in terms of tp, if tp is equal to this or if the declarationscollection of types is defined in terms of tp. This is a recursive definition and willcause all affected collections to be scanned.

132Chapter Twelveaddto ComplexDeclType { impl definedInTermsOf :=if tp = t h i s thentrueelseloop $t :- terms.firstif $t = NONE thenfalseelse if $t.definedInTermsOf( tp ) thentrueelse next $t :- $t.suc;};

Analysis

Analysis for TypeDecl:Dependency graph for TypeDecl:inhsynbDoor.encPathdDoor.tabledDoor.identxDoor.typestypeList.tablexDoor.anonymousbDoordDoorxDoordDoor.tptypeListtypeIDxDoor.complexPath

Visit procedures for TypeDecl:addto TypeDecl {

impl exhVisit {eval dDoor.table;eval bDoor.encPath;typeID.exhVisit;eval dDoor.ident;bDoor.exhEvalVisit;eval xDoor.complexPath;eval typeList.table;typeList.exhVisit;eval xDoor.types;eval xDoor.anonymous;xDoor.exhEvalVisit;eval dDoor.tp;dDoor.exhEvalVisit;};

User Defined Types133impl incSonVisit {

if S == typeID t h e n e v a l dDoor.ident;dDoor.exhEvalVisit;else if S == typeList theneval xDoor.types;xDoor.incDoorVisit;eval dDoor.tp;dDoor.incDoorVisit;end if;};impl incDoorVisit {if D == dDoor thenelse if D == bDoor theneval xDoor.complexPath;eval typeList.table;typeList.exhVisit;eval xDoor.types;xDoor.exhEvalVisit;eval dDoor.tp;dDoor.exhEvalVisit;else if D == xDoor theneval dDoor.tp;dDoor.incDoorVisit;end if;};};

Analysis for VarDeclList:Dependency graph for VarDeclList:sonposinhsyncardinalsontypes

Visit procedures for VarDeclList:addto VarDeclList {

impl exhVisit {" son s o n . e x h V i s i t ; eval types;};impl incSonVisit {eval types;father.incSonVisit( this );};

134Chapter Twelveimpl incBrotherVisit {

eval t y p e s ; father.incSonVisit( this );};};

Analysis for UseDeclType:Dependency graph for UseDeclType:inhsyntypeErrortptypeUse

Visit procedure for UseDeclType:addto UseDeclType {

impl exhVisit {typeUse.exhVisit;eval typeError;eval tp;};impl incSonVisit {eval typeError;eval tp;father.incSonVisit( this );};};

Analysis for ComplexExp:Dependency graph for ComplexExp:inhsynxDoor.pathexpLxDoor.typestpxDoor.anonymousxDoor

Visit procedures for ComplexExp:

User Defined Types135addto ComplexExp {

impl exhVisit {expL.exhVisit;eval xDoor.path;eval xDoor.types;eval xDoor.anonymous;xDoor.exhEvalVisit;eval tp;};impl incSonVisit {eval xDoor.types;xDoor.incOwnerVisit;eval tp;father.incSonVisit( this );};impl incDoorVisit {eval tp;father.incSonVisit( this );};};

Analysis for ExpList:Dependency graph for ExpList:sonposinhsyncardinalsontypes

Visit procedures for ExpList:addto ExpList {

impl exhVisit {" son s o n . e x h V i s i t ; eval types;};impl incSonVisit {eval types;father.incSonVisit( this );};impl incBrotherVisit {eval types;father.incSonVisit( this );};};

136Chapter TwelveAnalysis of ComplexDoor:Dependency graph for ComplexDoor:anonymouscomplexPathtypestpcausesCycletheType.ownertheType.itsTypestheType.anonymouscTermscCausers

Characteristic set for ComplexDoor:ScondS l o c Ssend

exhDeEvalVisit{ v(cTerms),v(cCausers) }flfl

exhEvalVisitfl{ v(theType.anonymous),v(theType.owner),v(theType.itsTypes),v(cTerms), v(cCausers) }fl incOwnerVisit{ v(cTerms),v(cCausers) }{ v(theType.itsTypes),v(cTerms), v(cCausers) }fl

Visit procedures for ComplexDoor:addto ComplexDoor {

impl e x h D e E v a l V i s i t { deeval cTerms;(* 3 *)deeval cCausers;(* 3 *)};impl exhEvalVisit{eval theType.anonymous;(* 4 *)eval theType.owner;(* 4 *)eval theType.itsTypes;(* 4 *)eval cTerms;(* 4 *)eval cCausers;(* 4 *)};

User Defined Types137impl incOwnerVisit {

deeval c T e r m s ; (* 3 *)deeval cCausers;(* 3 *)eval theType.itsTypes;(* 4 *)eval cTerms;(* 4 *)eval cCausers;(* 4 *)};};

13Matching of Types

This chapter addresses the problems involved when two types needs to be matchto each other. When matching of two variables is done, the types rather than theactual values of the variables are considered. For example two integers may bematched with each other, while one integer and one boolean is a type mismatch.For scalar types, such as integers and boolean, this is a straightforward task.Complex types and classes call for more elaborate matching.Overview

Matching of types occurs frequently in computer programs. Before any arith-metics or assignments can be done, the operands need to be matched. In a proce-dure call the actual parameters need to be matched with the formal parameters.Since matching is so common, a schema to encapsulate the matching for consis-tency and efficiency is needed. We will also show that matching, in some cases,requires non-local and non-fix information. These requirements points towards aspecial door object for matching.As stated above, matching integers and booleans is straightforward. So, let usconsider matching of classes. Matching, in almost all cases, is done between twovariables. The Ask language supports reference variables to class instances, inthe same way as Simula does. When matching classes, we have two referencevariables to work with. In the following example, a class A and a subclass B isassumed:REF( A ) : rA;REF( B ) : rB;rA := rB;The variables rA and rB are obviously of different types, yet is the assignmentlegal in Ask and so also in many other object oriented languages. This is possiblesince we regard subclassing as subtyping. The class B is a subtype of A. Thiscan also be expressed as B is a specialisation of A. It is common to allow a gen-

140Chapter Thirteeneral type to be assigned a specialised value, since this is always correct. Considerthe following declarations and assignment in ADA:subtype SpecialInteger is INTEGER range 1..10;aInt : INTEGER;aSpecialInt : SpecialInteger;aInt := aSpecialInt;We have declared an interval of integers as a subtype to integer, i.e., a speciali-sation of integer. The assignment is always legal since a variable of integer typenaturally can be assigned any value between 1 and 10.Reference variables introduce further complications, than the subtypes in ADA.References are allowed to denote an instance that actually is a specialisation ofthe declared type.ABCDEF

Figure 13.1 : Example class hierarchy.Consider the class hierarchy in figure 13.1 and the Simula example below:ref( A ) rA;ref( B ) rB;rB :- rA;The reference rA can in fact denote instances of all classes in the hierarchy, whilerB can only denote instances of class B and E. As you can see, the assignment islegal in some cases and illegal in others. If rA denotes instances of class B or Ethe assignment is valid, otherwise it is illegal. The matching of the assignmentcan not be determined during the static semantic analysis, but must be performeddynamically, i.e., during runtime. Different languages handle this case differ-ently, Simula will cause a runtime error if the assignment is illegal. C++ requiresan explicit type conversion by the programmer, i.e., an unchecked guaranteefrom the programmer that it is really a legal assignment.

Matching of Types141Introducing CompareDoor

In order to handle matching of types, we have constructed a door object. TheCompareDoor is based upon the CompareClassDoor in [Hed92], page 237. TheCompareDoor is a general purpose door which matches any type in the Ask typehierarchy. Any additions to that hierarchy will affect CompareDoor as well.CompareDoor features two inherited type attributes and two synthesized booleanattributes. The boolean attributes represent the cases described above; inCompa-rable, the types does not match; notStaticKnown, the matching can not be de-termined at the static semantic analysis.CompareDoor: door {

inh leftType: r e f Type;inh rightType: ref Type;syn inComparable: boolean;syn notStaticKnown: boolean;};

Since this is a general purpose door and there exists many different types in theAsk type hierarchy, we introduce several utility functions:addto ComplexDoor {

isReference: func boolean ( tp: r e f Type ) :=inspect $r :- tpwhen AbstractRefType do t r u e ;otherwise false ;isComplex: func boolean ( tp: r e f Type ) :=inspect $r :- tpwhen AbstractComplexType do true;otherwise f a l s e ;compareClasses:func boolean (gen, spec: ref AbstractClassType):=spec.subClassOrEqual( gen );compareAnonymous:proc boolean (t1, t2: ref AbstractComplexType) {...This procedure matches the individualsof t1 and t2};compareComplex:func boolean (t1, t2: ref AbstractComplexType) :=if t1 == noComplexType or t2 == noComplexTypethentrueelse if t1.anonymous or t2.anonymous thencompareAnonymous( t1, t2 )elset1 == t2;

142Chapter ThirteencomparableTypes:

func boolean ( t1, t2: r e f Type ) :=if t1 == unknownType or t2 == unknownType t h e n t r u e e l s e if isReference(t1) and isReference(t2) thencompareClasses(t1.getClassType, t2.getClassType)else if i s C o m p l e x ( t 1 ) a n d isComplex(t2) thencompareComplex(t1, t2)elset1 == t2;};

With the help of these functions we can easily specify the equations that definethe synthesized attributes:addto CompareDoor {

eq inComparable :=not comparableTypes( leftType, rightType );eq notStaticKnown :=ifisReference( leftType ) andisReference( rightType ) thennot compareClasses(leftType.getClassType,rightType.getClassType )and compareClasses(rightType.getClassType,leftType.getClassType );elsefalse;};

Analysis

The non-local dependency introduced by calling the subclassOrEqualfunctioninClassType, leads to additions to the CompareDoor. These additions, which alsoinvolve Type and ClassDoor , a r e d e s c r i b e d i n [ H e d 9 2 ] , p a g e 2 4 0 . S i n c e CompareDoor matches Type objects, the collection comps, in [Hed92], is addedto Type instead of ClassType.addto CompareDoor {

loc locLeftTp: r e f Type;loc locRightTp: ref Type;cComps: cond �};

Dependency graph for CompareDoor:

Matching of Types143leftTyperightTypeinComparablenotStaticKnownlocLeftTplocRightTpcCompsCompare

Characteristic set for CompareDoor:ScondS l o c Ssend

exhDeEvalVisit{ cComps }flfl exhEvalVisitfl{ v(locLeftTp),v(LocRightTp) }fl

incOwnerVisit{ cComps }{ v(locLeftTp),v(LocRightTp) }fl deEval / evalCompare{ cComps }flfl

Visit procedures for CompareDoor:addto CompareDoor {

impl e x h D e E v a l V i s i t { deeval cComps;(* 3 *)};impl exhEvalVisit{eval locLeftTp;(* 4 *)eval locRightTp;(* 4 *)};impl incOwnerVisit {deeval cComps;(* 3 *)eval locLeftTp;(* 4 *)eval locRightTp;(* 4 *)};deEvalCompare : proc {deeval cComps;(* 3 *)};evalCompare : proc {eval cComps;(* 4 *)};};

14Using the BETA Language

In this chapter we describe some of our experiences of using the BETA lan-guage. A complete description of BETA can be found in [MMN93]. [BN93]explains how to translate OOSL constructs to BETA.Singular Objects

As mentioned in chapter 5, part-objects and static references are widely used inOOSL.TheseobjectscaneasilybetranslatedtosingularobjectsinBETA.AsanexamplethereferencetoInspectDoor, iDoor, in the OOSL-specification of With-Stmt uses a static reference:WithStmt : cons Stmt

( inspObj: ref Exp, doPart: r e f StmtList ) {i D o o r : doorobject InspectDoor;�}

Using a singular object this will in BETA look like:WithStmt: Stmt

(# inspObj: ^Exp; doPart: ^StmtList;iDoor: @InspectDoor(# � #);�enter ( inspObj[], doPart[] )#);

Implementation of Demand Attributes

A very useful feature in BETA is the possibility to add code when a subpattern isdeclared or when a pattern is used. This feature can be used in the implementa-tion of demand attributes. A demand attribute is normally implemented as a vir-tual function. When one wants to assign a value to a demand attribute one has toprovide a new behaviour for that function. In conventional object-oriented lan-

146Chapter Fourteenguages this means declaring a subclass, this can lead to a potentially unlimitednumber of subclasses. BETA however, supports additions of code whendeclaring a variable. The example below shows the implementation of demandattributes in CompareDoor. The door contains two inherited demand attributes:CompareDoor: ANYDOOR

(#�leftType:<(# outType: ^Type; do INNER Exit outType[] #);rightType:<(# outType: ^Type; do INNER Exit outType[] #);�#);

These demand attributes can be specified further when a static reference to acomplex door is declared.cmpDoor: @CompareDoor

(#leftType::<(# do lhs.tp -> outType[] #);rightType::<(# do rhs.tp -> outType[] #);#);

This means that the same door class can be used on several places, without hav-ing to explicitly declare a subclass.The qual Pattern

The BETA language is a small language in the sense that it only contains a fewbuilt-in mechanisms, these include for-, if-, label-, and jump-imperatives. Allother constructs needed can be built using patterns. Some often used constructsare defined in the standard include file betaenv.bet, for instance the ForTo-,Cycle-, and Loop-patterns.One mechanism not included in the language or in betaenv is the qua-operationfound in Simula. A simple pattern can be constructed and used where a qua isneeded. This pattern will look like:qual: (# T:<Object; r: ^T; enter r[] do inner #);

Consider the following use of qua in Simula:class car;;

car class v o l v o ; b e g i n integer model; e n d ;ref(car) rCar;�outInt(rCar qua volvo.model, �);

Using the BETA Language147This can be translated to BETA using the qual pattern:car: (##);

volvo: car (# model: @integer; #);rCar: ^car;�rCar[]->qual(# T::<volvo; exit r.model #) -> putint;

In the above examples we have a reference to a car (rCar)thatisassignedanob-ject of type volvo. To be able to access the variable m o d e l found only in thevolvo pattern we use the qual mechanism.The inspect Pattern

Another mechanism not included in BETA is the inspect-statement found inOOSL and Simula. As for the missing qua-operation, in BETA we can define ageneral inspect pattern and use this where an inspect-statement is needed.The inspect pattern is defined as:inspect:

(# T :< Object;when:<(# r: ^T; enter r[] do inner #);o t h e r w i s e : < ( # do i n n e r #);OK:@Boolean; r: ^Object;enter r[]do(if r[] // NONE thenfalse -> OK;else( r.struc <= T## ) -> OK;if);(if OK // true then r[] -> whenelse otherwiseif);exit OK#);

The different parts of the pattern have the following meaning:¥T — the virtual class pattern.¥when — a virtual pattern that is executed if the inspected object is of typeT.¥otherwise — a virtual pattern that is executed if the inspected object is notof type T.¥r — a reference to the inspected object.¥OK — the boolean variable returned by the inspect-pattern, indicating ifthe inspected pattern is at least of class T.

148Chapter FourteenUsing the inspect-pattern:rCar[] -> inspect(# T::<volvo;when::< (# do �A Volvo!!� -> putText; #);otherwise::< (# do �no!� -> putText; #);#);

Note that the boolean variable OKintheBETAinspect-patternmakesitpossibleto use the inspect-pattern in checking the actual qualification of a pattern. In thefollowingexampletheinspect-patternsreturnstrueifrA denotes an object that isat least of class A.(if rA[] -> inspect(# T::<A #) // true then � if);

Data Types

The Mj¿lner BETA system contains several predefined container classes. We usethe list- and set-patterns for all data structures in the Embla system.Transformations

In BETA each pattern has an enter-part and an exit-part. Combining several pat-terns so that the exit-part of the first pattern is compatible with the enter-part inthe second pattern and so on, gives us what in BETA is called a transformation.In the following example the pattern A is evaluated its exit-part is assigned to theenter-part in B. B is evaluated and its exit-part is assigned to the next pattern.This is carried out to the last pattern.A -> B -> � -> Z

An example of how this can be used is found in wmlist.bet, the interface to thelist-pattern in BETA�s container library. The involved patterns have the follow-ing purposes:¥at — returns the position of the entered element.¥suc — returns the successor of the entered position.¥is — returns the element of the entered position.e[] -> at -> suc -> is -> found[];

e is an element and the transformation through at gives us the position of e, aftersuc we have the next position in the list and after is we end up with the elementfollowing e.

Using the BETA Language149Fragments of a System

In the BETA system the Modularization of programs is accomplished by use ofthe fragment language—aformalwaytohandleabstractsyntaxtreesandpartsofabstract syntax trees located on different files. See [MMN93] for a complete de-scriptionofthefragmentlanguage.In the Embla system we use the fragment language for normal structuring ofcode,suchasdividingtheinterfacefromtheimplementation.Sincethefragmentlanguage is more powerful than the modularization mechanisms found in otherlanguages other usages are possible. An example of this can be found in theEmblapatternshownbelow:ORIGIN ’~beta/basiclib/v1.3/betaenv’;

BODY ’private/metalevelbody’[[--- INCLUDE �--- lib: attributes ---Embla:(#�<<SLOT MainLib: attributes >>;<<SLOT DoorLib: attributes >>;<<SLOT SemLib: attributes >>;#);--]]

The three slots will be bound to an actual implementation in the tool using theEmbla pattern. MainLib will contain the syntactic package, SemLib the semanticpackage,andDoorLib the door package.The file maingrammar.bet contains the syntactic package for the Ask language.As seen below all patterns belong to the MainLib attributes slot.ORIGIN ’../meta/metalevel’;

[[--- INCLUDE ’../doorpackage/doors’--- INCLUDE ’../semantic/types’--- MainLib: attributes ---�Pattern declarations for the syntax packageare made here.--]]

The Embla pattern and the syntactic package for Ask is assembled in the WMEdittool, by including both files.

150Chapter FourteenORIGIN ’~beta/Xt/v1.7/awenv’;

[[--- INCLUDE ’../meta/metalevel’--- INCLUDE ’../ask/maingrammar’--- PROGRAM: descriptor ----AwEnv(# � #)--]]

It should be noted that all patterns in maingrammar.bet are declared in the envi-ronment of the MainLib attributes slot in the Embla pattern. This makes it possi-ble to use all patterns and variables declared in the Embla environment.Pros and Cons

Below is a summary of the particular advantages (+) and disadvantages (-) wefound using the BETA language and the Mj¿lner BETA system for our applica-tion:+ The possibility to add code when declaring or using subpatterns.+ Good support for X-windows in BETA�s X Windows System Libraries.+ The container classes.+ The built-in dependency analysis in the BETA compiler.-In the used implementation (release 2.4, December 1992) of the Mj¿lnerBETA system the attributes fragment only allows declaration of patterns,i.e., variable declaration is not supported. This is a major constraintmaking good modularization of programs harder to accomplish.-The fragment system is hard to learn.

15 Conclusions

This Work

The conclusions and experiences gained from this project can be divided intofour categories. The first category is founded upon the specification and imple-mentation of the Embla system and the Ask language and thus represent the con-crete conclusions. The second category is the experiences drawn from the meth-ods and systems we have been using to achieve our goals. The third category is areflection on how we approached this project as a whole, how we have disposedour time and resources. The fourth category covers our viewpoints on incremen-tal compilation and incremental semantic analysis.The SystemsWe have, in this document, gone to a great length in stating guidelines for imple-menting the syntactic, semantic, and door package. These guidelines are basedupon the experiences gained from the actual implementation. This means that thecurrent implementation has some weaknesses in regards to the guidelines. Thereis still work to be done in separating the packages and their independent andspecific parts.The integration of the syntax directed editor Sif, found in the Mj¿lner BETAmetaprogramming system, was one of the original goals that we have not ful-filled. The structure and organization of the editor is at this point poorly docu-mented. The interface of Embla was, however, based upon our own research onSif. So, a future integration should be straight-forward.The MethodsThe BETA programming language is a simple, yet powerful, language. But theimplementation we have worked with, release 2.5, does not cover the whole lan-guage and has some annoying limitations. The performance of the compiler isslow. The debugger has a tendency to crash. The limitations in the implementa-tion of the fragment language has caused parts of the project to grow to unrea-sonable sizes. On the positive side we place the good support for window sys-

152Chapter Fifteentems, specially the Athena widgets, which were used for the WMEdit program.On the whole we are positive, but look forward to a faster, smaller, more com-plete, and more stable implementation. We agree with the following quote fromDr. Dobb�s Journal:�Keep in mind that these minor complaints are about the implementation,not the language. Beta springs from a unified, object-oriented theoreticalfoundation. The result is a very clean implementation of virtually allrecognised and desired object-oriented capabilities in a simple, easy-to-un-derstand language available in commercial-grade tools. Beta is truly anevolution of object-oriented technology.� [Man93]The incremental evaluation of attributes is a complex process. A change in theextended syntax tree propagates not only upwards and downwards, but alsothrough doors to other branches of the tree. The evaluation spreads through thetree by dependencies. The dependencies can be a father-son relationship in thesyntax tree, but also through nodes registered in some collection. Naturally,when developing an incremental environment, errors occur. The debugging ofthe evaluation phase requires an in-depth knowledge of the specification, i.e.what should really happen during the evaluation, which nodes should be visited.When the attributes are demand-driven yet another dimension is added. We con-sider these complexities to be the most negative aspect of this area. Traditionalcompilers are difficult to construct, incremental compilers magnifies this com-plexity. Therefore it is essential to develop methods to aid in the specification andimplementation of incremental compilers.Door attribute grammars is a step in this direction. By using automatic methodsfor some parts of the specification and manual, but systematic, methods for oth-ers, an incremental evaluator for the language can be developed. We feel that thisdevelopment cycle is too complex at this stage. More automatic support would bea large improvement. Further research in this area is needed.The Object-Oriented Specification Language, OOSL, is a language used for Doorattribute grammar specifications. While specifying the Ask language we have hadproblems in obtaining a correct specification. Since no compiler or checker existsfor OOSL, the only means of debugging is consulting the chapters definingOOSL in [Hed92].The ApproachThis section covers the fundamental aspects of this project. It touches the crucialdecisions made about tools, methods, and management. Note that the viewpointsin this section is in regards to the fulfilment of the original goals.We argue that using the BETA programming language has both advantages anddisadvantages. Although BETA has been a new and exciting experience, choos-ing a not fully mature environment has its side effects. The nature of the lan-

Conclusions153guage and the state of the implementation has caused us delays in achieving thegoals. Another disadvantage was that the testbench was written in Simula and alarge proportion of our work was devoted to move it to BETA.Another issue to contemplate is the decision to use the testbench instead ofbuilding a system from scratch. There exists no easy answer to this issue. Wefeel that if we had not started with the testbench, we would at an earlier stagebeen forced to an understanding of how our system should work. This wouldhave been a benefit in later stages in the project. One could also argue the otherway around and say that starting from the testbench helped us focus on morecomplex issues. A software engineering approach, with an analysis, design andimplementation phase, would probably have resulted in a better system.The SubjectDespite the complexity of incremental compilers, they provide a unique tool. Theadvantages that they bring are without doubt so strong that they will outmatch thetraditional compilers in the near future. During the course of this project we haveseen some incremental environments reach the commercial market.The term incremental is not crystal clear and the size of an increment can, andprobably will, vary among environments. We will most surely see a lot of in-cremental compilers in the coming years, where the usage of the term incrementalcould be discussed. By choosing this area for our project, we have gainedunique knowledge and experience in a field that we feel will be the dominatingsubject for compiler development in the nineties.Future Work

As always when completing a larger work all the things not done spring intomind. This work is no exception. With the knowledge and experience gained bythis project, the only right thing would be to start all over. As this is not possiblewe can give some hints on how to continue and improve the work done.Improvements in EmblaThe Embla metasystem is a large and complex system and several improvementsand additions can be made. Below, we list some of the more important:¥The syntactic package should be divided into smaller modules. Today itcontains several thousand lines of source code and can be difficult tomaintain. This is a concern only as long as the package is hand-coded. Away to solve this problem is thus to develop a generator for the syntacticpart.¥Complete the work of integrating the Sif-editor with Embla.

154Chapter Fifteen¥Introduce caching of demand attributes.¥Last and least it would be nice if someone could find the last bug inEmbla (we have spent a year looking for it).Further InvestigationsBesides all the changes in Embla, further investigations in different areas areneeded, here are some:¥Investigate and develop a generic door package. Can a generator for thedoor package or part of it be developed?¥To measure performance of the Embla system.¥To write a generator for the syntactic package. As stated before, the syn-tactic nodes do not contain any non-local dependencies and it is thereforepossible to generate all patterns in this package automatically.¥Investigate if and how Embla can be changed to simultaneously supportmore than one language. This will be a useful feature when extendingthe metasystem to a laboratory system for language specifications usingDoor AG.OOSL CompilerDuring this work we found it very time consuming to have to implement all con-structs first in OOSL and then by hand translate them into BETA. This leads tolong turn-around time and to an unwillingness to test different solutions. AnOOSL compiler or translator is strongly needed. This could either be a traditionalcompiler generating object code or a translator generating BETA patterns as de-scribed in [BN93]. As a first step a syntax checker for the OOSL-language couldbe developed. This will be a great help when writing specifications in OOSL.Additions to AskEven after our additions, Ask is still a small language. Many interesting con-structs could still be added, such as the BETA pattern, parametrized classes, thelet-expression in OOSL, the OOSL addto-mechanism, and others.A Final Comment

During the course of this work we have come to get a good insight in formalspecification using Door attribute grammar, the inner secrets of some languageconstructs, and how to structure and build a metasystem. Besides the subjects di-rectly involved in the work, we have gained much additional knowledge such asobject-oriented programming techniques, the BETA programming language,

Conclusions155how to draw pictures in Microsoft Excel, using the BETA-debugger, program-ming in X-Windows, how to proof-read a document, converting documentsfrom IBM-PC to Macintosh, egrep in UNIX, emacs, writing short sentences inEnglish�Acknowledgements

We would like to thank G�rel Hedin for reading and commenting on numerousearlier drafts of this report, and for taking the time to answer all our, sometimesnot too intelligent, questions.

References

[ASU86]Alfred V. Aho, Ravi Sethi, and Jeffrey D. Ullman. Compilers,Principles, Techniques, and Tools. Addison-Wesley, Reading,Mass., 1986.[BN93]Werner Burghard and Magnus Nilsson. Translation of OOSLconstructs to Simula and BETA. Technical Report LU-CS-IR:93-3, Lund University, Dept. of Computer Science, Lund, Sweden,1993.[DMN68]O. -J. Dahl, B. Myhrhaug, and K. Nygaard. SIMULA 67 com-mon base language. NCC Publ. S-2, Norwegian ComputingCentre, Oslo, May 1968. Revised 1970 (Publ. S-22), 1972, and1984. Swedish Standard SS 63 61 14, 1987.[Grim89]Ralph P. Grimaldi. Discrete and Combinatorial Mathematics anApplied Introduction (2nd Edition). Addison-Wesley, Reading,Mass., 1989.[Hed92]G. Hedin. Incremental Semantic Analysis. PhD thesis, LundUniversity, Lund, Sweden, 1992. Tech. Rep. LUTEDX/(TECS-1003)/1-276/(1992).[Hed93]G. Hedin. Adding list constructions to OOSL. Internal note, LundUniversity, Lund, Sweden, June 1993.[Hed94]G. Hedin. An Overview of Door Attribute Grammars. In: P.Fritzon, editor, Proceedings of CC�94 International Conference onCompiler Construction, Edinburgh, April 1994, LNCS 786,Springer-Verlag.[HU69]John E. Hopcroft and Jeffrey D. Ullman. Formal Languages andTheir Relation to Automata. Addison-Wesley, Reading, Mass.,1969.[HU79]John E. Hopcroft and Jeffrey D. Ullman. Introduction to AutomataTheory, Languages, and Computation. Addison-Wesley, Reading,Mass., 1979.

158References[Hud87]S. E. Hudson. Implementing a User Interface as a System ofAttributes. In ACM SIGSOFT/SIGPLAN, January 1987. ACM.SIGPLAN Notices vol. 22 no 1.[ISAh92]G�rel Hedin. Lecture notes from a doctoral seminar in incrementalsemantic analysis, Lund University, Dept. of Computer Science,Lund, Sweden, 1992.[Kas80]Uwe Kastens. Ordered Attribute Grammars. Acta Informatica,13:229-256, 1980.[KLMM93]J. L. Knudsen, M. L�fgren, O. L. Madsen, and B. Magnusson,editors. Object-Oriented Environments. The Mj¿lner Approach.The Object-Oriented Series. Prentice Hall, 1993.[Knu68]Donald E. Knuth. Semantics of context-free languages.Mathematical Systems Theory, 2(2):127-145, June 1968, withcorrections in Mathematical Systems Theory, vol. 5, No 1, page95-96.[Kos91]Kai Koskimies. Object-orientation in attribute grammars. In H.Alblas and B. Melichar, editors, Proceedings of the InternationalSummer School on Attribute Grammars, Applications andSystems, volume 545 of Lecture Notes in Computer Science,pages 297-329, Prague, June 1991. Springer-Verlag.[Man93]Steve Mann. The Beta Programming Language. In Dr. Dobb�sJournal #206, Beyond C++, October 1993.[MMN93]O.L. Madsen, B. M¿ller-Pedersen, and K. Nygaard. ObjectOriented Programming in the BETA Programming Language.ACM Press, 1993.[MPS92]The Mj¿lner BETA System Metaprogramming System Referencemanual. Mj¿lner Informatics Report, MIA 91-14(1.0), November1992.[Ray86]V. J. Rayward-Smith. A First Course in Computability. Blackwellscientific publications, 1986.[Rep84]Thomas W. Reps. Generating Language-Based Environments.MIT Press, Cambridge, Ma., 1984.[Web92]New Webster�s Dictionary and Thesaurus of the EnglishLanguage. Lexicon Publication, Inc., Danbury, CT, 1992.[Wir71]N. Wirth. The Programming Language Pascal. In Acta Informatica1:35-63, 1971.

Appendix A: CFG for the Ask Language

<Main>::|<Root> | <Descendant><Root>::|<Program><Descendant>::|<Block> | <Decl> | <DeclType> | <Stmt> |<Exp> | <ActualParam><Program>::=<BlockStmt><Block>::=BEGIN <DeclList> <StmtList> END<DeclList>::+<Decl> ;<StmtList>::+<Stmt> ;<Decl>::|<NullDecl> | <VarDecl> | <ClassDecl> |<ProcDecl> | <TypeDecl><NullDecl>::=<VarDecl>::=<DeclType> := <ID><ClassDecl>::=<Use> CLASS <ID> <Block><TypeDecl>::=TYPE <ID> : [ <VarDeclList> ]<VarDeclList>::+<VarDecl> ,<DeclType>::|<NullDeclType> | <IntDeclType> |<BoolDeclType> | <RefDeclType> |<UseDeclType> | <noDeclType><ProcDecl>::=<DeclType> PROCEDURE <ID>( <FormalParamList> ) <Block><FormalParamList>::+<VarDecl> ,<NullDeclType>::=<IntDeclType>::=INTEGER<BoolDeclType>::=BOOLEAN<RefDeclType>::=REF ( <Use> )<UseDeclType>::=<Use><IntType>::=<BoolType>::=

160Appendix A<Stmt>::|<NullStmt> | <BlockStmt> |<AssignStmt> |<IfStmt> | <WhileStmt> | <WithStmt> |<ProcCall> | <ReturnStmt><NullStmt>::=<BlockStmt>::=<Block><AssignStmt>::=<Exp> := <Exp><IfStmt>::=IF <Exp> THEN <StmtList>ELSE <StmtList> END IF<WhileStmt>::=WHILE <Exp> DO <StmtList>END WHILE<WithStmt>::=WITH <Exp> DO <StmtList> ENDWITH<ProcCall>::=<ProcUse><ReturnStmt>::=<Exp><Exp>::|<NullExp> | <ComplexExp> | <Use> |<RemoteAccess> | <ProcUse><NullExp>::=<RemoteAccess>::=<Exp> . <Exp><Use>::|<ID><ProcUse>::=<ID> ( <ActualParamList> )<ActualParamList>::+<ActualParam> ,<ActualParam>::=<Exp><ComplexExp>::=[ <ExpList> ]<ExpList>::+<Exp> ,