TR-94024 Meta-lev el Arc hitecture for Extendable C++ Draft Do cumen t Y utak a Ishik a w a � ishik a w a@rw cp.or.jp Receiv ed 28 F eburary 1995 Tsukuba Researc h Cen ter, Real W orld Computing P artnership Tsukuba Mitsui Building 16F, 1-6-1 T ak ezono Tsukuba-shi, Ibaraki 305, Japan Abstract This do cumen t describ es a meta-lev el arc hitecture for the M P C + + programming language. The M P C + + meta-lev el arc hitecture is designed so that programmers can introduce new notation and rede�ne default co de generation with less e�ort. This capability is very useful for implemen ting extended C++ languages and some p erformance and debugging monitors. The meta-lev el arc hitecture de�nes a meta system consisting of the lexical analyzer, parser, and co de generator ob jects that form an abstract compiler, and syn tax tree ob jects that represen t the parse tree of a program. Metasystem mo di�cation facilities supp ort easy meta-lev el programming. � Massiv ely P arallel Soft w are Lab oratory

Con ten ts 1 In tro duction 1 2 Design 2 2.1 Requirements : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2 2.2 Philosophy : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3 2.3 Overview : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4 2.4 Examples : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 2.4.1 A tomic Class : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 2.4.2 Global P oin ter : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 2.4.3 P ersisten t Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 2.4.4 Remote Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 2.4.5 Mutex Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 3 Meta-lev el C + + Extension 12 3.1 V ariable o v er Classes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12 3.2 Syntax T ree Constan t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13 4 Meta-lev el Ob jects 13 4.1 Lexical Analyzer Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14 4.2 Parser Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 4.3 Co de Generation Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 4.4 Name T able Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 4.5 Syntax T ree Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 4.6 Examples : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 4.6.1 A tomic Class : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 4.6.2 Global P oin ter : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20 4.6.3 P ersisten t Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22 4.6.4 Remote Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 24 4.6.5 Mutex Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25 5 Metaob ject Proto col 28 5.1 New Syn tax : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28 5.1.1 New Mo di�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29 5.1.2 New Structure : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30 5.1.3 New Sp eci�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30 5.1.4 New Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30 5.1.5 New Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31 5.1.6 New Storage Class and Extension : : : : : : : : : : : : : : : : : : : : : : 32 5.2 Meta-level Programming : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33 5.2.1 De�nition of SynOb j Sub classes : : : : : : : : : : : : : : : : : : : : : : : 33 5.3 Examples : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33 5.3.1 A tomic Class : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33 5.3.2 Global P oin ter : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 34 5.3.3 P ersisten t Ob ject : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 34 i

5.3.4 Remote Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 35 5.3.5 Mutex Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 35 6 Curren t Status of the M P C + + Meta-lev el Arc hitecture 36 A New Syn tax P atterns 39 A.1 Sp eci�er/Declarator : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39 A.2 Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39 A.3 Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 40 B Syn tax T ree Classes in Abstract Compiler 40 B.1 Sp eci�cation and Declarator : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 B.1.1 Sp ecDecl : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 B.1.2 Storage Class Sp eci�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 B.1.3 F unction Sp eci�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 B.1.4 Quali�er Sp eci�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42 B.1.5 Basic T yp e Sp eci�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42 B.1.6 Structure/Class Declarator : : : : : : : : : : : : : : : : : : : : : : : : : : 42 B.1.7 Union Declarator : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42 B.1.8 BaseSp ec : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43 B.1.9 Base : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43 B.1.10 AccDecl : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43 B.1.11 DeclComaList : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43 B.1.12 F unction Declaration : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43 B.1.13 Mo di�er List : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.1.14 P oin ter Declarator : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.1.15 Reference Declarator : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.1.16 New Sp eci�er/Declarator Mo di�er : : : : : : : : : : : : : : : : : : : : : : 44 B.1.17 New Mem b er Mo di�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.1.18 New Structure : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.1.19 New Sp eci�er : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.2 Storage : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.2.1 Storage : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44 B.2.2 F unction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45 B.2.3 V ariable : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45 B.2.4 Enum : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45 B.3 Statemen ts : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45 B.3.1 Statement : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45 B.3.2 Declaration Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46 B.3.3 Expr Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46 B.3.4 Comp ound Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46 B.3.5 Lab el Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47 B.3.6 If Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47 B.3.7 Switch Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47 B.3.8 Case Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47 ii

B.3.9 F or Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47 B.3.10 While Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48 B.3.11 Do While Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48 B.3.12 Goto Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48 B.3.13 Break Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48 B.3.14 Return Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48 B.3.15 Con tin ue Statemen t : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48 B.3.16 Extendable Statemen ts : : : : : : : : : : : : : : : : : : : : : : : : : : : : 49 B.4 Expressions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 50 B.4.1 Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 50 B.4.2 V ariable Name Expression : : : : : : : : : : : : : : : : : : : : : : : : : : 50 B.4.3 Coma Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 50 B.4.4 Constant Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 50 B.4.5 This Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 50 B.4.6 F unction In v o cation Expression : : : : : : : : : : : : : : : : : : : : : : : 51 B.4.7 F unction In v o cation P arameter : : : : : : : : : : : : : : : : : : : : : : : 51 B.4.8 Dot Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 51 B.4.9 Poin ter Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 51 B.4.10 P ost/Pre Inc/Dec Expressions : : : : : : : : : : : : : : : : : : : : : : : : 51 B.4.11 Assignmen t Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : 52 B.4.12 Conditional Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : 52 B.4.13 Unary Logical Expression : : : : : : : : : : : : : : : : : : : : : : : : : : 52 B.4.14 Binary Logical/Arithmetic Expression : : : : : : : : : : : : : : : : : : : 52 B.4.15 Sizeof Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 B.4.16 Cast Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 B.4.17 New Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 B.4.18 Delete Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 B.4.19 New Unary Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 B.4.20 New Binary Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 B.4.21 New T rinary Expression : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 iii

1 INTRODUCTION 1 1 In tro duction User demands to extend programming language seman tics or in tro duce new notation are grow- ing b ecause of the need to adapt a language to paticular application domains suc h as paral- lel/distributed en vironmen ts[2, 4, 5, 12], real-time system[11], and so on. New language notation will mak e it easier for users to impro v e program readabilit y and maintainabilit y . Moreov er, the compiler ma y ha v e a c hance to generate an e�cien t co de for a high-lev el abstracted notation. Some researc hers ha v e implemen ted compilers for new extended programming languages. This w orks well but requires a great deal of e�ort. The di�cult y , how ev er, is that a base pro- gramming language sp eci�cation b ecomes hard to follo w when that sp eci�cation is frequen tly up dated as in C + + . Other researc hers hav e implemen ted prepro cessors or translators to gener- ate a target language co de. This is a simpler approac h to implemen ting an extended language, but, it is di�cult to pro vide a sym b olic debugger for suc h programming languages b ecause the prepro cessor cannot generate the information the debugger requires. Some users use a traditional macro pro cessing utility suc h as cpp for C and C + + to introduce new notation. This approac hes, ho w ev er, results in v ery restricted functionalit y in the sense that i) it only substitutes a macro expression for a sym b ol without an y grammatical rules, and ii) the compiler cannot usually generate correct error messages for errors o ccurring in the expanded co de. T o create an extendable programming language, w e prop ose a meta-level arc hitecture for C + + . The meta-level arc hitecture has b een designed for practical rather than theoretical use. That is, meta-circularit y[18] or sev eral lev els of meta systems[10, 14] are eliminated. In exist- ing meta-lev el architectures for ob ject-orien ted languages suc h as ABCL/R[19], ABCL/R2[15], Rb cl[7], AL-1/D[14], and so on, language execution b eha vior is de�ned b y the set of ob jects the base-lev el language can mo dify . Those systems do not fo cus on introducing new notation. The arc hitecture prop osed here fo cuses on this capabilit y . The meta system consists of the lexical analyzer, parser, and co de generator ob jects, which constitute an abstract compiler, and syn tax tree ob jects that represen t the parse tree of a program. The user ma y i) register a new k eyw ord for a syn tax pattern selected from prede�ned patterns so that the lexical analyzer ob ject recognizes the tok en for the syn tax pattern, and ii) de�ne and mo dify op erations ov er the syn tax tree so that the co de generation ma y b e mo di�ed. Sev eral meta system mo di�cation facilities supp ort easy meta-lev el programming. W e b eliev e that this approac h is the same as the Metaob ject Proto col (MOP) of CLOS[13]. The meta-lev el arc hitecture is part of M P C + + [9] which is an extension to C + + . W e use this feature to implemen t other extensions of M P C + + features suc h as data parallel and real-time programming facilities. In this pap er, the prop osed meta-lev el architecture is called the M P C + + meta-lev el arc hitecture.

2 DESIGN 2 The do cumen t, whic h is in tended to replace the macro feature prop osed in [9], is organized as follo ws. In section 2, after a summary of the requiremen ts of an extendable C + + language, w e presen t our design philosoph y and an o v erview of the M P C + + meta-lev el arc hitecture. W e also list extension examples that will b e dev elop ed later in the do cumen t using the M P C + + meta-level arc hitecture. In section 3, w e extend the C + + language for meta-lev el programming. Section 4 describ es the meta-lev el system. Section 5 giv es readers the M P C + + meta-lev el proto col whic h enables users to do easy meta-level programming. Finally , in Section 6, w e discuss the curren t status of the M P C + + meta-lev el arc hitecture. 2 Design 2.1 Requiremen ts The compiler compiler enables language developers to dev elop a compiler or prepro cessor system more easily than dev eloping it from scratc h. Dev eloping the system and mo difying it to extend the language feature, ho w ev er, is still a c hallenge. Most extensions do not require ma jor compiler reconstruction, but do require the in tro duction of a new syntax and seman tics whic h w ould b e implemen ted by the base language and a stab co de. What is needed is a go o d extension facilit y that mak es it easy to describ e the new syn tax and seman tics. The facilit y need not b e as general as in a compiler compiler, but m ust not b e limited as in a macro pro cessor. Rather, it m ust allo w most C + + extensions to b e implemen ted. The follo wing is a summary of existing C and C + + extensions. 1. New t yp e mo di�er In a parallel system environmen t, global p ointers and related op erations ha v e b een in tro- duced to access the remote memory area in Split-C[3], EM-C[16], and CC++[2]. T o add an additional feature to an ob ject, some mo di�ers to the class declaration are in tro duced in R TC++[11], Men tat[6], CHARM++[12], and so on. Of course, the seman tics of op era- tions on the mo di�ed t yp e, including metho d in v o cation, has b een newly de�ned in those extended C + + languages. F or example, an active mo di�er of the class declaration in R TC++ has b een in tro duced to describ e a serv er ob ject that is an activ e en tit y receiving requests and executing them. 2. New t yp e structure In pC++[4], a new structure called c ol le ction has b een in tro duced to describ e data parallel computation. In F O[5], M P C + + [9], and so on, a new mem b er declaration part in the class declaration has b een in tro duced to describ e parallel/distributed computing. New

2 DESIGN 3 in v o cation mec hanisms ha v e b een designed for functions declared in these new member declaration parts. 3. New expressions and statemen ts A remote in v o cation expression has b een in tro duced to generate the RPC stab co de in languages for distributed computing. Some structured statemen ts for controlling parallel execution are found in COOL[1], Extended-C++[17], CC++, R TC++, and so on. 4. New function capabilities New notation has b een in tro duced to giv e a function new capabilities. An example is a p ar al lel function in COOL[1]. 5. New mo di�er for v ariables New notation that declares a parallel v ariable as a set of storage lo cations allo cated on pro- cessors has b een in tro duced in parallel languages. F or example, in M P C + + , \ int a@[10]; " means that a parallel v ariable is de�ned in a one-dimensional arra y top ology pro cessor with a dimension of 10. 2.2 Philosoph y Required extensions are not p ossible with a macro pro cessor suc h as cpp b ecause the pro cessor m ust kno w the syn tax and t yp e information. T o compile extensions, the pro cessor m ust parse the program co de and handle the parse tree. W e emplo y a meta-lev el arc hitecture to accomplish this. The seman tics of C + + and ho w the C + + program is compiled are, of course, supplied b y the compiler. F rom the viewp oin t of the programmer, the compiler is a meta system of the programming language if the system is written in the same programming language and is visible to and mo di�able b y the programmer. W e can design many meta-lev el arc hitectures for C + + . Though w e can sa y that a regular C + + compiler written in C + + is a meta system of the C + + program, the compiler do es not supp ort a meta-level arc hitecture that mo di�es and extends C + + features. Rather, suc h a compiler ma y b e thought of as a traditional b o ot-strapping compiler. A meta-lev el arc hitecture m ust b e elegan t in terms of concept and theory . A meta-lev el arc hitecture, ho w ev er, is often lik e a dinosaur in terms of e�ciency as a to ol for an extendable programming language. What we need is a go o d meta-level architecture that allo ws C + + users to mo dify and extend C + + features easily . W e do not in tend to allow users to extend any syn tax b ecause go o d extensions must �t some pattern. Moreo v er, the system would b e to o complicated if w e allo w ed an y syn tax extension the user w an ted. Instead, the M P C + + meta-lev el arc hitecture is designed so that an arbitrary

2 DESIGN 4 Figure 1: M P C + + Meta-Lev el Arc hitecture grammar rule is not dynamically de�ned but extension patterns are prede�ned. The exten- sion patterns are designed based on the C + + and existing extended C + + language features summarized ab o v e. The M P C + + meta-lev el arc hitecture is de�ned b y a set of ob jects represen ting a go o d ab- stract compiler that the user can mo dify . Those ob jects can b e describ ed in C + + without an y extensions of the class de�nition system. W e did, ho w ev er, in tro duce a few extensions to obtain go o d meta-lev el programmability . Since man y users complain ab out new k eyw ords for new extensions b ecause they con ict with identi�ers, e.g., v ariable and function names, used in existing programs, w e in tro duced only new k eyw ords that do not con ict with the C + + iden ti�er system. 2.3 Ov erview As sho wn in Figure 1, the M P C + + meta-level arc hitecture de�nes an abstract compiler and an in terface for mo difying the compiler using C + + .

2 DESIGN 5 1. Meta-lev el abstract compiler The abstract compiler consists of a lexical analyzer, parser, co de generator, and name table ob jects. The lexical analyzer ob ject has a k eyw ord table where new k eyw ords are registered b y the base-lev el program. The ob ject tak es a C + + program and pro duces a sequence of tok ens. Con taining the C + + grammar and grammar for extension patterns, the parser ob ject receiv es tok ens from the lexical analyzer ob ject and creates syn tax tree ob jects based on the grammars. The syntax tree ob ject has metho ds for c hec king data t yp e and generating co de. The co de generator ob ject in v ok es the co de generation metho d of the syn tax tree ob ject. A name table ob ject main tains type, v ariable, and function names. 2. Meta-lev el C + + extension The follo wing new features are in tro duced in the meta-lev el C + + language system to represen t the abstract compiler and to enable the C + + user to mo dify it: i) v ariable o v er classes and dynamic ob ject creation from the v ariable that extends the Run Time Type Information arc hitecture prop osed b y the ANSI/ISO C + + standard committee, and ii) a parse tree constan t that de�nes a parse tree ob ject statically . 3. Metaob ject proto col The user can in tro duce a new syntax and mo dify the C + + language seman tics using the sp ecial in terface in tro duced in the C + + language. T o allow the user in tro duce this new syn tax, functions that register the new k eyw ord and create the new syn tax tree class are pro vided. The user can program syn tax tree metho ds that transform sources and generate co de to de�ne a new syn tax or mo dify the C + + seman tics. 2.4 Examples W e use several examples of C + + extensions in the follo wing sections to illustrate ho w extensions are realized b y the M P C + + meta-level arc hitecture. Section 2.4.1 introduces the notion of atomic class as an example of type sp eci�er and mem b er mo di�ers. In section 2.4.2, the implemen tation of the global p oin ter exempli�es a declarator mo di�er. Section 2.4.3 in tro duces the p ersisten t class to illustrate handling of a structure. Section 2.4.4 in tro duces remote function in v o cation and parallel v ariable access expressions as an example of a new expression. The parallel v ariable declaration in this section is an example of storage extension capabilit y . Section 2.4.5 introduces a critical region statement as an example of a new statement. 2.4.1 A tomic Class

2 DESIGN 6 1 atomic class Buffer { 2 private: 3 char buf[BUF_SIZE]; 4 int in; 5 int out; 6 public: 7 Buffer() { in = out = 0; } 8 char read() when (in � out);?label{ex:when} 9 void write(char) 10 when (in � (out + 1)%BUF_SIZE){ 11 buf[out] = c; 12 out = (out + 1) % BUF_SIZE; } 13 }; 14 char Buffer::read() 15 { 16 char ch; 17 ch = buf[in]; 18 in = (in + 1)%BUF_SIZE; 19 return ch; 20 } Figure 2: A tomic Class Example In an atomic ob ject, only one thread of con trol is allow ed to b e executed. Concurren t execution con trol is ac hiev ed b y guard clauses, eac h of whic h can b e de�ned in a metho d. The metho d is executed if the expression in the guard clause is true, otherwise, the execution is p ostp oned un til the expression b ecomes true. Figure 2 sho ws an example of an atomic class. Class Buffer is a b ounded bu�er where metho ds read and write are de�ned. The read metho d’s in v o cation is susp ended if no v alues ha v e b een stored in the bu�er. The write metho d’s in v ocation is susp ended if the bu�er is full. Eac h guard expression sp eci�es these conditions. Figure 3 depicts the co de generation of the example sho wn in Figure 2. The generated class has run-time v ariables bb and sig . V ariable bb p oin ts to an ob ject of class Mutex , whic h realizes m utual exclusion. V ariable sig p oin ts to an ob ject of class Signal , whic h con trols execution. Since the guard expressions are translated in to metho ds read guard and write guard , w e call them guard metho ds. As sho wn in Figure 3, metho ds read and write are translated as follo ws: � Metho d enter of ob ject Mutex is called so that execution en ters the critical region. � The guard metho d is called. � If the guard metho d returns the false v alue, metho d suspend of the Signal ob ject is in v ok ed after metho d leave of the Mutex ob ject is called. Execution is susp ended inside metho d suspend . When execution is resumed, the metho d is executed again. � If the guard metho d returns the true v alue, the metho d b o dy is executed. Metho d guard check is then inv ok ed b efore the critical region is left.

2 DESIGN 7 2.4.2 Global P oin ter Let us consider a global p oin ter that makes it p ossible to access remote memory in a distributed memory parallel mac hine en vironmen t. As shown in Figure 4, k eyw ord global is in tro duced to describ e the global p oin ter. V ariable gp is declared as a global p oin ter in line 1. Although the op erations of a global p oin ter use the same semantics as an ordinal C + + p oin ter, the co de generation is di�eren t. Figure 5 outlines the co de generation of the program in Figure 4. The represen tation of gp is structure globalStorage . All op erations of the global p oin ter are transformed to calling libraries, e.g. calling of globalAddrSet for the assignmen t expression. 2.4.3 P ersisten t Ob ject This section presen ts a simple p ersisten t ob ject. As sho wn in Figure 6, an ob ject b ound in a permanent v ariable is a p ersisten t ob ject residing in the secondary storage area. The p ersisten t ob ject is loaded when the program is executed. Figure 7 illustrates the co de generation of the program in Figure 6. New functions readPO A and write PO A are generated to read data for the ob ject from secondary storage and to sa v e the ob ject data to storage, resp ectiv ely . New functions setupPO A a1 and endupPO A a1 are pro duced for initialization and �nalization of the a1 p ersistent ob ject. 2.4.4 Remote Expression Let us introduce a parallel v ariable and remote function in v ocation. Line 2 in Figure 8 declares parallel v ariable bar , whic h exists on pro cessors. In line 5, bar ’s v alue on pro cessor 2 is referred to. F unction in v o cation follow ed b y @ in line 5 is a remote function in v o cation expression. In the expression, the foo function is inv ok ed on pro cessor 10. Figure 9 sho ws the translated co de from the example in Figure 8. 2.4.5 Mutex Statemen t T o set up the critical region in parallel pro cessing, the programmer creates the Mutex class, whic h has enter and leave metho ds. The critical region is programmed in such a w a y that metho d enter must b e in v ok ed b efore the critical region is en tered, and metho d leave m ust b e in v ok ed on exiting the critical region. Sample co de is sho wn b elo w.

2 DESIGN 8 1 class Buffer { 2 private: 3 char buf[BUF_SIZE]; 4 int in; 5 int out; 6 Mutex bb; 7 Signal sig; 8 public: 9 Buffer() { in = out = 0; } 10 int read_guard() { return in != out; } 11 int write_guard() 12 { return in != (out + 1)%BUF_SIZE; } 13 void write(char ch) { 14 retry: 15 bb.enter(); 16 if (write_guard() != TRUE) { 17 bb.leave(); sig.suspend(); 18 goto retry; 19 } else { 20 // write body is here 21 guard_check(); 22 bb.leave(); 23 } 24 } 25 void guard_check() { 26 if (sig.isWaiting()) { 27 sig.allresume(); 28 } 29 } 30 }; 31 char Buffer::read() 32 { 33 char ch; 34 retry: 35 bb.enter(); 36 if (read_guard() != TRUE) { 37 bb.leave(); sig.suspend(); 38 goto retry; 39 } else { 40 // read body is here 41 guard_check(); 42 bb.leave(); 43 return ch; 44 } 45 } Figure 3: Co de Generation for A tomic Class Example 1 int * global gp; 2 int li; 3 4 main() 5 { 6 gp = &li; 7 *gp = 10; 8 foo(*gp + 2); 9 } Figure 4: Global P oin ter Example

2 DESIGN 9 1 struct _globalStorage gp; 2 int li; 3 4 main() 5 { 6 _globalAddrSet(&gp, (void*)&li); 7 _globalPut(&gp,10); 8 foo(_globalGet(&gp) + 2); 9 } Figure 5: Co de Generation for Global Poin ter Example 1 class A { int i; float f; }; 2 permanent A a1; 3 permanent A a2; Figure 6: P ersisten t Ob ject 1 class A { 2 friend _readPO_A(char*, A*); 3 friend _writePO_A(char*, A*); 4 int i; 5 float f; 6 }; 7 A a1; 8 A a2; 9 _readPO_A(char *name, A *obj) 10 { 11 pf_seek(name); 12 pf_read(sizeof(int), (void*) &obj->i); 13 pf_read(sizeof(float), (void*) &obj->f); 14 } 15 _writePO_A(char *name, A *obj) 16 { 17 pf_seek(name); 18 pf_write(sizeof(int), (void*) &obj->i); 19 pf_write(sizeof(float), (void*) &obj->f); 20 } 21 _startup_PO_A_a1() { _readPO_A("a1", &a1); } 22 _endup_PO_A_a1() { _writePO_A("a1", &a1); } 23 _startup_PO_A_a2() { _readPO_A("a2", &a2); } 24 _endup_PO_A_a2() { _writePO_A("a2", &a2); } Figure 7: Co de Generation for P ersisten t Ob ject 1 void foo(int, int); 2 int bar@[10]; 3 sub() 4 { 5 return foo(1, 2)@[10] + bar@[2]; 6 } Figure 8: Remote Expression

2 DESIGN 10 1 void foo(int, int); 2 int bar; 3 sub() 4 { 5 ...; 6 _rpc(foo, 10, 1, 2) + _rmc(&bar, 2); 7 ...; 8 } Figure 9: Co de Generation for Remote Expression 1 Mutex mm; 2 void sub() 3 { 4 mutex(mm) { 5 if (/* ... */) break; 6 for (/**/;/**/;/**/) { 7 /**/ 8 if (/* ... */) break; 9 if (/* ... */) goto l1; 10 } 11 if (/* ... */) return; 12 l1: 13 if (/* ... */) goto l2; 14 } 15 /* ... */ 16 l2: 17 return; 18 } Figure 10: Mutex Example 1 Mutex mm; 2 sub() 3 { 4 mm.enter(); 5 /* critical region here */ 6 mm.leave(); 7 } One risk of the ab o v e program is that the critical region w ould remain un�nished if the programmer forgot to in v ok e metho d leave . Here, w e in tro duce a new statemen t mutex to realize the critical region. Figures 10 and 11 sho w a program example using the mutex statemen t and the co de gen- eration for the example. In the example, the break statemen t in line 5 exits from the mutex statemen t, and the break statemen t in line 8 exits from the for lo op statemen t. The goto statemen t in line 9 jumps to the l1 lab el de�ned within the mutex statemen t, and the goto statemen t in line 13 jumps to outside the mutex statement. Th us, the co de of the goto state- men t in line 13 includes the exit co de of the mutex statemen t, i.e., the in v ocation of mm.leave metho d in line 13. If a return statemen t app ears within the mutex statement as in line 11, the co de generation also includes the exit co de of the mutex statemen t as in line 11.

2 DESIGN 11 1 Mutex mm; 2 void sub() 3 { 4 mm.enter(); { 5 if (/* ... */) goto LID001; 6 for (/**/;/**/;/**/) { 7 /**/ 8 if (/* ... */) break; 9 if (/* ... */) goto l1; 10 } 11 if (/* ... */) { mm.leave(); return; }; 12 l1: 13 if (/* ... */) { mm.leave(); goto l2}; 14 } 15 LID001: 16 mm.leave(); 17 /* ... */ 18 l2: 19 return; 20 } 21 Figure 11: Co de Generation for Mutex Example Figure 12: A Syn tax T ree

3 MET A-LEVEL C + + EXTENSION 12 3 Meta-lev el C + + Extension Some C + + extensions are in tro duced at the meta-lev el to represen t and handle the syn tax tree ob ject. Since those extensions are only meta-lev el features, C + + base-level programming is not a�ected. 3.1 V ariable o v er Classes If w e implemen ted a naiv e parser, the program in Figure 10 w ould b e transformed to the syn tax tree sho wn in Figure 12. Each no de of the tree is represen ted by a syn tax tree ob ject. Syn tax tree ob ject ReturnStmt in this �gure means that execution exits from the mutex statemen t and returns from the sub function. These seman tics are di�erent from the normal return statemen ts. The parser should generate a di�eren t syn tax no de, e.g. MutexReturnStmt , with resp ect to the seman tics. These di�eren t semantics originate from structural b eha vior (or con text), i.e., whether or not they are inside the mutex statement. Statically , the parser kno ws neither all con texts deriv ed from new statemen ts nor syn tax tree classes b ecause the user ma y in tro duce new contexts and classes using the M P C + + meta-level feature. Since C + + requires concrete class de�nition b efore creating an instance ob ject of a class, w e cannot program the parser so that the syntax tree ob ject is created dynamically from a class that has b een created with resp ect to the con text. If w e ha v e a v ariable o v er classes, the syn tax tree ob ject is created using the v ariable that is b ound to a particular class according to the con text. W e follow and extend the Run Time T yp e Information arc hitecture in the draft C + + stan- dard. That is, the sp ecial class type info and the typeid op erator are builtin to keep infor- mation on a t yp e and to refer to a type info that represents the t yp e, resp ectiv ely . In addition to op erator == , op erator <= is de�ned in the class to chec k the sub class relation. Moreo v er, the base typeid op erator is in tro duced to represen t a base-lev el t yp e. In the follo wing example, anyClass is a v ariable ov er types. 1 class Return; 2 const type_info *anyClass; W e need a facility to create an ob ject from a t yp e v ariable b ound to the t yp e iden ti�er of a class. Unfortunately , since the curren t draft C + + standard do es not sp ecify the facilit y , we in troduce a new expression called dynamic new for that purp ose. The follo wing is an example:

4 MET A-LEVEL OBJECTS 13 1 class Return : Stmt {/*...*/}; 2 class MutexReturn : Return {/*...*/}; 3 foo() 4 { 5 const type_info *returnClass; 6 Return *returnNode; 7 8 returnClass = typeid(Return); 9 returnNode = dynamic_new returnClass; // create an object of class Return 10 returnClass = typeid(MutexReturn); 11 returnNode = dynamic_new returnClass; // create an object of class MutexReturn 12 } 3.2 Syn tax T ree Constan t A syn tax tree ob ject may b e de�ned as a constan t v alue, called a syntax tr e e c onstant . An expression surrounded b y ‘( and ) represents a syn tax tree ob ject for the expression. A statemen t surrounded b y ‘ f and g represen ts the statement syn tax tree ob ject. syntax-tr e e-c onstant: ‘( expr ession ) ‘ f statement g ‘[ p ar ameter-de clar ation-list ] The follo wing is an example: ‘( 1 + 2 + 3 ) ‘{ foo() { return i; } } The user may use v ariables in a syn tax tree constan t. An iden ti�er v ariable b egins with a dollar sign follow ed b y a n um b er. A t yp e v ariable b egins with t w o dollar signs follo w ed b y a n um b er. The n um b er represen ts the parameter p osition. Since a syn tax tree constant is an ob ject deriv ed from class SynObj , metho ds of that class ma y b e inv ok ed. 1 ‘($1 + $2).genCode(10, 20); 2 ‘{ struct $1 { int i; }; }.genCode("foo"); 3 ‘{ int $1(int i) { return i; } }.genCode("bar"); 4 ‘{ $$1 $2; }.genCode(new BasicType(TYPE_INT), "a"); 5 ‘{ $$1 $2[$3]; }.genCode(base_typeid(float), "f", 10); If the ab o v e examples are executed b y inv oking metho d genCode , the follo wing co de is generated: 1 10 + 20; 2 struct foo { int i; }; 3 int bar(int i) { return i; } 4 int a; 5 float f[10]; 4 Meta-lev el Ob jects As sho wn in Figure 13, the abstract compiler at the meta-lev el consists of i) the lexical analyzer, parser, and co de generator ob jects making up the abstract compiler, ii) syn tax tree

4 MET A-LEVEL OBJECTS 14 Figure 13: Abstract Compiler Ov erview ob jects representing the parse tree of a program, and iii) name table ob jects that manage lo cal/global t yp e, v ariable, and function names and are visible from the syn tax tree ob jects. Those ob jects are describ ed in this section. 4.1 Lexical Analyzer Ob ject The lexical analyzer tak es a C + + source program and pro duces tok ens. Users can register a new k eyw ord with any of the prede�ned patterns, whic h are carefully designed to accommo date most existing extended C + + languages. When the lexical analyzer reads a newly registered keyw ord, it pro duces a tok en de�ned b y the syn tax pattern and the class name asso ciated with the k eyw ord. Figure 14 sho ws the user in terface of the lexical analyzer ob ject. The user in v ok es metho d bindKeyword to register a new k eyw ord. The metho d’s argumen ts are the k eyw ord name, tok en t ype, and the t yp e iden ti�er of a syn tax tree ob ject. The de�nition of the tok en t yp e is giv en in an app endix. T o ac hiev e con text dep enden t pro cessing in the abstract compiler, the asso ciation of key- w ords and type iden ti�ers in the keyw ord table is dynamically mo di�ed. Metho ds pushKeywordTable and popKeywordTable are resp onsible for handling those v ersions of the k eyw ord table.

4 MET A-LEVEL OBJECTS 15 1 class LexicalAnalyzer { 2 friend class Parser; 3 private: 4 TokenType getToken(typeid &clname); // for parser object 5 public: 6 int bindKeyword(char *name, TokenType tt, typeid clname); 7 void pushKeywordTable(); 8 void popKeywordTable(); 9 }; 10 extern LexicalAnalyzer *lex; Figure 14: Lexical Analyzer Ob ject 4.2 P arser Ob ject In addition to the C + + grammar rules, the parser ob ject has grammar rules for prede�ned syn tax patterns sho wn in app endix A. F or example, the grammar rule with token NEW STMT1 is the new statemen t whic h takes one argument and comp ound statemen t in Figure 13. The parser ob ject is the main routine in the abstract compiler for the follo wing pro cessing. 1. The parser ob ject in v ok es metho d getToken of the lexical analyzer ob ject to receiv e a tok en. If the tok en is a k eyw ord, the t yp e iden ti�er of the parse tree class for that k eyw ord is also receiv ed. (a) F or a statemen t tok en, the pro cedure is as follo ws: The parser ob ject creates an ob ject of the parse tree class using the received t yp e iden ti�er. The created ob ject is called a top envir onment ob ject. The ob ject metho d cntxtEnter is in v ok ed so that the k eyw ord table k ept in the lexical analyzer ob ject can b e mo di�ed in metho d bind called b y cntxtEnter . (b) F or an expression op erator tok en, the pro cedure is as follo ws: Syn tax trees of the ex- pression op erands are �rst pro duced. The syntax tree class representing the expression is selected using op erand t yp es and the op erator tok en. The parser ob ject k eeps a database of the parse tree classes and their op erand t yp es. As sho wn in Figure 15, metho ds regUnaryOp and regBinaryOp are provided to register the database en try . (c) F or a sp eci�er or declarator tok en, metho d declstruct is in v ok ed after the syn tax tree ob ject is obtained to giv e a mo di�er ob ject a c hance to mo dify the original structure. (d) F or a mem b er function/storage tok en, metho d memberModify is inv ok ed after the syn tax tree ob ject is obtained to giv e a mo di�er ob ject a chance to mo dify the original mem b er function/storage. (e) In all other cases, the parser ob ject creates a parse tree class ob ject using the receiv ed t yp e iden ti�er.

4 MET A-LEVEL OBJECTS 16 1 class Parser { 2 public: 3 int regUnaryOp(TokenType op, typeid operand, typeid newUnaryOp); 4 int regBinayOp(TokenType op, typeid left, typeid right, 5 typeid newBinaryOp); 6 }; 7 extern Parser *parser; Figure 15: Parser Ob ject 2. The parser ob ject con tin ues to in v ok e getToken of the lexical analyzer ob ject and generates a syn tax tree ob ject according to the grammar rule. The parser ob ject then in v ok es metho d cntxtLeave of eac h top en vironmen t ob ject pro duced. 3. The parser ob ject in v ok es metho d genCode of the co de generator ob ject with the syn tax tree ob ject as the argumen t. 4.3 Co de Generation Ob ject The co de generation ob ject is resp onsible for generating the co de. Metho d genCode , whose argumen t is a syn tax tree ob ject, is inv ok ed by the parser ob ject. The co de generation ob ject generates target co de b y in v oking the co de generation metho d of the syn tax tree ob ject. 4.4 Name T able Ob ject A name table ob ject keeps all information on t yp es, functions, and v ariables names. The name table ob ject that k eeps global names is called the global name table ob ject. Several name table ob jects, called lo cal name table ob jects, are created to handle the C + + scop e rule. The meta-lev el v ariable globalNameTable p oints to the global name table ob ject. The meta-lev el v ariable curNameTable p oin ts to a lo cal name table ob ject. The user cannot c hange the C + + scop e rule in this v ersion of the meta-lev el arc hitecture. 4.5 Syn tax T ree Ob ject A syn tax tree ob ject represents a t yp e sp eci�cation, storage/function declaration, expres- sion, or statemen t. Figure 16 sho ws the class hierarch y of syntax tree classes. A syntax tree class is deriv ed from class SynObj . When a new syn tax is in tro duced using the meta-lev el facilit y , a new class represen ting the syn tax is created. This class m ust b e a sub class of the NewSpecDeclModifier , NewMemModifier , NewStructDecl , NewSpec , NewStmt1 to NewStmt6 , NewUnaryExpr , NewBinaryExpr , or NewTrinaryExpr class in Figure 16. Declaration of syn tax tree classes is given in app endix B.

4 MET A-LEVEL OBJECTS 17 Figure 16: P arse T ree Classes 4.6 Examples M P C + + meta-lev el ob jects are used to create extension examples presen ted in Section 2.4. Although programs in the rest of this section cannot b e used exactly as presen ted, they nev- ertheless will help the reader to understand the arc hitecture. Correct programming in M P C + + MOP will app ear in the next section. 4.6.1 A tomic Class Let us implemen t the atomic class describ ed in Section 2.4.1. Figure 17 sho ws the declaration of classes Atomic and Guard . Class Atomic represen ts the syn tax tree ob ject for atomic sp eci�er mo di�er. Class Guard is declared to represen t the guard clause syntax tree ob ject. T o allow the new k eyw ords atomic and guard to b e handled in the lexical analyzer ob ject, the statemen ts in lines 18 and 18 m ust b e executed. Class AtomicReturn represen ts the return statemen t within a metho d of the atomic class. The co de for return for the atomic class m ust b e generated where metho d leave of class Mutex is in v ok ed. The program in Figure 18 shows that class AtomicReturn is de�ned and k eyw ord return and the class are asso ciated in line 7. Metho d declStruct of class Atomic is de�ned b elo w. The metho d is in v ok ed when a class is declared with the atomic mo di�er.

4 MET A-LEVEL OBJECTS 18 1 class Atomic : public NewSpecDeclModifier { 2 private: 3 virtual SynObj *memberModify(Function *); 4 virtual SynObj *declStruct(); 5 void bind(); 6 virtual SynObj *storage(Symbol *name) { return next->genStorage(name); } 7 virtual SynObj *type() { return next->getType(); } 8 public: 9 static void init(); 10 }; 11 class Guard : public NewMemModifier { 12 public: 13 void setFuncName(); 14 SynObj *getFuncName(); 15 }; 16 void Atomic::init() 17 { 18 lex->bindKeyword("atomic", SPEC_MODIFIER, Atomic); 19 lex->bindKeyword("guard", MEMBER_MODIFIER, Guard); 20 } Figure 17: Classes A tomic and Guard 1 class AtomicReturn : public ReturnStmt { 2 private: 3 int code() { ‘{ bb.leave(); }.genCode(); return GEN_CONT; }; 4 }; 5 void Atomic::bind() 6 { 7 lex->bindKeyword("return", RETURN, AtomicReturn); 8 } Figure 18: Return Statemen t inside the Atomic Mem b er Metho d 1 SynObj *Atomic::declStruct() 2 { 3 AccDecl *ad; 4 SpecDecl *decl; 5 NewMemModifier *mod; 6 StructDecl *st; 7 BaseSpec *bspec; 8 StructDecl *bdecl; 9 int hasBases = FALSE;

4 MET A-LEVEL OBJECTS 19 10 if (!(typeid(next) <= typeid(StructDecl*))) { 11 errorMessage(lineno, "atomic does not modify structure"); 12 return NIL; 13 } 14 st = (StructDecl*) next; 15 if ((bspec = st->getBaseSpec())) { 16 hasBases = TRUE; 17 while (bspec) { 18 bdecl = bspec->getDecl(); 19 if (!bdecl->searchModifier(typeid(Atomic*))) { 20 errorMessage(lineno, "the base class is not atomic class\n"); 21 return NIL; 22 } 23 bspec = bspec->getNext(); 24 } 25 } else { 26 st->addPrivateMember(‘{Mutex bb;}); 27 st->addPrivateMember(‘{Signal sig;}); 28 } 30 for (ad = st->getAccDecl(); ad; ad = ad->getNext()) { 31 for (decl = ad->getDecl(); decl; decl = decl->getNext()) { 32 if (typeid(decl) == typeid(Function*)) { 33 if ((mod = decl->modifier()) 34 && typeid(mod) == typeid(Guard*)) { 35 /* generating a guard method */ 36 fname = new Symbol(decl->getId(), "_guard"); 37 ((Guard*)mod)->setFuncName(fname); 38 fp = new Function(fname, decl->numArgs(), decl->getArglist()); 39 fp->addStatement(mod->getBody()); 40 st->addPrivateMember(fp); 41 } 42 } 43 } 44 } 45 if (hasBases == FLASE) { 46 st->addPrivateMember(‘{ void guard_check() { if (sig.isWaiting()) { 47 sig.allresume(); 48 } 49 } } ); 50 } 51 return next; 52 } Metho d declStruct of class Atomic p erforms the follo wing tasks: i) c hec ks whether or not it mo di�es the class declaration in lines 10 to 13, ii) mo di�es the class declaration in lines 26 to 27 so that it con tains mem b er v ariables bb and sig , as in Figure 3, iii) pro duces metho ds for guard clauses b y tra v ersing all member declarations of the class in lines 30 to 44, and iv) generates metho d guard check in lines 46 to 49. Metho d memberModify of class Atomic is de�ned b elo w. It is inv ok ed when a mem b er metho d p oin ted b y the argumen t is declared.

4 MET A-LEVEL OBJECTS 20 1 class Global : public SpecDeclModifier { 2 private: 3 virtual SynObj *storage(); 4 virtual SynObj *type(); 5 public: 6 static void init(); 7 }; 8 SynObj* Global::storage() 9 { 10 return ‘{ struct _globalStorage; }.genStorage(); 11 } 12 SynObj* Global::type() 13 { 14 return ‘{ struct _globalStorage; }.getType(); 15 } 16 void Global::init() 17 { 18 lex->bindKeyword("global", DECL_MODIFIER, Global); 19 } Figure 19: Class Global Declaration 1 SynObj *Atomic::memberModify(Function *fp) 2 { 3 FuncDecl *fdecl = fp->getDecl(); 4 SpecDecl *mod; 5 6 if (mod = fdecl->searchModifier(typeid(Guard*))) { 7 IfStmt *ifStmt = new IfStmt(); 8 Expr *expr; 9 Stmt *stmt; 10 StmtList *top; 11 CallParam *param; 12 13 top = new StmtList(‘{ retry: bb.enter(); }); 14 param = fdecl->getParamList(); 15 expr = new FuncCallExpr(((Guard*)mod)->getFuncName(), param); 16 expr = new BinaryExpr(OP_NEQ, expr, ‘(1)); 17 ifStmt->setCond(expr); 18 ifStmt->setThenPart(‘{bb.leave(); sig.suspend(); goto retry;}); 19 stmt = fp->getBody(); 20 stmt->addStmt(‘{guard_check(); bb.leave();}); 21 ifStmt->setElsePart(stmt); 22 top->addStmt(ifStmt); 23 fp->setBody(top); 24 } 25 return fp; 26 } In metho d memberModify of class Atomic , if the metho d denoted b y the argumen t is mo di�ed b y the guard clause in line 6, the metho d b o dy is mo di�ed as in Figure 3. 4.6.2 Global P oin ter T o implemen t the global p oin ter, w e ha v e to de�ne i) the storage generation for a global p oin ter v ariable and ii) the co de generation for expressions inv olving global p ointers. Class Global deriv ed from SpecDeclModifier is de�ned to represen t the global p oin ter in Figure 19. The storage metho d of class Global de�nes the storage de�nition. Here, structure globalStorage

4 MET A-LEVEL OBJECTS 21 1 class GlobalPtrRefExpr : public PtrRefExpr { 2 private: 3 virtual int code(); 4 virtual SynObj *type(); 5 }; 6 GlobalPtrRefExpr::code() 7 { 8 SynObj *dtype = next->getType(); 9 ‘( _globalGet(&$1) ).genCode(next); 10 } 11 SynObj* GlobalPtrRefExpr::type() 12 { 13 SynObj *dtype = next->getType(); 14 return dtype->deRef(dtype); 15 } 16 { 17 parser->regUnaryOp(UNARYEXPR, POINTER, Global, GlobalPtrRefExpr); 18 } Figure 20: Class GlobalPtrRefExpr Declaration is used as the meta-level (or implemen tation) represen tation. Metho d type indicates the meta- lev el data t yp e. After inv oking the statemen t in line 18, the program b elo w on the left is translated in to the program on the righ t. int * global gp; struct _globalStorage gp; GlobalPtrRefExpr deriv ed from PtrRefExpr is de�ned to represen t the global p oin ter ref- erence in Figure 20. After in v oking the statemen t in line 17, the program b elo w on the left is translated in to the program on the righ t. int i = *gp; int i = _globalGet(&gp); Ho w ev er, since the data t yp e of v ariable gp is the global p oin ter in line 9 of the Global metho d code , the argumen t t yp e of globalGet is the address of the global p oin ter that againsts the formal t yp e, the address of the globalStorage structure. W e therefor need the capabilit y to c hange represen tation so that the syn tax tree ob ject p oin ted to b y the next v ariable in line 9 represen ts the meta-lev el (or implemen tation) data t yp e. Metho d metaRep is pro vided in class SpecDecl to accomplish this. 1 GlobalPtrRefExpr::code() 2 { 3 SynObj *dtype = next->getType(); 4 next->metaRep(); 5 ‘( _globalGet(&$1) ).genCode(next); 6 } Figure 21 de�nes the syn tax tree ob ject represen ting the global p oin ter assignment expres- sion.

4 MET A-LEVEL OBJECTS 22 1 class GlobalAsgnExpr : public AsgnExpr { 2 private: 3 virtual int code(); 4 virtual SynObj *type(); 5 }; 6 GlobalAsgnExpr::code() 7 { 8 SynObj *dtype = left->getType(); 9 left->metaRep(); 10 ‘( _globalAddrSet(&$1, (void*)($2)) ).genCode(left, right); 11 } 12 SynObj* GlobalAsgnExpr::type() 13 { 14 SynObj *dtype = left->getType(); 15 return dtype->deRef(dtype); 16 } 17 void initGlobalAsgnExpr() 18 { 19 parser->regBinaryOp(BINARYEXPR, AsgnExpr, Global, Global, GlobalAsgnExpr); 20 } Figure 21: Class GlobalAsgnExpr Declaration 4.6.3 P ersisten t Ob ject Class Permanent deriv ed from class SpecDeclModifier is de�ned to implemen t the p ersisten t ob ject presen ted in section 2.4.3. 1 class Permanent : public SpecDeclModifier { 2 private: 3 void genPOfunc(StructDecl *decl); 4 void genInitPO(Symbol *name, StructDecl *decl); 5 virtual SynObj *storage(Symbol *name); 6 virtual SynObj *type() { return next->getType(); } 7 static Table *initTable; 8 public: 9 static void init(); 10 }; 11 void Permanent::init() 12 { 13 lex->bindKeyword("permanent", SPEC_MODIFIER, Permanent); 14 } The storage metho d of class Permanent is inv ok ed when a v ariable is declared with the permanent mo di�er. W e assume that the next v ariable of a Permanent ob ject p oin ts to a structure declaration ob ject. V ariable initTable k eeps the structure’s identi�ers. Structures stored in initTable ha v e b een pro cessed as p ersistent ob jects. If a structure’s identi�er has not b een stored in the initTable , function genPOfunc is in v ok ed in line 4 to pro duce run-time library functions to read/write a p ersisten t ob ject from/to the secondary storage. F unction genInitPO is in v ok ed in line 8 to generate run-time library setup and endup functions for the v ariable denoted b y v ariable name .

4 MET A-LEVEL OBJECTS 23 1 SynObj* Permanent::storage(Symbol *name) 2 { 3 Identifier *id = next->getId(); 4 if (!initTable->find(id)) { 5 genPOfunc((StructDecl*) next); 6 initTable->enter(id); 7 } 8 genInitPO(name, (StructDecl*) next); 9 return next->genStorage(name); 10 } genPOfunc generates a run-time library routines to read/write a p ersisten t ob ject from/to secondary storage. All that is required is one argumen t, st , p oin ting to the syntax tree ob ject of a structure declaration. First, the syn tax tree ob ject of the function whose name is readPO , follo w ed b y the structure’s name, is created. The function b o dy is generated in lines 15 to 33. The lo op statemen t in line 22 visits all access declarators, suc h as public , private , and protected , and v ariable ad p oin ts to an accDecl ob ject that keeps mem b er declarators. The lo op statemen t in line 23 tra v erses all member declarators in the accDecl ob ject p oin ted to b y ad . If a member declarator represen ts a v ariable, then a read function inv o cation statement is generated in line 26 to initialize the v ariable by reading its stored v alue from secondary storage. Lines 36 to 59 de�ne the generation co de of a function that writes the p ersisten t ob ject to secondary storage. 1 void Permanent::genPOfunc(StructDecl *st) 2 { 3 Symbol *fname; 4 Function *fp; 5 CompStmt *cs; 6 SynObj *syn; 7 AccDecl *ad; 8 BaseSpec *bspec; 9 StructDecl *decl; 10 fname = new Symbol("_readPO_", st->getId()); 11 syn = ‘{friend void $1(char *, $$2*);}.genSynObj(fname, st); 12 st->addMember(syn); 13 cs = new CompStmt; 14 fp = new Function(fname, 2, ‘[char *name, $$1*obj].genSynObj(st), cs); 15 syn = ‘{ pf_seek(name); }.genSynObj(); 16 cs->addStatement(syn); 19 bspec = st->getBaseSpec(); 20 decl = st; 21 do { 22 for (ad = decl->getAccDecl(); ad; ad = ad->getNext()) { 23 for (decl = ad->getDecl(); decl; decl = decl->getNext()) { 24 if (decl->isStorage()) { 25 syn = ‘{ pf_read(sizeof($1), (void*) &obj->$2)} 26 .genSynObj(decl->getType(), decl->getId()); 27 cs->addStatement(syn); 28 } 29 } 30 } 31 } while (bspec 32 && (bspec = bspec->getNext()) 33 && (decl = bspec->getDecl())); 34 fp->genCode();

4 MET A-LEVEL OBJECTS 24 36 fname = new Symbol("_writePO_", st->getId()); 37 syn = ‘{friend void $1(char *, $$2*);}.genSynObj(fname, st); 38 st->addMember(syn); 39 cs = new CompStmt; 40 fp = new Function(fname, 2, ‘[char *name, A *obj], cs); 41 syn = ‘{ pf_seek(name); }.genSynObj(); 42 cs->addStatement(syn); 44 bspec = st->getBaseSpec(); 45 decl = st; 46 do { 47 for (ad = decl->getAccDecl(); ad; ad = ad->getNext()) { 48 for (decl = ad->getDecl(); decl; decl = decl->getNext()) { 49 if (decl->isStorage()) { 50 syn = ‘{ pf_read(sizeof($1), (void*) &obj->$2)} 51 .genSynObj(decl->getType(), decl->getId()); 52 cs->addStatement(syn); 53 } 54 } 55 } 56 } while (bspec 57 && (bspec = bspec->getNext()) 58 && (decl = bspec->getDecl())); 59 fp->genCode(); 60 } 1 void Permanent::genInitPO(Symbol *name, SynObj *decl) 2 { 3 Symbol *fname; 4 Symbol *cname; 5 6 fname = new Symbol("_startup_PO_", decl->getId(), "_", name); 7 cname = new Symbol("_readPO_", name); 8 funcBegin(fname, 0); 9 ‘{ $1($2, &$3); }.genCode(cname, name->asString(), name); 10 funcEnd(); 11 12 fname = new Symbol("_endup_PO_", decl->getId(), "_", name); 13 cname = new Symbol("_writePO_", name); 14 funcBegin(fname, 0); 15 ‘{ $1($2, &$3); }.genCode(cname, name->asString(), name); 16 funcEnd(); 17 } 4.6.4 Remote Expression In Figure 22, Classes Parallel deriv ed from StorageModifier and RemoteExpr deriv ed from BinaryExpr are in tro duced to implemen t a parallel v ariable and remote function inv o cation, resp ectiv ely . After executing function initRemoteExpr , the lexical analy er recognizes the @ k eyw ord as b oth a storage mo di�er and p ost�x expression. The co de generation for the @ p ost�x expression is de�ned in the RemoteExpr ’s metho d code sho wn b elo w. This is a simple metho d in the sense that the rpc function in v o cation is generated if the left expression is a function in v o cation expression, and the rmc function in v o cation is generated if the left expression is a parallel v ariable.

4 MET A-LEVEL OBJECTS 25 1 class Parallel : public StorageModifier { 2 private: 3 virtual SynObj *storage(Symbol *name) { return next->storage(name); } 4 virtual SynObj *type() { return this; } 5 public: 6 static void init(); 7 }; 8 void Parallel::init() 9 { 10 lex->bindKeyword("@", STORAGE_MODIFIER, Parallel); 11 } 12 class RemoteExpr : public BinaryExpr { 13 private: 14 virtual int code(); 15 virtual SynObj *type() { return next->getType(); } 16 public: 17 static void init(); 18 }; 19 void RemoteExpr::init() 20 { 21 lex->bindKeyword("@", NEW_EXPR_POSTFIX_DIMMENSION, RemoteExpr); 22 } Figure 22: Classes Parallel and RemoteExpr 1 RemoteExpr::code() 2 { 3 SynObj *dtype = NIL; 4 5 if (typeid(left->getType()) == typeid(Parallel*)) { 6 if (typeid(left) <= typeid(FuncCallExpr*)) { 7 ‘( _rpc($1, $2, $3) ).genCode(left->getFunc(), right, 8 left->getParam()); 9 } else if (typeid(next) <- typeid(VarName)) { 10 ‘( _rmc(&$1, $2) ).genCode(left, right); 11 } else { 12 // error 13 } 14 } 15 return GEN_END; 16 } 4.6.5 Mutex Statemen t Let us implemen t the m utex statemen t describ ed in Section 2.4. Class MutexStmt representing the mutex statement is de�ned b elo w. Because the m utex statemen t tak es one argumen t, the class is deriv ed from class NewStmt1 .

4 MET A-LEVEL OBJECTS 26 1 class MutexStmt : public NewStmt1 { 2 private: 3 Label *exitLabel; 4 SynObj *mutexp; 5 void bind(); 6 public: 7 int code(); 8 Status genEnter(); 9 Status genLeave(); 10 MutexStmt(SynObj *arg, Stmt *bk) : Stmt(arg, bk) { } 11 static void init(); 12 }; 13 void MutexStmt::init() 14 { 15 lex->bindKeyword("mutex", NEWSTMT_1, MutexStmt); 16 } Metho d init of class MutexStmt registers the new statement mutex , whic h takes one ar- gumen t and one comp ound statemen t, in to the lexical analyzer ob ject. The MutexStmt bind metho d is de�ned b elo w. The metho d replaces syn tax tree classes Goto and Return , default classes, with MutexGoto and MutexReturn , resp ectiv ely . 1 class MutexGoto; 2 class MutexReturn; 3 void 4 MutexStmt::bind() 5 { 6 lex->bindKeyword("goto", GOTO, MutexGoto); 7 lex->bindKeyword("return", RETURN, MutexReturn); 8 } The follo wing program sho ws the co de generation of the mutex statement. 1 MutexStmt::code() 2 { 3 exitLabel = gensym(); 4 mutexp = gensym(); 5 if (arg1->getType() == base_typeid(Mutex)) { 6 ‘{ Mutex *$1; }.genCode(mutexp); 7 ‘{ $1 = ($2).enter(); }.genCode(mutexp, arg1); 8 body->genCode(); 9 ‘{ $1->leave(); }.genCode(mutexp); 10 ‘{ $1: }.genCode(exitLabel); 11 } else if (arg1->getType() == base_typeid(Mutex*)) { 12 ‘{ Mutex *$1; }.genCode(mutexp); 13 ‘{ $1 = ($2)->enter(); }.genCode(mutexp, arg1); 14 body->genCode(); 15 ‘{ $1->leave(); }.genCode(mutexp); 16 ‘{ $1: }.genCode(exitLabel); 17 } else { 18 cerr << "illegal mutex operand in line " << this->lineno->no << endl; 19 } 20 return GEN_END; 21 } W e ha v e to mo dify the co de generation of statemen ts return and goto app eared within the mutex statemen t. Before giving the co de, it is b etter to describ e the proto col that allo ws con trol statemen ts break , return , and goto to b e pro duced. Let a blo ck statement b e a statemen t taking a comp ound statemen t. Statemen ts while and for are examples of a blo c k statemen t. Con trol statemen ts break , return , and goto exit

4 MET A-LEVEL OBJECTS 27 from nested blo ck statemen ts and change the con text. The break statemen t exits from a blo ck statemen t while the return statemen t exits from blo c k statemen ts and the function executed. T o generate the correct co de for exiting eac h blo c k statemen t, the follo wing proto col is de�ned: i) a sub class of BlockStmt represents a blo c k statement, ii) BlockStmt::curEnv p oints to the blo c k statement b eing generated, iii) BlockStmt has metho d genLeave whic h sp eci�es the co de generation for exiting the blo c k statemen t. T o generate the break statemen t co de, metho d genLeave of an ob ject p oin ted to b y BlockStmt::curEnv is in v ok ed. The co de generation metho d of the return statement in v ok es all genLeave metho ds of blo c k statemen ts outside an ob ject p ointed to b y BlockStmt::curEnv . The goto statemen t exits from some nested blo ck statemen ts and ma y jump to another blo c k statemen t. T o ensure the correct co de generation for jumping to a blo c k statemen t, metho d genEnter will b e de�ned in the blo c k statemen t class. The mutext statemen t inv olv es the mo di�cation of con trol statemen ts return and goto . W e do not mo dify the break statemen t, but de�ne genEnter and genLeave metho ds as follo ws. 1 Status MutexStmt::genEnter(Label *) 2 { 3 cerr << "Cannot jump into the mutex statement\n"; 4 return ERROR; 5 } 6 Status MutexStmt::genLeave(Label *&lb) 7 { 8 ‘{ ($1)->leave(); }.genCode(mutexp); 9 lb = exitLabel; 10 return OK; 11 } W e de�ne classes MutexReturn and MutexGoto represen ting statemen ts return and goto , resp ectiv ely . The class id has b een b ound to the return k eyw ord as sho wn in the bind metho d of MutexStmt . 1 class MutexReturn : public ReturnStmt { 2 public: 3 virtual int code(); 4 }; 5 MutexReturn::code() 6 { 7 BlockStmt *env = BlockStmt::curEnv; 8 Label *tmp; 9 10 while (env) { 11 env->genLeave(tmp); 12 env = env->getOuter(); 13 } 14 return GEN_CONT; 15 }

5 MET A OBJECT PR OTOCOL 28 1 class MutexGoto : public GotoStmt { 2 public: 3 virtual int code(); 4 }; 5 MutexGoto::code() 6 { 7 BlockStmt *env = BlockStmt::curEnv; 8 BlockStmt *dstEnv = label->getEnv(); 9 Label *tmp; 10 11 while (env->outEnv(dstEnv)) { 12 env->genLeave(tmp); 13 env = env->getOuter(); 14 } 15 ‘{ goto $1; }.genCode(label); 16 return GEN_END; 17 } In the ab o v e example, functions blockBegin() and blockEnd() are in v ok ed to generate a comp ound statemen t. That is, b y simply in v oking blockBegin() follo w ed b y blockEnd() , the comp ound statemen t fg is generated. 5 Metaob ject Proto col Except for some new notations, the user can write a program at meta-lev el just as in C + + programming. The follo wing syn tax is in tro duced to declare a t yp e, v ariable, or function, or to execute a statemen t in the meta-lev el: meta-de cl: $meta de cl-sp e ci�ers opt de clar ator-list opt ’;’ $meta function-de�nition meta-exe c: $meta c omp ound-statement $meta tells the compiler to shift to the meta-lev el. That is, all name table ob jects are used at the meta-level. F or example, the follo wing example declares global in teger v ariable g1 and the global SynObj p oin ter v ariable sobj that t yp e SynObj is a prede�ned t yp e in the meta-level. $meta int g1; $meta SynObj *sobj; 5.1 New Syn tax Meta-lev el declarator $syntaxdef allows the user to declare a new class deriv ed from a prede- �ned syn tax tree class, and to register the k eyw ord for the new mo di�er, sp eci�er, expression, statemen t, or storage to the k eyw ord table in the lexical analyzer ob ject. Generally sp eaking, meta-la v el declarator $syntaxdef tak es the following form:

5 MET A OBJECT PR OTOCOL 29 $syntaxdef syntax-typ e options keywor d class-id f memb er-sp e ci�c ation opt g syntax-typ e is selected from $modifier , $specifier , $struct , $expression , and $statement . keywor d is the iden ti�er or the identi�er follo w ed b y paired paren theses. inst-vars-def is the declaration of instance v ariables of the syn tax ob ject for the new syntax b eing registered with the meta-lev el declarator. 5.1.1 New Mo di�er meta-mo di�er: $syntaxdef $modifier mo d-typ e identi�er mo d-ar g opt class-id additional-mem-sp e c opt ’;’ mo d-typ e: $decl or $spec or $member mo d-ar g: ( ) additional-mem-sp e c: f memb er-sp e ci�c ation opt g Mo di�er $decl is used to register a declarator mo di�er, whic h means mo difying the declara- tor ’*’. Mo di�er $spec is used to register a sp eci�er mo di�er, whic h means mo difying the t yp e sp eci�cation or class mem b er function. Mo di�er $member is used to register a mem b er function mo di�er. The follo wing are examples: $syntaxdef $modifier $spec global GlobalModifier; In the ab o v e meta-level declaration, the meta-lev el system b ehav es as if the follo wing GlobalModifier class had b een declared and metho d init had b een in v ok ed to register the k eyw ord and class iden ti�er pair in the lexical analyzer ob ject. 1 class GlobalModifier : public SpecDecl { 2 private: 3 virtual SynObj *storage(); 4 virtual SynObj *type(); 5 public: 6 static void init(); 7 }; 8 void GlobalModifier::init() 9 { 10 lex->bindKeyword("global", SPECMODIFIER, GlobalModifier); 11 } The follo wing declaration is legal after the ab o v e meta-lev el declarator has b een pro cessed. global int *p; The lexical analyzer ob ject will create a new syn tax ob ject of class GlobalModifier where global represen ts the parse tree of the ab o v e declaration. The follo wing declaration is illegal b ecause the global mo di�er mo di�es the p ointer declara- tion.

5 MET A OBJECT PR OTOCOL 30 int global *p; T o mak e the ab o v e statemen t legal, the following statemen t m ust b e declared. $syntaxdef $modifier $decl global; Programming designers often design the mo di�ed class declaration so that additional metho d in v o cation features are introduced. The follo wing statemen t shows the guard expression when clause is in tro duced: $syntaxdef $modifier $member when () WhenClause; Then, the follo wing declaration must b e legal: 1 class A { 2 private: 3 int i; 4 public: 5 foo(int j) when(i > j); 6 }; 5.1.2 New Structure meta-new-structur e: $ syntaxdef $struct identi�er class-id additional-mem-sp e c opt ’;’ Meta-lev el declarator $syntaxdef ma y create a new structural notation. The follo wing is an example: $syntaxdef $struct interface IntfStruct; The follo wing declaration is then llegal. 1 interface anObject { 2 /* structural declaration */ 3 }; 5.1.3 New Sp eci�er meta-sp e ci�er: $syntaxdef $specifier identi�er mo d-ar g opt class-id additional-mem-sp e c opt ’;’ $syntaxdef $specifier entry() EntrySpec; 5.1.4 New Expression meta-new-expr esssion: $syntaxdef $expression $infix expr-id ’(’pr e c e denc e ’,’ pr e c e denc e ’)’ class-id additional-mem-sp e c opt $syntaxdef $expression $prefix expr-id ’(’ pr e c e denc e ’)’

5 MET A OBJECT PR OTOCOL 31 class-id additional-mem-sp e c opt $syntaxdef $expression $postfix expr-id ’(’ pr e c e denc e ’)’ class-id additional-mem-sp e c opt expr-id: string pr e c e denc e: newUnaryExpr or newPostfixExpr or newPrimaryExpr or unaryExpr or postfixExpr or primaryExpr or nameExpr or dimensionExpr Meta-lev el declarator $syntaxdef allows the programmer to in tro duce new expressions. In the follo wing example, the new expression ‘‘<-’’ is in tro duced: 1 $syntaxdef $expression $infix "<-" (newPrimaryExpr, primaryExpr) SendExpr; 2 3 sub(tt t) { t <- 10; } 5.1.5 New Statemen t meta-new-statement: $syntaxdef $statement statement-style identi�er identi�er opt class-id additional-mem-sp e c opt ’;’ statement-style: digit $label A new statemen t allo w ed in the M P C + + meta-lev el arc hitecture is a k eyw ord follow ed b y a comp ound statemen t, a k eyw ord with some arguments follo w ed by a comp ound statement, or a new lab el statemen t follo w ed b y argumen ts. Meta-lev el declarator $syntaxdef $statement registers the k eyw ord and its statemen t t yp e in the lexical analyzer. The digit in the syn tax declares ho w many argumen ts are required in the new statemen t. The follo wing are examples:

5 MET A OBJECT PR OTOCOL 32 1 $syntaxdef $statement 0 blkstm1 BlkStm1; 2 $syntaxdef $statement 1 blkstm2 BlkStm2; 3 $syntaxdef $statement 2 blkstm3 BlkStm3; 4 $syntaxdef $statement 1 blkstm41 blkstm42 BlkStm4; 5 sub () 6 { 7 blkstm1 { /* statement */ } // legal statement 8 blkstm2 (/*expr*/) { /* statement */ } // legal statement 9 blkstm3 (/*expr*/; /*expr*/) { /* statement */ } // legal statement 10 blkstm41 (/*expr*/) { /* statement */ } // legal statement 11 blkstm41 (/*expr*/) { // legal statement 12 /* statement */ 13 } blkstm42 { 14 /* statement */ 15 } 16 } 17 18 $syntaxdef $statement $label receive Receive; 19 sub2 () 20 { 21 int i, j, k; 22 23 receive entry(i, j): ; // legal statement 24 receive entry(i, j)[k]: ; // legal statement 25 } 5.1.6 New Storage Class and Extension $sytanxdef $storage meta-lev el statemen t in tro duces new storage classes suc h as the parallel function. The syn tax of the meta-lev el statemen t is as follo ws: meta-new-stor age: $syntaxdef $storage identi�er class-id additional-mem-sp e c opt ’;’ The follo wing is an example: $syntaxdef $storage parallel; The follo wing program is then legal. 1 parallel void pp() { /* statement */ } Meta-lev el statemen t $syntaxdef $extstorage introduces new t yp es of memory storage suc h as the parallel v ariable. meta-extension-stor age: $syntaxdef $extstorage identi�er class-id additional-mem-sp e c opt ’;’ An example is sho wn b elow. Unlik e a storage class, the k eyw ord is placed after the v ariable name. Optionally , an expression ma y lo w the keyw ord. 1 $syntaxdef $extstorage @ Parallel; 2 int i@; 3 int j@[10];

5 MET A OBJECT PR OTOCOL 33 5.2 Meta-lev el Programming 5.2.1 De�nition of SynOb j Sub classes Using the $synobjdef feature, the user can easily de�ne a sub class of class SynObj . meta-class-def: $synobjdef c ontext-sp e c opt class-id : class-id f memb er-sp e ci�c ation opt g c ontext-sp e c: $unaryop ( unary-op er ator , typ e-name-sp e c ) $binaryop ( binary-op er ator , typ e-name-sp e c , typ e-name-sp e c ) typ e-name-sp e c: typ e-name ... F or example, the follo wing MutexGoto class is de�ned as a sub class of GotoStmt , whic h is a sub class of SynObj . 1 $synobjdef MutexGoto : GotoStmt; That is, the following declaration m ust b e registered at the meta-level: 1 class MutexGoto : public GotoStmt { 2 public: 3 virtual SynObj *code(); 4 }; 5.3 Examples W e ha v e dev elop ed sev eral C + + extension examples. In the rest of this section, w e de�ne them in the C + + lev el b y the M P C + + metaob ject proto col (MOP). 5.3.1 A tomic Class Using the M P C + + MOP proto col, the user can de�ne the following program, whic h has the same seman tics as the program in Figure 17: 1 $syntaxdef $modifier $spec atomic Atomic; 2 $syntaxdef $modifier $member guard() Guard; The M P C + + MOP proto col can replace the program in Figure 18 with the follo wing state- men ts: 1 $synobjdef AtomicReturn : ReturnStmt; 2 $meta AtomicReturn::code() { ‘{ bb.leave(); }.genCode(); return GEN_CONT; }; The description of Atomic metho ds declstruct and memberModify is the same as that describ ed in Section 4.6.1 except that k eyw ord $meta is required.

5 MET A OBJECT PR OTOCOL 34 1 $meta SynObj *Atomic::declstruct() 2 { 3 // same program as that in section 4.6.1 4 } 5 $meta SynObj *Atomic::memberModify(Function *fp) 6 { 7 // same program as that in section 4.6.1 8 } 5.3.2 Global P oin ter Class declarations in Figures 19, 20, and 21 can b e replaced with the follo wing M P C + + MOP statemen ts: 1 $syntaxdef $modifier $decl global Global; 2 $synobjdef $unaryop("*", global*) GlobalPtrRefExpr : PtrRefExpr; 3 $synobjdef $binaryop("=", global*, ...) GlobalAsgnExpr : AsgnExpr; Metho ds de�ned in Section 4.6.2 are replaced with the following program: 1 $meta SynObj* Global::storage() 2 { 3 return ‘{ struct _globalStorage; }.genStorage(); 4 } 5 $meta SynObj* Global::type() 6 { 7 return ‘{ struct _globalStorage; }.getType(); 8 } 1 $meta GlobalPtrRefExpr::code() 2 { 3 SynObj *dtype = next->getType(); 4 next->metaRep(); 5 ‘( _globalGet(&$1) ).genCode(next); 6 return GEN_END; 7 } 8 $meta SynObj* GlobalPtrRefExpr::type() 9 { 10 SynObj *dtype = next->getType(); 11 return dtype->deRef(dtype); 12 } 1 $meta GlobalAsgnExpr::code() 2 { 3 SynObj *dtype = left->getType(); 4 left->metaRep(); 5 ‘( _globalAddrSet(&$1, (void*)($2)) ).genCode(left, right); 6 return GEN_END; 7 } 8 $meta SynObj* GlobalAsgnExpr::type() 9 { 10 SynObj *dtype = left->getType(); 11 return dtype->deRef(dtype); 12 } 5.3.3 P ersisten t Ob ject The declaration of Class Permanent and its initialization in the lexical analyzer ob ject sho wn in Figure 2.4.3 can b e replaced with the follo wing M P C + + meta-lev el statement:

5 MET A OBJECT PR OTOCOL 35 1 $syntaxdef $modifier $spec permanent Permanent { 2 void genPOfunc(StructDecl *decl); 3 void genInitPO(Symbol *name, StructDecl *decl); 4 }; The metho ds’ b o dies of genPOfunc and genInitPO are the same as those describ ed in Section 4.6.3 except that the $meta k eyw ord is added b efore the metho d de�nition. 5.3.4 Remote Expression The declaration of Classes Parallel and RemoteExpr , and their initialization in the lexical analyzer ob ject shown in Figure 4.6.4 can b e replaced with the follo wing M P C + + meta-level statemen t: 1 $syntaxdef $extstorage "@" Parallel; 2 $syntaxdef $expression $infix "@" (postFixExpr, dimensionExpr) RemoteExpr : BinaryExpr; 5.3.5 Mutex Statemen t Classes MutexStmt , MutexGoto , and MutexReturn are declared using the M P C + + MOP as follo ws: 1 $syntaxdef $statement 1 mutex MutexStmt { 2 Label *exitLabel; 3 SynObj *mtexp; 4 }; 5 $synobjdef MutexGoto : GotoStmt; 6 $synobjdef MutexReturn : GotoStmt; MutexStmt metho ds bind and code are de�ned as follo ws: 1 $meta void MutexStmt::bind() 2 { 3 keybind("goto", GOTO, MutexGoto); 4 keybind("return", RETURN, MutexReturn); 5 } 1 $meta MutexGoto::code() 2 { 3 BlockStmt *env = BlockStmt::curEnv; 4 BlockStmt *dstEnv = label->getEnv(); 5 Label *tmp; 6 7 blockBegin(); 8 while (env->outEnv(dstEnv)) { 9 env->genLeave(tmp); 10 env = env->getOuter(); 11 } 12 ‘{ goto $1; }.genCode(label); 13 blockEnd(); 14 return GEN_END; 15 } The follo wing is the MutexStmt ’s code metho d.

6 CURRENT ST A TUS OF THE M P C + + MET A-LEVEL AR CHITECTURE 36 1 $meta MutexStmt::code() 2 { 3 exitLabel = gensym(); 4 mutexp = gensym(); 5 if (arg1->getType() == base_typeid(Mutex)) { 6 ‘{ Mutex *$1; }.genCode(mutexp); 7 ‘{ $1 = ($2).enter(); }.genCode(mutexp, arg1); 8 body->genCode(); 9 ‘{ $1->leave(); }.genCode(mutexp); 10 ‘{ $1: }.genCode(exitLabel); 11 } else if (arg1->getType() == base_typeid(Mutex*)) { 12 ‘{ Mutex *$1; }.genCode(mutexp); 13 ‘{ $1 = ($2)->enter(); }.genCode(mutexp, arg1); 14 body->genCode(); 15 ‘{ $1->leave(); }.genCode(mutexp); 16 ‘{ $1: }.genCode(exitLabel); 17 } else { 18 cerr << "illegal mutex operand in line " << this->lineno->no << endl; 19 } 20 return GEN_END; 21 } 6 Curren t Status of the M P C + + Meta-lev el Arc hitecture W e are presen tly implemen ting the M P C + + compiler. The old v ersion of the M P C + + meta- lev el arc hitecture has b een partly implemen ted[8]. Though the core idea is the same as in the old v ersion, the description capabilit y has b een improv ed. This do cumen t do es not co v er the follo wing features: 1. T emplate handling in the meta-level W e are no w considering ho w to handle templates. 2. Concrete de�nition of meta-lev el classes Some class declarations are brie y describ ed in the app endix. 3. Other source transformation capabilities W e b eliev e that data parallel features suc h as data parallel C is also programmable using the M P C + + meta-lev el arc hitecture. W e in tend to design a more useful library for program transformation. Ac kno wledgmen t The author w ould lik e to thank Professors Akinori Y oneza w a, Satoshi Matsuok a, Jiro T anak a, Kokic hi F utatsugi, T akuo W atanab e, and Etsuy a Shiba y ama, Dr. Mitsuhisa Sato, Dr. Y uji Ic hisugi, and other mem b ers of the R W C massively parallel programming language w orking group for their crucial commen ts on the designing of the M P C + + meta-lev el arc hitecture. Dis- cussions on M P C + + with A tsushi Hori, Hiroki Konak a, Munenori Maeda, T ak ashi T omokiy o,

REFERENCES 37 and J� org Nolte, members of the R W C Tsukuba Researc h Cen ter, ha v e b een frequen t and thor- ough. The author w ould lik e to thank mem b ers of the Tsukuba Researc h Cen ter for their con tributions. Finally , the author would lik e to express his gratitude to Dr. Junic hi Shimada, director of the R W C partnership. References [1] Rohit Chandra, Ano op Gupta, and John L. Hennessy . In tegrating Concurrency and Data Abstraction in the COOL P arallel Programming Language. T ec hnical Rep ort CSL-TR-92- 511, Stanford Univ ersit y , 1992. [2] K. Mani Chandy and Carl Kesselman. CC++: A Declarativ e Concurrent Ob ject-Orien ted Programming Notation. In G. Agha, P . W egner, A. Y oneza w a, editor, R ese ar ch Dir e ctions in Concurr ent Obje ct Oriente d Pr o gr amming . MIT press, 1993. [3] Da vid E. Culler, Andrea Dusseau, Seth Cop en Goldstein, Arvind Krishnam urth y , Stev en Lumetta, Thorsten v on Eic k en, and Katherine Y elic k. P arallel programming in split-c. In Sup er c omputing ’93 , 1993. [4] J. K. Lee Dennis Gannon. Ob ject Orien ted P arallelism: pC++ Ideas and Exp erimen ts. In Pr o c e e dings of 1991 Joint Symp osium of Par al lel Pr o c essing , pp. 13{22, 1991. [5] Y. Gourhan t and Marc Shapiro. F OG/C++: a F ragmen ted-Ob ject Generator. In 1990 USENIX C++ Confer enc e , pp. pp.63{74, 1990. [6] Andrew S. Grimsha w. Easy-to-Use Ob ject-Orien ted P arallel Pro cessing with Men tat. COMPUTER , V ol. 26, No. 5, pp. 39{51, 1993. [7] Y uuji Ic hisugi, Satoshi Matsuok a, and Akinori Y oneza w a. RbCl: A Re ectiv e Ob ject- Orien ted Concurren t Language without a Run-time Kernel. In IMSA’92 International Workshop on R e e ction and Meta-L evel Ar chite cutr e , pp. 23{35, No v em b er 1992. [8] Y utak a Ishik a w a. MPC++:Massiv ely P arallel, Message P assing, Meta-Lev el Pro- cessing C++. POOMA’94, Decem b er 1994. The silde is obtained via h ttp://www.rw cp.or.jp/people/ishik a w a/mp c++.h tml. [9] Y utak a Ishik a w a. The MPC++ Programming Language V1.0 Sp eci�cation with Com- men tary { Do cument V ersion 0.1 {. T ec hnical Rep ort TR-94014, Real W orld Computing P artnership, June 1994.

REFERENCES 38 [10] Y utak a Ishik a w a and Hideaki Ok am ura. A New Re ectiv e Arc hitecture: AL-1 Approac h. In The Se c ond OOPSLA 91 Workshop on R e e ction and Metalevel A r chite cur es , 1991. [11] Y utak a Ishik a w a, Hideyuki T okuda, and Cli�ord W. Mercer. Ob ject-Orien ted Real-Time Language Design: Constructs for Timing Constrain ts. In Pr o c e e dings of OOPSLA-90 , pp. 289{298, Octob er 1990. [12] Laxmik an t V. Kale and Sanjeev Krishnan. CHARM++: A P ortable Concurren t Ob ject Orien ted System Based on C++. In OOPSLA’93 Pr o c e e dings , pp. 91{108, 1993. [13] G. Kiczales, J. des Rivieres, and D.G. Bobro w. The A rt of the Metaobje ct Pr oto c ol . MIT Press, 1991. [14] Hideaki Ok am ura and Y utak a Ishik a w a. Ob ject Lo cation Con trol Using Meta-lev el Pro- gramming. In Pr o c e e dings of 8th ECOOP94 , Lecture Notes in Computer Science 821, pp. 299{319. Springer-V erlag, 1994. [15] A. Y oneza w a S. Matsuok a, T. W atanab e. Hibrid Group Re ectiv e Arc hitecture for Ob ject- Orien ted Concurren t Re ectiv e Programming. In Fifth ECOOP , July 1991. [16] M. Sato, Y. Ko dama, S. Sak ai, Y. Y amaguc hi, and S. Sekiguti. Distributed Data Structure in Thread-based Programming for a Highly P arallel Data o w Mac hine EM-4. In Pr o c. of ISCA 92 Data ow Workshop , 1992. [17] R. Seliger. Extending C++ to Supp ort Remote Pro cedure Call, Concurrency , Exception Handling, and Garbage Collection. In 1990 USENIX C++ Confer enc e , pp. 241{264, 1990. [18] B. C. Smith. Re ection and Seman tics in Lisp. In Pr o c e e dings of 11th A CM Symp osium on Principles of Pr o gr amming L anguages , pp. 23{35, 1984. [19] T. W atanabe and A. Y oneza w a. Re ection in an Ob ject-Orien ted Concurren t Language. In OOPSLA’88 Pr o c e e dings , pp. 306{315, Sept. 1988.

A NEW SYNT AX P A TTERNS 39 A New Syn tax P atterns A.1 Sp eci�er/Declarator new-class-key: NEW STRUCT new-stor age-class-sp e ci�er: NEW STORAGE CLASS new-typ e-sp e ci�er: NEW SPEC new-de cl-sp e ci�er: NEW SPEC MODIFIER mo d-ar g opt new-ptr-op er ator: ’*’ NEW DECL MODIFIER mo d-ar g opt ’&’ NEW DECL MODIFIER mo d-ar g opt new-memb er-de clar ation: de cl-sp e ci�er-se q opt de clar ator NEW MEMBER MODIFIER mo d-ar g opt function-b o dy de cl-sp e ci�er-se q opt de clar ator NEW MEMBER MODIFIER mo d-ar g opt ’;’ new-dir e ct-de clar ator: de clar ator-id NEW STORAGE MODIFIER mo d-ar g opt mo d-ar g: ( ar gument-de clar ation-list ) dimension-de clar ation dimension-de clar ation: dimension-de clar ation [ c onstant-expr ession ] A.2 Expression new-unary-expr ession: new-unary-expr ession NEW EXPR NEWUNARY UNARY unary-expr ession new-unary-expr ession: unary-expr ession NEW EXPR UNARY DIMENSION dimension-expr ession new-unary-expr ession: unary-expr ession NEW EXPR UNARY NAME name new-p ost�x-expr ession: new-p ost�x-expr ession NEW EXPR NEWPOSTFIX POSTFIX p ost�x-expr ession new-p ost�x-expr ession: p ost�x-expr ession NEW EXPR POSTFIX PRIMARY primary-expr ession new-p ost�x-expr ession: p ost�x-expr ession NEW EXPR POSTFIX DIMENSION dimension-expr ession new-p ost�x-expr ession: p ost�x-expr ession NEW EXPR POSTFIX NAME name new-primary-expr ession: new-primary-expr ession NEW EXPR NEWPRIMARY PRIMARY primary-expr ession

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 40 new-primary-expr ession: primary-expr ession NEW EXPR PRIMARY DIMENSION dimension-expr ession new-primary-expr ession: primary-expr ession NEW EXPR PRIMARY NAME name dimension-expr ession: dimension-expr ession [ expr ession opt ] dimension-expr ession ( expr ession opt ) A.3 Statemen t statement: NEW STMT0 c omp ound-statement optional-c omp ound-statement opt NEW STMT1 ( expr ession opt ) c omp ound-statement optional-c omp ound-statement opt NEW STMT2 ( expr ession opt ; expr ession opt ) c omp ound-statement optional-c omp ound-statement opt NEW STMT3 ( expr ession opt ; expr ession opt ; expr ession opt ) c omp ound-statement optional-c omp ound-statement opt NEW STMT4 ( expr ession opt ; expr ession opt ; expr ession opt ; expr ession opt ) c omp ound-statement optional-c omp ound-statement opt NEW STMT5 ( expr ession opt ; expr ession opt ; expr ession opt ; expr ession opt ; expr ession opt ) c omp ound-statement optional-c omp ound-statement opt NEW STMT6 ( expr ession opt ; expr ession opt ; expr ession opt ; expr ession opt ; expr ession opt ; expr ession opt ) c omp ound-statement optional-c omp ound-statement opt optional-c omp ound-statement: NEW STMTOPT c omp ound-statement B Syn tax T ree Classes in Abstract Compiler This section is still being evolved. All syn tax tree classes are deriv ed from class SynObj declared as follo ws:

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 41 1 class SynObj { 2 private: 3 class Lineno *lineno; 4 class NameTable *nt; 5 class Statement *upper; 6 public: 7 virtual void parseEnter() { return cntxtEnter(); } 8 virtual void parseLeave() { return cntxtLeave(); } 9 virtual void cntxtEnter(); 10 virtual void cntxtLeave(); 11 virtual SynObj *genCode() { return code(); } 12 virtual SynObj *code(); 13 }; B.1 Sp eci�cation and Declarator B.1.1 Sp ecDecl 1 class SpecDecl : public SynObj { 2 private: 3 SpecDecl *next; 4 int repflag; 5 private: 6 virtual SynObj *storage(); 7 virtual SynObj *type(); 8 public: 9 virtual SynObj *genStorage() { return this->storage(); } 10 virtual SynObj *getType() { repflag ? return this : return this->type(); } 11 virtusl SynObj *declStruct() { return NIL; } 12 virtual SynObj *memberModify(Function *fp) { return fp; } 13 }; B.1.2 Storage Class Sp eci�er 1 typedef enum { 2 SC_TYPEDEF, SC_EXTERN, SC_STATIC, 3 SC_AUTO, SC_REGISTER 4 } ScType; 5 class ScSpec : public SpecDecl { 6 private: 7 ScType sctype; 8 private: 9 virtual SynObj *storage(); 10 virtual SynObj *type() { return next->type(); } 11 }; B.1.3 F unction Sp eci�er 1 typedef enum { 2 FCT_INLINE, FCT_VIRTUAL 3 } FctType; 4 class FctSpec : public SpecDecl { 5 private: 6 FctType fcttype; 7 private: 8 virtual SynObj *storage(); 9 virtual SynObj *type() { return next->type(); } 10 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 42 B.1.4 Quali�er Sp eci�er 1 typedef enum { 2 QF_CONST, QF_VOLATILE 3 } QfType; 4 class QfSpec : public SpecDecl { 5 private: 6 QfType qftype; 7 private: 8 virtual SynObj *storage(); 9 virtual SynObj *type() { return next->type(); } 10 }; B.1.5 Basic T yp e Sp eci�er 1 typedef enum { 2 TYPE_CHAR, TYPE_SHORT, TYPE_INT, TYPE_LONG, 3 TYPE_SINGED, TYPE_UNSIGNED, TYPE_FLOAT, TYPE_DOUBLE, 4 TYPE_SIGNED_CHAR, TYPE_SIGNED_SHORT, TYPE_SIGNED_INT, TYPE_SIGNED_LONG, 5 TYPE_LONG_DOUBLE, TYPE_VOID, TYPE_STRUCT, TYPE_UNION, 6 TYPE_USERTYPE, TYPE_LONGLONG, TYPE_ULONGLONG 7 } DataType; 8 class BasicType : public SpecDecl { 9 private: 10 DataType dt; 11 private: 12 virtual SynObj *storage(); 13 virtual SynObj *type() { return this; } 14 }; B.1.6 Structure/Class Declarator 1 class StructDecl : public SpecDecl { 2 private: 3 BaseSpec *bases; 4 AccDecl *member; 5 private: 6 virtual SynObj *storage(); 7 virtual SynObj *type() { return this; } 8 virtual SynObj *addPrivateMember(SynObj*); 9 virtual SynObj *addPublicMember(SynObj*); 10 virtual SynObj *addProtectedMember(SynObj*); 11 virtual SynObj *getAccDecl() { return member; } 12 virtual SynObj *getBaseSpec() { return bases; } 13 public: 14 virtual SynObj *declStruct() { return this; } 15 }; B.1.7 Union Declarator 1 class UnionDecl : public SpecDecl { 2 private: 3 AccDecl *member; 4 private: 5 virtual SynObj *storage(); 6 virtual SynObj *type() { return this; } 7 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 43 B.1.8 BaseSp ec 1 class BaseSpec : public SynObj { 2 private: 3 StructDecl *decl; 4 BaseSpec *next; 5 Access access; 6 Vspec vspec; 7 public: 8 Base *getDecl() { return decl; } 9 BaseList *getNext() { return next; } 10 }; B.1.9 Base 1 class Base : public SpecDecl { 2 3 }; B.1.10 AccDecl 1 class AccDecl : public SynObj { 2 private: 3 DeclList *decl; 4 AccDecl *next; 5 public: 6 DeclList *getDecl() { return decl; } 7 AccDecl *getNext() { return next; } 8 }; B.1.11 DeclComaList 1 class DeclComaList : public SynObj { 2 private: 3 Storage *decl; 4 DeclComaList *next; 5 public: 6 Storage *getDecl() { return decl; } 7 DeclComaList *getNext() { return next; } 8 }; An example represen ted b y ob ject DeclComaList is as follo ws: 1 struct { 2 int i; 3 int j; 4 } s1, s2; B.1.12 F unction Declaration 1 class FuncDecl : public SpecDecl { 2 private: 3 int numargs; 4 SpecDecl *rettype; 5 Symbol *name; 6 ParamList *paramlist; 7 SynObj *cvlist; 8 ModList *modlist; 9 public: 10 ParamList *getParamList() { return paramlist; } 11 SpecDecl *searchModifier(const type_info&); 12 virtual SynObj *memberModify(Function *) { return this; } 13 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 44 B.1.13 Mo di�er List 1 class ModList : public SynObj { 2 private: 3 SpecDecl *decl; 4 ModList *next; 5 public: 6 }; B.1.14 P oin ter Declarator 1 class PtrDecl : public SpecDecl { 2 private: 3 virtual SynObj *storage(); 4 virtual SynObj *type() { return this; } 5 }; B.1.15 Reference Declarator 1 class RefDecl : public SpecDecl { 2 private: 3 virtual SynObj *storage(); 4 virtual SynObj *type() { return this; } 5 }; B.1.16 New Sp eci�er/Declarator Mo di�er 1 class NewSpecDeclModifier : public SpecDecl { 2 private: 3 virtual SynObj *storage() { return next->storage(); } 4 virtual SynObj *type() { return this; } 5 }; B.1.17 New Mem b er Mo di�er 1 class NewMemModifier : public SpecDecl { 2 private: 3 virtual SynObj *storage() { return next->storage(); } 4 virtual SynObj *type() { return this; } 5 }; B.1.18 New Structure 1 class NewStructDecl : public StructDecl { 2 3 }; B.1.19 New Sp eci�er 1 class NewSpec : public SpecDecl { 2 private: 3 virtual SynObj *storage() { return next->storage(); } 4 virtual SynObj *type() { return this; } 5 }; B.2 Storage B.2.1 Storage 1 class Storage : public SynObj { 2 3 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 45 B.2.2 F unction 1 class Function : public Storage { 2 private: 3 FuncDecl *decl; 4 StructDecl *belong; 5 Stmt *body; 6 public: 7 Stmt *getBody() { return body; } 8 void setBody(Stmt *newbody) { body = newbody; } 9 FuncDecl *getDecl() { return decl; } 10 Stmt *addStmt(SynObj*); 11 }; B.2.3 V ariable 1 class Variable : public Storage { 2 3 }; B.2.4 En um 1 class Enum : public Storage { 2 3 }; B.3 Statemen ts B.3.1 Statemen t 1 class Stmt : public SynObj { 2 public: 3 void blockBegin(); 4 void blockEnd(); 5 }; 1 class StmtList : public Stmt { 2 public: 3 Stmt *stmt; 4 StmtList *next; 5 Stmt *getStmt(); 6 StmtList *getNext(); 7 void addStmt(Stmt*); 8 StmtList(Stmt*); 9 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 46 1 class BlockStmt : public Stmt { 2 private: 3 BlockStmt *outer; 4 NestLevel *nl; 5 void envEnter(BlockStmt*); 6 void envLeave(); 7 public: 8 virtual SynObj *genCode() { SynObj *ret; 9 envEnter(this); 10 this->code(); 11 envLeave(); 12 return NIL; 13 } 14 virtual BlockStmt *getOuter(); 15 virtual void parseEnter() { envEnter(this); 16 lex->pushKeywordTable(); 17 this->bind(); } 18 virtual void parseLeave() { lex->popKeywordTable(); 19 envLeave(this); } 20 virtual void bind(); 21 virtual Status genEnter(); 22 virtual Status genLeave(); 23 void blockBegin(); 24 void blockEnd(); 25 static BlockStmt *curEnv; 26 }; B.3.2 Declaration Statemen t 1 class DeclList : public Stmt { 2 private: 3 SynObj *decl; 4 DeclList *next; 5 public: 6 SynObj *getDecl() { return decl; } 7 DeclList *getNext() { return next; } 8 }; Mem ber v ariable decl m ust p oin ts to an ob ject deriv ed from class Storage or class DeclComaList . B.3.3 Expr Statemen t 1 class ExprStmt : public Stmt { 2 private: 3 Expr *expr; 4 virtual void code(); 5 public: 6 ExprStmt(Expr arg); 7 }; B.3.4 Comp ound Statemen t 1 class CompStmt : public BlockStmt { 2 private: 3 SynObj *body; 4 virtual void code(); 5 public: 6 CompStmt(SynObj *arg); 7 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 47 B.3.5 Lab el Statemen t 1 class LabelStmt : public Stmt { 2 private: 3 BlockStmt *belong; 4 Label *label; 5 virtual void code(); 6 public: 7 virtual BlockStmt *getEnv(); 8 LabelStmt(Label *); 9 }; B.3.6 If Statemen t 1 class IfStmt : public Stmt { 2 private: 3 Expr *cond; 4 Stmt *thenPart; 5 Stmt *elsePart; 6 virtual void code(); 7 public: 8 void setCond(Expr*); 9 void setThenPart(Stmt*); 10 void setElsePart(Stmt*); 11 IfStmt(Expr *ex, SynObj *tp, SynObj *ep); 12 }; B.3.7 Switc h Statemen t 1 class SwitchStmt : public BlockStmt { 2 private: 3 Expr *expr; 4 CompStmt *body; 5 virtual void code(); 6 public: 7 SwitchStmt(Expr *ex, SynObj *bd); 8 }; B.3.8 Case Statemen t 1 class CaseStmt : public Stmt { 2 private: 3 Expr *expr; 4 virtual void code(); 5 public: 6 CaseStmt(Expr *ex); 7 }; B.3.9 F or Statemen t 1 class ForStmt : public BlockStmt { 2 private: 3 Expr *init; 4 Expr *cond; 5 Expr *inc; 6 Stmt *body; 7 virtual void code(); 8 public: 9 ForStmt(Expr *ex1, Expr *ex2, Expr *ex3; SynObj *bd); 10 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 48 B.3.10 While Statemen t 1 class WhileStmt : public BlockStmt { 2 private: 3 Expr *cond; 4 Stmt *body; 5 virtual void code(); 6 public: 7 WhileStmt(Expr *ex, SynObj *bd); 8 }; B.3.11 Do While Statemen t 1 class DoWhileStmt : public BlockStmt { 2 private: 3 Expr *cond; 4 Stmt *body; 5 virtual void code(); 6 public: 7 DoWhileStmt(Expr *ex, SynObj *bd); 8 }; B.3.12 Goto Statemen t 1 class GotoStmt : public Stmt { 2 private: 3 Label *label; 4 virtual void code(); 5 public: 6 GotoStmt(Label *lb); 7 }; B.3.13 Break Statemen t 1 class BreakStmt : public Stmt { 2 private: 3 virtual void code(); 4 public: 5 BreakStmt(1); 6 }; B.3.14 Return Statemen t 1 class ReturnStmt : public Stmt { 2 private: 3 Expr *expr; 4 virtual void code(); 5 public: 6 ReturnStmt(Expr *ex); 7 }; B.3.15 Con tin ue Statemen t 1 class ContinueStmt : public Stmt { 2 private: 3 virtual void code(); 4 public: 5 ContinueStmt(); 6 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 49 B.3.16 Extendable Statemen ts 1 class NewStmt1 : public BlockStmt { 2 private: 3 Expr *arg1; 4 Stmt *body; 5 public: 6 NewStmt1(SynObj *arg, NewStmt *bd); 7 }; 1 class NewStmt2 : public BlockStmt { 2 private: 3 Expr *arg1; 4 Expr *arg2; 5 Stmt *body; 6 public: 7 NewStmt2(Expr *a1, Expr *a2, Stmt *bd); 8 }; 1 class NewStmt3 : public BlockStmt { 2 private: 3 Expr *arg1; 4 Expr *arg2; 5 Expr *arg3; 6 Stmt *body; 7 public: 8 NewStmt3(Expr *a1, Expr *a2, Expr *a3, Stmt *bd); 9 }; 1 class NewStmt4 : public BlockStmt { 2 private: 3 Expr *arg1; 4 Expr *arg2; 5 Expr *arg3; 6 Expr *arg4; 7 Stmt *body; 8 public: 9 NewStmt4(Expr *a1, Expr *a2, Expr *a3, Expr *a4, Stmt *bd); 10 }; 1 class NewStmt5 : public BlockStmt { 2 private: 3 Expr *arg1; 4 Expr *arg2; 5 Expr *arg3; 6 Expr *arg4; 7 Expr *arg5; 8 Stmt *body; 9 public: 10 NewStmt5(Expr *a1, Expr *a2, Expr *a3, Expr *a4, Expr *a5, Stmt *bd); 11 }; 1 class NewStmt6 : public BlockStmt { 2 private: 3 Expr *arg1; 4 Expr *arg2; 5 Expr *arg3; 6 Expr *arg4; 7 Expr *arg5; 8 Expr *arg6; 9 Stmt *body; 10 public: 11 NewStmt6(Expr *a1, Expr *a2, Expr *a3, Expr *a4, Expr *a5, Expr *a6, Stmt *bd); 12 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 50 1 class NewLabelStmt : public LabelStmt { 2 private: 3 BlockStmt *belong; 4 Label *label; 5 virtual void code(); 6 public: 7 virtual BlockStmt *getEnv(); 8 NewLabelStmt(Label *); 9 }; B.4 Expressions B.4.1 Expression 1 class Expr : public SynObj { 2 private: 3 Expr *next; 4 }; B.4.2 V ariable Name Expression 1 class VarExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 VarExpr(Expr *arg); 7 }; B.4.3 Coma Expression 1 class ComaExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 ComaExpr(Expr *arg); 7 }; B.4.4 Constan t Expression 1 class ConstExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 ConstExpr(Expr *arg); 7 }; B.4.5 This Expression 1 class ThisExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 ThisExpr(Expr *arg); 7 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 51 B.4.6 F unction In v o cation Expression 1 class FuncCallExpr : public Expr { 2 private: 3 int numargs; 4 Expr *pfixExpr; 5 CallParam *param; 6 private: 7 virtual void code(); 8 virtual SynObj *type(); 9 public: 10 Expr *getFunc() { return pfixExpr; } 11 CallParam *getParam() { return param; } 12 FuncCallExpr(Symbol *fname, CallParam *cp); 13 FuncCallExpr(Expr *exf, CallParam *cp); 14 }; B.4.7 F unction In v o cation P arameter 1 class CallParam : public Expr { 2 private: 3 Expr *expr; 4 CallParam *next; 5 private: 6 virtual void code(); 7 }; B.4.8 Dot Expression 1 class DotExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 DotExpr(Expr *arg); 7 }; B.4.9 P oin ter Expression 1 class PtrExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 PtrExpr(Expr *arg); 7 }; B.4.10 P ost/Pre Inc/Dec Expressions 1 class PostIncExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 PostIncExpr(Expr *arg); 7 }; 1 class PostDecExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 PostDecExpr(Expr *arg); 7 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 52 1 class PreIncExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 PreIncExpr(Expr *arg); 7 }; 1 class PreDecExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 PreDecExpr(Expr *arg); 7 }; B.4.11 Assignmen t Expression 1 class AsgnExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 AsgnExpr(Expr *arg); 7 }; B.4.12 Conditional Expression 1 class CondExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 CondExpr(Expr *arg); 7 }; B.4.13 Unary Logical Expression 1 class UnaryExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 UnaryExpr(Expr *arg); 7 }; B.4.14 Binary Logical/Arithmetic Expression 1 class BinaryExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 BinaryExpr(Expr *arg); 7 BinaryExpr(BinaryOp, Expr*, Expr*); 8 };

B SYNT AX TREE CLASSES IN ABSTRA CT COMPILER 53 B.4.15 Sizeof Expression 1 class SizeOfExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 SizeOfExpr(Expr *arg); 7 }; B.4.16 Cast Expression 1 class CastExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 CastExpr(Expr *arg); 7 }; B.4.17 New Expression 1 class NewExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 NewExpr(Expr *arg); 7 }; B.4.18 Delete Expression 1 class DeleteExpr : public Expr { 2 private: 3 virtual void code(); 4 virtual SynObj *type(); 5 public: 6 DeleteExpr(Expr *arg); 7 }; B.4.19 New Unary Expression 1 class NewUnaryExpr : public Expr { 2 }; B.4.20 New Binary Expression 1 class NewBinaryExpr : public Expr { 2 }; B.4.21 New T rinary Expression 1 class NewTrinaryExpr : public Expr { 2 };