T o app e ar in R e e ction ’96 Confer enc e, April 21{24, 1996 Design and Implemen tation of Metalev el Arc hitecture in C++ { MPC++ Approac h { Y utak a Ishik a w a, A tsushi Hori, Mitsuhisa Sato, Motohik o Matsuda, J� org Nolte, Hiroshi T ezuk a, Hiroki Konak a, Munenori Maeda, Kazuto Kub ota Real W orld Computing P artnership ishik a w a@rw cp.or.jp Abstract W e developed a compile-time metalev el arc hitec- ture in C + + , called the M P C + + metalev el arc hi- tecture, to not only extend and mo dify language seman tics, but also extend syn tax. This arc hitec- ture o v ercomes the imp erativ e languages’ issue of compile-time metalev el pro cessing. The prop osed metalev el arc hitecture has b een implemen ted and tested. A t ypical metalev el programming example is giv en to demonstrate M P C + + metalev el arc hitecture functionalities. Ex- ecution sp eeds of metalev el programs are mea- sured to sho w the o v erhead resulting from met- alev el pro cessing in the curren t implemen tation. Keyw ords: compile-time metalev el arc hitecture, C + + , imple- men tation 1 In tro duction Sev eral metalev el architectures ha v e b een pro- posed to make systems extendable and mo di�able. F or example, a metalevel architecture of an ob ject orien ted programming language is implemen ted in suc h a w a y that the semantics of ob ject creation, message passing or metho d in v o cation, and in- stance v ariable access are part of the language it- self and rei�cation and re ection mechanisms[3] are pro vided. A realistic application of suc h a programming system is to monitor ob jects for debugging[12] or to supp ort the construction of an op erating system[8, 14]. Some metalev el arc hi- tectures can sp ecify computational resources such as pro cessors and comm unication netw orks in the distributed en vironmen t to ac hiev e runtime opti- mization. These arc hitectures enable the users to set sc heduling strategy and load balancing[9, 10]. These systems fo cus on run time b eha vior but do not fo cus on new language notations or syntax ex- tensions. An imp erativ e language suc h as C and C + + has language constructs that supp ort structural programming. In suc h a language, language se- man tics as w ell as syn tax extensions are required to provide new language constructs to adapt the language to particular application domains suc h as parallel/distributed environmen ts and real-time system. The M P C + + metalev el architecture was designed and implemen ted to meet this require- men t. The M P C + + metalev el arc hitecture realizes compile-time metalevel pro cessing. It de�nes an abstract compiler describ ed in C + + and a mo di�- 1

Figure 1: Abstract Compiler cation facilit y called the M P C + + metaob ject pro- tocol. Programmers can easily in tro duce new syn- tax notations and rede�ne default co de generation using the M P C + + metaob ject proto col. Language extensions, debugging facilities, and mac hine de- pendent optimizations can b e pro vided as met- alev el source libraries. When the user wan ts to use some of the features pro vided b y these libraries, she/he just includes those �les that suit purp oses with her/his source program. This pap er is organized as follo ws: Section 2 presen ts the design of the M P C + + metalev el arc hi- tecture. After giving an ov erview of the arc hitec- ture, issues and M P C + + answ ers on metalev el pro- gram reusabilit y and handling nested statements in an imp erativ e language will b e discussed. In section 3, a realistic application of the M P C + + metalev el architecture, an in tro duction of the new statemen t mutex , will b e sho wn to demonstrate the arc hitecture’s capabilit y . The curren t M P C + + implementation is brie y describ ed in section 4. The M P C + + compiler sys- tem consists of the fron tend and bac k end pro- cessors; fron tend pro cessor generates in termediate co de while the back end pro cessor generates target mac hine co de. The fron tend pro cessor can in ter- pret C + + co de so that it p erforms M P C + + met- alev el pro cessing. Section 5 ev aluates the curren t compiler system with resp ect to C + + in terpreter and metalev el pro cessing p erformance. T radi- 2 tional approac hes to supp ort language extensions and related w orks on metalev el arc hitectures are compared and discussed in section 6. Our conclu- sions are found in section 7. 2 Design 2.1 Ov erview 2.1.1 Abstract Compiler The M P C + + metalev el arc hitecture real- izes compile-time metalev el pro cessing. The ar- c hitecture de�nes an abstract compiler consisting of a lexical analyzer, parser, and co de generator as shown in Figure 1. The lexical analyzer takes a C + + program and pro duces a sequence of tok ens. The parser receiv es lexical tok ens and creates syn- tax tree ob jects to represent the parse tree. Then, the co de generator in v ok es the genCode metho d of the syn tax tree ob ject. The genCode metho d of eac h syntax tree ob ject is resp onsible for generat- ing co de. The default co de generation is the C + + source co de itself. The metalev el ob ject proto col has b een de- signed to mo dify and extend C + + syn tax and se- man tics. In section 2.2, the proto col on the lexical analyzer is designed so that the user can in tro duce new syn tax. Section 2.3 fo cuses on the proto col on syn tax tree ob jects whic h enables seman tics mo d- i�cation and metalev el ob jects reusabilit y . 2.1.2 Metalev el De�nition The k eyw ord $meta is in tro duced to tell the com- piler to shift to the metalev el. F or example, the follo wing example declares the in teger v ariable gi1 at the metalev el: $meta int gi1; When the compiler meets: $meta { printf("hello metaworld.\n"); } The follo wing message will app ear at compile time, since the primitiv e function printf will b e in terpreted at the metalev el: hello metaworld. 1 $meta class ExprNode:public SynObj { 2 ... }; 3 $meta class AsgnExpr:public ExprNode { 4 private: 5 ExprNode *left; 6 ExprNode *right; 7 public: 8 int code(OStream); 9 SynObj *type(); 10 }; Figure 2: Example of An Expression Syn tax T ree Class 2.1.3 Syn tax T ree Classes A syntax tree class represen ts C + + syn tax, suc h as expressions, statemen ts, and declarations. F or example, an assignmen t expression is represen ted b y an instance of class AsgnExpr as de�ned in Fig- ure 2. All syn tax tree classes represen ting C + + expressions, called expr ession syntax tr e e classes , are derived from class ExprNode whose base class, kno wn as a sup er class in Smalltalk terminology , is class SynObj . An expression syn tax tree class has code and type metho ds that are resp onsible for generating co de and telling type information, resp ectiv ely . The code tak es an output stream, where co de is generated, as its argumen t. During co de gener- ation, v ariable or t yp e declarations are generated in to the �le scop e, function scop e, or structure scop e. Declarations in the �le scop e are global while declarations in the function scop e are lo cal. Some declarations must app ear in a structure as structure/class mem b er data or t yp es. The M P C + + metalev el arc hitecture de�nes four kinds of output streams; those names are GlobalOS , LocalOS , and MemberOS for the �le, function, and structure scop es, resp ectiv ely . Moreo v er, CurrentOS is pro vided to k eep the cur- ren tly generated place. Another example of a syn tax tree class is a state- ment syntax tr e e class, whic h represen ts a C + + statemen t. Figure 3 shows the BreakStmt state- men t syn tax tree class, which represen ts the break statemen t. A statemen t syn tax tree class is de- riv ed from class StmtNode whose base class is class SynObj . A statement syn tax tree class has code 3

T able 1: P art of Extension P atterns A token identi�er, terminal symb ol, is r epr esente d by a c apital letter or sp e cial char- acter surr ounde d by two ’s while a nonterminal symb ol is r epr esente d by an italic letter. The gr ammar shown ab ove is not the actual rule for understandability. Extension Grammar New T yp e Mo di�er T yp eMo di�er : NEWSPECMODIFIER New Declarator Mo di�er De clMo di�er : NEWDECLMODIFIER New Expressions Expr : NEWEXPR UNARY Expr : Expr NEWEXPR POSTFIX Expr : Expr NEWEXPR INFIX Expr Expr : NEWEXPR PREFIX Expr New Statemen ts Stmt : NEWSTMT1 ’(’ Expr ’)’ Comp oudStmt Stmt : NEWSTMT2 ’(’ Expr ’;’ Expr ’)’ Comp oudStmt New Structural Declaration StructKey : NEWSTRCUTDECL 1 $meta class StmtNode:public SynObj { 2 ... }; 3 $meta class BreakStmt:public StmtNode { 4 public: 5 int code(OStream); 6 }; Figure 3: Example of A Statemen t Syn tax T ree Class method to generate co de. F urther details on syn tax tree classes proto col are presen ted in Section 2.3. 2.2 Lexical Analyzer Proto col W e do not in tend to allo w users to extend any C + + syn tax b ecause go o d extensions must conform to some pattern. Moreo v er, the system w ould b e to o complicated if w e allo w ed an y syn tax extensions the user w an ted. Instead, the M P C + + metalev el arc hitecture is designed so that an arbitrary gram- mar rule is not dynamically de�ned but exten- sion patterns are prede�ned. The extension pat- terns are designed based on existing extended C + + language features as summarized in [5]. Among others, they include i) new mo di�ers for a sp ec- i�er or a declarator, ii) new expressions, iii) new statemen ts, and iv) new structural declarations as sho wn in T able 1. The parser con tains the gram- mar for b oth C + + syntax and the extension pat- terns. The lexical analyzer k eyw ord table stores triple information, keyw ords, their lexical tok en v al- ues, and syn tax tree classes. The primitiv e func- tion syntaxBind w as in tro duced to main tain the k eyw ord table. F or example, after the met- alev el statement sho wn in Figure 4 is ev aluated, triple information, a new keyw ord mutex , tok en v alue NEWSTMT1 , and the syntax tree class called MutexStmt , are registered in the k eyw ord table. When the lexical analyzer sees the mutex state- men t sho wn in Figure 1, it can pro duce sequences suc h as: NEWSTMT1, ’(’, Identifier, ... When the NEWSTMT1 tok en is pro duced for the mutex k eyw ord, an instance of MutexStmt is also created. Then, the follo wing extension pattern grammar is applied and the syntax tree ob ject sho wn in Figure 1 is created: "NEWSTMT1 ’(’ Expr ’)’ CompoundStmt" It should b e noted that the users ma y register other k eyw ords for NEWSTMT1 without syntax am- biguit y . The lexical analyzer pro duces NEWSTMT1 s for these registered k eyw ords but creates di�eren t syn tax tree ob jects according to the lexical ana- lyzer k eyw ord table. 4

1 $meta class MutexStmt : public NewStmt1 { 2 public: 3 int code(OStream); 4 ... }; 5 $meta { 6 syntaxBind("mutex", NEWSTMT1, typeid(MutexStmt)); 7 } Figure 4: Mutex Statemen t 1 $meta class ModifedMutexStmt : public MutexStmt { 2 public: 3 int code(OStream); 4 ... }; 5 $meta { 6 syntaxBind("mutex", NEWSTMT1, typeid(ModifiedMutexStmt)); 7 } Figure 5: Class Mo di�edMutexStm t 2.3 Syn tax T ree Ob ject Proto col In this subsection, a reusability issue of syn tax tree ob jects is presen ted, along with its M P C + + answ er. Then, section 2.3.2 describ es the issue of handling the syn tax and seman tics of nested statemen ts in an imp erativ e language is describ ed as w ell as the M P C + + answ er. 2.3.1 Co de Generation Stac k A mechanism for mo difying existing co de gener- ation m ust b e pro vided to mak e a metalev el pro- gram reusable. One w a y to do this is to write a sub class of the syn tax tree class that the user w an ts to mo dify . F or example, supp ose that the new syn tax mutex has b een introduced and the user w an ts to mo dify co de generation. The user simply writes the sub class ModifiedMutexStmt of the MutexStmt class as sho wn in Figure 5. It seems that the inheritance mec hanism helps us with resp ect to reusability . Ho w ev er, its abilit y is restricted in the follo wing sense. Supp ose that the new statemen t mutex has b een implemen ted b y class MutexStmt in the "mutex.h" �le and somebo dy implemen ted its enhanced class called ModifiedMutexStmt in the "em utex.h" �le. W e w an t to add some debug statements for the mutex statemen t. If w e include "m utex.h", MutexStmt m ust b e the base class of the class that w e program while ModifiedMutexStmt m use b e the base class of our program in "em utex.h". In this wa y , w e need to kno w whic h class has b een implemented for the desired syn tax and hav e to implement a mo di�ed class for eac h target class. Our solution to this reusabilit y issue is to sup- p ort a kind of delegation mec hanism for syn- tax tree ob jects, called a c o de gener ation stack pr oto c ol , in addition to the inheritance mec ha- nism. Ev ery user-de�ned syn tax tree ob ject has a p oin ter, called the c o de gener ation stack p ointer , that p oin ts to another syn tax tree ob ject created from the default syn tax tree class or another user de�ned class. The program sho wn b elow is the sk eleton of the c o de gener ation stack pr oto c ol . When the genCode metho d is in v ok ed b y the parser, it calls the code metho d. If the return v alue is GEN CONT , the genCode metho d calls the genCode metho d of the ob ject p oin ted to b y the co de generation stac k p oin ter ( cgsptr in the example) whic h will call the code metho d of that ob ject. This pro cedure con tin ues until the default syn tax tree ob ject is reac hed or the co de metho d returns the GEN END v alue. 5

Figure 6: Co de Generation Stac k Proto col Example 1 SynObj::genCode(OStream os) 2 { 3 if (this->code(os) == GEN_CONT 4 && cgsptr) { 5 cgsptr->genCode(os); 6 } 7 } The primitiv e functions pushKeyBind and popKeyBind are pro vided to supp ort the c o de gen- er ation stack pr oto c ol . The function pushKeyBind , whose argumen ts are a lexical tok en and a class t yp e iden ti�er, tells the lexical analyzer that an instance of the sp eci�ed class has b een created and its co de generation stac k p oin ter is b ound to an instance of the previous class of the lexical tok en when it pro duces the lexical tok en. An example of the co de generation stac k pro- tocol is sho wn in Figure 6. Supp ose that the mutex statement has b een implemented in class MutexStmt . When the compiler reac hes the m u- tex statement in line 12, an instance of class ModifiedMutexStmt is created and its co de gen- eration stack p oin ter p oin ts to an instance cre- ated from MutexStmt since ModifiedMutexStmt has b een registered by the pushKeyBind primitiv e in line 7. When the compiler reac hes the m utex statement in line 26, class DisplayMutexStmt is created and its co de generation stack p oin ter p oin ts to an instance created from class ModifiedMutexStmt , whose co de generation stac k p oin ter p oin ts to the MutexStmt ob ject since DisplayMutexStmt has b een registered b y the pushKeyBind primitiv e in line 21. 2.3.2 Con text-dep enden t Pro cessing The co de generation for some statemen ts, suc h as break , requires con text-dep enden t co de gen- eration. In the example giv en in Figure 7, the break statemen t in line 5 exits the lo op b egin- ning in line 3 while line 9 exits from the switch statemen t starting in line 6. Though parse no de ob jects for b oth break statements are the same, the co de generation m ust b e di�erent. Instead of handling suc h con text-dep enden t co de generation in a no de ob ject, statemen t no des 6

1 sub(int i, int j) 2 { 3 while (i > 0) { 4 ...; 5 if (...) break; 6 switch (j) { 7 case 0: 8 ...; 9 break; 10 default: 11 ...; 12 } 13 } 14 } Figure 7: An Example of Con text Dep enden t Pro- cessing are c hanged according to con text within M P C + + metalev el architecture. F or example, the syn tax tree no de for the break statemen t inside the while statemen t is an instance of BreakWhileStmt while the syntax tree no de inside the switch statemen t is an instance of BreakSwitchStmt . W e designed the lexical analyzer to p erform suc h con text dep enden t pro cessing. An y blo c k statemen t, suc h as while statement, is deriv ed from BlockStmt to k eep an en vironmen t of nested statemen ts. As sho wn in Figure 8, the BlockStmt has the outer instance p oin ting to the outer blo c k state- men t. The static v ariable curEnv p oin ts to the most inner nested blo c k statemen t during the co de generation phase. The parseEnter metho d is in- v ok ed b y the lexical analyzer when it pro duces a subclass of BlockStmt . The parseEnter metho d sets up the link of a nested blo c k statemen t and then in v ok es the enter metho d de�ned in the sub- class of BlockStmt . F or example, when the lexical analyzer meets a while k eyw ord, it creates a WhileStmt class deriv ed from BlockStmt b y default. The lexical analyzer inv ok es parseEnter metho d and even- tually in v ok es the WhileStmt enter metho d that will c hange a syn tax tree class of break statemen t to BreakWhileStmt . The lexical analyzer in v ok es the BlockStmt parseLeave metho d when it �nishes parsing the corresponding blo c k statemen t. The parseLeave method calls the leave metho d de�ned in BlockStmt ’s sub class and resets the nested state- men t link. In the case of parsing the while state- men t, the WhileStmt leave metho d is in v ok ed to reco v er the lexical analyzer keyw ord table. The users ma y program the enter and leave metho ds of a user-de�ned statemen t syntax tree class so that con text dep enden t pro cessing is ap- plied. A context-dependent example of a user de- �ned new statemen t is sho wn in Section 3. 2.3.3 Syn tax T ree Constan t The user can write a co de generation program that creates ob jects from syntax tree classes at the met- alev el. F or example, the follo wing metalevel pro- gram generates co de for the expression \ 1 + 2 + 3 ." $meta { ExprNode *en = new AddExpr(new Constant(1), new Constant(2)); ExprNode *top = new AddExpr(en, new Constant(3)); top->genCode(GlobalOS); } Lo oking at this example, it is hard to write and understand what program is generated. A syntax tree constan t is designed to allo w the user to de- �ne a syn tax tree ob ject easily . As sho wn in the follo wing example, a syn tax tree constan t for an expression is surrounded with ‘( and ) while a syn tax tree constan t for statements is surrounded with ‘ f and g : ‘( 1 + 2 + 3 ) ‘{ int i; i = 10; } The user ma y use v ariables in a syn tax tree constan t as shown b elo w. An iden ti�er v ariable b egins with a dollar sign follo w ed b y a n um ber. A type v ariable b egins with t w o dollar signs fol- lo w ed b y a n um b er. The n um b er represents the parameter p osition. A syn tax tree constan t uses the metho d genCode , which tak es as argumen ts an output stream and v alues for v ariables in the syn tax tree constan t. If the examples in Figure 9 are ev aluated, the follo wing co de is generated. During co de gener- ation, the t yp e name foo , the in teger v ariable a , and the oating arra y v ariable f are registered in the abstract compiler name table so that refer- 7

1 class BlockStmt : public StmtNode { 2 private: 3 BlockStmt *outer; 4 public: 5 static BlockStmt *curEnv; 6 int parseEnter() { outer = curEnv; curEnv = this; 7 return this->enter(); } 8 int parseLeave() { int ret; 9 ret = this->leave(); 10 curEnv = outer; } 11 BlockStmt *getOuter { return outer; } 12 }; Figure 8: Class Blo c kStm t 1 $meta { 2 ‘($1 + $2).genCode(GlobalOS, 10, 20); 3 ‘{ struct $1 { int i; }; }.genCode(GlobalOS, gensym("foo")); 4 ‘{ $$1 $2; }.genCode(GlobalOS, base_typeid(int), gensym("a")); 5 ‘{ $$1 $2[$3]; }.genCode(GlobalOS, base_typeid(float), gensym("f"), 10); 6 } Figure 9: Syn tax T ree Constan t Example ences to these t yp es and v ariables are correctly compiled. 1 10 + 20; 2 struct foo { int i; }; 3 int a; 4 float f[10]; 2.4 In tro duction of New Syn tax The M P C + + arc hitecture pro vides easy syntax ex- tension mec hanisms for the user. F or example, the $syntaxdef statement is designed to in tro- duce new syn tax. The program in Figure 4 is the same as the follo wing: 1 $syntaxdef $statement "mutex" 2 MutexStmt : public NewStmt1 { 3 public: 4 code(OStream); 5 }; 3 Example W e ha v e sev eral examples using the M P C + + met- alev el arc hitecture. The tec hnical rep ort[5], de- scribing the old M P C + + metalev el arc hitecture, sho ws programs implemen ting i) the atomic class whic h creates an instance ob ject where execution threads are p erformed in a m utually exclusiv e w a y , ii) a global p oin ter that enables remote memory read and write op erations, iii) a p ersisten t ob ject, and iv) the mutex statemen t to realize the mutual execution of statemen ts. Here, the implemen ta- tion of the mutex statemen t is presented. Supp ose that a library designer pro vides class Mutex to set up the critical region, whic h has lock and unlock metho ds. The critical region is pro- grammed in suc h a w a y that metho d lock m ust b e in v ok ed b efore the critical region is en tered, and metho d unlock m ust b e in v ok ed on exiting the critical region. Sample co de is sho wn b elow. 1 Mutex mm; 2 void sub() 3 { 4 mm.lock(); 5 /* critical region here */ 6 mm.unlock(); 7 } One risk of the ab o v e program is that the criti- cal region w ould remain un�nished if the program- mer forgot to in v ok e metho d unlock . Th us, as sho wn b elo w, the library designer migh t wan t to pro vide a new statement mutex to realize the crit- ical region using metalev el programming. 8

1 $meta class MutexBreak : public BreakStmt { 2 public: 3 int code(OStream); 4 }; 5 6 $syntaxdef $statement "mutex" MutexStmt : public NewStmt1 { 7 private: 8 SynObj *mutexp; 9 Identifier *exitLabel; 10 public: 11 int code(OStream); 12 int enter() { pushKeyBind("break", STMT_BREAK, "MutexBreak"); } 13 int leave() { popKeyBind("break", STMT_BREAK); } 14 SynObj *getMutex() { return mutexp; } 15 Identifier *getLabel() { return exitLabel; } 16 }; Figure 10: Mutex Statemen t 1 Mutex mm; 2 void sub() 3 { 4 mutex(mm) { 5 /* critical region here */ 6 } 7 } The break statemen t inside the mutex state- men t may exit the mutex statement. W e ha v e to modify the co de generation of statemen ts break , return , and goto as they app ear within the mutex statemen t so that the unlock metho d is called on exiting the statemen t. In this pap er, w e show how the break statement used within the mutex state- men t works. Figure 10 sho ws the in tro duction of the mutex statemen t. It de�nes class MutexBreak , whic h is resp onsible for generating co de for the break statemen t inside the mutex statemen t, and MutexStmt statement syntax tree class that is re- sponsible for generating co de for the mutex state- men t. MutexStmt is deriv ed from the NewStmt1 class, whic h has expr1 and body v ariables. Th us, a MutexStmt ob ject has expr1 and body v ariables that p oin t to syn tax tree ob jects for the mutex statemen t argument and its b o dy , resp ectiv ely . As described in section 2.3.2, the enter and leave methods are de�ned so that they c hange/reco v er the break syn tax tree class. A MutexBreak ob ject is created if the break statement app ears inside the mutex statemen t. The MutexStmt code metho d is sho wn in Figure 11. If a v ariable p oin ted to b y expr1 is of the base class Mutex , line 6 and the subsequen t lines are ev aluated. If it is a p oin ter to a class that is of base class Mutex , line 14 and the subsequen t lines are ev aluated. If the ab o v e t w o conditions are not satis�ed, line 20 pro duces an error message. The MutexBreak code metho d sho wn in Fig- ure 12 is resp onsible for generating co de that calls the unlock metho d and jumps from the mutex statemen t. T o generate co de that calls the unlock metho d, the static v ariable curEnv of BlockStmt class is c hec k ed to tra v erse outside the blo c k state- men ts of the mutex statemen t. 4 Implemen tation Figure 13 sho ws the organization of the curren t M P C + + compiler. The fron tend pro cessor gener- ates C + + source co de with stub routines from the M P C + + source program, or an in termediate co de called EX C. The GNU g++ compiler is used as a bac k end pro cessor to compile C + + source co de with stub routines generated b y the fron tend. The EX C bac k end pro cessor including the optimizer generates nativ e co de from the EX C in termediate co de. If no C + + compiler is a v ailable on the target mac hine, the EX C bac k end pro cessor p orts o v er. All C + + syn tax and extension patterns are de- scrib ed in the yacc to ol. The lexical analyzer of the fron tend pro cessor generates lexical tok ens so that the yacc to ol, an LR parser, can deal with the C + + syn tax. 9

1 $meta MutexStmt::code(OStream os) 2 { 3 mutexp = gensym(); 4 exitLabel = gensym(); 5 if (hasBaseType(expr1->getType(), base_typeid(Mutex))) { 6 ‘{ Mutex *$1; 7 $1 = ($2).lock(); 8 }.genCode(os, mutexp, expr1); 9 body->genCode(os); 10 ‘{ $1: $2->unlock(); }.genCode(os, exitLabel, mutexp); 11 } else if (isPointer(expr1->getType()) 12 && hasBaseType(expr1->getType()->getNext(), 13 base_typeid(Mutex))) { 14 ‘{ Mutex *$1; 15 $1 = ($2)->lock(); 16 }.genCode(os, mutexp, expr1); 17 body->genCode(); 18 ‘{ $1: $2->unlock(); }.genCode(os, exitLabel, mutexp); 19 } else { 20 errorMessage("illegal mutex operand"); 21 } 22 return GEN_END; 23 } Figure 11: MutexStm t code Metho d 1 $meta MutexBreak::code(Ostream os) 2 { 3 BlockStmt *env = BlockStmt::curEnv; 4 while (env) { 5 if (hasBaseType(env, typeid(MutexStmt))) { 6 ‘{ $1->unlock(); }.genCode(os, ((MutexStmt*)env)->getMutex()); 7 env = env->getOuter(); 8 } 9 } 10 ‘{ goto $1; }.genCode(os, ((MutexStmt*)BlockStmt::curEnv)->getLabel()); 11 return GEN_END; 12 } Figure 12: MutexBreak code Metho d Figure 13: M P C + + Compiler Sytem 10

The execution of the fron tend pro cessor is the same as for the abstract compiler execution. That is, the fron tend pro cessor �rst parses each decla- ration, suc h as t yp e, v ariable, and function decla- rations including metalev el de�nitions, and gener- ates a syn tax tree ob ject for that declaration with t yp e chec king. The syn tax tree ob jects ha v e the code and eval metho ds that are resp onsible for generating the co de and in terpreting a C + + pro- gram, resp ectiv ely . 5 Ev aluation 5.1 C++ In terpreter The M P C + + fron tend pro cessor includes a C + + in terpreter to p erform metalev el pro cessing. T o demonstrate the in terpretation sp eed of the cur- ren t M P C + + frontend pro cessor implemen tation, w e measured the metalev el execution cost for a for lo op, a no argumen ts call/return, \ a = b + c; ," and an ob ject creation. The for lo op state- men t in v olv es counter v ariable initialization, up- date, and comparison to the limit v alue. T able 2 sho ws the results on Sun Sparc Sta- tion 5, 85 MHz. The table con tains the execu- tion costs at the metalev el and compares them to the nativ e execution costs. The same programs are used. The in terpretation of basic expressions and statements is v ery slo w as curren tly imple- men ted, b ecause the program is interpreted using syn tax tree ob jects and chec ks v ariable t yp es dy- namically . How ev er, the ob ject creation cost is only 55 times slo w er than when using nativ e co de. Because most parts of a metalev el program are described using syntax tree constan t expressions, this slo w in terpretation do es not signi�can tly af- fect actual metalev el pro cessing. T o demonstrate this fact, the follo wing subsection measures some metalev el pro cessing costs. 5.2 Metalev el Pro cessing Ov er- heads W e mo dify the co de generation of assignment T able 3: Metalev el Pro cessing Overhead in As- signmen t Co de Mo di�cation Time ( � sec) Relativ e Normal 233 1 Meta(Null) 627 2.7 Meta(Prin t) 1657 7.1 expressions to ev aluate metalev el pro cessing costs. The program sho wn in Figure 14 is the de�nition of class MyAsgnExpr deriv ed from AsgnExpr and a metalev el comp ound statemen t to c hange the syn- tax tree class of the assignment expression. Tw o v ersions of the code metho d are implemen ted. The �rst code metho d is a n ull b o dy , i.e., it just returns to the caller. This program measures the o v erhead of shifting to metalevel pro cessing. The second metho d uses a syntax tree expression con- stan t to generate the printf call routine b efore generating the assignmen t expression. T able 3 shows the execution time of translat- ing the statemen t \ a = b + c; " in three cases, in default compilation and in t w o metalev el pro- grams. In the default compilation and in the �rst metalev el program, the translated co de is the same as the input statemen t. The result sho ws that it takes ab out seven times longer than the default compile time to add a sim- ple expression to the generated co de of an assign- men t statemen t. In terms of absolute execution time, the cost of compiling the same 1,000 state- men ts is ab out 1.7 seconds compared to a 0.2 sec- onds default compilation cost. Supp ose that the execution time of one metalev el statemen t tak es 200 � sec. The cost of compiling bl assignment statemen ts, each of which inv olv es the in terpreta- tion of ml metalev el statemen ts will b e form ulated as follo ws: (1 : 7 + 0 : 2 � ml ) � bl millisecond Using this form ula, for example, the cost of the 10 metalev el statemen ts, that are in terpreted to gen- erate the co de, is 3.7 seconds for compiling 1,000 lines v ersus 0.2 seconds. Note that the compile time of one mutex state- 11

T able 2: Basic Metalev el Pro cessing Cost Meta ( � sec) C + + ( � sec) Relativ e (Meta/C + + for statement 167 0.179 933 Call/Return 128 0.095 1,347 a = b + c 193 0.061 3,163 Ob ject creation 195 3.530 55 1 $meta class MyAsgnExpr : AsgnExpr { 2 public: 3 int code(OStream); 4 }; 5 $meta MyAsgnExpr::code(OStream os) 6 { 7 return GEN_CONT; 8 } 9 $meta { 10 pushKeyBind("=", EXPR_ASGN, typeid(MyAsgnExpr)); 11 } 1 $meta MyAsgnExpr::code(OStream os) 2 { 3 ‘( (printf("assign expr\n"), ( $1 = $2 ), $1) ).genCode(os, left, right); 4 return GEN_END; 5 } Figure 14: Assignmen t Co de Mo di�cation men t with a n ull b o dy using the metalev el pro- gram, as sho wn in Section 3, tak es ab out 5 mil- liseconds. 6 Discussion 6.1 Other Compile-time Metalev el Arc hitectures OpenC++ V ersion 2[1] supp orts a compile-time metalev el arc hitecture. This metalev el arc hitec- ture di�ers from the M P C + + arc hitecture. Instead of the introduction of new metalev el classes in M P C + + , Op enC++ V ersion 2 extends the C + + class system so that the user can sp ecify the code generation strategy for eac h class. This migh t b e the righ t approach for supp orting the compile-time metalev el arc hitecture in a class sys- tem. How ev er, C + + has not only ob ject orien ted features but also the C language feature. It is nec- essary to deal with the nested statemen ts sho wn in this pap er and some declaration extensions, suc h as a global p oin ter[2, 11]. It is imp ortan t w e un- derstand that suc h pro cessing is not �t for a class system. With resp ect to language syn tax extension, Op enC++ has limited capabilities b ecause ex- tensions are class-wise. Since the design of the M P C + + metalev el arc hitecture w as carried out af- ter in v estigating how most existing C + + exten- sions w ork[5], the C + + user will naturally extend C + + using M P C + + . In trigue[7] provides a compile-time metalevel arc hitecture in Sc heme to enable the user to de- �ne the implemen tation of the run time data struc- ture. The user can select the implemen tation view from sev eral views, i.e., the scheme view, t yp ed view, structure view, and memory view. Be- cause the curren t M P C + + metalev el arc hitecture assumes that the generated co de is in C + + suc h views are not required. W e think, ho w ev er, that a view for data and con trol dep endencies might b e needed to ac hiev e source level optimization. 12

6.2 T raditional Compilers The di�erences b et w een a c ompiler & c ompiler system and M P C + + are discussed. The compiler & compiler enables language dev elop ers to dev elop a compiler or prepro cessor system more easily than from scratc h. How ev er, it is still tough to dev elop a system and mo dify it to extend the language features b ecause no such mo di�cations and exten- sions are supp orted. Compared with the compiler & compiler sys- tem, one of the unique features of the M P C + + met- alev el architecture is that abstractions in tro duced b y designers are supplied with the M P C + + met- alev el source �les. The user can use the righ t ab- stractions for demands just by including the �les with source �les. F or example, let us supp ose that the foo.h �le sp eci�es a data parallel computa- tion abstraction while the bar.h �le sp eci�es a task parallel computation abstraction. If the user w an ts to use those t w o abstractions, she/he just writes a program as sho wn b elo w. Of course, these speci�cations ma y not cause side e�ects for each other. #include "foo.h" #include "bar.h" /* data parallel&task parallel program */ Some users use a traditional macro pro cessing utilit y suc h as cpp for C and C + + to in tro duce their new notations. This, ho w ev er, notably re- stricts functionality in the sense that i) it only substitutes a macro expression for a sym b ol with- out an y grammatical rules, and ii) the compiler can not usually generate the correct error message when the expanded co de con tains errors. Compared to the C + + template feature, the syn tax tree constan t is v ery similar but has more expressiv e p o w er. That is to sa y , a syn tax tree constan t tak es t yp es, expressions, and statements as parameters but a C + + template only tak es t yp es as parameters. 6.3 Implemen tation As sho wn in section 5, metalev el pro cessing is slo w due to in terpretation using syn tax tree ob jects. T o sp eed up the metalev el pro cessing, tw o op- tions can b e considered, i.e., nativ e compilation and on-the- y byte compilation of the metalev el program. In the compilation of the metalev el pro- gram, the metalev el program is compiled to nativ e co de whic h is link ed with the M P C + + fron tend pro- gram. The execution will b e fast but the users cannot write metalev el source co de in their source programs. That is, the b ene�ts of metalevel pro- gramming are sacri�ced. Using the on-the- y byte compilation tec h- nique, the metalevel program is dynamically com- piled in to b yte co de, virtual mac hine co de, in ter- preted b y the frontend pro cessor. It will b e slo w er than in the nativ e compilation but faster than in the curren t implemen tation. 7 Conclusion and F uture W ork W e ha v e describ ed the M P C + + metalev el arc hitec- ture whic h allo ws C + + syn tax and seman tics ex- tension and mo di�cation at compile time. The ar- c hitecture de�nes the syn tax tree classes that rep- resen t the parse tree of a program, and de�nes the M P C + + metaob ject proto col. The unique features of the proto col include i) a co de generation stac k whic h mak es metalev el classes reusable, and ii) a con text-dep enden t co de generation mec hanism to deal with nested statemen ts in an imp erativ e lan- guage. A syn tax tree constant, introduced in the M P C + + , enables the user easily to de�ne a gener- ation program. Measuremen ts of metalev el pro- cessing p erformance ha v e sho wn that the curren t implemen tation has reasonable execution sp eed al- though the C + + in terpretation sp eed is slo w. W e b eliev e that the metalev el arc hitecture describ ed in this pap er is applicable not only to C + + but also to other imp erativ e programming languages. Applications in M P C + + are manifold. Besides the example giv en in this pap er, w e plan to imple- men t data and control parallel constructs[13], real- time and distributed system extension[6]. These programs will constitute the M P C + + metalev el ob- ject library (MOL). A global p ointer[2, 11], which is a p oin ter to remote memory , the notion of col- 13 lection in tro duced in pC++[4], and a construct for persistent ob jects ha v e b een implemen ted to test the M P C + + programming capabilit y . The user ma y mo dify the syn tax tree ob jects during the co de generation in the curren t M P C + + . Phases, source co de transformation and co de gen- eration, will b e separated in the future M P C + + . F acilities for source-to-source co de transformation in the metalev el will b e also pro vided. Ac kno wledgemen t The authors wish to thank Professor Akinori Y oneza w a, of the Univ ersit y of T oky o, and other mem b ers of the R W C massiv ely parallel program- ming language w orking group for their highly v alu- able comments on the design of M P C + + . T oshiyuki T ak ahashi, of the Univ ersit y of T oky o, imple- men ted a part of the M P C + + fron tend pro cessor and a run time system for the F ujitsu AP-1000. The authors w ould lik e to thank him. References [1] Shigeru Chiba. A Metaob ject Proto col for C++. In Pr o c e e dings of OOPSLA’95 , pages 285{299, 1995. [2] Da vid E. Culler, Andrea Dusseau, Seth Cop en Goldstein, Arvind Kr- ishnam urth y , Steven Lumetta, Thorsten v on Eic k en, and Katherine Y elic k. P arallel pro- gramming in split-c. In Sup er c omputing ’93 , 1993. [3] Daniel P . F riedman and Mitc hell W and. Rei�- cation: Re ection without Metaph ysics. In Pr o c e e dings of 1984 ACM Symp osium on Lisp and F unctional Pr o gr amming , pages 348{355, 1984. [4] J. K. Lee Dennis Gannon. Ob ject Oriented 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 , pages 13{22, 1991. [5] Y utak a Ishik a w a. Meta-Level Arc hitecture for Extendable C++. T ec hnical Rep ort TR{ 94024, R W C, Jan uary 1995. [6] Y utak a Ishik a w a, Hideyuki T okuda, and Clif- ford 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 , pages 289{298, Octob er 1990. [7] John Lamping, Gregor Kiczales, Luis Ro- driguez, and Erik Ruf. An Arc hitecture for an Op en Compiler. In Pr o c e e dings of the Inter- national Workshop on New Mo dels for Soft- war e A r chite ctur e ’92 (IMSA’92) , pages 95{ 106, 1992. [8] P eter Madan y , P anos Kougiouris, Na y eem Is- lam, and Ro y H. Campb ell. Practical Exam- ples of Rei�cation and Re ection in C++. In IMSA’92 International Workshop on R e e c- tion and Meta-L evel A r chite cutr e , pages 76{ 81, No v em b er 1992. [9] Sato c hi Matsuok a, T akuo W atanab e, and Akinori Y oneza w a. Hibrid Group Re ectiv e Arc hitecture for Ob ject-Orien ted Concurren t Re ectiv e Programming. In Fifth ECOOP , July 1991. [10] 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, pages 299{319. Springer-V erlag, 1994. [11] M. Sato, Y. Ko dama, S. Sak ai, Y. Y am- aguc hi, and S. Sekiguti. Distributed Data Structure in Thread-based Programming for a Highly Parallel Data o w Mac hine EM-4. In Pr o c. of ISCA 92 Data ow Workshop , 1992. [12] 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 , pages 306{315, Sept. 1988. 14

[13] Gregory V. Wilson and P aul Lu, editors. Par- al lel Pr o gr amming Using C++ . MIT Press, 1996. [14] Y asuhik o Y ok ote. The New Mechanism for Ob ject-Orien ted System Programming. In IMSA’92 International Workshop on R e e c- tion and Meta-L evel Ar chite cutr e , pages 88{ 93, No v em b er 1992. 15