TR-96-012 Multiple Threads T emplate Library { M P C + + V ersion 2.0 Lev el 0 Do cumen t { Do cument R evision 0.13 Y utak a Ishik a w a � ishik a w a@rw cp.or.jp Revised on 17 Septempb er 1997 Revised on 30 July 1997 Receiv ed 26 Septem b er 1996 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 C++ template library for m ulti-threaded programming in M P C + + , called M P C + + m ulti- ple threads template library . It con tains i) invoke and ainvoke function templates for sync hronous and async hronous lo cal/remote thread in v o cation, ii) Sync class template for sync hronization and comm unication among threads, iii) GlobalPtr class template for p oin ter to remote memory , iv) Reduction class template for reduc- tion, v) Barrier class for barrier sync hronization, and vi) yield function to susp end the thread execution and yield another thread execution. � Massiv ely P arallel Soft w are Lab oratory

Con ten ts 1 In tro duction 1 2 Programming Mo del 1 2.1 Timing of Thread Execution Susp ension : : : : : : : : : : : : : : : : : : : : : : : 2 3 F unction Instance 2 3.1 Sync hronous F unction Instance In v o cation : : : : : : : : : : : : : : : : : : : : : : 2 3.2 Async hronous F unction Instance In v o cation : : : : : : : : : : : : : : : : : : : : : 3 3.3 Restriction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4 4 Sync hronization Structure 4 4.1 Other Op erations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 4.1.1 Read Op eration : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 4.1.2 P eek Op eration : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 4.1.3 W rite Op eration : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6 4.1.4 Queue Length Op eration : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6 5 Global P oin ter 6 5.1 Global P oin ter to Arra y : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 5.2 Global P oin ter to Global P oin ter : : : : : : : : : : : : : : : : : : : : : : : : : : : 8 5.3 Global Ob ject In v o cation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9 5.4 Remote Memory Address : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10 5.5 V ariable Length Remote Memory Op erations : : : : : : : : : : : : : : : : : : : : : 10 6 Global Sync hronization 11 6.1 Barrier : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11 6.2 Reduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12 7 Other F unctions 13 7.1 Thread Execution Con trol : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13 7.2 Remote Ob ject Allo cation/F ree : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13 8 Curren t Implemen tation Status 14 A Library Summary 15 A.1 invoke F unction T emplate : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 A.1.1 F unction returning a v alue : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 A.1.2 V oid F unction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 A.1.3 Global Ob ject Mem b er F unction returning a v alue : : : : : : : : : : : : : : 16 A.1.4 Global Ob ject V oid Mem b er F unction : : : : : : : : : : : : : : : : : : : : : 16 A.2 ainvoke F unction T emplate : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 A.2.1 F unction returning a v alue : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 A.2.2 V oid F unction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 A.2.3 Global Ob ject Mem b er F unction returning a v alue : : : : : : : : : : : : : : 18 A.2.4 Global Ob ject V oid Mem b er F unction : : : : : : : : : : : : : : : : : : : : : 19 i

A.3 Sync Class T emplate : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19 A.4 GlobalPtr Class T emplate : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20 A.5 Barrier and Reduction Classes : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21 A.6 Others : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21 ii

1 INTR ODUCTION 1 1 In tro duction M P C + + v ersion 1.0, an extension of C++, has b een designed for parallel/distributed programming[2]. Instead of setting sev eral language extensions, w e ha v e designed lo w-lev el parallel description prim- itiv es and the M P C + + metalev el arc hitecture[3] to realize an extendable/mo di�able programming language system. Higher parallel/distributed constructs, suc h as data parallel statemen ts and distributed activ e ob jects, are implemen ted using the extendable feature. The parallel description primitiv es w ere designed to form a system programming language on the R W C-1 massiv ely parallel mac hine that supp orts m ulti-threads and message driv en execution. These primitiv es are i) a "function instance" whic h is an abstraction of thread in v o cation b y message passing and ii) "message en try" and "tok en" whic h are abstractions of comm unication among threads. Primitiv es are realized as language extensions using the metalev el arc hitecture. M P C + + V ersion 2.0 is designed in t w o lev els, lev el 0 and lev el 1. The lev el 0 sp eci�es parallel description primitiv es realized b y the C++ template feature without an y language extensions, that de�ne the M P C + + basic parallel execution mo del. The lev el 1 sp eci�es the M P C + + metalev el arc hitecture and application sp eci�c extensions. In this do cumen t, w e describ e the lev el 0 parallel description primitiv es called the M P C + + m ultiple threads template library (MTTL). It con tains i) invoke and ainvoke function templates for sync hronous and async hronous lo cal/remote thread in v o cation, ii) Sync class template for sync hronization and comm unication among threads, iii) GlobalPtr class template for p oin ter to remote memory , and iv) yield function to susp end the thread execution and yield another thread execution. 2 Programming Mo del Program, Pro cesses, and Threads: The M P C + + program is assumed to run on a distributed memory based parallel system. Program co de is distributed to all ph ysical pro cessors and a pro cess for the program runs on eac h pro cessor. Eac h pro cess has sev eral threads of con trol whic h are not preempted. That is, thread execution con tin ues unless it w aits for sync hronization or exits. The detailed timing of thread execution susp ension will b e describ ed later. A program ma y lo cally or remotely in v ok e a function instanc e whic h has a thread of con trol. In v oking a function instance will in v olv e creation of a new thread and the execution of the function. The program in v oking the function instance ma y blo c k un til the end of the in v ok ed function instance execution. V ariables: All v ariables are pro cessor lo cal. The storage de�ned in the �le scop e is allo cated to eac h pro cessor. When suc h a v ariable is referred to b y a pro cessor, the lo cal memory space is accessed. V ariables myPE and peNum are prede�ned and initialized to represen t pro cessor n um b er and n um b er of pro cessors, resp ectiv ely . The pro cessor n um b er starts from 0 to peNum � 1. Initialization: The mpc main routine is the main routine in M P C + + . This routine is only in v ok ed at pro cessor 0 after initializing the �le scop e v ariables. Other pro cessors initialize the �le scop e v ariables and then w aits for messages.

3 FUNCTION INST ANCE 2 Sync hronization and Comm unication: The sync hronization structure called Sync is sup- p orted to realize the m ultiple readers/writers comm unication mo del. It acts as a FIF O comm uni- cation bu�er. If a reader tries to read data from a Sync ob ject but no data has b een a v ailable, it blo c ks un til a writer writes data to the Sync ob ject. If the reader reads data, the data is remo v ed. The reader ma y also read data without remo ving the data. If writers write sev eral data, those data are enqueued to the Sync ob ject. Global P oin ter: A program ma y access an y remote data via a global p oin ter as w ell as in v ok e a mem b er function instance of an y remote ob ject. Sev eral function instances of an ob ject ma y b e in v ok ed. The concurrency con trol m ust b e programmers’ resp onsibilit y . W e ha v e not de�ned an y parallel ob ject mo del suc h as the Actor mo del. Suc h a programming construct ma y b e de�ned b y M P C + + lev el 1, the language extension part. Execution Order: Order in remote function instance in v o cation op erations on a pro cessor is preserv ed at pro cessing those op erations on the remote pro cessor. Order in remote memory op erations using global p oin ters on a pro cessor is preserv ed at pro cessing those op erations on the remote pro cessor. Ho w ev er, order in a remote function instance in v o cation and a remote memory op eration is not preserv ed. The programmer ma y assume that the order in a remote memory op eration follo w ed b y a remote function instance in v o cation is guaran teed, but ma y not assume the opp osite order. In other w ords, a remote memory op eration ma y b e handled prior to executing a remote function instance in v o cation on the remote mac hine. 2.1 Timing of Thread Execution Susp ension Thread execution ma y b e susp ended in the follo wing cases, but the programmers should not write a program assuming those cases: 1. reading a v alue of Sync ob ject 2. in v oking a remote function instance sync hronously 3. reading a data via a global p oin ter If in�nite lo op is programmed, an y other threads nor remote memory op erations requested b y other pro cesses nev er get to b e pro ceeded. F unction yield() is pro vided to receiv e incoming message, susp end curren t thread execution, and switc h to another thread. 3 F unction Instance 3.1 Sync hronous F unction Instance In v o cation The invoke function template allo ws us to in v ok e a function instance lo cally or remotely and blo c k the thread execution un til the return message is receiv ed. This function instance in v o cation in v olv es creation of a new thread and thread con text switc h. Programmers ma y in v ok e a function instance lo cally in order to yield another thread execution.

3 FUNCTION INST ANCE 3 The invoke function template has t w o formats, for a function returning a v alue and for a void function. As sho wn b elo w, the former invoke format tak es i) a v ariable where the return v alue is stored, ii) pro cessor n um b er on whic h a function instance is in v ok ed, iii) a function name, and iv) its argumen ts. The later invoke tak es i) pro cessor n um b er on whic h a function instance is in v ok ed, ii) a function name, and iii) its argumen ts. function-instanc e-invo c ation: invoke( variable, pr o c essor-numb er, function-name, ar guments ) invoke( pr o c essor-numb er, function-name, ar guments ) pr o c essor-name: inte gr al-value inter gr al-variable function-name: identi�er ar guments: c++-function-ar guments The follo wing example sho ws that a foo function instance is in v ok ed in the pro cessor 1. The execution of the mpc main thread blo c ks un til foo function execution is terminated. After the end of foo function execution, the return v alue is stored in v ariable i and then mpc main thread execution is resumed. A void function instance is in v ok ed in the pro cessor 2 in line 9. After the execution of the bar function is �nished, mpc main thread execution is resumed. 1 #include <mpcxx.h> 2 int foo(int, int); 3 void bar(int, int); 4 mpc_main() 5 { 6 int i; 7 8 invoke(i, 1, foo, 1, 2); 9 invoke(2, bar, 10, 20); 10 } 3.2 Async hronous F unction Instance In v o cation Async hronous function instance in v o cation means that a thread in v ok es a function instance and executes the subsequen t program without blo c king. The thread ma y get the return v alue later using the sync hronization structure. The ainvoke function template is pro vided to program async hronous function instance in v o cation. The ainvoke function template has t w o formats, for a function returning a v alue and for a void function. As sho wn b elo w, the former ainvoke format tak es i) a sync hronization v ariable whic h will b e used to get a return v alue from a function, ii) pro cessor n um b er on whic h a function instance is in v ok ed, iii) a function name, and iv) its argumen ts. The later ainvoke format tak es i) pro cessor n um b er, ii) a void function name, and iii) its argumen ts. Because the void function do es not return an y v alue, no sync hronization v ariable is sp eci�ed.

4 SYNCHR ONIZA TION STR UCTURE 4 function-instanc e-invo c ation: ainvoke( sync-var, pr o c essor-numb er, function-name, ar guments ) ainvoke( pr o c essor-numb er, function-name, ar guments ) In the follo wing example, a foo function instance is async hronously in v ok ed. The return v alue from the foo will b e stored in the ss sync hronization structure. In line 12, the v alue stored in the ss sync hronization structure is read and stored in to v ariable i . The syn tax and seman tics of sync hronization structure Sync is explained in section 4. In line 10, void function bar is async hronously in v ok ed. The in v ok er and a bar function instance are nev er joined. 1 #include <mpcxx.h> 2 int foo(int, int); 3 void bar(int, int); 4 mpc_main() 5 { 6 Sync<int> ss; 7 int i; 8 9 ainvoke(ss, 1, foo, 1, 2); 10 ainvoke(2, bar, 10, 20); 11 12 i = *ss; 13 } 3.3 Restriction In the curren t implemen tation, the n um b er of in v ok ed function’s argumen ts is restricted to eigh t. 4 Sync hronization Structure The synchr onization structur e describ ed in section 2 is implemen ted b y the Sync class template. It tak es one t yp e parameter that represen ts the data t yp e of ob jects k ept in the structure. sync-var-de�nition: Sync< typ e-name > variable Figure 1 sho ws that sync hronization structure l1 whic h k eeps in teger v alues is declared in line 13. In line 15, the count function with the l1 is in v ok ed on pro cessor 1. Since line 15 is an async hronous remote in v o cation, execution con tin ues. As sho wn in line 17, the v alue on l1 is extracted as if it w ere a p oin ter. When execution reac hes line 17, the v alue is extracted from l1 if l1 has receiv ed a data. Otherwise, execution is susp ended un til the sync hronization structure l1 receiv es v alue. The count function instance receiv es the sync hronization structure l1 as the parameter t1 . In lines 5 and 7, pro cessor lo cal v ariable times is incremen ted and that v alue is written in to the l1 via t1 as if l1 w ere a p oin ter.

4 SYNCHR ONIZA TION STR UCTURE 5 1 #include <mpcxx.h> 2 int times; 3 void count(Sync<int> t1) 4 { 5 *t1 = ++times; 6 // ... 7 *t1 = ++times; 8 // ... 9 } 10 mpc_main() 11 { 12 int i; 13 Sync<int> l1; 14 // ... 15 ainvoke(1, count, l1); 16 // ... 17 i = *l1; 18 // ... 19 i = *l1; 20 } Figure 1: Sync Example When the C++ programmers lo ok at Figure 1, they migh t think that the sync hronization ob ject denoted b y t1 of function count on the remote mac hine di�ers than the l1 ob ject b ecause the ob ject is copied to the remote mac hine. This is true in the sense of cop ying, ho w ev er, it w orks b ecause the sync hronization ob ject is a sort of a global p oin ter ob ject that k eeps the pro cessor n um b er, where the ob ject is created, and its lo cal address. 4.1 Other Op erations W e ha v e sho wn read/write op erations of the sync hronization structure. Those are the same as read/write op erations of a p oin ter. Here, w e describ e other op erations: read , write , and queueLength . 4.1.1 Read Op eration The Sync ob ject has the read metho d whic h tak es a v ariable where the v alue is stored. Line 17 in Figure 1 ma y b e replaced with the follo wing line. l1.read(i); // equivalent to i = *l1; Since the read p oin ter op eration in v olv es an extra cop y op eration, it is b etter to use the read metho d if the v alue size is large. 4.1.2 P eek Op eration The peek metho d is a v ailable to read data without remo ving it from the Sync ob ject. If data is not a v ailable on the ob ject, the execution of the caller is blo c k ed un til it is a v ailable. The peek metho d tak es a v ariable where the v alue is stored. Program based on a single writer/m ultiple readers mo del will use the peek metho d. An example b elo w sho ws that reader function instances are in v ok ed o v er pro cessors with passing the l1 sync hronization structure, and then the v alue is stored in l1 so that all readers can read the same v alue.

5 GLOBAL POINTER 6 1 #include <mpcxx.h> 2 void reader(Sync<int> t1) 3 { 4 int i; 5 t1.peek(i); 6 // ... 7 } 8 mpc_main() 9 { 10 Sync<int> l1; 11 ainvoke(1, reader, l1); 12 ainvoke(2, reader, l1); 13 ainvoke(3, reader, l1); 14 *l1 = 123; 15 } 4.1.3 W rite Op eration The Sync ob ject has the write metho d whic h tak es a v ariable whose v alue is written in the ob ject. Lines 5 and 7 in Figure 1 ma y b e replaced with the follo wing line. t1.write(++times); // equivalent to *t1 = ++times; Since the write p oin ter op eration in v olv es an extra cop y op eration, it is b etter to use the write metho d if the data size is large. 4.1.4 Queue Length Op eration The queueLength metho d of Sync ob ject allo ws us to kno w the n um b er of w aiting read op erations or data receiv ed in the ob ject. The p ositiv e n um b er sp eci�es the n um b er of receiv ed data. The negativ e n um b er means that the n um b er of threads has b een w aited to read data. An example is sho wn b elo w. 1 #include <mpcxx.h> 2 void worker(Sync<int> done) 3 { 4 // ... 5 *done = 1; 6 } 7 8 mpc_main() 9 { 10 Sync<int> done; 11 ainvoke(1, worker, done); 12 ainvoke(2, worker, done); 13 ainvoke(3, worker, done); 14 while (done.queueLength() != 3) { 15 // do something 16 yield(); // The yield primitive must be issued 17 // to receive incoming messages. See section 7.1. 18 } 19 } 5 Global P oin ter An y lo cal ob ject can b e referred to using a global p oin ter whic h is realized b y the GlobalPtr class template. The GlobalPtr class template tak es one t yp e parameter whose storage is p oin ted to

5 GLOBAL POINTER 7 b y the global p oin ter. The op erations on an GlobalPtr ob ject are almost the same as a regular p oin ter ob ject except that a global p oin ter of a global p oin ter is not allo w ed. glob al-p ointer-de�nition: GlobalPtr< typ e-name > variable A simple example is sho wn b elo w. The foo function tak es a global p oin ter as the parameter and sa v e the v alue 10 in to the storage p oin ted to b y the global p oin ter. The foo function instance is in v ok ed in line 14. A lo cal v ariable g1 is con v erted to a global p oin ter using the cast op eration in this line. 1 #include <mpcxx.h> 2 void foo(GlobalPtr<int> gp) 3 { 4 *gp = 10; 5 } 6 void bar(GlobalPtr<int> gp) 7 { 8 printf("[Processor %d] *gp = %d\n", myPE, *gp); 9 } 10 mpc_main(int, char**) 11 { 12 int g1; 13 GlobalPtr<int> gp; 14 invoke(1, foo, (GlobalPtr<int>) &g1); 15 printf("[Processor %d] g1 is %d\n", myPE, g1); 16 gp = &g1; 17 invoke(2, bar, gp); 18 } When the example is executed, y ou can see the follo wing message: [Processor 0] g1 is 10 [Processor 1] *gp = 10 5.1 Global P oin ter to Arra y A program b elo w sho ws an example of other global p oin ter op erations. Y ou will �nd the most p oin ter op erations. 1 #include <mpcxx.h> 2 void foo(GlobalPtr<int> gp) 3 { 4 GlobalPtr<int> t1; 5 gp[0] = myPE; 6 gp[1] = myPE + 1; 7 *(gp + 2) = myPE + 2; 8 t1 = gp + 3; 9 *t1++ = myPE + 3; 10 *t1++ = myPE + 4; 11 } 12 mpc_main(int, char**) 13 { 14 int ga[128]; 15 invoke(1, foo, (GlobalPtr<int>) ga); 16 }

5 GLOBAL POINTER 8 1 #include <mpcxx.h> 2 class Mutex { 3 Sync<int> ss; 4 public: 5 Mutex() { *ss = 1; } 6 void enter() { int tmp = *ss; } 7 void leave() { *ss = 1; } 8 }; 9 class Stack { 10 Mutex mm; 11 int sp; 12 int size; 13 int *buf; 14 void error() { printf("out of range %d\n", sp); } 15 public: 16 Stack() { buf = new int[BUF_SIZE]; size = BUF_SIZE; sp = 0; } 17 Stack(int sz) { buf = new int[sz]; size = sz; sp = 0; } 18 void push(int v){ 19 mm.enter(); 20 if (sp == size) error(); 21 else buf[sp++] = v; 22 mm.leave(); } 23 int pop() { 24 int val; 25 mm.enter(); 26 if (sp == 0) error(); 27 else val = buf[--sp]; 28 mm.leave(); 29 return val; } 30 }; Figure 2: Classes Mutex and Stac k 5.2 Global P oin ter to Global P oin ter Unlik e regular p oin ter op erations, a global p oin ter is not allo w ed to refer to a global p oin ter. That is, line 5 of the follo wing example is an in v alid expression. If the users w an t to refer to a global p oin ter of a global p oin ter, the user m ust write t w o steps as sho wn in lines 6 and 7. 1 #include <mpcxx.h> 2 void foo(GlobalPtr<GlobalPtr<int> > ggp) 3 { 4 GlobalPtr<int> gp; 5 // **ggp = myPE; /* error */ 6 gp = *ggp; 7 *gp = myPE; 8 } 9 10 mpc_main(int, char**) 11 { 12 int i1; 13 GlobalPtr<int> gp; 14 GlobalPtr<GlobalPtr<int> > ggp; 15 16 gp = &i1; 17 ggp = &gp; 18 invoke(1, foo, ggp); 19 20 printf("i1 = %d\n", i1); 21 }

5 GLOBAL POINTER 9 5.3 Global Ob ject In v o cation The programmers ma y write a remote metho d in v o cation of the ob ject using a global p oin ter to an ob ject. The invoke and ainvoke function templates are pro vided. r emote-obje ct-metho d-synchr onous-invo c ation: invoke( variable, glob al-p ointer, class-name :: memb er-function-name, ar guments ) invoke( glob al-pinter, class-name :: memb er-function-name, ar guments ) r emote-obje ct-metho d-asynchr onous-invo c ation: ainvoke( sync-var, glob al-p ointer, class-name :: memb er-function-name, ar guments ) ainvoke( glob al-p ointer, class-name :: memb er-function-name, ar guments ) The argumen ts of the invoke template for a mem b er function whic h returns a v alue are i) a v ariable name, where the return v alue is stored, ii) a global p oin ter, iii) mem b er function name, and iv) argumen ts for the function. The argumen ts of the invoke template for a v oid mem b er function are i) a global p oin ter, ii) mem b er function name, and iii) argumen ts of the function. The invoke function w aits for �nishing the execution of the mem b er function. The argumen ts of the ainvoke template for a mem b er function whic h returns a v alue are i) a sync hronization structure v ariable name, where the return v alue is stored, ii) a global p oin ter, iii) mem b er function name, and iv) argumen ts for the function. Using ainvoke , a thread in v ok es a function instance and executes the subsequen t program without blo c king. The thread ma y get the return v alue later using the sync hronization structure. The argumen ts of ainvoke template for a v oid mem b er function are i) a global p oin ter, ii) mem b er function name, and iii) argumen ts of the function. Because the void function do es not return an y v alue, no sync hronization v ariable is sp eci�ed. An example is sho wn b elo w. F unction allocateStack is de�ned to create an ob ject in a remote pro cessor. mpc main , running pro cessor 0, in v ok es the allocateStack routine in pro cessor 1 in line 14. The global p oin ter gsp p oin ts to the remote Stac k ob ject created in pro cessor 1. Using the gsp global p oin ter, the mem b er function push of the Stack ob ject, whic h is a v oid function, is sync hronously in v ok ed in line 15. In line 16, the mem b er function pop of the Stack ob ject, whic h returns an in teger v alue, is sync hronously in v ok ed. Lines 18 and 19 are an example of async hronous v oid mem b er function and in teger v alue returned mem b er function in v o cations. Without w aiting for �nishing the mem b er function ex- ecution, the subsequen t program is executed. It should b e raised again that order in syn- c hronous/async hronous in v o cation requests to a remote pro cessor from the same pro cessor are preserv ed at pro cessing in the remote pro cessor.

5 GLOBAL POINTER 10 1 #include <mpcxx.h> 2 GlobalPtr<Stack> 3 allocateStack() 4 { 5 return (GlobalPtr<Stack>) new Stack(); 6 } 7 8 mpc_main(int, char**) 9 { 10 GlobalPtr<Stack> gsp; 11 int i; 12 Sync<int> si; 13 14 invoke(gsp, 1, allocateStack); 15 invoke(gsp, Stack::push, 1); 16 invoke(i, gsp, Stack::pop); 17 printf("i = %d\n", i); 18 ainvoke(gsp, Stack::push, 2); 19 ainvoke(si, gsp, Stack::pop); 20 i = *si; 21 printf("i = %d\n", i); 22 } W e ha v e programmed the remote ob ject creation function here. In fact, ho w ev er, the users do not program suc h a function. As describ ed in section 7.2, F unction templates gallocate and gfree are a v ailable to create and free a remote ob ject. 5.4 Remote Memory Address As describ ed in section 2, the storage de�ned in the �le scop e is allo cated to eac h pro cessor. That is, the lo cal address is the same o v er the pro cessors. The set metho d of the GlobalPtr ob ject is a v ailable to sp ecify the remote memory address de�ned in the �le scop e using the storage name. The follo wing example sho ws that the mpc main routine sets 3.1415 to the dt v ariable on eac h pro cessor. 1 #include <mpcxx.h> 2 double dt; 3 mpc_main(int, char**) 4 { 5 GlobalPtr<double> gdp; 6 int i; 7 8 for (int i = 0; i < peNum; i++) { 9 gdp.set(&dt, i); 10 *gdp = 3.1415; 11 } 12 // ... 13 } 5.5 V ariable Length Remote Memory Op erations The GlobalPtr ob ject has the nread and nwrite metho ds to read and write a remote memory , resp ectiv ely . The nread metho d tak es i) a lo cal memory address, where the remote memory p oin ted to b y the GlobalPtr ob ject is stored, ii) size, and iii) a sync hronization structure whic h is used to w ait for op eration done. The nwrite metho d writes data giv en b y the �rst parameter in to the remote memory p oin ted to b y the GlobalPtr ob ject. The second parameter sp eci�es the memory size.

6 GLOBAL SYNCHR ONIZA TION 11 An example is sho wn as follo ws: 1 #include <mpcxx.h> 2 double p[256]; 3 double q[256]; 4 5 mpc_main(int, char**) 6 { 7 GlobalPtr<double> gdp; 8 Sync<int> done; 9 int i; 10 11 /* q[256] on PE#0 <== p[256] on PE#1 */ 12 gdp.set(p, 1); 13 gdp.nread(q, 256, done); 14 done.read(i); 15 /* p[256] on PE#0 ==> q[256] on PE#1 */ 16 gdp.set(q, 1); 17 gdp.nwrite(p, 256); 18 } Metho d mnwrite of a GlobalPtr ob ject is a m ulticast remote memory write function to dis- tribute a data to other pro cessors. In line 13 of the example b elo w, The v alue of the double arra y p in pro cessor 0 is copied to the double arra y q on pro cessors 1 through peNum - 1 . The second argumen t sp eci�es the data size, n um b er of elemen ts. The third argumen t m ust b e an in teger arra y whose elemen t sp eci�es a pro cessor n um b er, and the last argumen t is its arra y size. 1 #include <mpcxx.h> 2 double q[256]; 3 double p[256]; 4 mpc_main(int, char**) 5 { 6 GlobalPtr<double> gdp; 7 int dest[64]; 8 9 for (int i = 1; i < peNum; i++) { 10 dest[i] = i; 11 } 12 gdp.set(q, 0); 13 gdp.mnwrite(p, 256, dest, peNum - 1); 14 } 6 Global Sync hronization F acilities barrier sync hronization and reduction are presen ted in this section. 6.1 Barrier Class Barrier realizes a barrier sync hronization mec hanism among threads on pro cessors. A Barrier ob ject m ust b e a �le scop e ob ject and is initialized b y the setall metho d whic h tak es t w o argumen ts, pro cessor n um b er and n um b er of pro cessors. The n um b er of pro cessors m ust b e a p o w er of 2. Threads on pro cessors starting from the sp eci�ed pro cessor n um b er are sync hronized b y issuing the exec metho d of the Barrier ob ject. That metho d m ust b e only in v ok ed b y single thread on eac h pro cessor during the barrier sync hronization. An example is sho wn b elo w.

6 GLOBAL SYNCHR ONIZA TION 12 T able 1: Reduction Metho ds on Reduction and ReductionArray Class T emplate Metho d Meaning sum Sum of v alues and Bit wise and of v alues xor Bit wise xor of v alues or Bit wise or of v alues max Maxim um of v alues min Minim um of v alues 1 #include <mpcxx.h> 2 #include <stdio.h> 3 #include <Barrier.h> 4 Barrier barrier; 5 void 6 pe_main(Sync<int> done) 7 { 8 // ... 9 barrier.exec(); 10 // ... 11 if (myPE == 1) *done = 1; 12 } 13 mpc_main(int, char*) 14 { 15 int i; 16 Sync<int> done; 17 barrier.setall(1, peNum - 1); 18 for (i = 1; i < peNum; i++) { 19 ainvoke(i, pe_main, done); 20 } 21 done.read(i); 22 } 6.2 Reduction Class templates Reduction and ReductionArray realize reduction op erations among threads on pro cessors. Reduction is used to reduce v alues to a single v alue while ReductionArray is used to reduce v alues of an arra y to a single v alue of an arra y . A reduction op erator listed in T able 1 is applied at the reduction. An ob ject of Reduction and ReductionArray m ust b e a �le scop e ob ject. As sho wn b elo w, t yp e of the v alue is sp eci�ed at an ob ject declaration. The Reduction ob ject red1 is declared to reduce in teger v alues and ReductionArray ob ject red2 is declared to reduce in teger arra y v alues whose size is A SIZE in lines 4 and 5, resp ectiv ely . An ob ject of Reduction and ReductionArray m ust b e initialized b y the setall metho d whic h tak es t w o argumen ts, pro cessor n um b er and n um b er of pro cessors. The n um b er of pro cessors m ust b e a p o w er of 2. Lines 23 and 24 are examples. Expression peNum - 1 m ust b e a p o w er of 2. F unction pe main is in v ok ed on pro cessors 1 through peNum - 1 . Eac h function instance calls the sum metho d of ob ject red1 in line 12 to add all v alues of myPE on pro cessors and the result is stored in val . After calling sum metho d of ob ject red2 , v alues of in teger arra y dt are results of adding all v alues of the dt on pro cessors.

7 OTHER FUNCTIONS 13 1 #include <mpcxx.h> 2 #include <stdio.h> 3 #include <Reduction.h> 4 Reduction<int> red1; 5 ReductionArray<int, A_SIZE> red2; 6 int dt[A_SIZE]; 7 void 8 pe_main(Sync<int> done) 9 { 10 int val; 11 // ... 12 val = red1.sum(myPE); 13 // ... 14 red2.sum(dt); 15 // ... 16 if (myPE == 1) *done = 1; 17 } 18 mpc_main(int, char**) 19 { 20 Sync<int> done; 21 int i; 22 23 red1.setall(1, peNum - 1); 24 red2.setall(1, peNum - 1); 25 for (i = 1; i < peNum; i++) { 26 ainvoke(i, pe_main, done); 27 } 28 done.read(i); 29 } 7 Other F unctions 7.1 Thread Execution Con trol F unction yield() is pro vided to susp end the curren t thread execution and switc h to another thread. If no threads are ready to run, the curren t thread con tin ues to run. F unction yield() will deal with receiving remote thread in v o cations and remote memory op- erations requested b y other pro cesses. 7.2 Remote Ob ject Allo cation/F ree T emplate F unctions gallocate and gfree are a v ailable to allo cate and free a remote ob ject. The argumen ts of gallocate are a global p oin ter, where the remote ob ject address is stored, pro cessor n um b er, and argumen ts for the constructor. gfree tak es a global p oin ter as an argumen t. The global ob ject in v o cation example in section 5.3 has de�ned the allocateStack function to allo cate a Stac k ob ject in a remote pro cessor. Using gallocate , w e do not need to implemen t suc h a function. The follo wing example sho ws that a remote Stac k ob ject is created b y in v oking constructor Stack() and its global p oin ter is stored in gsp1 in line 2. Line 3 sho ws that a remote Stac k ob ject is created b y in v oking constructor Stack(int) and its global p oin ter is stored in t gsp2 . 1 GlobalPtr<Stack> gsp1, gsp2; 2 gallocate(gsp1, 1); // will invoke Stack::Stack() 3 gallocate(gsp2, 1, 128);// will invoke Stack::Stack(int)

8 CURRENT IMPLEMENT A TION ST A TUS 14 8 Curren t Implemen tation Status M P C + + V ersion 2.0 lev el 0 has b een op erational on our w orkstation cluster consisting of 36 Sun SS20’s using Myricom Myrinet[1]. According to our exp erience on NAS P arallel Benc hmark k ernel CG, M P C + + V ersion 2.0 on the w orkstation cluster ac hiev es almost the same p erformance of Cra y T3-D. Readers, who are in terested in our curren t soft w are en vironmen t, can visit our WEB home page for more information: \ http://www.rwcp.or.jp/lab/mpslab/ " References [1] N. J. Bo den, D. Cohen, R. E. F elderman, A. E. Kula wik, C. L. Seitz, J. N. Seizo vic, and W. Su. Myrinet - A Gigabit-p er-Second Lo cal-Area Net w ork. IEEE Micr o , V ol. 15, No. 1, pp. 29{36, F ebruary 1995. [2] Y utak a Ishik a w a. The MPC++ Programming Language V1.0 Sp eci�cation with Commen tary Do cumen t V ersion 0.1. T ec hnical Rep ort TR{94014, R W C, June 1994. [3] Y utak a Ishik a w a and et.al. MPC++. In Gregory V. Wilson and P aul Lu, editors, Par al lel Pr o gr amming Using C++ , pp. 427{466. MIT Press, 1996. T o b e published in 1996 Spring.

A LIBRAR Y SUMMAR Y 15 A Library Summary A.1 invoke F unction T emplate A.1.1 F unction returning a v alue The follo wing template sp eci�cations tell y ou ho w to write a function instance sync hronous in v o- cation whic h returns a v alue of t yp e F . template <class F> int invoke(F &, int pe, F (*f)()); template <class F, class A1> int invoke(F &, int pe, F (*f)(A1)); template <class F, class A1, class A2> int invoke(F &, int pe, F (*f)(A1, A2)); template <class F, class A1, class A2, class A3> int invoke(F &, int pe, F (*f)(A1, A2, A3)); template <class F, class A1, class A2, class A3, class A4> int invoke(F &, int pe, F (*f)(A1, A2, A3, A4)); template <class F, class A1, class A2, class A3, class A4, class A5> int invoke(F &, int pe, F (*f)(A1, A2, A3, A4, A5)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6> int invoke(F &, int pe, F (*f)(A1, A2, A3, A4, A5, A6)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int invoke(F &, int pe, F (*f)(A1, A2, A3, A4, A5, A6, A7)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int invoke(F &, int pe, F (*f)(A1, A2, A3, A4, A5, A6, A7, A8)); A.1.2 V oid F unction The follo wing template functions allo w the programmers to in v ok e a v oid function instance syn- c hronously . int invoke(int pe, void (*f)()); template <class A1> int invoke(int pe, void (*f)(A1)); template <class A1, class A2> int invoke(int pe, void (*f)(A1, A2)); template <class A1, class A2, class A3> int invoke(int pe, void (*f)(A1, A2, A3)); template <class A1, class A2, class A3, class A4> int invoke(int pe, void (*f)(A1, A2, A3, A4)); template <class A1, class A2, class A3, class A4, class A5> int invoke(int pe, void (*f)(A1, A2, A3, A4, A5)); template <class A1, class A2, class A3, class A4, class A5, class A6> int invoke(int pe, void (*f)(A1, A2, A3, A4, A5, A6)); template <class A1, class A2, class A3, class A4, class A5, class A6, class A7> int invoke(int pe, void (*f)(A1, A2, A3, A4, A5, A6, A7)); template <class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int invoke(int pe, void (*f)(A1, A2, A3, A4, A5, A6, A7, A8));

A LIBRAR Y SUMMAR Y 16 A.1.3 Global Ob ject Mem b er F unction returning a v alue The follo wing template sp eci�cations tell y ou ho w to write a mem b er function instance syn- c hronous in v o cation whic h returns a v alue of t yp e F via a global p oin ter GlobalPtr<T> . template <class T, class F> int invoke(F &, GlobalPtr<T>, F (T::*f)()); template <class T, class F, class A1> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1)); template <class T, class F, class A1, class A2> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1, A2)); template <class T, class F, class A1, class A2, class A3> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1, A2, A3)); template <class T, class F, class A1, class A2, class A3, class A4> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4)); template <class T, class F, class A1, class A2, class A3, class A4, class A5> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6, A7)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int invoke(F &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6, A7, A8)); A.1.4 Global Ob ject V oid Mem b er F unction The follo wing template functions allo w the programmers to in v ok e a v oid mem b er function instance sync hronously via a global p oin ter Global<T> . template <class T> int invoke(GlobalPtr<T>, void (T::*f)()); template <class T, class A1> int invoke(GlobalPtr<T>, void (T::*f)(A1)); template <class T, class A1, class A2> int invoke(GlobalPtr<T>, void (T::*f)(A1, A2)); template <class T, class A1, class A2, class A3> int invoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3)); template <class T, class A1, class A2, class A3, class A4> int invoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4)); template <class T, class A1, class A2, class A3, class A4, class A5> int invoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5)); template <class T, class A1, class A2, class A3, class A4, class A5, class A6> int invoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5, A6)); template <class T, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int invoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5, A6, A7)); template <class T, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int invoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5, A6, A7, A8));

A LIBRAR Y SUMMAR Y 17 A.2 ainvoke F unction T emplate A.2.1 F unction returning a v alue The follo wing template sp eci�cations tell y ou the usage of a async hronous function instance in v o- cation whic h returns a v alue of t yp e F . template <class F> int ainvoke(Sync<F> &, int pe, F (*f)()); template <class F, class A1> int invoke(Sync<F> &, int pe, F (*f)(A1)); template <class F, class A1, class A2> int invoke(Sync<F> &, int pe, F (*f)(A1, A2)); template <class F, class A1, class A2, class A3> int invoke(Sync<F> &, int pe, F (*f)(A1, A2, A3)); template <class F, class A1, class A2, class A3, class A4> int invoke(Sync<F> &, int pe, F (*f)(A1, A2, A3, A4)); template <class F, class A1, class A2, class A3, class A4, class A5> int invoke(Sync<F> &, int pe, F (*f)(A1, A2, A3, A4, A5)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6> int invoke(Sync<F> &, int pe, F (*f)(A1, A2, A3, A4, A5, A6)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int invoke(Sync<F> &, int pe, F (*f)(A1, A2, A3, A4, A5, A6, A7)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int invoke(Sync<F> &, int pe, F (*f)(A1, A2, A3, A4, A5, A6, A7, A8)); If the return v alue from a function instance, whic h has b een in v ok ed async hronously , is not needed, the follo wing function template should b e used. That is, instead of sp ecifying a Sync ob ject, a NullSync ob ject is sp eci�ed. template <class F> int ainvoke(NullSync, int pe, F (*f)()); template <class F, class A1> int invoke(NullSync, int pe, F (*f)(A1)); template <class F, class A1, class A2> int invoke(NullSync, int pe, F (*f)(A1, A2)); template <class F, class A1, class A2, class A3> int invoke(NullSync, int pe, F (*f)(A1, A2, A3)); template <class F, class A1, class A2, class A3, class A4> int invoke(NullSync, int pe, F (*f)(A1, A2, A3, A4)); template <class F, class A1, class A2, class A3, class A4, class A5> int invoke(NullSync, int pe, F (*f)(A1, A2, A3, A4, A5)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6> int invoke(NullSync, int pe, F (*f)(A1, A2, A3, A4, A5, A6)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int invoke(NullSync, int pe, F (*f)(A1, A2, A3, A4, A5, A6, A7)); template <class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int invoke(NullSync, int pe, F (*f)(A1, A2, A3, A4, A5, A6, A7, A8)); A.2.2 V oid F unction The follo wing template functions allo w the programmers to in v ok e a v oid function instance asyn- c hronously .

A LIBRAR Y SUMMAR Y 18 int ainvoke(int pe, void (*f)()); template <class A1> int ainvoke(int pe, void (*f)(A1)); template <class A1, class A2> int ainvoke(int pe, void (*f)(A1, A2)); template <class A1, class A2, class A3> int ainvoke(int pe, void (*f)(A1, A2, A3)); template <class A1, class A2, class A3, class A4> int ainvoke(int pe, void (*f)(A1, A2, A3, A4)); template <class A1, class A2, class A3, class A4, class A5> int ainvoke(int pe, void (*f)(A1, A2, A3, A4, A5)); template <class A1, class A2, class A3, class A4, class A5, class A6> int ainvoke(int pe, void (*f)(A1, A2, A3, A4, A5, A6)); template <class A1, class A2, class A3, class A4, class A5, class A6, class A7> int ainvoke(int pe, void (*f)(A1, A2, A3, A4, A5, A6, A7)); template <class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int ainvoke(int pe, void (*f)(A1, A2, A3, A4, A5, A6, A7, A8)); A.2.3 Global Ob ject Mem b er F unction returning a v alue The follo wing template sp eci�cations tell y ou ho w to write a mem b er function instance asyn- c hronous in v o cation whic h returns a v alue of t yp e F via a global p oin ter GlobalPtr<T> . template <class T, class F> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)()); template <class T, class F, class A1> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1)); template <class T, class F, class A1, class A2> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1, A2)); template <class T, class F, class A1, class A2, class A3> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1, A2, A3)); template <class T, class F, class A1, class A2, class A3, class A4> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4)); template <class T, class F, class A1, class A2, class A3, class A4, class A5> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int ainvoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6, A7)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int invoke(Sync<F> &, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6, A7, A8)); If the return v alue from a mem b er function instance, whic h has b een in v ok ed async hronously , is not needed, the follo wing function template should b e used. That is, instead of sp ecifying a Sync ob ject, a NullSync ob ject is sp eci�ed.

A LIBRAR Y SUMMAR Y 19 template <class T, class F> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)()); template <class T, class F, class A1> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1)); template <class T, class F, class A1, class A2> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1, A2)); template <class T, class F, class A1, class A2, class A3> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1, A2, A3)); template <class T, class F, class A1, class A2, class A3, class A4> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4)); template <class T, class F, class A1, class A2, class A3, class A4, class A5> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6, A7)); template <class T, class F, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int ainvoke(NullSync, GlobalPtr<T>, F (T::*f)(A1, A2, A3, A4, A5, A6, A7, A8)); A.2.4 Global Ob ject V oid Mem b er F unction The follo wing template functions allo w the programmers to in v ok e a v oid mem b er function instance async hronously via a global p oin ter Global<T> . template <class T> int ainvoke(GlobalPtr<T>, void (T::*f)()); template <class T, class A1> int ainvoke(GlobalPtr<T>, void (T::*f)(A1)); template <class T, class A1, class A2> int ainvoke(GlobalPtr<T>, void (T::*f)(A1, A2)); template <class T, class A1, class A2, class A3> int ainvoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3)); template <class T, class A1, class A2, class A3, class A4> int ainvoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4)); template <class T, class A1, class A2, class A3, class A4, class A5> int ainvoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5)); template <class T, class A1, class A2, class A3, class A4, class A5, class A6> int ainvoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5, A6)); template <class T, class A1, class A2, class A3, class A4, class A5, class A6, class A7> int ainvoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5, A6, A7)); template <class T, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> int ainvoke(GlobalPtr<T>, void (T::*f)(A1, A2, A3, A4, A5, A6, A7, A8)); A.3 Sync Class T emplate In addition to the p oin ter read/write op eration on a Sync ob ject, the follo wing metho ds are a v ailable:

A LIBRAR Y SUMMAR Y 20 template<class T> class Sync { public: operator T(); /* casting */ void read(T&); void peek(T&); void write(T&); int queueLength(); }; read(T&) A data is extracted from the Sync ob ject and stored in to the v ariable sp eci�ed in the argumen t. peek(T&) A data is read from the Sync ob ject and stored in to the v ariable sp eci�ed in the argumen t. The data still remains in the Sync ob ject after the op eration. write(T&) The v alue sp eci�ed in the argumen t is enqueued in to the Sync ob ject. queueLength() The n um b er of curren t a v ailable v alues are returned. A.4 GlobalPtr Class T emplate In addition to the p oin ter read/write and incremen t/decremen t op erations of a GlobalPtr ob ject, the follo wing metho ds are a v ailable: template<class T> class GlobalPtr { public: void set(void *laddr, int pe); void set(void *laddr); int getPe(); void *getLaddr(); void nwrite(T *laddr, int nitem); void nread(T *laddr, int nitem, Sync<int> sync); void mnwrite(T *laddr, int nitem, int dest[], int dsize); }; void set(void *laddr, int pe) After the execution of the metho d, the GlobalPtr ob ject p oin ts to an ob ject whose memory address is p oin ted to b y laddr on a pro cessor pe . void set(void *laddr) It c hanges the lo cal memory address of the GlobalPtr ob ject. int getPe() It returns the pro cessor n um b er of an ob ject p oin ted to b y the GlobalPtr ob ject. void *getLaddr() It returns the lo cal address of an ob ject p oin ted to b y the GlobalPtr ob ject. void nwrite(T *laddr, int nitem) It writes data p oin ted to b y laddr in to the remote mem- ory represen ted b y the GlobalPtr ob ject. The data size, n um b er of items, is sp eci�ed b y the second argumen t.

A LIBRAR Y SUMMAR Y 21 void nread(T *laddr, int nitem, Sync<int> sync) It reads data represen ted b y the GlobalPtr ob ject and stores the data in to memory p oin ted to b y laddr . The data size, n um b er of items, is sp eci�ed b y the second argumen t. void mnwrite(T *laddr, int nitem, int dest[], int dsize) It writes data p oin ted to b y laddr in to all remote memory , whose lo cal address is represen ted b y the GlobalPtr ob ject, of pro cessors sp eci�ed in the third argumen t, dest arra y eac h elemen t of whic h represen ts pro cessor n um b er. The data size, n um b er of items, is sp eci�ed b y the second argumen t, nitem . The arra y size of the third argumen t is sp eci�ed b y the last argumen t, dsize . A.5 Barrier and Reduction Classes A.6 Others F unction yield() is to susp end the curren t thread execution and switc h to another thread. void yield(); The gallocate function template is to create an ob ject on a pro cessor sp eci�ed b y the second argumen t. The ob ject class is resolv ed using the �rst argumen t, an GlobalPtr ob ject sp ecifying the class. template<class T> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe); template<class T, class A1> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1); template<class T, class A1, class A2> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1, A2); template<class T, class A1, class A2, class A3> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1, A2, A3); template<class T, class A1, class A2, class A3, class A4> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1, A2, A3, A4); template<class T, class A1, class A2, class A3, class A4, class A5> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1, A2, A3, A4, A5); template<class T, class A1, class A2, class A3, class A4, class A5, class A6> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1, A2, A3, A4, A5, A6); template<class T, class A1, class A2, class A3, class A4, class A5, class A6, class A7> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1, A2, A3, A4, A5, A6, A7); template<class T, class A1, class A2, class A3, class A4, class A5, class A6, class A7, class A8> GlobalPtr<T> gallocate(GlobalPtr<T>&, int pe, A1, A2, A3, A4, A5, A6, A7, A8); The gfree function template is to free an ob ject p oin ted to b y a GlobalPtr ob ject: template<class T> void gfree(GlobalPtr<T> &);