References [1] M. Accetta, R. Baron, W. Bolosky D. Golub, R. Rashid, A. ev anian, and M. oung. \Mac h: New Kernel Foundation for UNIX Dev elopmen t". In Pro ceedings of the Summer 1986 USENIX ec hnical Conference Exhibition June 1986. [2] The Ada Programming Language Reference Man ual United States Departmen of Defense, US Go ernmen Prin ting O�ce, ebruary 1983. ANSI/MIL-STD-1815A-1983. [3] Gregory R. Andrews. \Sync hronizing Resources". CM ransactions on Programming Languages and Systems 3(4):405{430, Octob er 1981. [4] Arvind, Da vid E. Culler, Rob ert A. Ian ucci, Vino Kathail, Kesha Pingali, and Rob ert E. Thomas. \The Tagged Tok en Data o Arc hitecture". In ternal rep ort, distributed in sub ject 6.83s, August 1983. [5] Brian N. Bershad, Edw ard D. Lazo wsk a, and Henry M. Levy \PRESTO: System for Ob ject- orien ted Parallel Programming". Soft are|Practice and Exp erience 18(8):713{732, August 1988. [6] Da vid R. Cheriton. \The Kernel Soft are Base for Distributed Systems". IEEE Soft are 1(2):19{42, April 1984. [7] J. B. Dennis. \Data Flo Sup ercomputers". COMPUTER 13(11):48{56, No em er 1980. [8] D. Gelern ter. \Generativ Comm unication in Linda". CM ransactions on Programming Lan- guages and Systems 7(1):80{112, Jan uary 1985. [9] C. A. R. Hoare. \Comm unicating Sequen tial Pro cesses". Comm unications of the CM 21(8):666{ 677, August 1978. [10] Inmos. OCCAM Programming Man ual Pren tice Hall In ternational, 1984. [11] D. J. Kuc k, R. H. Kuhn, D. A. adua, B. Leasure, and M. olfe. \Dep endence Graphs and Compiler Optimization". In 8th CM Symp osium on Principles of Programming Languages pages 207{218, CM, 1981. [12] Da vid J. Kuc k, Edw ard S. Da vidson, Duncan H. La wrie, and Ahmed H. Sameh. \P arallel Sup er- computing da and the Cedar Approac h". SCIENCE 967{974, ebruary 1986. [13] Barbara Lisk v. \Distributed Programming in Argus". Comm unications of the CM 31(3):300{ 312, Marc 1988. [14] John K. Ousterhout, Andrew R. Cherenson, rederic Douglis, Mic hael N. Nelson, and Bren B. elc h. \The Sprite Net ork Op erating System". COMPUTER 23{35, ebruary 1988. [15] Prasad R. Vishn ubhotla. \A Paradigm for Dev eloping Portable and E�cien Parallel Programs for MIMD Arc hitectures" ec hnical Rep ort OSU-CISR C-6/89-TR 19, The Ohio State Univ ersit Computer and Information Science Researc Cen ter, June 1989. [16] Prasad R. Vishn ubhotla. \Multiplexer Channels: Man y-to-Man Comm unication Mec hanism for Parallel Pro cessing" ec hnical Rep ort OSU-CISR C-8/88-TR 25, The Ohio State Univ ersit Computer and Information Science Researc Cen ter, August 1988. [17] Prasad R. Vishn ubhotla. \Sync hronization and Sc heduling in ALPS Ob jects". In Pro ceedings of the 8th In ternational Conference on Distributed Computing Systems pages 256{264, IEEE, June 1988. 40 Accept(symtab_search_proc, &caller_id, &data_param); Call(NULL_OBJECT, symtab_search_proc, data_param, &result_param); Return(symtab_search_proc, caller_id, result_param); else Accept(symtab_terminate_proc, &caller_id, NULL_PARAM); break; currentslice *(int *)(objbaseptr->Mem); slice_table (object *)(objbaseptr->Mem sizeof(int)); for (i 0; currentslice; i++) DeleteObject(slice_table[i]); int symtab_memory(init_param) param init_param; int number_of_slices, mem_required; number_of_slices NUMBER_OF_PROCESSORS; mem_required sizeof(int) number_of_slices sizeof(object); return(mem_required); void symtab_makobjtyp() proc proclist[3], initproc, manager_proc; slice_makobjtyp(); MakeProc(&symtab_insert_proc, symtab_insert); proclist[0] symtab_insert_proc; MakeProc(&symtab_search_proc, symtab_search); proclist[1] symtab_search_proc; MakeProc(&symtab_terminate_proc, symtab_terminate); proclist[2] symtab_terminate_proc; MakeProc(&initproc, symtab_initobject); MakeProc(&manager_proc, Manager); MakeObjType(&symtab_objtype, symtab_memory, 3, proclist, initproc, manager_proc); 39 FreezeChan(query_to_locate); FreezeChan(locate_to_creator); MakeParam(status, sizeof(int), &result); while(Receive(locate_to_creator, status) == SUCCESS) if (result == FOUND) return; void symtab_terminate(objbaseptr, item, status) objbase *objbaseptr; param item, *status; void Manager(objbaseptr) objbase *objbaseptr; event events_list[3]; callid caller_id; param data_param, result_param, tablestatus_param; datatype item; int result, tablestatus, event_selected, currentslice, i; object *slice_table; MakeEvent(&events_list[0], ACCEPT_CALL, symtab_insert_proc); MakeEvent(&events_list[1], ACCEPT_CALL, symtab_search_proc); MakeEvent(&events_list[2], ACCEPT_CALL, symtab_terminate_proc); MakeParam(&data_param, sizeof(int), &item); MakeParam(&result_param, sizeof(int), &result); MakeParam(&tablestatus_param, sizeof(int), &tablestatus); while (1) event_selected Select(3, events_list); if (event_selected == 0) Accept(symtab_insert_proc, &caller_id, &data_param); Call(NULL_OBJECT, symtab_insert_proc, data_param, &tablestatus_param); Return(symtab_insert_proc, caller_id, tablestatus_param); else if (event_selected == 1) 38 int result; query_chan chanlist[0]; results_chan chanlist[1]; MakeParam(&slice_param, sizeof(object), &slice); MakeParam(&result_param, sizeof(int), &result); while(Receive(query_chan, &slice_param) == SUCCESS) Call(slice, slice_search_proc, data_param, &result_param); Send(results_chan, result_param); void symtab_search(objbaseptr, item, status) objbase *objbaseptr; param item, *status; proc queryproc, locateproc; chan query_to_locate, locate_to_creator; chan c1[1], c2[2]; int c1_type[1], c2_type[2]; param query_param; int currentslice, query_param_size, result; MakeProc(&queryproc,query); MakeProc(&locateproc,locate); MakeChan(&query_to_locate); MakeChan(&locate_to_creator); currentslice *(int *)(objbaseptr->Mem); query_param_size currentslice sizeof(object) sizeof(int); MakeParam(&query_param, query_param_size, objbaseptr->Mem); c1[0] query_to_locate; c1_type[0] SENDER; MakeIO(queryproc, 1, c1, c1_type, query_param); c2[0] query_to_locate; c2_type[0] RECEIVER; c2[1] locate_to_creator; c2_type[1] SENDER; MakeWorker(locateproc, FULL_REPLICATION, 2, c2, c2_type, item); 37 MakeParam(status, sizeof(int), &table_status); MakeParam(&slice_status_param, sizeof(int), &slice_status); currentslice (int *)(objbaseptr->Mem); maxslice (int *)(objbaseptr->Mem sizeof(int)); slice_table (object *)(objbaseptr->Mem sizeof(int)); if(*currentslice == *maxslice) table_status FULL; else table_status NOTFULL; Call(slice_table[*currentslice], slice_insert_proc, item, &slice_status_param); if (slice_status == FULL) (*currentslice)++; void query(numchans, chanlist, vparam) int numchans; chan chanlist[]; param vparam; chan to_workers; int currentslice, i; object *slice_table; param slice_obj_param; to_workers chanlist[0]; currentslice *(int *)(vparam.addr); slice_table (object *)(vparam.addr sizeof(int)); for(i 0; <= currentslice; i++) MakeParam(&slice_obj_param, sizeof(object), &slice_table[i]); Send(to_workers, slice_obj_param); void locate(numchans, chanlist, data_param) int numchans; chan chanlist[]; param data_param; chan query_chan, results_chan; object slice; param slice_param, result_param; 36 /***************************************************************************/ /* Symbol Table Object */ /***************************************************************************/ /* Global declaration: should be used after calling "symtab_makobjtyp". */ proc symtab_insert_proc, symtab_search_proc, symtab_terminate_proc; objtype symtab_objtype; void symtab_initobject(objbaseptr, init_param) objbase *objbaseptr; param init_param; int tablesize, number_of_slices, slicesize, slice_mem_required; param slice_size_param; int *currentslice, *maxslice, i; object *slice_table; tablesize *(int *)init_param.addr; number_of_slices NUMBER_OF_PROCESSORS; if (tablesize number_of_slices == 0) slicesize tablesize number_of_slices; else slicesize tablesize number_of_slices 1; MakeParam(&slice_size_param, sizeof(int), &slicesize); currentslice (int *)(objbaseptr->Mem); *currentslice 0; maxslice (int *)(objbaseptr->Mem sizeof(int)); *maxslice number_of_slices; slice_table (object *)(objbaseptr->Mem sizeof(int)); for (i=0; number_of_slices; i++) MakeObject(&slice_table[i], slice_objtype, slice_size_param); void symtab_insert(objbaseptr, item, status) objbase *objbaseptr; param item, *status; param slice_status_param; int table_status, slice_status; int *currentslice, *maxslice; object *slice_table; 35 param item, *status; int *currentindex, slice_status, i; datatype *table; currentindex (int *)objbaseptr->Mem; table (datatype *)(objbaseptr->Mem sizeof(int)); slice_status NOTFOUND; for(i 0; *currentindex; i++) if (memcmp(table[i], item.addr, item.size) == 0) slice_status FOUND; break; MakeParam(status, sizeof(int), &slice_status); int slice_memory(init_param) param init_param; int slicesize, mem_required; slicesize *(int *)init_param.addr; mem_required sizeof(int) slicesize sizeof(datatype); return(mem_required); void slice_makobjtyp() proc proclist[2], initproc; MakeProc(&slice_insert_proc, slice_insert); proclist[0] slice_insert_proc; MakeProc(&slice_search_proc, slice_search); proclist[1] slice_search_proc; MakeProc(&initproc, slice_initobject); MakeObjType(&slice_objtype, slice_memory, 2, proclist, initproc, NULL_PROC); 34 /***************************************************************************/ /* Symbol Table Slice Object */ /***************************************************************************/ #define FULL #define NOTFULL #define FOUND #define NOTFOUND /* Global declaration: should be used after calling "slice_makobjtyp". */ proc slice_insert_proc, slice_search_proc; objtype slice_objtype; void slice_initobject(objbaseptr, init_param) objbase *objbaseptr; param init_param; int *currentindex, *slicesize; currentindex (int *)objbaseptr->Mem; slicesize (int *)(objbaseptr->Mem sizeof(int)); *currentindex 0; *slicesize *(int *)init_param.addr; void slice_insert(objbaseptr, item, status) objbase *objbaseptr; param item, *status; int *currentindex, slicesize, slice_status; datatype *table; currentindex (int *)objbaseptr->Mem; slicesize *(int *)(objbaseptr->Mem sizeof(int)); table (datatype *)(objbaseptr->Mem sizeof(int)); memcpy(&table[*currentindex], item.addr, item.size); (*currentindex)++; if (*currentindex == slicesize) slice_status FULL; else slice_status NOTFULL; MakeParam(status, sizeof(slice_status), &slice_status); void slice_search(objbaseptr, item, status) objbase *objbaseptr; 33 E.4 Ob ject Sym ol able /* /n/tribe/0/alps/examples/symtable-slice.c /n/tribe/0/alps/examples/symtable.c Mahendra Ramachandran. Aug 29, 1989. The symbol table program consists of two object types, symbol table object type which has Manager so that its instances can be shared, and symbol table slice object type whose instances cannot be shared. Both object types provide function, objtypename_makobjtyp, which initializes an objtype descriptor which can then be used by the user to create instances of that object type. The procedure names of the exported functions as well as object type names are declared globally and are initialized by the objtypename_makobjtyp functions. To use the symbol table object type, you must first call the function "symtab_makobjtyp()" which initializes the globally declared objtype descriptor "symtab_objtype". Using this objtype descriptor, you can call MakeObject to create an instance of the object type. When you call MakeObject, you should supply an initialization parameter which should specify the desired table size. This parameter will be used in two ways: (i) it will be used by the function "symtab_memory" which is executed implicitly to compute the memory requirement for the object, and (ii) it will be supplied to the initialization function "symtab_initobject" which will be implicitly executed after memory allocation is completed. The symbol table object is divided into few symbol table slice objects. Procedures of the symbol table object are programmed such that they in turn call the procedures of appropriate symbol table slice objects. The slice objects are created by the initialization function "symtab_initobject". Once everything is set up, you may make calls to the procedures "symtab_insert_proc" and "symtab_search_proc" with the item being inserted or searched for as the value parameter. The result parameter is an integer which is either FULL or NOTFULL for inserts and FOUND or NOTFOUND for searches. Finally to kill the symbol table object, you should call "symtab_terminate_proc". Your program should have typedef declaration which defines "datatype" to be the desired type of the symbol table entry item. */ 32 MakeWorker(SieveProc, FULL_REPLICATION, 2, c2, c2_type, prime_i_param); c2[0] sieve_chans[num_input_primes]; c2[1] signal_chan; MakeIO(OutProc, 2, c2, c2_type, NULL_PARAM); for (i 0; <= num_input_primes; i++) FreezeChan(&sieve_chans[i]); FreezeChan(&signal_chan); Receive(signal_chan, NULL_PARAM); main() AlpsInit(PrimeGen); 31 param prime_i_param, N_param; proc InProc, OutProc, SieveProc; chan sieve_chans[MAX]; chan c1[1], c2[2]; chan signal_chan; int c1_type[1], c2_type[2]; MakeProc (&InProc, Input); MakeProc(&OutProc, Output); MakeProc(&SieveProc, Sieve); MakeParam(&N_param, sizeof(int), &N); MakeParam(&prime_i_param, sizeof(int), &prime_i); puts("Up till what number do you want primes generated?"); scanf("%d", &N); puts("Type file having number of input primes and the actual primes"); gets(filename); fp fopen(filename, "r"); fscanf(fp, "%d", num_input_primes); if (num_input_primes >= MAX) printf("Error- overflow the maximum number of channels \n"); for (i 0; <= num_input_primes; i++) MakeChan(&sieve_chans[i]); MakeChan(&signal_chan); c1[0] sieve_chans[0]; c1_type[0] SENDER; MakeIO(InProc, 1, c1, c1_type, N_param); c2_type[0] RECEIVER; c2_type[1] SENDER; for (i 1; <= num_input_primes; i++) fscanf(fp, "%d", &prime_i); c2[0] sieve_chans[i-1]; c2[1] sieve_chans[i]; 30 chan in_chan; chan out_chan; prime_i *((int *)(prime_i_param.addr)); in_chan clist[0]; out_chan clist[1]; MakeParam(&potential_prime_param, sizeof(int), &potential_prime); while (Receive(in_chan, &potential_prime_param)) if ((potential_prime prime_i) != 0) Send(out_chan, potential_prime_param); void Output(csize, clist, vparam) int csize; chan clist[]; param vparam; param prime_param; int prime; chan results_chan; chan signal_chan; results_chan clist[0]; signal_chan clist[1]; MakeParam(&prime_param, sizeof(int), &prime); while (Receive(results_chan, &prime_param)) printf("%d is prime\n",prime); Send(signal_chan, NULL_PARAM); void PrimeGen() FILE *fp; char filename[10]; int prime_i, N, num_input_primes, i; 29 E.3 Prime Num er Generation /* /n/tribe/0/alps/examples/primegen.c Yee-Tim Lee. Aug 21, 1989. Mahendra Ramachandran. Aug 29, 1989. This program generates all prime numbers less than given number N. In order to compute them, it needs the number of prime numbers between and sqrt(N) and also those prime numbers themselves. It would then generate all prime numbers that are between sqrt(N) and N. */ #include "alps.h" #include "alpsio.h" #define MAX 10 void Input(csize, clist, N_param) int csize; chan clist[]; param N_param; param potential_prime_param; int i, N; chan to_sieve; to_sieve clist[0]; *((int *)(N_param.addr)); MakeParam(&potential_prime_param, sizeof(int), &i); for (i=(int)sqrt(N); i<=N; i++) Send(to_sieve, potential_prime_param); void Sieve(csize, clist, prime_i_param) int csize; chan clist[]; param prime_i_param; param potential_prime_param; int prime_i, potential_prime; 28 MakeProc(&MultiplierProc, Multiplier); MakeProc(&AdderProc, Adder); MakeProc(&FinalProc, Final); MakeChan(&PairChan); MakeChan(&SumChan); MakeChan(&SynchChan); c1[0] PairChan; c1_type[0] SENDER; MakeParam(&FileParam, FileNameSize, InputFileName); MakeIO(InitialProc, 1, c1, c1_type, FileParam); c2[0] PairChan; c2[1] SumChan; c2_type[0] RECEIVER; c2_type[1] SENDER; MakeWorker(MultiplierProc, FULL_REPLICATION, 2, c2, c2_type, NULL_PARAM); c1[0] SumChan; c1_type[0] SENDER_RECEIVER; MakeWorker(AdderProc, FULL_REPLICATION, 1, c1, c1_type, NULL_PARAM); c2[0] SumChan; c2[1] SynchChan; c2_type[0] RECEIVER; c2_type[1] SENDER; MakeParam(&FileParam, FileNameSize, OutputFileName); MakeIO(FinalProc, 2, c2, c2_type, FileParam); FreezeChan(PairChan); FreezeChan(SumChan); FreezeChan(SynchChan); Receive(SynchChan, &NULL_PARAM); printf("... The result has been put in %s\n", OutputFileName); printf("\nHave Nice Day\n"); main() AlpsInit(DotProduct); 27 void Final(csize, ChanList, FileParam) int csize; chan ChanList[]; param FileParam; chan SumChan, SynchChan; char FileName[FileNameSize]; valuetype Sum; param SumParam; FILE *fp; strncpy(FileName, (char *)FileParam.addr, FileNameSize); fp fopen(FileName, "w"); SumChan ChanList[0]; SynchChan ChanList[1]; MakeParam(&SumParam, sizeof(valuetype), &Sum); Receive(SumChan, &SumParam); fprintf(fp, "The result of the dot product is %d\n", Sum); fclose(fp); Send(SynchChan, NULL_PARAM); void DotProduct() proc InitialProc, MultiplierProc, AdderProc, FinalProc; chan PairChan, SumChan, SynchChan; chan c1[1], c2[2]; int c1_type[1], c2_type[2]; param FileParam; char InputFileName[FileNameSize], OutputFileName[FileNameSize]; printf("Please enter Input filename: "); scanf("%s", InputFileName); printf("Please enter Output filename: "); scanf("%s", OutputFileName); printf("The dot product of the arrays in %s will be put in %s\n", InputFileName, OutputFileName); printf("Here we go ..."); MakeProc(&InitialProc, Initial); 26 void Multiplier(csize, ChanList, Vparam) int csize; chan ChanList[]; param Vparam; chan PairChan, SumChan; pairtype Pair; valuetype Product; param PairParam, ProductParam; PairChan ChanList[0]; SumChan ChanList[1]; MakeParam(&PairParam, sizeof(pairtype), &Pair); MakeParam(&ProductParam, sizeof(valuetype), &Product); while (Receive(PairChan, &PairParam)) Pair *((pairtype *)(PairParam.addr)); Product Pair.a_val Pair.b_val; Send(SumChan, ProductParam); void Adder(csize, ChanList, Vparam) int csize; chan ChanList[]; param Vparam; chan SumChan; valuetype Val1, Val2, Sum; param Val1Param, Val2Param, SumParam; SumChan ChanList[0]; MakeParam(&Val1Param, sizeof(valuetype), &Val1); MakeParam(&Val2Param, sizeof(valuetype), &Val2); MakeParam(&SumParam, sizeof(valuetype), &Sum); while ((Receive21(SumChan, &Val1Param, &Val2Param)) == SUCCESS) Sum Val1 Val2; Send(SumChan, SumParam); 25 E.2 Dot Pro duct /* /n/tribe/0/alps/examples/dot-prod.c Manas Mandal. Aug 17, 1989. */ /* This sample program computes the dot-product of vectors. This program is similar to the sum-of-numbers program, except that the i/o processes are given filenames as params, and there is pipeline of Multiplier and Adder worker processes, all working in parallel. The Adder processes start the addition before all products are calculated, thus improving parallelism */ #include "alps.h" #include "alpsio.h" #define FileNameSize 20 typedef int valuetype; typedef struct valuetype a_val, b_val; pairtype; void Initial(csize, ChanList, FileParam) int csize; chan ChanList[]; param FileParam; chan PairChan; char FileName[FileNameSize]; pairtype Pair; param PairParam; FILE *fp; strncpy(FileName, (char *)FileParam.addr, FileNameSize); fp fopen(FileName, "r"); PairChan ChanList[0]; MakeParam(&PairParam, sizeof(pairtype), &Pair); while (fscanf(fp,"%d%d", &(Pair.a_val), &(Pair.b_val)) != EOF) Send(PairChan, PairParam); 24 Receive(SumChan, &SumParam); printf("The sum of the numbers is %d\n", Sum); Send(SynchChan, NULL_PARAM); void SumOfNumbers() proc InitialProc, AdderProc, FinalProc; chan SumChan, SynchChan; chan c1[1], c2[2]; int c1_type[1], c2_type[2]; MakeProc(&InitialProc, Initial); MakeProc(&AdderProc, Adder); MakeProc(&FinalProc, Final); MakeChan(&SumChan); MakeChan(&SynchChan); c1[0] SumChan; c1_type[0] SENDER; MakeIO(InitialProc, 1, c1, c1_type, NULL_PARAM); c1[0] SumChan; c1_type[0] SENDER_RECEIVER; MakeWorker(AdderProc, FULL_REPLICATION, 1, c1, c1_type, NULL_PARAM); c2[0] SumChan; c2[1] SynchChan;

c2_type[0] RECEIVER; c2_type[1] SENDER; MakeIO(FinalProc, 2, c2, c2_type, NULL_PARAM); FreezeChan(SumChan); FreezeChan(SynchChan); Receive(SynchChan, &NULL_PARAM); main() AlpsInit(SumOfNumbers); 23 SumChan ChanList[0]; MakeParam(&NumParam, sizeof(int), &Num); while (scanf("%d", &Num) != EOF) Send(SumChan, NumParam); void Adder(csize, ChanList, Vparam) int csize; chan ChanList[]; param Vparam; chan SumChan; int Val1, Val2, Sum; param Val1Param, Val2Param, SumParam; SumChan ChanList[0]; MakeParam(&Val1Param, sizeof(int), &Val1); MakeParam(&Val2Param, sizeof(int), &Val2); MakeParam(&SumParam, sizeof(int), &Sum); while (Receive21(SumChan, &Val1Param, &Val2Param)) Sum Val1 Val2; Send(SumChan, SumParam); void Final(csize, ChanList, Vparam) int csize; chan ChanList[]; param Vparam; chan SumChan, SynchChan; int Sum; param SumParam; SumChan ChanList[0]; SynchChan ChanList[1]; MakeParam(&SumParam, sizeof(int), &Sum); 22 Example Programs E.1 Sum of Num ers /* /n/tribe/0/alps/examples/sum-of-numbers.c Manas Mandal. Aug 17, 1989. */ /* This sample program computes the sum of integers read from the standard input. The Initial i/o process reads the values from the input, and sends them on multiplexer channel. The Adder worker processes atomically receive two of these integers, add them, and put the result back on the same channel. When only one value is left, it is the sum of all the numbers, and the channel is almost dead. The Final i/o process now receives this value, and prints it out on the standard output. The SumOfNumbers procedure, which is an ALPS procedure with internal parallelism, creates two channels. The first channel is used by both the i/o processes and all worker processes. While the Initial i/o process can only send values on this channel, each Adder worker process can both receive and send values on this channel. The Final i/o process can only receive value on this channel. The second channel is synchronizing channel between the Final i/o process, which is sender for this channel, and the SumOfNumbers process, which is receiver. The Initial i/o process terminates after it sends all its messages. The Adder worker processes block on the Receive21 when there is only one value left. Now the system can recognize that the channel is almost dead, terminate all Adder worker processes, and give the single remaining message to the Final i/o process. After it finishes writing out the results to finish the computation, the Final process sends synchronizing message on the second channel to the SumOfNumbers process, and terminates itself. The SumOfNumbers process, creator process, now terminates, and all channels are implicitly deleted. */ #include "alps.h" #include "alpsio.h" void Initial(csize, ChanList, VParam) int csize; chan ChanList[]; param VParam; chan SumChan; int Num; param NumParam; 21 Input and Output The ALPS ernel do es not de�ne Input/Output op erations. Ho ev er, eac implemen tation supp orts the standard I/O op erations. or eac supp orted I/O op eration, the executing pro cess gets blo ed un til the I/O op eration is completed. When concurren pro cesses do I/O, the op erations ma in terlea ed in some arbitrary fashion. or this purp ose, eac implemen tation requires the user to use the ALPS I/O library rather than the standard I/O library An ALPS header �le \alpsio.h" is pro vided, and the user should use the declaration #include "alpsio.h" instead of the usual #include <stdio.h>. 20 ALPS Error Chec king ALPS primitiv es try to eep error hec king do wn to minim um. Ho ev er, some hec ks are erformed, whic either result in arnings or errors. No error alues are returned. arning results only in message on the screen. An error not only causes an error message, but also causes the ernel to ab ort the user program as est as it can. The error message only giv es the error detected, and the primitiv during the execution of whic the error ccurred. It do esn’t sa whic ALPS pro cedure as executing when the error ccurred. C.1 arnings \Result parameter as truncated ecause it did not �t in the bu�er pro vided." Generated Receiv e, Receiv e21, Receiv e12, Call, Accept, and Aw ait. C.2 Errors \Not creator." Generated Mak eChan, Mak eIO, Mak eW ork er, and reezeChan. \In alid hannel." Generated reezeChan, Send, Receiv e, Receiv e21, and Receiv e12. \SENDER or SENDER-RECEIVER access righ required." Generated Send. \RECEIVER or SENDER-RECEIVER access righ required." Generated Receiv e, Receiv e21, and Receiv e12. \Cannot send on dead or almost dead hannel." Generated Send. \In alid pro cedure." Generated Mak eIO, Mak eW ork er, Call, Accept, Start, Aw ait, and Return. \In alid hannel in ChanList." Generated Mak eIO and Mak eW ork er. \F rozen hannel in ChanList." Generated Mak eIO and Mak eW ork er. \In alid pro cedure in Pro cList." Generated Mak eOb jT yp e. \In alid InitPro c." Generated Mak eOb jT yp e. \In alid Manager pro cedure." Generated Mak eOb jT yp e. \In alid Ob jT yp e." Generated Mak eOb ject. \In alid Ob ject." Generated DeleteOb ject and Call. \Called pro cedure not within sp eci�ed ob ject." Generated Call. \In alid Callid used." Generated Accept, Start, Aw ait and Return. \Ev en tag is not CCEPT CALL or AIT TERMINA TION." Generated Select and Coun t. 19 int Select (esize, EventList) int esize; event EventList[]; int Coun (Event) event Event; A.3 Initialization void AlpsInit (InitFunc) void (*InitFunc)(); List of ALPS Constan ts Apart from the constan ts in tro duced th us far, the ALPS ernel also pro vides constan called NUMBER OF PR OCESSORS, whic giv es the um er of ph ysical pro cessors exp ected to ailable to the users. The complete lists are giv en elo w. B.1 ALPS Literals SENDER RECEIVER SENDER RECEIVER SUCCESS /* Value */ ABORT /* Value */ ACCEPT CALL AWAIT TERMINATION FULL REPLICATION NUMBER OF PROCESSORS B.2 Predeclared ALPS ariables NULL PROC NULL PARAM NULL OBJECT B.3 ALPS Macros MakeParam(p, s, a) MakeEvent(e, t, p) 18 A.2 Ob ject/Manager Primitiv es void Mak eOb jT yp (ObjType, Memory, psize, ProcList, InitProc, Manager) objtype *ObjType; int (*Memory)(); int psize; proc ProcList[], InitProc, Manager; void Mak eOb ject (Object, ObjType, InitParam) object *Object; objtype ObjType; param InitParam; void DeleteOb ject (Object) object Object; void Call (Object, Proc, Vparam, Rparam) object Object; proc Proc; param Vparam, *Rparam; void Accept (Proc, Callid, Rparam) proc Proc; callid *Callid; param *Rparam; void Start (Proc, Callid, Vparam) proc Proc; callid Callid; param Vparam; void Aw ait (Proc, Callid, Rparam) proc Proc; callid *Callid; param *Rparam; void Return (Proc, Callid, Vparam) proc Proc; callid Callid; param Vparam; 17 16 Summary of the ALPS Kernel Primitiv es A.1 Multiplexer Channel Primitiv es void Mak eChan (C) chan *C; void reezeChan (C) chan C; void Send (C, Vparam) chan C; param Vparam; int Receiv (C, Rparam) chan C; param *Rparam; int Receiv e21 (C, Rparam1, Rparam2) chan C; param *Rparam1, *Rparam2; int Receiv e12 (C1, Rparam1, C2, Rparam2) chan C1, C2; param *Rparam1, *Rparam2; void Mak ePro (Proc, Func) proc *Proc; void (*Func)(); void Mak eIO (Proc, csize, ChanList, ChanTypeList, Vparam) proc Proc; int csize; chan ChanList[]; int ChanTypeList[]; param Vparam; void Mak eW ork er (Proc, repcount, csize, ChanList, ChanTypeList, Vparam) proc Proc; int repcount, csize; chan ChanList[]; int ChanTypeList[]; param Vparam; 16 Since all ALPS pro cedures should registered with the ernel efore using them, it is recommended that all Mak ePro cs done in the function InitF unc itself. ermination of all user pro cesses should explicitly programmed. Mak sure that all ork er and i/o pro cesses terminate smo othly i/o pro cesses terminate smo othly up on completion of co de dy ork er pro cesses are ypically programmed in lo op, receiving alues on hannels, and pro cessing them. The lo ops should terminate when the Receiv es return an ABOR alue, and then the ork er pro cess should smo othly terminate. Mak sure that the creator do esn’t terminate un til the computation is done. If the creator terminates to early all hannels created it are deleted, and all messages on them are remo ed, th us terminating useful computation eing erformed ork er pro cesses. Therefore the creator should ait on hannel on whic the last i/o pro cess sends message signalling the end of the computation, in order to prop erly sync hronize smo oth termination. Alw ys reezeChan all hannels that ere created. Managers are ypically programmed in lo op, whic starts with Select, follo ed the manager either Accepting Call, or Aw aiting termination of Started pro cess. The manager has to programmed to terminate, ma yb receiving dumm Call whic causes it to terminate its lo op. The manager need not Start new pro cess for ev ery Call it Accepts, and the user should remem er to sa the callids of these Calls to later Return results to the Calls. The user should read 15 to get feel for ALPS programming. erusal of the example programs giv en in App endix will also help the user in writing ALPS program. 15 4.3 Initialization void AlpsInit (InitFunc) void (*InitFunc)(); This is the �rst primitiv the user program should call. The presen ersion of the ernel is not liv op erating system but is loaded along with the user program. The AlpsInit primitiv is used the ernel oth to initialize the ernel data structures and to create the bac kground pro cesses that are required the ernel. The ernel starts the user program at the function InitF unc calling it in fashion similar to an ALPS pro cedure call; i.e. the pro cess that executes the InitF unc is treated as an i/o pro cess whic also has the status of creator. Programming Tips Since ALPS is new non-traditional paradigm for parallel programming, it helps to follo few guidelines to write correct and e�cien programs. ALPS do es not allo sharing et een pro cesses, except through system supp orted descrip- tors for hannels, ob jects and parameters. Global ariables are not allo ed. Ho ev er, some system descriptors lik pro and ob jt yp are de�ned to global en tities, and can shared et een pro cesses. This is ecause of the lac of high-lev el language/compiler supp ort. If high-lev el language as ailable, the compiler ould generate pro cs ad ob jt yp es, and mak sure they are accessed prop erly Do not assign alues to system descriptor ariables. Only the ernel can do so and this happ ens when ou call the appropriate \mak e" primitiv e. Once hannel or ob ject is deleted, do not reuse the descriptor without doing another Mak eChan or Mak eOb ject on it. Remem er to unpac params using the same format in whic they ere pac ed. And remem er that parameter passing is alue/result only It app ears that go of programming in ternal parallelism within an ALPS pro cedure is to ha the programmer think of the pro cedure as ha ving an initial i/o phase, pip eline of computational phases, and �nal i/o phase. So an ALPS pro cedure could eha as creator pro cess whic mak es an INITIAL i/o pro cess, few ork er pro cesses, and FINAL i/o pro cess. The creator aits for message from the FINAL i/o pro cess telling it that the computation is done, efore it terminates. (Lo ok at the Dot-Pro duct example in App endix E.2 whic illustrates the pip elining concept.) The main program only calls AlpsInit, passing it InitF unc as parameter. The actual main co de of the user program should put inside the function InitF unc, whic is called the ernel just lik it ould call an ALPS pro cedure. Since Mak ePro cs can done only after an AlpsInit, Mak ePro on InitF unc is not required. 14 void Aw ait (Proc, Callid, Rparam) proc Proc; callid *Callid; param *Rparam; This primitiv is mean to executed the manager pro cess in order to ait for the termination of an execution of Pro c. The unique-id of the terminated pro cedure call is receiv ed in Callid, and is the same callid as the one that as passed to Pro when it as started. The results of the call are stored in Rparam. Rparam should ha the size and addr �elds de�ned at the time the Aw ait primitiv is executed. void Return (Proc, Callid, Vparam) proc Proc; callid Callid; param Vparam; This primitiv is mean to executed the manager pro cess in order to return from call to the pro cedure Pro c. Callid giv es the unique-id generated when the call as receiv ed the manager. Vparam giv es the result parameter to returned to the caller; this ma di�eren from the actual result returned the pro cedure. int Select (esize, EventList) int esize; event EventList[]; This primitiv aits for one of sev eral ev en ts sp eci�ed in Ev en tList. An ev en is either call to pro cedure (recognized an Accept) or the termination of an executing pro cedure (recognized an Aw ait). The length of Ev en tList is sp eci�ed in esize. If or more ev en ts ccur, the ev en with the smallest arra index is selected. This facilitates programming of dynamic priorities in ev en selection. The index of the selected ev en is returned as the alue of the Select primitiv e. It should noted that the Select primitiv is used only to select an ev en t. The parameters supplied the ev en should receiv ed subsequen Accept or Aw ait call on the corresp onding pro cedure. Also note that in simple cases the Accept or Aw ait primitiv es can used without necessarily preceding them with Select. int Coun (Event) event Event; or an ev en t, there can more than one ccurrence of the ev en aiting to serviced. The Coun primitiv returns the um er of ending ccurrences of Ev en that are et to serviced the manager. ypically this primitiv is used at the time of making an ev en list to used in subsequen Select primitiv e. 13 called pro cedure terminates. When the called pro cedure terminates, the result alue returned the pro cedure is stored in Rparam. If ob ject has non-n ull manager, then the ernel sends call request to the manager supplying Ob ject, Pro and Vparam (this request is receiv ed the manager of Ob ject using an Accept primitiv e). The manager ma no use Start to start new pro cess for Pro and receiv results from it using an Aw ait, or it ma erform some lo cal computation to get the results. In either case, the calling pro cess gets blo ed un til the manager executes Return, when the results are stored in Rparam. Rparam should ha the size and addr �elds de�ned at the time the Call primitiv is executed. The Call primitiv can also used to call an indep enden ALPS pro cedure that is not within an ob ject or to call an ALPS pro cedure de�ned in the same ob ject as the caller. In either case NULL OBJECT should supplied as the �rst parameter to the Call primitiv e, and Pro should the descriptor of the pro cedure eing called. Suc pro cedure call is implemen ted creating new pro cess to execute the pro cedure. This new pro cess also has the status of creator. The same pro cannot used oth as an indep enden pro cedure and as an ob ject’s pro cedure. void Accept (Proc, Callid, Rparam) proc Proc; callid *Callid; param *Rparam; This primitiv is mean to executed manager pro cess in order to accept call to the pro cedure Pro de�ned in the paren ob ject. The execution of the Accept primitiv is dela ed un til there is call to the pro cedure Pro c. When call arriv es, the ernel generates unique-id whic describ es the call, i.e. the return address, and stores it in Callid. The Accept primitiv also stores the alue parameter supplied the caller in Rparam. When the called pro cedure is actually executed, it is ossible for the manager to supply alue parameter di�eren from the one receiv ed in Rparam. Rparam should ha the size and addr �elds de�ned at the time the Accept primitiv is executed. void Start (Proc, Callid, Vparam) proc Proc; callid Callid; param Vparam; This primitiv is mean to executed the manager pro cess in order to start the execution of Pro c. call to Pro should ha een accepted earlier. The Start primitiv creates new pro cess and mak es it execute Pro async hronously with the manager. The Callid supplied to the newly created pro cess iden ti�es the call accepted earlier, and it also ecomes the unique-id of the execution of the Pro that is just started. The Vparam supplied to the started pro cess could the same alue receiv ed in the Accept, or di�eren one. The new pro cess is giv en the creator status. 12 the ernel allo cates the data memory for the ob ject on one of the no des. The allo cation of the ob ject is transparen to the user; it ma allo cated either on the same no de as the creating pro cess or on remote no de. The InitPro supplied to the Mak eOb jT yp is no implicitly executed and is also supplied with the initialization parameter, InitP aram. If Ob jT yp has non-n ull manager pro cedure, then pro cess is implicitly created on the no de where the ob ject is allo cated and is made to execute the manager pro cedure (this pro cess is the manager pro cess and has creator status). Suc an ob ject is shareable and the man- ager pro cedure can programmed to implemen the desired sync hronization. If the manager pro cedure is ull, i.e. its alue as NULL PR OC, then the ob ject is not shareable. The ernel main tains the lo cation information of the ob ject in the ob ject descriptor. As de- scrib ed earlier, prede�ned structure ob jbase is pro vided to the users. This structure has four �elds: (i) memsize the size of the data memory allo cated for the ob ject, (ii) Mem the starting address of the data memory (iii) psize the um er of externally visible pro cedures de�ned on the ob ject, and (iv) Pro cList an arra of pro cedure descriptors iden tifying the externally visible pro cedures. or eac ob ject, the ernel main tains its ob jbase structure, and supplies oin ter to this structure as an implicit �rst parameter to eac pro cedure of the ob ject including the initialization pro cedure and the manager pro cedure. Eac externally visible pro cedure of an ob- ject should programmed to accept parameters in the order (Ob jBasePtr, Vparam, Rparam). The initialization pro cedure should accept the parameters (Ob jBasePtr, Vparam) whereas the manager pro cedure needs to accept only the Ob jBasePtr. The Mak eOb ject primitiv ma used within an ob ject’s pro cedure. This allo ws an ob ject to ha nested sub-ob jects. void DeleteOb ject (Object) object Object; This primitiv deletes the Ob ject. This in olv es releasing an data memory that as al- lo cated for the ob ject. All pro cesses including the manager should killed explicitly the program efore the ob ject is deleted. Similarly all sub-ob jects should explicitly deleted e- fore the DeleteOb ject call is issued. Otherwise, the data memory of the ob ject ma released but the pro cesses and/or sub-ob jects ma remain. void Call (Object, Proc, Vparam, Rparam) object Object; proc Proc; param Vparam, *Rparam; This primitiv is used to call an ALPS pro cedure. If the called pro cedure is part of another ob ject, Ob ject is the ob ject descriptor and Pro is pro cedure descriptor whic should mem er of Pro cList for the ob ject’s yp e. The ob ject ma on the same no de as the caller or it ma on remote no de. In either case, the Call primitiv is implemen ted as remote pro cedure call. If the ob ject is not shareable, i.e. it has ull manager, the ernel creates new pro cess on the no de where the ob ject is allo cated and mak es that pro cess execute the pro cedure Pro c. This pro cess gets the creator status. The calling pro cess gets blo ed un til the 11 This primitiv creates ultiple instances of ork er pro cess, distributes them across the no des of the parallel mac hine and mak es eac instance execute the pro cedure Pro c. The calling pro cess con tin ues immediately The um er of instances of the ork er pro cess is sp eci�ed rep coun t. If rep coun is FULL REPLICA TION, then the system creates an arbitrary um er of instances of the ork er pro cess. If rep coun is other than FULL REPLICA TION, it should ositiv in teger and the system creates exactly rep coun um er of instances of the ork er pro cess. As in the case of Mak eIO, ChanList is list of hannel descriptors, Vparam is alue parameter whic the newly created pro cesses can use, ChanT yp eList pro vides the access righ ts for the hannels in ChanList, and csize is the length of the arra ys ChanList and ChanT yp eList. ChanList and Vparam are passed to Pro whereas ChanT yp eList is only for ernel use. a- rameters are supplied to Pro in the order (csize, ChanList, Vparam). Note that all instances of the ork er pro cess can access eac hannel in ChanList. Only creator pro cess can execute the Mak eW ork er primitiv e. 4.2 Ob ject/Manager Primitiv es void Mak eOb jT yp (ObjType, Memory, psize, ProcList, InitProc, Manager) objtype *ObjType; int (*Memory)(); int psize; proc ProcList[], InitProc, Manager; This primitiv creates an ob ject yp and returns its descriptor in Ob jT yp e. Memory is oin ter to user function whic returns an in teger alue, and this is the um er of ytes of memory that will allo cated for an ob ject of this yp e. Pro cList sp eci�es list of pro cedure descriptors that de�ne the externally visible pro cedures of the ob ject. psize is the length of Pro cList and should ositiv in teger. InitPro is the optional initialization pro cedure whic is implicitly executed when the ob ject is created. Manager is an optional pro cedure whic implemen ts the necessary concurrency and sync hronization for the calls to the ob ject. The ull pro cedure NULL PR OC can supplied in place of InitPro and Manager. void Mak eOb ject (Object, ObjType, InitParam) object *Object; objtype ObjType; param InitParam; This primitiv creates new ob ject of yp Ob jT yp and returns descriptor for the created ob ject in Ob ject. The system will �rst ev aluate the function Memory pro vided the user in Mak eOb jT yp e. InitP aram will implicitly passed as parameter to Memory and the function Memory should programmed to receiv it. The in teger alue returned the function Memory sp eci�es the memory requiremen for the ob ject in ytes. Using this information, 10 the messages in single step and deliv ers them in Rparam1 and Rparam2 resp ectiv ely If message from eac hannel is receiv ed, then the Receiv e12 primitiv successfully terminates returning the alue SUCCESS. If at least one message on eac hannel is not curren tly ailable, the primitiv is dela ed un til the messages are ailable. If, ho ev er, either one or oth of the hannels ecome dead, the Receiv e12 primitiv terminates returning the alue ABOR T. If the Receiv e12 primitiv is executed an i/o pro cess, it is dela ed un til oth the hannels C1 and C2 are frozen and all ork er pro cesses with RECEIVER or SENDER RECEIVER access righ to either of the hannels ha terminated. void Mak ePro (Proc, Func) proc *Proc; void (*Func)(); This primitiv creates an ALPS pro cedure with unc as its co de dy and returns its descriptor in Pro c. This is the only to tell the ernel to recognize function unc as an ALPS pro cedure whic can then used in other ALPS primitiv es. pro is global en tit (see Section 3), and should de�ned as global ariable. void Mak eIO (Proc, csize, ChanList, ChanTypeList, Vparam) proc Proc; int csize; chan ChanList[]; int ChanTypeList[]; param Vparam; This primitiv creates an i/o pro cess on the same no de where it is in ok ed and mak es the new i/o pro cess execute the pro cedure Pro c. The calling pro cess con tin ues immediately ChanList is list of hannel descriptors and Vparam is alue parameter. Both are passed to Pro so that they can used the newly created pro cess. ChanT yp eList pro vides access righ ts for the hannels in ChanList. csize giv es the length of the arra ys ChanList and ChanT yp eList; it is also supplied to Pro c. ChanT yp eList is only for use the ernel and is not supplied to Pro c. arameters are supplied to Pro in the order (csize, ChanList, Vparam). Only creator pro cess can execute the Mak eIO primitiv e. void Mak eW ork er (Proc, repcount, csize, ChanList, ChanTypeList, Vparam) proc Proc; int repcount, csize; chan ChanList[]; int ChanTypeList[]; param Vparam; The pro cess executing this primitiv should ha either SENDER or SENDER RECEIVER access to the hannel C. The Send primitiv dep osits the message supplied in Vparam on the hannel and the in oking pro cess con tin ues execution immediately The Send op eration is non-blo king and the implemen tation should supp ort un ounded bu�ering. It is an error to execute Send op eration on hannel that is either dead or almost dead. int Receiv (C, Rparam) chan C; param *Rparam; The pro cess that is executing this primitiv should ha either RECEIVER access or SENDER RECEIVER access to the hannel C. The Receiv primitiv receiv es message on hannel and stores it in Rparam. If the hannel curren tly has no messages in it, the ex- ecution of this primitiv is dela ed un til message ecomes ailable or un til it is con�rmed that the hannel is dead. When message is successfully receiv ed, the Receiv primitiv termi- nates returning the alue SUCCESS. If the hannel ecomes dead, the Receiv primitiv terminates returning the alue ABOR T. If the Receiv primitiv is executed an i/o pro- cess, it is dela ed un til the hannel is frozen and all ork er pro cesses with RECEIVER or SENDER RECEIVER access righ to the hannel ha terminated. int Receiv e21 (C, Rparam1, Rparam2) chan C; param *Rparam1, *Rparam2; The pro cess that is executing this primitiv should ha either RECEIVER access or SENDER RECEIVER access to the hannel C. The Receiv e21 primitiv dela ys execution un til there are at least messages on hannel and then remo es the messages in single step and deliv ers them in Rparam1 and Rparam2. When messages are receiv ed from the hannel, the Receiv e21 primitiv successfully terminates returning the alue SUCCESS. If less than messages are curren tly ailable, the primitiv is dela ed un til messages are ailable. If, ho ev er, the hannel ecomes either dead or almost dead, the Receiv e21 primi- tiv terminates returning the alue ABOR T. If the Receiv e21 primitiv is executed an i/o pro cess, it is dela ed un til the hannel is frozen and all ork er pro cesses with RECEIVER or SENDER RECEIVER access righ to the hannel ha terminated. int Receiv e12 (C1, Rparam1, C2, Rparam2) chan C1, C2; param *Rparam1, *Rparam2; The pro cess that is executing this primitiv should ha either RECEIVER access or SENDER RECEIVER access to oth the hannels C1 and C2. The Receiv e12 primitiv dela ys execution un til there is at least one message in eac of the hannels C1 and C2, and then remo es typedef struct int memsize; char *Mem; int psize; proc *ProcList; objbase; Di�eren system lev el descriptors are treated di�eren tly the system. Descriptors of yp pro or ob jt yp are global en tities whic need not and cannot passed around. Descriptors of yp ob ject are the only system lev el descriptors whic can passed oth as ALPS pro cedure parameters and as message comp onen ts. Descriptors of yp han and callid cannot passed, either as pro cedure parameters or as message comp onen ts. It is neither desirable nor necessary to pass user lev el descriptors within parameters or messages. The Kernel Primitiv es 4.1 Multiplexer Channel Primitiv es void Mak eChan (C) chan *C; Mak eChan creates new ultiplexer hannel and returns its descriptor in C. ariable size messages can sen and receiv ed on hannel. Only creator pro cess can execute the Mak eChan primitiv e. The pro cess creating the hannel gets RECEIVER access to the hannel (this means that the creator pro cess cannot send on the hannel). Once hannel is created, the creator can giv the hannel to i/o and ork er pro cesses using the primitiv es Mak eIO and Mak eW ork er. After all i/o and ork er pro cesses that use the hannel are created, the creator of the hannel executes the primitiv reezeChan indicating that no other pro cesses will giv en the hannel. hannel is implicitly deleted when its creator terminates. this time, all remaining messages on the hannel are also deleted. Channels cannot passed as message comp onen ts or ALPS pro cedure parameters (the ernel do es not recognize suc hannels). void reezeChan (C) chan C; This primitiv freezes the hannel and prev en ts the creation of an more i/o or ork er pro cesses that could access this hannel. The system will not rep ort hannel as dead or almost dead unless it is frozen. Only the pro cess that creates the hannel can freeze the hannel. void Send (C, Vparam) chan C; param Vparam; primitiv or the Start primitiv e, it is up to the manager to return the results to the caller executing the Return primitiv e. pro cedure ariable called NULL PR OC is predeclared. It represen ts non-existing pro cedure, i.e. ull pro cedure, and can used as dumm man- ager pro cedure for an ob ject. Ev en ts. An ob ject’s manager is serv er of ev en ts It is usually programmed to select among sev eral alternativ ev en ts using the Select primitiv e. An ev en descriptor (see Section 3) has �elds, tag and pro The tag describ es the yp of the ev en whic can either CCEPT CALL or AIT TERMINA TION. An CCEPT CALL ev en means that the manager is willing to accept call to the pro cedure pro c. An AIT TERMINA TION ev en means that the manager is willing to recognize the termination of one of the ongoing executions of the pro cedure pro c. macro Mak eEv en t(e, t, p) is pro vided. Here is the address of an ev en ariable. The macro sets the tag and pro �elds of this ev en ariable to the alues and resp ectiv ely Descriptors ha seen that the ALPS ernel allo ws the application programmer to create and use sev eral sp ecial en tities suc as ultiplexer hannels, pro cedures and ob jects. Since only the ernel kno ws the in ternal represen tation of these en tities and ho they should manipulated, it is imp ortan that the ernel should main tain these en tities hidden from the user oth to reliev the programmer from unnecessary details and also to protect the en tities from arbitrary mo di�cation. The only user can create or manipulate an en tit is executing an appropriate ernel primitiv e. This ho ev er requires that the user able to uniquely iden tify eac en tit Suc unique iden ti�ers are called descriptors or eac category of descriptors, the ernel pro vides descriptor yp e. These are han for ultiplexer hannels, pro for ALPS pro cedures, ob jt yp for ob ject yp es, ob ject for ob jects, and callid for return addresses. refer to these as system lev el descriptors whic means that the user need not are of their in ternal represen tation. The ernel also pro vides three user lev el descriptors namely param for parameters, ev en for ev en ts that can recognized manager using the select primitiv e, and ob jbase whic describ es the memory allo cated for an ob ject and the pro cedures de�ned on it. The user lev el descriptors are pro vided to the users as structures and are de�ned elo w. typedef struct int size; char *addr; param; typedef struct int tag; /* tag: (ACCEPT CALL, AWAIT TERMINATION) */ proc proc; event; addr When param ariable is passed as alue parameter, p.size um er of ytes from the address p.addr are sen t. Here p.size should ha alue of zero or more. When param ariable is supplied as result parameter, p.size should sp ecify the um er of ytes ailable starting from p.addr for the result to copied. If the result is more than size ytes long, it is truncated and only the �rst size um er of ytes are copied. If the result is less than size ytes long, p.size is altered to giv the actual size of the result. macro Mak eP aram(p, s, a) is pro vided. Here is the address of param ariable. The macro sets the size and addr �elds of this param ariable to the alues and resp ectiv ely param ariable NULL ARAM is predeclared and can used as dumm alue parameter. NULL ARAM can also used to send and receiv messages (signals) with no data in them. Ob jects. ALPS pro vides supp ort for shared ob jects. An ob ject is an instance of an ob ject yp e, whic is lik an abstract data yp or mo dule. It has some in ternal data represen tation that is hidden from its users and de�nes some pro cedures that can called its users. An ob ject yp can created using the primitiv Mak eOb jT yp and supplying the size of in ternal data memory as ell as the list of externally visible pro cedures that de�ne the ob ject yp e. An ob ject of particular ob ject yp can created using the primitiv Mak eOb ject and supplying the ob ject yp e. An ob ject can ha sub-ob jects, whic are created calling Mak eOb ject from within the ob ject. An externally visible pro cedure of an ob ject can called using the Call primitiv and supplying it with the ob ject descriptor and the pro cedure descriptor. call to an ob ject’s pro cedure is implemen ted as remote pro cedure call. An ob ject ariable NULL OBJECT is predeclared. It represen ts non-existing ob ject, i.e. ull ob ject, and can used as dumm ob ject parameter. Manager. An ob ject yp can ha an optional manager pro cedure. Instances of suc an ob- ject yp can shared et een concurren pro cesses. Sync hronization within shared ob ject is implemen ted programming the manager pro cedure appropriately No other sync hronization mec hanism, suc as semaphores, condition ariables or barriers, is pro vided. When shared ob ject is created, new pro cess |called the manager pro cess| is created and made to execute the manager pro cedure. When an externally visible pro cedure of shared ob ject is called, the pro cedure is not executed directly Instead, con trol is giv en to the manager. In other ords, the manager pro cess in tercepts all calls to the ob ject’s externally visible pro cedures. The manager expresses its readiness to in tercept calls executing the Accept primitiv e. Once pro cedure call is accepted, it is up to the manager to actually execute the pro cedure. The manager ma either execute it immediately or defer its execution un til some sync hronization conditions are met. When it is time to execute pro cedure, the manager can execute the pro cedure either using the Call primitiv or using the Start primitiv e. If the Call primitiv is used, then the manager is blo ed un til the pro cedure terminates, mean while it cannot accept other calls. This metho is useful to execute pro cedure exclusiv ely If the Start primitiv is used, then the pro cess that executes the pro cedure pro ceeds async hronously with the manager and the man- ager can con tin ue with its wn execution and erhaps accept other calls. When pro cedure that as started using the Start primitiv is ready to terminate, the manager pro cess has to recognize its termination executing the Aw ait primitiv whic also receiv es the results from the terminating pro cedure. After pro cedure is executed the manager using either the Call the hannel; i.e. it cannot send on the hannel. Sending and Receiving Messages. Messages are sen on ultiplexer hannel using the Send primitiv e. Only the pro cesses with SENDER or SENDER RECEIVER access righ to the hannel can send messages on the hannel. The Send op eration is non-blo king in the sense that the sending pro cess simply deliv ers the message to the underlying system and con tin ues with its wn execution. The implemen tation is exp ected to supp ort unlimited bu�ering, ossi- bly mo ving the er o wing messages either to other pro cessors or to disk. Three forms of receiv primitiv es are pro vided, namely Receiv e, Receiv e21 and Receiv e12. Only pro cesses with RECEIVER or SENDER RECEIVER access righ to hannel can receiv messages on the hannel. The Receiv primitiv receiv es single message from hannel. The Receiv e21 prim- itiv receiv es messages atomically from single hannel. The Receiv e12 primitiv receiv es messages atomically one message on eac of pair of hannels. In all the three cases, the receiving pro cess ma giv en an one (or o) of the messages on the hannel. Notice that the \21" in Receiv e21 stands for \2 messages on hannel" and the \12" in Receiv e12 stands for \1 message on eac of hannels." Dead Channel. hannel is de�ned to dead if it is empt and all its oten tial senders ha either terminated or are aiting to receiv messages on the same hannel using Receiv e, Receiv e21 or Receiv e12. Almost Dead Channel. hannel is de�ned to almost dead if it has single message in it and all its oten tial senders ha either terminated or are aiting to receiv messages on the same hannel using Receiv e21. Distributed ermination. The primitiv es Receiv e, Receiv e21 and Receiv e12 are de�ned as alue returning functions that return status information separately from an messages that ma returned as result parameters. The status can either SUCCESS or ABOR T. The alue SUCCESS is returned when the receiv primitiv succeeds in receiving the desired messages. The alue ABOR is returned when the system recognizes that the desired messages cannot receiv ed no or at an time in the future; this can happ en when the hannel ecomes either dead or almost dead. This information can used to program smo oth termination of the pro cesses. SUCCESS and ABOR ha the alues and resp ectiv ely reezing Channel. hannel is frozen to inform the system that no new i/o or ork er pro cesses will giv en access to the hannel. hannel cannot considered dead or almost dead unless the hannel is already frozen. alue and Result arameters. arameters app ear in the ernel primitiv es either as alue parameters or as result parameters. Reference parameters are not supp orted. All primitiv es allo only one alue parameter and it is up to the user to pac all his alues together in to one single alue parameter efore they are sen t. Similarly only one result parameter is allo ed, and the user should ha this parameter ready to receiv all pac ed results as they are returned. As will describ ed in Section 3, prede�ned structure param is pro vided with �elds size and that should executed the pro cess and also supplies list of ultiplexer hannels that can used the pro cess. The Mak eIO primitiv creates single instance of the i/o pro cess on the same no de where it is executed. The Mak eW ork er primitiv creates ultiple instances of the ork er pro cess and executes them on the arious no des of the parallel mac hine as decided the ernel. An optional replication coun can supplied to the Mak eW ork er primitiv to indicate the exact um er of instances of the ork er pro cess required erall on the parallel mac hine. Otherwise, the ernel will create an arbitrary um er of instances of the ork er pro- cess (at least one) and distribute them across the no des. In either case, the programmer has no con trol in deciding whic ork er pro cess executes on whic no de(s). pro cedure that creates the i/o and ork er pro cesses is ypically programmed to receiv the �nal results from one of the i/o pro cesses on ultiplexer hannel and to return them as the results of the pro cedure call. Creator Pro cess. When pro cedure is called using the Call primitiv e, the pro cess that is created to execute the pro cedure is treated as an i/o pro cess. This pro cess is also giv en sp ecial status called the creator Only creator pro cess can create hannels, i/o pro cesses and ork er pro cesses; ordinary i/o pro cesses and ork er pro cesses cannot. In other ords, callable pro- cedure can execute the primitiv es Mak eChan, Mak eIO and Mak eW ork er but pro cedure that is mean to executed as an ordinary i/o pro cess or as ork er pro cess should not use these primitiv es. This rule is enforced not only to simplify implemen tation but also ecause it is felt that adherence to this structure results in clean programs. Notice that hierarc hical parallelism is still ossible ecause an i/o or ork er pro cess can call an ALPS pro cedure whic in turn can create i/o and ork er pro cesses. The creator status is also giv en to the �rst user pro cess, all manager pro cesses, and all pro cesses created using the Start primitiv e. Multiplexer Channels. ultiplexer hannel is man y-to-man comm unication medium whic resem bles set-lik structure and con tains an unordered collection of messages. It pro- vides comm unication et een group of pro ducers and group of consumers where oth the pro ducers and the consumers are anon ymous. When pro ducer sends message, it is de- osited on the hannel. When consumer wishes to receiv data item on hannel, it can nondeterministically giv en an one of the alues on the hannel. ultiplexer hannel constitutes distributed data structure ecause the messages on ultiplexer hannel can arbitrarily partitioned and distributed the ernel for implemen- tation on distributed memory mac hines. The send and receiv primitiv es executing on eac pro cessor can implemen ted referring only to the lo cal memory of the pro cessor most of the time. This directly con tributes to e�cien execution of programs. Channel Access Righ ts. implemen pro cess termination e�cien tly the system should kno for eac hannel and for eac pro cess that can use the hannel whether the pro cess is sender, receiv er or oth sender and receiv er for that hannel. When an i/o or ork er pro cess is created, it is giv en list of hannels, and for eac hannel, it is also giv en its access righ whic is one of SENDER, RECEIVER, or SENDER RECEIVER. Pro cesses that ha SENDER or SENDER RECEIVER access to hannel are called the oten tial senders for the hannel. Pro cesses that ha RECEIVER or SENDER RECEIVER access to hannel are called the oten tial receiv ers for the hannel. The creator of hannel is, de�nition, RECEIVER for programmer expresses parallelism explicitly in the program rather than the parallelism eing implicitly generated compiler. problem with this approac is that it is not alw ys os- sible to ac hiev oth ortabilit and e�ciency for the programs ecause the mapping of the program comp onen ts on to the mac hine’s arc hitecture tends to signi�can ortion of the program dev elopmen t. Data o and Linda are other approac hes to parallel programming. ALPS shares certain asp ects with oth of these approac hes. It gains from their adv an tages and oids their trouble sp ots. ALPS uses nondeterministic data o in the sense that data item can o to an one of set of consumer pro cesses. Suc data nondeterminism, whic is also inheren in the shared tuple spaces of Linda, allo ws the implemen tation to do e�cien sc heduling replicating the ork er pro cesses and load balancing the data among the ork er pro cesses. ALPS do es not use pattern matc hing as Linda do es. Naming ultiplexer hannel is the only to lo cate data item and the receiving pro cess ma giv en an one of the items on the hannel. ALPS supp orts atomic receiv op erations whic allo consumer to receiv alues from single hannel or from di�eren hannels. These primitiv es ha the a or of ait-matc hing in data o w. Suc atomicit is imp ortan in view of the data nondeterminism that is inheren to ultiplexer hannels. ALPS uses distributed termination rule to allo consumers aiting on receiv primitiv es to terminate smo othly The ob ject orien ted programming supp ort in ALPS not only mak es it more general purp ose but is also essen tial to dev elop some applications due to the nondeterministic nature of data o w. De�nitions and erminology Pro cedures. Unlik functions whic can called without the ernel noticing it, pro cedures in ALPS are sp ecial en tities whic can executed only with the ernel supp ort. pro cedure is made using the Mak ePro primitiv and supplying function whic forms the dy of the pro cedure. One to execute pro cedure is to in ok it using the Call primitiv e. This ma required either to execute co de that is on remote no de (or in di�eren address space on the same no de) or to execute co de that has in ternal parallelism. pro cedure call in ALPS is similar to the con en tional sequen tial pro cedure call. Ho ev er the implemen tation creates new pro cess to execute the called pro cedure. The calling pro cess is dela ed un til the called pro cedure terminates and returns the results. Another to execute pro cedure in ALPS is to use it in the creation of parallel pro cesses as describ ed elo w. I/O and ork er Pro cesses. When an ALPS pro cedure is called, it could in tro duce in ternal parallelism creating i/o pro cesses and ork er pro cesses that execute in parallel. These i/o and ork er pro cesses comm unicate with eac other only using shared ultiplexer hannels. ork er pro cesses are more privileged than i/o pro cesses when it comes to receiving messages on hannel. An i/o pro cess is giv en message on hannel only after all ork er pro cesses that ha access to that hannel ha terminated. Lik their names suggest, ork er pro cesses are mean to do the main ork in the computation, and i/o pro cesses are mean to in teract with the outside en vironmen t. Tw primitiv es Mak eIO and Mak eW ork er are pro vided in order to create an i/o pro cess or ork er pro cess resp ectiv ely Either primitiv supplies pro cedure In tro duction ALPS is parallel programming en vironmen with emphasis on the ortabilit of application programs across parallel mac hines while ensuring their e�cien execution. The programmer need not concerned whether the mac hine is shared memory ultipro cessor or pro cessor net ork, or ab out the in terconnection top ology of the mac hine. ac hiev oth ortabilit and e�ciency use new programming paradigm whic prop osed in 15 ]. This do cumen describ es the ALPS ernel whic pro vides small set of primitiv es that supp ort the ALPS paradigm and are callable from programs. Initial ersions of the ernel ha een implemen ted on an Encore Multimax, BBN Butter y ransputer net ork, an In tel iPSC and net ork of Sun orkstations. Cen tral to the ALPS paradigm are concepts: ultiplexer hannels 16 and man- agers 17 ]. Multiplexer hannels facilitate parallel programming using co op erating pro cesses. Unlik oin t-to-p oin hannel, ultiplexer hannel is shared among sev eral pro cesses that can send and receiv messages on the hannel. When pro cess wishes to receiv message on hannel, it ma giv en an one of the messages on the hannel. This data nondeterminism can exploited the implemen tation dynamically partitioning the messages on ultiplexer hannel among the consumers. Multiplexer hannels are ypically used as carriers of ork-to- e-done and the dynamic partitioning pro vides automatic ork-load balancing. The messages on ultiplexer hannel ma con tain either simple scalar alues or addresses of shared ob jects that are stored at �xed lo cations. ALPS supp orts ob ject-orien ted programming wherein ob jects can shared concurren pro cesses. An ob ject yp can created sp ecifying the data memory requiremen for the ob ject, the pro cedures that de�ne the op erations on the ob ject, and an optional manager pro cedure. When an ob ject of giv en ob ject yp is created, new pro cess is implicitly created and is made to execute the manager pro cedure. refer to this pro cess as the manager pro cess for the ob ject. Calls to the pro cedures of an ob ject are implemen ted as remote pro cedure calls (RPC). If there is no manager for an ob ject, newly created pro cess executes the called pro cedure righ If there is manager for the ob ject, then eac call to an ob ject’s pro cedure is in tercepted the manager. The manager can decide whic of these calls should allo ed to progress concurren tly and whic of them should queued up un til future time. Th us the manager mec hanism pro vides concurrency within an ob ject and implemen ts the necessary sync hronization. The manager can programmed to optimize resource utilization com bining some of the user requests and also to monitor the use of the ob ject. 1.1 ALPS in ersp ectiv Sev eral approac hes to parallel pro cessing ha een prop osed and are eing practiced. Re- structuring compilers 11 ], whic transform sequen tial co de to parallel co de, ha een ery opular for SIMD mac hines for sev eral ears. This approac is also eginning to emerge as useful metho for shared memory ultipro cessors 12 ]. Ho ev er, for use on MIMD mac hines, more common approac has een to pro vide parallel programming supp ort either through programming language (e.g., CSP ], Occam 10 ], Ada ], SR ], Argus 13 ]) or through an op erating system in terface (e.g., Mac ], V-k ernel ], Sprite 14 ], Presto ]) where the Con ten ts In tro duction 1.1 ALPS in ersp ectiv De�nitions and erminology Descriptors The Kernel Primitiv es 4.1 Multiplexer Channel Primitiv es 4.2 Ob ject/Manager Primitiv es 10 4.3 Initialization 14 Programming Tips 14 Summary of the ALPS Kernel Primitiv es 16 A.1 Multiplexer Channel Primitiv es 16 A.2 Ob ject/Manager Primitiv es 17 A.3 Initialization 18 List of ALPS Constan ts 18 B.1 ALPS Literals 18 B.2 Predeclared ALPS ariables 18 B.3 ALPS Macros 18 ALPS Error Chec king 19 C.1 arnings 19 C.2 Errors 19 Input and Output 20 Example Programs 21 E.1 Sum of Num ers 21 E.2 Dot Pro duct 24 E.3 Prime Num er Generation 28 E.4 Ob ject Sym ol able 32 Abstract ALPS is parallel programming en vironmen with emphasis on the ortabilit of application programs across parallel mac hines while ensuring their e�cien execution. The programmer need not concerned whether the mac hine is shared memory ultipro cessor or pro cessor net ork, or ab out the in terconnection top ology of the mac hine. ac hiev oth ortabilit and e�ciency use new programming paradigm. Cen tral to the ALPS paradigm are concepts: ultiplexer hannels and managers ultiplexer hannel is man y-to-man comm unication medium shared group of pro cesses. When consumer wishes to receiv data item on hannel, it can nondeterministically giv en an one of the alues on the hannel. Multiplexer hannels are ypically used as carriers of ork-to-b e-done, and the implemen tation can exploit the data nondeterminism to pro vide automatic ork-load balancing dynamically partitioning the messages on the hannel among the consumers. ALPS supp orts ob ject-orien ted programming wherein ob jects can shared concurren pro cesses. The manager mec hanism pro vides concurrency within shared ob ject. If there is manager pro cess for an ob ject, eac call to an ob ject’s pro cedure is in tercepted the manager. The manager can decide whic of these calls should allo ed to progress concurren tly and whic of them should queued up un til future time, th us implemen ting an necessary sync hronization. This do cumen describ es the ALPS ernel whic pro vides small set of primitiv es that supp ort the ALPS paradigm and are callable from programs. Initial ersions of the ernel ha een implemen ted on an Encore Multimax, BBN Butter y ransputer net ork, an In tel iPSC and net ork of Sun orkstations. Key Phrases arallel Pro cessing, Programming aradigms, Op erating Systems, Program- ming En vironmen ts, Mac hine Indep endence, Co op erating Pro cesses, Ob ject-Orien ted Program- ming. The ALPS Kernel Prasad R. Vishn ubhotla, Manas Mandal, John R. Mudd, Andreas Mitsc hele-Thiel, Mahendra Ramac handran, Chandrasekhar Gollam udi, Kalluri Esw ar, w-W ei ao, Anita Kulshresh tha, Da ender Babbar and Chien-Chiao Departmen of Computer and Information Science The Ohio State Univ ersit 2036 Neil Av en ue Colum bus, Ohio 43210-1277 email: alps@cis.ohio-state.edu August 1989 The ALPS pro ject is supp orted the National Science oundation under gran CCR-8810388.