« , ( )»

. .

230401 – « »

2008

22.18 7+32.81 7 34 004.42(075)+519.712(075)

: . .- . . . . , . .- . . . . .

34 . . - : / - - « , ( )» – ., 2008. – 188 .

. - . - - , . - , - . . 34, .: 41 . - .

ISBN 978-5-7339-0724-6

© . ., 2008

. -

, - - . - [1, 3, 6].

, , , Occam, - , Erlang Oz. , , - - - . , . C++, . , - - , . , - , - . STL, . , , - , - , . - , ( , ,

, ).

, - , , . - , - , , , , . , - - . [36, 38] [2, 3, 31]. , - - . . , .

. , - , - . , . , -

.

- - . , - , - . - - - . - , - , - . - - - . . , , - , . - . ,

« », « - », - . , , - : - . , , - MPI OpenMP. - , , , , . ,

, , - , , , , . - , . ( . imperativus – ) , , . - ( . declaratio — , ) , . . , , - , , - . Prolog - Lisp. - , , - - . , - , , , , , , - . , - , , . . , - . - , , . - , - . - , -

. , - , - - - . , , « » . , , , - , . - . - , - . - , - . , - . - , . , , - - . ,

, - , . - - , – , -

. , - , - « - » . , - ( , , - , ), - , , - - . ,

, .

- , - . , « » - , – . « » -

, , - - , . « » - . - , - .

, . ,

(threads, light-weight processes) ( - , , - ). , « », « » «thread», « » «stream» ( «flow» – «flowbased programming»), - . , . ,

« », - . , , « », - - . - , - , - , - . - . , - - , - . , « », . , , . , - , .

1. , - - . - , , , - . - - . - . – - . – . , , , - , - , - , . - . , – . , – . 1.1 OpenMP OpenMP (Open Multi-Processing) . - , . -

. - [38].

OpenMP runtime- .

runtime- OpenMP - . OpenMP , OpenMP.

OpenMP - - OpenMP. , OpenMP. , - , - . , -

OpenMP , . , , OpenMP. - runtime- OpenMP , . 1.1.1 – - , - , . - . , - . :

12 . 4 9 1 7 1 5 1 3 1 1 1 2 1 0n n n (1)

, . , , - , . - : n

#define NUM_ITERATIONS  1000000

int main(int argc, char *argv[])
{
 double sum = 0.0;
 for (int i = 0; i < NUM_ITERATIONS; i++)
  sum += ((i & 1) ? - 1.0 : 1.0) / ((i << 1) | 1);
 std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
 return 0;
}

, - . , . , - , . N . ,n N. - , - - Nn ( . 1). - , .

Thread 0 _1 0 0 12 1 Nn

i i i s

Thread N-1 0

1 1 1 1 2 1 Nn

i i Nn N N iNn N s

. . . 4 1

0

N

i is

. 1 - . , Wi n32 API, Microsoft Windows. :

#define NUM_ITERATIONS  1000000
#define NUM_THREADS  4

struct thr_param
{
 int begin;
 int end;
 double result;
};

DWORD WINAPI thr_proc(LPVOID param)
{
 thr_param &p = *static_cast<thr_param *>(param);
 for (int i = p.begin; i < p.end; i++)
  p.result += ((i & 1) ? - 1.0 : 1.0) / ((i << 1) | 1);
 return 0;
}

int main(int argc, char *argv[])
{
 //
 thr_param param[NUM_THREADS];
 for (int i = 0; i < NUM_THREADS; i++)
 {
  param[i].begin = i * (NUM_ITERATIONS / NUM_THREADS);
  param[i].end = (i + 1) * (NUM_ITERATIONS / NUM_THREADS);
  param[i].result = 0.0;

14

 };
 //
 HANDLE hdl[NUM_THREADS];
 DWORD dwId[NUM_THREADS];
 for (int i = 0; i < NUM_THREADS; i++)
  hdl[i] = ::CreateThread(
   NULL, 0,
   thr_proc, &param[i],
   0, &dwId[i]);
 //
 ::WaitForMultipleObjects(NUM_THREADS, hdl, TRUE, INFINITE);
 //
 for (int i = 0; i < NUM_THREADS; i++)
  ::CloseHandle(hdl[i]);
 //
 double sum = 0.0;
 for (int i = 0; i < NUM_THREADS; i++)
  sum += param[i].result;
 std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
 return 0;
}

NUM_THREADS - , , , - . . thr_param, - . - , , , .

thr_proc. - . - , - . - , - , .

UNIX-

POSIX Threads (pthreads).

- Win32 API. :

// ...
//
pthread_t pth[NUM_THREADS];
for (int i = 0; i < NUM_THREADS; i++)
 ::pthread_create(&pth[i], NULL, thr_proc, &param[i]);
//
for (int i = 0; i < NUM_THREADS; i++)
 ::pthread_join(pth[i], NULL);
//
// ...

, - , :

void *thr_proc(void *param)
{
 // ...
 return NULL;
}

NUM_THREADS , - , .

, , . , - , . - POSIX Threads - :

#define NUM_ITERATIONS  1000000
#define NUM_THREADS  4

struct thr_param
{
 int begin;
 int end;
 double result;
};

void *thr_proc(void *param)
{
 thr_param &p = *static_cast<thr_param *>(param);
 for (int i = p.begin; i < p.end; i++)

16

  p.result += ((i & 1) ? - 1.0 : 1.0) / ((i << 1) | 1);
 return NULL;
}

int main(int argc, char *argv[])
{
 //
 thr_param param[NUM_THREADS];
 for (int i = 0; i < NUM_THREADS; i++)
 {
  param[i].begin = i * (NUM_ITERATIONS / NUM_THREADS);
  param[i].end = (i + 1) * (NUM_ITERATIONS / NUM_THREADS);
  param[i].result = 0.0;
 };
 //
 pthread_t pth[NUM_THREADS - 1];
 for (int i = 0; i < NUM_THREADS - 1; i++)
  ::pthread_create(&pth[i], NULL, thr_proc, &param[i + 1]);
 //
 thr_proc(&param[0]);
 //
 for (int i = 0; i < NUM_THREADS - 1; i++)
  ::pthread_join(pth[i], NULL);
 //
 double sum = 0.0;
 for (int i = 0; i < NUM_THREADS; i++)
  sum += param[i].result;
 std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
 return 0;
}

- , , . . - - :

#define NUM_ITERATIONS  1000000
#define NUM_THREADS  4

int main(int argc, char *argv[])
{
 double sum = 0.0;
 #pragma omp parallel for num_threads(NUM_THREADS) reduction(+: sum)
 for (int i = 0; i < NUM_ITERATIONS; i++)
  sum += ((i & 1) ? - 1.0 : 1.0) / ((i << 1) | 1);
 std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
 return 0;
}

,

, - OpenMP. . parallel for . num_threads - . reduction - , - - . , , , , - . , - - . , OpenMP, .. - . , - , - - . , - OpenMP , . 1.1.2 OpenMP - . OpenMP - , , , :

#pragma omp <name> [<param1> [<param2>] ...]

OpenMP . , parallel, :

#pragma omp parallel
{
 //...
}

- , . , - . - , , - . - , .. , - . , ( - , - ). parallel , . , - :

#pragma omp parallel
printf("Hello, World!\n");

, , , – . - , . , , . , OpenMP. , - . -

, – num_threads:

#pragma omp parallel num_threads(5)
printf("Hello, World!\n");

( - ). , - - . , - , - if:

int n = (argc > 1) ? atoi(argv[1]) : 1;
#pragma omp parallel if(n > 1 && n <= 16) num_threads(n)
printf("Hello, World!\n");

, .

parallel , . . - . , - - , , - . . for, sections single. sections . , , - sections:

#pragma omp parallel num_threads(3)
#pragma omp sections
{
 #pragma omp section
 printf("Hello, World 1!\n");
 #pragma omp section

20

 printf("Hello, World 2!\n");
 #pragma omp section
 printf("Hello, World 3!\n");
}

sections - section. -

, . - . - , OpenMP, . , – for. , . for - . , , - - . , - . , , , .

for :

#pragma omp parallel
#pragma omp for
for (int i = 0; i < 3; i++)
 printf("Hello, World %d!\n", i);

. , - , , - . - [38].

, for, parallel. - ( , , .)

schedule. - , . single. , :

#pragma omp parallel
{
 #pragma omp single
 printf("Stage 1\n");
 // ... -
 #pragma omp single
 printf("Stage 2\n");
 // ...
}

sections, for single - , , nowait. - . , , :

#pragma omp parallel
{
 #pragma omp for nowait
 for (int i = 0; i < 200; i++)
 {
  // ...
 }
 #pragma omp for
 for (int j = 0; j < 300; j++)
 {
  // ...
 }

 #pragma omp for
 for (int k = 0; k < 100; k++)
 {
  // ...
 }
}

nowait - , , - -

. - , , - . , for nowait , , . - , barrier:

#pragma omp barrier

parallel - for sections, - :

#pragma omp parallel for
// ...
#pragma omp parallel sections
// ...

- – parallel for sections .

1.1.3 , - , OpenMP . master , - . , . single, , , - . , single, - critical. - , . - :

int sum = 0;

23

#pragma omp parallel for
for (int i = 0; i < 100; i++)
{
 int item;
 // ...
 #pragma omp critical
 sum += item;
}

sum. - , , - , - . critical - , - , .

, critical , , , . reduction - for.

critical, - , - critical.

critical . , , ..

, , . , , . atomic critical. critical , atomic , - critical,

- . -

, - - . , - , , - , . - , - . - ordered. for - ordered.

1.1.4 , - , , . OpenMP threadprivate, - parallel, sections, for single. , , ; , - , – .

default(none) parallel. threadprivate , - . - - . - . - - - , , . . . - , .

. parallel copyin:

static int a = 10;
#pragma omp threadprivate(a)

a = 5;

#pragma omp parallel for num_threads(5) copyin(a)
for (int i = 0; i < 10; i++)
 printf("Local copy value of a is %d\n", a);

copyin - . copyin -

. , copyin , – , - . , - , - parallel, sections, for single. - private – - . - , . firstprivate private, - , - , - . . , lastprivate private, , - , - for sections, - - .

shared - . , reduction , - , .

, , . - reduction , – . - « » . , – , « » – « », . . - , . , critical - reduction:

int sum = 0;
#pragma omp parallel for reduction(+: sum)
for (int i = 0; i < 100; i++)
{
 int item;
 // ...
 sum += item;
}

critical, , - , . 1.1.5 Runtime- , OpenMP - . - .

, runtime- OpenMP,

OpenMP. , - , runtime- , - , - . OpenMP - _OPENMP, runtime- - :

int proc;
#ifdef _OPENMP
 proc = omp_get_num_procs();
#else
 proc = 1;
#endif //_OPENMP

, - , runtime- . - . - OpenMP - - , runtime- - . - , runtime- OpenMP OpenMP.

runtime- OpenMP, , [38].

, : - omp_set_num_threads – ,

- num_threads;

- omp_get_num_threads – , , ; - omp_get_max_threads – - , - ; - omp_get_thread_num – ; - omp_get_num_procs – ; - omp_in_parallel – , ; - omp_set_dynamic – / , - ; - omp_get_dynamic – , - ; - omp_set_nested – / - , . . - ; - omp_get_nested – , . , . , - , OpenMP, -

OMP_SCHEDULE, OMP_NUM_THREADS, OMP_DYNAMIC OMP_NESTED, [38]. , OpenMP .

, critical. - . - . , - . – - . , , - . - , , . - . - - , - . omp_lock_t omp_nest_lock_t - , :

- omp_init_lock omp_init_nest_lock – - ; - omp_destroy_lock omp_destroy_nest_lock – ; - omp_set_lock omp_set_nest_lock – ; - omp_unset_lock omp_unset_nest_lock – ; - omp_test_lock omp_test_nest_lock – - , .

, runtime- OpenMP - . :

- omp_get_wtime – , ; - omp_get_wtick – - , . .

; - . runtime- OpenMP [38].

1.1.6

OpenMP - . - , - . - ba; - :

//   -
int n = 10;
//
int iter = 0;
//
double sum, sumpre;

double h, x, f;
int i;

do
{
 sumpre = sum;
 h = (b - a) / n;
 sum = 0.0;
 for (i = 0; i < n; i++)
 {
  x = a + h * (i + 0.5);
  f = /*   */;
  sum += f * h;
 };
 n <<= 1;
} while (iter++ < 1 || std::abs(sum - sumpre) > eps);

printf("Calculated value is %.16f, %d iterations\n", sum, iter);

- , - . - , -

- . - . - - . - , - - . , , , . , - . - - sum, , reduction. - , . - - , . - . - :

#pragma omp parallel for private(x, f) reduction(+: sum)
for (i = 0; i < n; i++)
{
 x = a + h * (i + 0.5);
 f = /*   */;
 sum += f * h;
};

, - - . - - , - . - , .

, - , - . - . , - OpenMP, - . , - :

int n = 10;
int iter = 0;
double sum, sumpre;

do
{
 sumpre = sum;
 double h = (b - a) / n;
 sum = 0.0;
 #pragma omp parallel for reduction(+: sum)
 for (int i = 0; i < n; i++)
 {
  double x = a + h * (i + 0.5);
  double f = /*   */;
  sum += f * h;
 };
 n <<= 1;
} while (iter++ < 1 || std::abs(sum - sumpre) > eps);

. - , - , - . 1.2 MPI MPI, - [36], , - [1, 2, 3, 31], - . - MPI - , , ,

. - , , MPI. MPI - 2.0, - MPI 1.1. , , , - , , - , - 2.0.

1.2.1

MPI . , - . - , [1, 2].

, , , . . MPI , - - . , , - - . , MPI , . . - - : - / :

MPI_Send , MPI_Probe, MPI_Recv; - / :

MPI_Isend , MPI_Iprobe, MPI_Irecv; - / :

MPI_Test, MPI_Testall, MPI_Testany, MPI_Testsome; - / :

MPI_Wait, MPI_Waitall, MPI_Waitany, MPI_Waitsome; - / :

MPI_Send_init , MPI_Recv_init, MPI_Start, MPI_Startall, MPI_Request_free;

- / :

MPI_Sendrecv, MPI_Sendrecv_replace.

, MPI - : - - - :

MPI_Bcast, MPI_Scatter, MPI_Scatterv; - - - :

MPI_Gather, MPI_Gatherv; - - - :

MPI_Allgather, MPI_Allgatherv, MPI_Alltoall, MPI_Alltoallv; - , , , : MPI_Reduce, MPI_Allreduce, MPI_Reduce_scatter, MPI_Scan;

- :

MPI_Barrier, , . - , . - : - :

MPI_Group_size, MPI_Group_rank, MPI_Group_translate_ranks .;

- :

MPI_Comm_group, MPI_Group_union,

MPI_Group_intersection, MPI_Group_difference, MPI_Group_incl, MPI_Group_excl, MPI_Group_free;

- :

MPI_Comm_size, MPI_Comm_rank, MPI_Comm_compare; - :

MPI_Comm_create, MPI_Comm_dup, MPI_Comm_split, MPI_Comm_free;

- - :

MPI_Intercomm_create, MPI_Intercomm_merge, MPI_Comm_test_inter, MPI_Comm_remote_group, MPI_Comm_remote_size. - , MPI - , - , , - : - - : MPI_Cart_create, MPI_Cart_coords, MPI_Cart_rank, MPI_Cart_shift, MPI_Cart_sub .;

- :

MPI_Graph_create, MPI_Graph_neighbors_count, MPI_Graph_neighbors . - , . MPI : - :

MPI_Type_contiguous, MPI_Type_vector, MPI_Type_indexed, MPI_Type_struct, MPI_Type_commit, MPI_Type_free; - - , :

MPI_Pack_size, MPI_Pack, MPI_Unpack. , -

MPI, , , . . - - MPI.

, , - MPI. , - , [36], - [1, 2, 3, 31].

1.2.2 MPI - . :

n_{double sum = 0.0;}

for (int i = 0; i < n; i++)
 sum += ((i & 1) ? - 1.0 : 1.0) / ((i << 1) | 1);
sum *= 4.0;

, - , ( – ) n N. - . - , - . , – Nn ( .

1). , - , . - MPI - :

int main(int argc, char *argv[])
{
 int n;
 MPI_Init(&argc, &argv);
 if (argc == 2 && (n = atoi(argv[1])) > 0)
 {
  int rank, size;
  MPI_Comm_size(MPI_COMM_WORLD, &size);

37

  MPI_Comm_rank(MPI_COMM_WORLD, &rank);

  if (n % size == 0)
  {
   double locsum = 0.0;
   double sum = 0.0;
   int nloc = n / size;
   for (int i = nloc * rank; i < nloc * (rank + 1); i++)
    locsum += ((i & 1) ? - 1.0 : 1.0) / ((i << 1) | 1);
   MPI_Allreduce(
    &locsum, &sum, 1, MPI_DOUBLE,
    MPI_SUM, MPI_COMM_WORLD);
   sum *= 4.0;
   if (rank == 0)
    cout << setprecision(20) << "calc = " << sum << endl;
  };
 };
 MPI_Finalize();
 return 0;
}

main , MPI - ( ). - , MPI_Comm_size MPI_Comm_rank, , - MPI.

MPI main. . , , , - . MPI_Comm_size

MPI_COMM_WORLD, - MPI_Comm_rank. - , - , - . , nloc . -

, . - . - MPI_SUM. MPI_Allreduce - locsum MPI_COMM_WORLD , - - sum.

, sum , , . , MPI. , , - OpenMP. , - - , , , , . , , . , - . 1.2.3 MPI - , - . . ,

. , . , , , , - . , , - . - – [1]. - - , , - . - - :

int nloc = (n + (size - 1)) / size;
for (int i = nloc * rank; i < nloc * (rank + 1) && i < n; i++)
 // ...     i

- , - , - :

for (int i = rank; i < n; i += size)
 // ...     i

, , - . - , - 9,8,7,6,5,4,3,2,1,0 . -

7,3,6,2,9,5,1,8,4,0 . - – , . - , . -

. - , - , - . - . , , - , - - , . - - , , . - , - . , n N , n N. - : ba, .0, NbbaNn (2) - : 1 , ,0 , N in_i

b i b i a a n_i , ,1 (3)

: 1 , ,0 , N i n i^l

b i b i b i ai n n n_i i k k i l , , 0 (4)

- ii^li^l n n n ; . :

//  nloc
int nloc, nleft;
nloc = n / size + (rank < (n % size) ? 1 : 0);
nleft = (n / size) * rank + (rank < (n % size) ? rank : n % size);
for (int i = nleft; i < nleft + nloc; i++)
 // ...     i

9,8,7,6,5,4,3,2,1,0 . , - , . . , - . , - . - . , , - , - - . - - - - , - . , , - . , - , , . , - , -

. - 1 . ,0 , N iT_i iT1 . -

1 0 1^N i iT . , , - : n

. 1 1 1 0 n T T n_N k k i i (5)

, . - - , . -

- , , , - .

in n n N i i 1 0 in_0n 1 0 N i in n

: i rn i^ln in

(6).1,,0, , 0 N i n n n n n_ii^ri^l i k k i r n;0 - 1,,0,; N i n n i^ri^l . :

double speed, allspeed;
int nloc, allnloc, nright;
//
speed = MPI_Wtime();

43

// ...
speed = MPI_Wtime() - speed;
speed = 1.0 / speed;
//  nloc
MPI_Allreduce(&speed, &allspeed, 1, MPI_DOUBLE, MPI_SUM,
MPI_COMM_WORLD);
nloc = (int) floor(n * (speed / allspeed) + 0.5);
//  nloc  rank == 0,
MPI_Reduce(&nloc, &allnloc, 1, MPI_INT, MPI_SUM, 0, MPI_COMM_WORLD);
if (rank == 0 && allnloc != n)
 nloc += n - allnloc;
//
MPI_Scan(&nloc, &nright, 1, MPI_INT, MPI_SUM, MPI_COMM_WORLD);

for (int i = nright - nloc; i < nright; i++)
 // ...     i

, , - . , - . - , , , - . ( , ) , , - . , , - - - - - , , - .

.

, . . . - .

, , . , . - , , - . - , - . , - - , . , - , - , - - . , - , . . - . , , , . . , - . - . , , - . [31]. , - ( , - ).

. 1.2.4 , - , , , - , ( ). , - . , , , - , , - . . , . , . Nnm . 0

. . . 1

N-1

=

. 2

( . 2).

, - . - , - , . - . , - . MPI_Allgather. - :

n m m

int nloc = n / size;
//  (  )
matrix_type<double> aloc(nloc, n);
// -
vector_type<double> u(n), au(n);
// ...  aloc  u

//
vector_type<double> auloc = aloc * u;

//
MPI_Allgather(
 &auloc(1), auloc.vsize(), MPI_DOUBLE,
 &au(1), nloc, MPI_DOUBLE,
 MPI_COMM_WORLD);

, , matrix_type, vector_type, . , , :

//
template <class e_t>
class matrix_type
{
public:
 typedef e_t element_type;
 //
 matrix_type(int vsize, int hsize);
 //

47

 matrix_type(const matrix_type &src);
 //
 ~matrix_type(void);
 //
 int vsize(void) const;
 int hsize(void) const;
 //      (   )
 const element_type & operator ()(int i, int j) const;
 element_type & operator ()(int i, int j);
 //
 matrix_type & operator =(const matrix_type &src);
 //
 matrix_type & operator +=(const matrix_type &src);
 //
 matrix_type & operator -=(const matrix_type &src);
 //
 friend
 matrix_type operator +(
  const matrix_type &src1, const matrix_type &src2);
 //
 friend
 matrix_type operator -(
  const matrix_type &src1, const matrix_type &src2);
 //
 friend
 matrix_type operator *(
  const matrix_type &src1, const matrix_type &src2);
};

//  -
template <class e_t>
class vector_type: public matrix_type<e_t>
{
public:
 typedef matrix_type<e_t> base_type;
 typedef typename base_type::element_type element_type;
 //
 vector_type(int vsize);
 //  -
 vector_type(const base_type &src);
 //      (   )
 const element_type & operator ()(int i) const;
 element_type & operator ()(int i);
 //
 vector_type & operator =(const base_type &src);
};

– - . - - MPI. -

. – . - , . , - - . - 1. MPI_Allgather . - - . - , - . - .

0 . . .

1 N-1 = =

+ +…+

. 3

( . 3).

. , - , , - . MPI_Allreduce, m n

, , , - , MPI_Reduce_scatter. - - , . :

int nloc = n / size;
//  (  )
matrix_type<double> aloc(n, nloc);
// -    (  )
vector_type<double> uloc(nloc), auloc(nloc);
// ...  aloc  uloc

//
vector_type<double> aupart = aloc * uloc;

//
vector_type<int> nlocs(size);
for (int i = 1; i <= nlocs.vsize(); i++)
 nlocs(i) = nloc;
//   aupart
MPI_Reduce_scatter(
 &aupart(1), &auloc(1), &nlocs(1),
 MPI_DOUBLE, MPI_SUM, MPI_COMM_WORLD);

- - . - fuAu - u :

//
matrix_type<double> a(n, n);
for (int i = 1; i <= a.vsize(); i++)
 for (int j = 1; j <= a.hsize(); j++)
  a(i, j) = /* ...   */;
//
vector_type<double> f(n);
for (int i = 1; i <= f.vsize(); i++)
 f(i) = /* ...     */;

//
vector_type<double> u = f;
//
for (int i = 0; i < 20; i++)
 u = a * u + f;

- . . - - - , - . - , , ..

, :

int nloc = n / size;
//  (  )
matrix_type<double> aloc(nloc, n);
// ...
//
vector_type<double> f(n);
// ...

//
vector_type<double> u = f;
//
for (int i = 0; i < 20; i++)
{
 vector_type<double> uloc = aloc * u;
 MPI_Allgather(
  &uloc(1), uloc.vsize(), MPI_DOUBLE,
  &u(1), nloc, MPI_DOUBLE,
  MPI_COMM_WORLD);
 u += f;
};

, . - - - , . :

int nloc = n / size;

//  (  )
matrix_type<double> aloc(nloc, n);
// ...
//    (  )
vector_type<double> floc(nloc);
// ...

51

//    (  )
vector_type<double> uloc = floc;
//
for (int i = 0; i < 20; i++)
{
 vector_type<double> u(n);
 MPI_Allgather(
  &uloc(1), uloc.vsize(), MPI_DOUBLE,
  &u(1), nloc, MPI_DOUBLE,
  MPI_COMM_WORLD);
 uloc = aloc * u + floc;
};

- - - MPI_Gather .

, , . , - , . , . - . 1.2.5 , , - . - .n , , - . , , - , . , - , . , , - .

, . , - . 0

. . . 1

N-1 = 0 1 … N-1

. 4 . - , MR ML :RES . MRML

RES (7) ML - , MR – ( . 4). , - N Nnm .

mn MR n m ML. , - - . , - , . RES

, N.

, mm . , RES ML . , , MR. , - - RES

. . 5 -

.

0 1 2 3

0 0 0 0

1 1 1

1

. 5 , - . , , . :

int nloc = n / size;
//   (  )
matrix_type<double> mtx1loc(n, nloc);
// ...
//   (  )
matrix_type<double> mtx2loc(nloc, n);
// ...
//  -   (  )
matrix_type<double> resloc(n, nloc);

//
int next = (rank + 1) % size;
int prev = (rank + size - 1) % size;
//   mtx1  mtx2  (res = mtx2 * mtx1)
for (int i = 0; i < size; i++)
{
 //   mtx1loc   mtx2loc
 matrix_type<double> mloc = mtx2loc * mtx1loc;
 //      resloc
 memcpy(
  &resloc(((rank + i) % size) * nloc + 1, 1),
  &mloc(1, 1),
  mloc.vsize() * mloc.hsize() * sizeof(double));
 //  mtx2loc
 MPI_Status status;
 MPI_Sendrecv_replace(
  &mtx2loc(1, 1), mtx2loc.vsize() * mtx2loc.hsize(), MPI_DOUBLE,
  prev, (rank + i) % size,

54

  next, (rank + i + 1) % size,
  MPI_COMM_WORLD, &status);
};

- RES ML . - MPI_Sendrecv_replace.

. - - . , . , - , - . , - , « » .RES , - , - , , . - , - - . MPI_Send MPI_Irecv,

MPI_Sendrecv_replace. N N - . N . . -

, . - , , - . . . 6 - , , - . - , .

n

= 0 1 0 0

1 1

2 2 2

3 3 3

4 4 4 5 5 5

6 6 6

7 7 7

8 8 8

. 6 N n m , N . m m N N , - . , - 1,,0 N rank : m m_{ij}RES

.,,1 , ,1 1 , 1 N ji j N i rank MR ML RES^N k kj ik ij (8) - . , - . , , , , ij ML_{ij}MR ij MR

, - . , . ij ML j i N . . - : ij RES

;_{11} 21 12 11 11 11 NN MRML MR ML MR ML RES ;_{21} 22 12 12 11 12 NN MRML MR ML MR ML RES

;_1 2 12 1 11 1 NNN N N N MRML MR ML MR ML RES ;_{112112} 21 22 21 MRML MR ML MR ML RES_{NN}

;_{121} 2 2 22 2 N NN N N N MRML MR ML MR ML RES

;_{111} 11 1 1 1 NNN N N NN N MR ML MR ML MR ML RES ; 1_1 1 1 NN NN N N NN NN NN MR ML MR ML MR ML RES , , . . , - . - ij RES i

N k ,,1 : N k i N k i N k i k i 1 1 , 1 ,1 (9)

, - , . . :

int sqrtsize = (int) floor(sqrt(1.0 * size) + 0.5);
int nloc = n / sqrtsize;
const int ndims = 2;

MPI_Comm cart, subcart;
//
int dim[ndims] = {sqrtsize, sqrtsize}, period[ndims] = {true, true};
MPI_Cart_create(MPI_COMM_WORLD, ndims, dim, period, false, &cart);
int coords[ndims], &vcoord = coords[0], &hcoord = coords[1];
MPI_Cart_coords(cart, rank, ndims, coords);
//
int split[ndims] = {false, true};
MPI_Cart_sub(cart, split, &subcart);

//   (    )
MPI_Group gcart, gsubcart;
MPI_Comm_group(cart, &gcart);
MPI_Comm_group(subcart, &gsubcart);

//   (  )
matrix_type<double> mtx1loc(nloc, nloc);
// ...

//   (  )
matrix_type<double> mtx2loc(nloc, nloc);
// ...

//  -   (  )
matrix_type<double> resloc(nloc, nloc);

//   mtx1  mtx2  (res = mtx2 * mtx1)
for (int k = 0; k < sqrtsize; k++)
{
 //   -
 //
 int src, dst, subroot;
 MPI_Cart_shift(cart, 1, hcoord - vcoord - k, &src, &dst);
 MPI_Group_translate_ranks(gcart, 1, &src, gsubcart, &subroot);

 //
 matrix_type<double> mtx2copy(mtx2loc.vsize(), mtx2loc.hsize());
 if (rank == src)
  mtx2copy = mtx2loc;
 MPI_Bcast(
  &mtx2copy(1, 1),
  mtx2loc.vsize() * mtx2loc.hsize(), MPI_DOUBLE,
  subroot,
  subcart);

 //
 matrix_type<double> mloc = mtx2copy * mtx1loc;
 //
 if (k == 0)
  resloc = mloc;
 else
  resloc += mloc;

 //
 //
 MPI_Cart_shift(cart, 0, -1, &src, &dst);

 //  mtx1loc
 MPI_Status status;
 MPI_Sendrecv_replace(
  &mtx1loc(1, 1),
  mtx1loc.vsize() * mtx1loc.hsize(), MPI_DOUBLE,
  dst, 0,
  src, 0,
  cart, &status);
};
MPI_Group_free(&gsubcart);
MPI_Group_free(&gcart);
MPI_Comm_free(&subcart);
MPI_Comm_free(&cart);

- cart - , .

, . . - . MPI_Cart_sub . - subcart . , N .

MPI_Cart_shift ,

subcart.

vcoor d, , MPI_Cart_shift - , hcoor d. - cart, - s ubcart, MPI_Group_translate_ranks. - - ( subcart ) subcart. - MP I_Cart_shift , - , , - . , _{ij}RES ( ) ( ). , - MPI_Sendrecv_replace.

- - MPI_Cart_shift. -

« » , - . - . , - N2 , - 4N , , , - . - . , - . - - .

ij RES

2. -

. , - , . . , - . , , - . , , [5, 12]. - , – , – .

2.1 . , . .

. , . 7 - , . - , – . 6

8

2

4

3

5 7

1 . 7 - . , . 7, , – .

, . - [12]. 6

1 4

7 2 8 3 5 . 8 , . 7, . 8. , - . - , , - , , -

( . 9). 6

1 4

7 2 8 3 5 . 9 - . - , . - - . - , - , - .

, ,

, ( . 10).

Job Dependence 1 5, 8 2 6, 8 3 2 4 1 5 2, 6, 8 6 - 7 1, 2, 3, 4, 5 8 -

. 10 - - - - . - - , – - , - . – - [1, 5, 12]. - ( – ) , - . - . ,

. – , . , . . 11 - , . 7.

Job Dependence Level 1 5, 8 3 2 6, 8 1 3 2 2 4 1 4 5 2, 6, 8 2 6 - 0 7 1, 2, 3, 4, 5 5 8 - 0

. 11 , - . . 12. 6 8

2

4

3 5

7

1

Level 0

Level 2

Level 3

Level 4

Level 5

Level 1

. 12 . -

. , – , – - . . , , - , .

. [1] , - - , - - . , - , , - . - , ( - , , ) , - . - , - , - , . - , - , , , , , - .

2.2 - , . [1] - , ,

, , - . , , - . , , - . , - , - . , , , - , . , . , , .. , . - - . , . 2 , - OpenMP. , , :

66

//
class job_abstract_type
{
public:
 //
 //
 //
 virtual void run(void) = 0;
};

- run, . – jobcomplex_type. - , , , jobcomplex_type job_abstract_type , , - . jobcomplex_type - - . . . - - add_job add_dependence .

run -

get_joblist get_deplist. build, - . , . , OpenMP, - - . build, , - . , , -

. - , - , . - . - , , , . - , . , , , – .

. , , - , . 7, :

//
// j1, j2, j3, j4, j5, j6, j7, j8
// ...

//
jobcomplex_type jobcomplex;
//
jobcomplex.add_job(j1);
jobcomplex.add_job(j5);
jobcomplex.add_job(j3);
jobcomplex.add_job(j2);
jobcomplex.add_job(j7);
jobcomplex.add_job(j4);
jobcomplex.add_job(j6);
jobcomplex.add_job(j8);
//
jobcomplex.add_dependence(j1, j5);
jobcomplex.add_dependence(j1, j8);
jobcomplex.add_dependence(j2, j6);
jobcomplex.add_dependence(j2, j8);
jobcomplex.add_dependence(j3, j2);
jobcomplex.add_dependence(j4, j1);

68

jobcomplex.add_dependence(j5, j2);
jobcomplex.add_dependence(j5, j6);
jobcomplex.add_dependence(j5, j8);
jobcomplex.add_dependence(j7, j1);
jobcomplex.add_dependence(j7, j2);
jobcomplex.add_dependence(j7, j3);
jobcomplex.add_dependence(j7, j4);
jobcomplex.add_dependence(j7, j5);

//
jobcomplex.run();

, - job_abstract_type. , - - . , . 2 - MPI. , run:

//
void run(void)
{
 //
 joblist_type joblist = get_joblist();
 //  -
 multilevel_type multilevel = build(get_deplist());

 int rank, size;
 MPI_Comm_size(MPI_COMM_WORLD, &size);
 MPI_Comm_rank(MPI_COMM_WORLD, &rank);

 //
 for (int l = 0; l < multilevel.size(); l++)
 {
  MPI_Barrier(MPI_COMM_WORLD);
  //
  for (int i = rank; i < multilevel[l].size(); i += size)
   joblist[multilevel[l][i]]->run();
 };
}

- - MPI_COMM_WORLD.

- - MPI_Init MPI_Finalize.

2.3 , - . , - , , . , - , , , , - . - . , . , « ». -

. 1

2 4

3

. 13 . . 13 - , . , -

– , - . . 14 , -

( ) - ( ). - - , , - .

1 2 3 4

1 2 3 4 t t

. 14 , - MPI - . , , OpenMP . - - , , -

Win32 API POSIX Threads (pthreads). -

Win32 API. , - . . , - , . -

. , , , - , , , - . , . , , , , - . , , . - , - . , , 2. , , . , , . , , jobcomplex_type::run():

//
void run(void)
{
 //
 joblist_type joblist = get_joblist();

 //
 deplist_type deplist = get_deplist();

 //  -
 multilevel_type multilevel = build(deplist);

72

 //
 std::vector<HANDLE> hdl(joblist.size());

 //
 std::vector<threadparam_type> thrparam(joblist.size());

 //
 for (int l = 0; l < multilevel.size(); l++)
 {
  std::vector<HANDLE> lasthdl;

  //
  for (int i = 0; i < multilevel[l].size(); i++)
  {
   //
   int idx = multilevel[l][i];
   thrparam[idx].phdl = &hdl[0];
   thrparam[idx].pdeps = &deplist[idx];
   thrparam[idx].pjob = joblist[idx];

   //
   DWORD dwId;
   hdl[idx] = ::CreateThread(
    NULL, 0,
    thr_proc, &thrparam[idx],
    0, &dwId);

   //
   lasthdl.push_back(hdl[idx]);
  };

  //      ,
  //  ,
  //
  wait_any(lasthdl);
 };

 //
 wait_all(hdl);

 //
 for (int i = 0; i < hdl.size(); i++)
  ::CloseHandle(hdl[i]);
}

, - ( ) , . . , -

, - -

. , , , - . , . - , - . . run, jobcomplex_type - , - :

class jobcomplex_type: public job_abstract_type
{
 // ...

private:
 //
 struct threadparam_type
 {
  //
  HANDLE *phdl;

  //
  std::vector<int> *pdeps;

  //
  job_abstract_type *pjob;
 };

 //
 static int wait_any(const std::vector<HANDLE> &hdl)
 {
  assert(hdl.size() > 0);
  DWORD dw = ::WaitForMultipleObjects(
   hdl.size(), &hdl[0], FALSE, INFINITE);
  assert(dw >= WAIT_OBJECT_0 && dw < WAIT_OBJECT_0 + hdl.size());
  return dw - WAIT_OBJECT_0;
 }

 //
 static void wait_all(const std::vector<HANDLE> &hdl)
 {
  if (hdl.size())
  {
   DWORD dw = ::WaitForMultipleObjects(
    hdl.size(), &hdl[0], TRUE, INFINITE);
   assert(dw >= WAIT_OBJECT_0 && dw < WAIT_OBJECT_0 + hdl.size());
  };
 }

 // ,
 static DWORD WINAPI thr_proc(LPVOID param)
 {
  threadparam_type &thrp = *static_cast<threadparam_type *>(param);

  //
  //
  std::vector<HANDLE> hdl;
  for (int i = 0; i < thrp.pdeps->size(); i++)
   hdl.push_back(thrp.phdl[thrp.pdeps->at(i)]);

  //
  wait_all(hdl);

  //
  thrp.pjob->run();

  return 0;
 }

 // ...
};

- - , .

, . - vector.

, , STL, - , vector , - , .

3. - . - , - - , . , . , - (Automata- Based Programming, State-Based Programming) - . , , , - SWITCH- [24, 25, 29], - [19] [28, 30], . , - , - - . 3.1 . (Finite-State Machine, Finite-State Automaton) - , . , - - - [9, 13].

,

,

[22], - . , - [41], , - -

- [27]. - [22]:

- _NSSS ,,,_{10} ; - ( ); - ( ); - ( ); 0S - ( ), . . , - ( - ); _0S - ( ); - ( ). - . , , - - . , . 15 . CBA ,, , - 11,10,01,00 '','','','','' edcba . , - / , – AS_0 .

, , , – - .

77 State A B C 00 B C C 01 B A B 10 C C A 11 B B B

Out A B C 00 a a d 01 b c e 10 d d a 11 c b c

. 15 , - ( ). - ; , , - , , - ( - ). , . 16 - , . 15.

A C

B

10 / d

10 / a 01 / e

00 / a 10 / d 11 / c

00 / d

11 / b 01 / c

00 / a 01 / b 11 / c

. 16 . - . - . , - . , , - , . - ,

. - - , . , - , . - « » . , -

, « 0», « 1», « 2» . . , « - », , . , - - . , . - , . 16.

char state = 'A';
do
{
 bool in1, in2;
 char out;
 get_input(in1, in2);
 switch (state)
 {
 case 'A':
  out = in1 ? (in2 ? 'c' : 'd') : (in2 ? 'b' : 'a');
  state = (in1 && !in2) ? 'C' : 'B';
  break;
 case 'B':
  out = in1 ? (in2 ? 'b' : 'd') : (in2 ? 'c' : 'a');
  state = (!in2) ? 'C' : (in1 ? 'B' : 'A');
  break;

79

 case 'C':
  out = in1 ? (in2 ? 'c' : 'a') : (in2 ? 'e' : 'd');
  state = (in2) ? 'B' : (in1 ? 'A' : 'C');
  break;
 };
 put_output(out);
} while (state != 'A');

, - – . - . ( ) , - . , , , . - , . - - . , , - , - , - . - . / / , - - , , , . , - , , , , - . - - - . , -

- , - - . ( , FSMDesigner, FSMGenerator . .), . , - , [4, 13, 19]. . - , , « », . . - . , - - , - . - . - . . - , - , . - - . 3.2 - , , . , - - .

, . - . ( - ) . . - , , . ( ) - ( - ). . - . 17. . , , – .

. 17 , - . , - . . , - .

- . , .. , . , .. , , - . , , - , - . - . - . , - , - . - , - - . , , , - , - , ( - ). - [8, 22]. , [4, 13, 17, 18, 25, 27, 29].

, Internet - http://www.softcraft.ru/auto.shtml.

3.3

, - . , - , - - . , - « », . . - , , . « - » , «», « - – ». - .

. – , - . , , . , , . - . , – . - -

. . - :

. , _ , _ ; , , _ ; , _ , _ index num FSM index num FSM index OUT NET index num FSM index num FSM index IN NET

, .

( ) , . : - ; - ; - . ( ), - « » ( , , ). - - , , . - , , - , - .

, « - » - , ,

. - .

. , - , , - [4]. , - , . ( - ) - - . , - . , - , - . , - . - - , . , . - . - , , , .. , .

, , . . , , , , , , -

. , . , - - , . , - , - . , , , , , , , , - . - . . 3.3.1 OpenMP 3 - - . - OpenMP. (fsm_abstract_type), :

//
class fsm_abstract_type
{
public:
 //
 typedef int data_type;
 //
 typedef int state_type;

 //
 virtual int number_input(void) const = 0;

87

 //
 virtual int number_output(void) const = 0;
 //
 virtual void put_input(const std::vector<data_type> &input) = 0;
 //
 virtual void do_work(void) = 0;
 //
 virtual std::vector<data_type> get_output(void) const = 0;
 // ,
 virtual bool is_off(void) const = 0;
};

. - , . , , ( / ) - . - (fsm_type). - . - , . – - , fsm_type. - , , - add_handler. - . . - switch [4, 13, 27]. - .

if – else if – else, - - , - . map, , - . , – (fsmnet_type). - - « ». , factory_abstract_type, fsmnet_type - . fsmnet_type shared_area_type, - . - . shared_area_type , . linkstore_type, - . . - , . - , - . , , - . ,

« », . . . , fsm_type, , factory_abstract_type. , - , fsmnet_type . - - create_fsm destroy_fsm . , - :

class fsm1_type: public fsm_type
{
public:
 enum {
  INPUT_0,
  // ...
  INPUT_NUMBER};
 enum {
  OUTPUT_0,
  // ...
  OUTPUT_NUMBER};
 enum {
  STATE_0,
  // ...
  };

private:
 state_type handle_off(state_type state)
 {
  if (/* ... */)
  {
   state = STATE_0;
   m_output[OUTPUT_0] = /* ... */;
   // ...
  }
  // ...
  return state;
 }
 // ...

public:

90

 fsm1_type():
  fsm_type(INPUT_NUMBER, OUTPUT_NUMBER)
 {
  add_handler(STATE_OFF, handler_type(&fsm1_type::handle_off));
  // ...
 }
};

class fsm2_type: public fsm_type
{
 // ...
};

class fsmnet1_type: public fsmnet_type
{
public:
 enum {FSM_1, FSM_2, FSM_NUMBER};
 enum {
  INPUT_0,
  // ...
  INPUT_NUMBER};
 enum {
  OUTPUT_0,
  // ...
  OUTPUT_NUMBER};

 class factory_type: public factory_abstract_type
 {
 public:
  int number_fsm(void) const { return FSM_NUMBER; }
  int number_input(void) const { return INPUT_NUMBER; }
  int number_output(void) const { return OUTPUT_NUMBER; }
  linkstore_type get_links(void) const
  {
   linkstore_type store;

   store.add(
    PSEUDOFSM_NETINPUT, INPUT_0,
    FSM_1, fsm1_type::INPUT_0);
   // ...

   store.add(
    FSM_2, fsm2_type::OUTPUT_0,
    PSEUDOFSM_NETOUTPUT, OUTPUT_0);
   // ...

   store.add(
    FSM_1, fsm1_type::OUTPUT_0,
    FSM_2, fsm2_type::INPUT_0);
   // ...

   return store;
  }

91

  fsm_abstract_type *create_fsm(int i)
  {
   if (i == FSM_1)
    return new fsm1_type();
   // ...
  }
  void destroy_fsm(int i, fsm_abstract_type *pfsm)
  {
   if (i == FSM_1)
    delete dynamic_cast<fsm1_type *>(pfsm);
   // ...
  }
 };

 fsmnet1_type(factory_type &factory):
  fsmnet_type(factory)
 {}
};

, . - , :

//
vector<fsm_type::data_type> vin(fsmnet1_type::INPUT_NUMBER);
vector<fsm_type::data_type> vinzero(fsmnet1_type::INPUT_NUMBER);
fill(vinzero.begin(), vinzero.end(), 0);
// ...

//
vector<vector<fsm_type::data_type> > vouts;

//
fsmnet1_type::factory_type factory;
fsmnet1_type fsmnet(factory);

//   ,
bool isoff = true;
do
{
 //   ,
 fsmnet.put_input(isoff ? vin : vinzero);
 //
 fsmnet.do_work();
 // ,
 isoff = fsmnet.is_off();
 //
 if (!isoff)
  vouts.push_back(fsmnet.get_output());
} while (!isoff);

//     vouts.back()
//

- – , - , . vouts , . , , - , . . , . - . - , , - ( , - , - ). , - put_input get_output :

fsmnet.put_input(vin);
do
 fsmnet.do_work();
while (!fsmnet.is_off());

. 3.3.2 MPI 3 - , - . , , OpenMP. , -

MPI

. , - , 3, - . , , - , , - , . . - . , MPI_COMM_WORLD - , . , - . , , - , . - fsmnet_type:

class fsmnet_type: public fsm_abstract_type
{
 // ...
private:
 //    ,
 int m_fsmnum;
 // ...
};

MPI_COMM_WORLD fsmnet_type.

. , - , :

class fsmnet_type: public fsm_abstract_type
{
 // ...
public:
 fsmnet_type(factory_abstract_type &factory):
  m_factory(factory), m_shared(m_factory.get_links().get())
 {
  MPI_Comm_rank(MPI_COMM_WORLD, &m_fsmnum);
  //
  m_pfsm.push_back(m_factory.create_fsm(m_fsmnum));
 }

 ~fsmnet_type(void)

94

 {
  //
  m_factory.destroy_fsm(m_fsmnum, m_pfsm.back());
 }
 // ...
};

, fsmnet_type, - . :

class fsmnet_type: public fsm_abstract_type
{
 // ...
 void do_work(void)
 {
  //   ,
  m_pfsm.back()->put_input(m_shared.get_input(m_fsmnum));
  m_pfsm.back()->do_work();
  //   (      )
  m_shared.put_output(m_fsmnum, m_pfsm.back()->get_output());
 }
 // ...
};

, - , :

class fsmnet_type: public fsm_abstract_type
{
 // ...
 bool is_off(void) const
 {
  //    ,
  int isoff = m_pfsm.back()->is_off();
  int allisoff;
  MPI_Allreduce(
   &isoff, &allisoff, 1, MPI_INT, MPI_LAND, MPI_COMM_WORLD);
  return allisoff;
 }
 // ...
};

fsmnet_type. - shared_area_type. , MPI_Allgatherv,

- - MPI_COMM_WORLD. - , - :

class shared_area_type
{
 // ...
public:
 //
 void put_output(int i, const std::vector<data_type> &output)
 {
  //    -
  MPI_Barrier(MPI_COMM_WORLD);
  copy(output.begin(), output.end(), m_data.begin() + m_outpos[i]);
  //    -
  //
  //  ,     -
  MPI_Allgatherv(
   &m_data[m_outpos[i]], m_outsize[i], MPI_INT,
   &m_data[0], &m_outsize.front(), &m_outpos.front(), MPI_INT,
   MPI_COMM_WORLD);
 }
 // ...
};

- . - MPI_Init MPI_Finalize.

3.3.3 - MPI, , - , , .

. MPI . ,

, 3. - . - - . MPI - ( ) - , . - :

//
class factory_abstract_type
{
public:
 // ...
 //
 virtual int fsm_size(int i) const = 0;
 // ...
 //  i-
 virtual fsm_abstract_type *create_fsm(int i, MPI_Comm commfull) =0;
 // ...
};

fsmnet_type fsm_type, . fsm_size - . . - , . , , - , . , - - , , , - - . , , , - factory_abstract_type, fsm_abstract_type. ,

, , - . . , . - . , . , « » , . . ( . 18). , - , « » . - / .

fsmnet_factory_2, level 1

fsmnet_factory_4, level 2 fsmnet_factory_3, level 1 fsmnet_factory_1, level 0

fsmnet_factory_5, level 2

. 18 - fsmnet_type :

class fsmnet_type: public fsm_abstract_type

98

{
 // ...
private:
 //    ,
 int m_fsmnum;
 //
 MPI_Comm m_commfull;
 //
 MPI_Comm m_commlocal;
 // ,   /
 MPI_Comm m_commlower;

public:
 fsmnet_type(factory_abstract_type &factory, MPI_Comm commfull):
  m_factory(factory), m_shared(m_factory.get_links().get(), *this),
  m_commfull(commfull)
 {
  //     (  )
  std::vector<int> loc;
  //
  int rank;
  MPI_Comm_rank(m_commfull, &rank);
  m_fsmnum = - 1;
  for (int i = 0, cur = 0; i < m_factory.number_fsm(); i++)
  {
   //
   loc.push_back(cur);
   //
   cur += m_factory.fsm_size(i);
   //    ,
   if (m_fsmnum < 0 && rank < cur)
    m_fsmnum = i;
  };

  //
  MPI_Group group, newgroup;
  MPI_Comm_group(m_commfull, &group);
  MPI_Group_incl(group, loc.size(), &loc[0], &newgroup);
  MPI_Comm_create(m_commfull, newgroup, &m_commlocal);
  MPI_Group_free(&newgroup);
  MPI_Group_free(&group);

  //    (   )
  MPI_Comm_split(m_commfull, m_fsmnum, rank, &m_commlower);

  //
  m_pfsm.push_back(m_factory.create_fsm(m_fsmnum, m_commlower));
 }

 ~fsmnet_type(void)
 {
  //
  m_factory.destroy_fsm(m_fsmnum, m_pfsm.back());

99

  //
  MPI_Comm_free(&m_commlower);
  if (m_commlocal != MPI_COMM_NULL)
   MPI_Comm_free(&m_commlocal);
 }
 // ...
};

fsmnet_type, fsm_type, , - , - . , - fsm_type, - . - - , .. - . , MPI_COMM_WORLD. , , , . , - - ( - ), , - , . .

number_fsm . , - , , . m_commfull , - . - m_fsmnum - , . m_commfull - m_commlower - m_fsmnum. ,

« » . ( ) . - . . - m_commlocal, - .

0 1 2 3 4 5 6 7 8

0 1 2

3 4 5 6 7

8

0 3 8 commlocal commfull

commlower 0

commlower 1

commlower 2

. 19 - . 19. , - , - , . m_commfull , m_commlocal – . , m_commlower ,

. – . , fsmnet_type -

m_commlower , fsmnet_type

fsm_type - . fsmnet_type - , - . m_commlocal , , .. , - ( - m_commlower). do_work fsmnet_type , - MPI . , - , - , - :

class fsmnet_type: public fsm_abstract_type
{
 // ...
 bool is_off(void) const
 {
  //    ,
  int isoff = m_pfsm.back()->is_off();
  //
  int allisoff;
  if (m_commlocal != MPI_COMM_NULL)
   MPI_Reduce(
    &isoff, &allisoff, 1, MPI_INT, MPI_LAND, 0, m_commlocal);
  //
  //     m_commfull  ,    m_commlocal
  MPI_Bcast(&allisoff, 1, MPI_INT, 0, m_commfull);
  return allisoff;
 }
 // ...
};

- , - m_commfull. , . - , - shared_area_type:

class shared_area_type
{
 // ...
private:
 //   -
 fsmnet_type &m_fsmnet;

public:
 // ...
 shared_area_type(
  const std::vector<link_type> &links, fsmnet_type &fsmnet):
  m_fsmnet(fsmnet)
 {
  // ...
 }
 //
 void put_output(int i, const std::vector<data_type> &output)
 {
  //
  if (m_fsmnet.m_commlocal != MPI_COMM_NULL)
  {
   //    -
   MPI_Barrier(m_fsmnet.m_commlocal);
   copy(output.begin(), output.end(), m_data.begin() + m_outpos[i]);
   //    -
   //
   //  ,     -
   MPI_Allgatherv(
    &m_data[m_outpos[i]], m_outsize[i], MPI_INT,
    &m_data[0], &m_outsize.front(), &m_outpos.front(), MPI_INT,
    m_fsmnet.m_commlocal);
  };
 }
 //
 void put_input(const std::vector<data_type> &input)
 {
  //
  if (m_fsmnet.m_commlocal != MPI_COMM_NULL)
  {
   //

103

   int rank;
   MPI_Comm_rank(m_fsmnet.m_commlocal, &rank);
   if (rank == 0)
    copy(input.begin(),input.end(),m_data.begin()+m_outpos.back());
   //
   MPI_Bcast(
    &m_data[m_outpos.back()], m_outsize.back(), MPI_INT,
    0, m_fsmnet.m_commlocal);
  };
 }
 // ...
};

, - , . . .

put_output . put_input , , .. - m_commfull. - m_commlocal. - . - - . 3.4

. , - , , , . - , - . , , , , .

, . -

. , , - . - , - , - . - , - , , . - . , 45 . . - ( . 20).

. 20 - ( . 21). . - - - . . – , , . , -

, - . - , .

Table

Ball 1

dir

Cycles

y x

Ball 2

dir y x x y x y t r l b

. 21 , , :

class ball_type: public fsm_type
{
public:
 enum {
  INPUT_INIT_X,
  INPUT_INIT_Y,
  INPUT_INIT_DIR,
  INPUT_BOUND_LEFT,
  INPUT_BOUND_RIGHT,
  INPUT_BOUND_TOP,
  INPUT_BOUND_BOTTOM,
  INPUT_OTHER_X,
  INPUT_OTHER_Y,
  INPUT_NUMBER
 };
 enum {OUTPUT_X, OUTPUT_Y, OUTPUT_NUMBER};
 enum {
  STATE_UP_LEFT,
  STATE_UP_RIGHT,
  STATE_DOWN_LEFT,
  STATE_DOWN_RIGHT,
  DIR_NUMBER
 };

private:

106

 //
 int m_x, m_y;

 state_type do_start(state_type state)
 {
  //
  m_x = m_input[INPUT_INIT_X];
  m_y = m_input[INPUT_INIT_Y];
  state = m_input[INPUT_INIT_DIR];
  //
  m_output[OUTPUT_X] = m_x;
  m_output[OUTPUT_Y] = m_y;
  return state;
 }
 state_type do_move(state_type state)
 {
  //
  int dx, dy;
  dx = (state == STATE_UP_LEFT || state == STATE_DOWN_LEFT)? -1 : 1;
  dy = (state == STATE_UP_LEFT || state == STATE_UP_RIGHT) ? -1 : 1;

  //
  bool found = false;
  for (int i = 0; !found && i < DIR_NUMBER; i++)
  {
   //
   if (m_x + dx == m_input[INPUT_OTHER_X] &&
    m_y + dy == m_input[INPUT_OTHER_Y])
   {
    //
    dx *= -1;
    dy *= -1;
   }
   //
   else if (m_x + dx <= m_input[INPUT_BOUND_LEFT])
    dx *= -1;
   else if (m_x + dx >= m_input[INPUT_BOUND_RIGHT])
    dx *= -1;
   else if (m_y + dy <= m_input[INPUT_BOUND_TOP])
    dy *= -1;
   else if (m_y + dy >= m_input[INPUT_BOUND_BOTTOM])
    dy *= -1;
   else
    found = true;
  };

  // ,
  if (!found)
   state = STATE_OFF;
  else
  {
   if (dx * dy > 0)
    state = (dx > 0) ? STATE_DOWN_RIGHT : STATE_UP_LEFT;

107

   else
    state = (dx > 0) ? STATE_UP_RIGHT : STATE_DOWN_LEFT;
  };

  //
  if (state != STATE_OFF)
  {
   //
   m_x += dx;
   m_y += dy;
   //
   m_output[OUTPUT_X] = m_x;
   m_output[OUTPUT_Y] = m_y;
  }
  else
   fill(m_output.begin(), m_output.end(), 0);
  return state;
 }

public:
 ball_type():
  fsm_type(INPUT_NUMBER, OUTPUT_NUMBER)
 {
  add_handler(STATE_OFF, handler_type(&ball_type::do_start));
  add_handler(STATE_UP_LEFT, handler_type(&ball_type::do_move));
  add_handler(STATE_UP_RIGHT, handler_type(&ball_type::do_move));
  add_handler(STATE_DOWN_LEFT, handler_type(&ball_type::do_move));
  add_handler(STATE_DOWN_RIGHT, handler_type(&ball_type::do_move));
 }
};

– . ball_type . - - do_start, .

, , - , .

do_move. - , - . do_move - . . ,

, - . ( , ), . - - , . , - . , , , , « » , , . , - - . , , . - , - . , , - , , , , . , - . , , :

class table_type: public fsm_type
{
public:
 enum {
  INPUT_CYCLES,
  INPUT_X1,
  INPUT_Y1,
  INPUT_X2,
  INPUT_Y2,
  INPUT_NUMBER

109

 };
 enum {
  OUTPUT_BOUND_LEFT,
  OUTPUT_BOUND_RIGHT,
  OUTPUT_BOUND_TOP,
  OUTPUT_BOUND_BOTTOM,
  OUTPUT_NUMBER
 };
 enum {STATE_ON};

private:
 //
 int m_hsize, m_vsize;
 //
 data_type m_cycles;

 state_type do_out(state_type state)
 {
  //   - ,
  if (state == STATE_ON)
  {
   // -
   // ...
   //
   m_cycles++;
  };
  //
  state = (m_cycles < m_input[INPUT_CYCLES]) ? STATE_ON : STATE_OFF;
  if (state != STATE_OFF)
  {
   //
   m_output[OUTPUT_BOUND_LEFT] = 0;
   m_output[OUTPUT_BOUND_RIGHT] = m_hsize + 1;
   m_output[OUTPUT_BOUND_TOP] = 0;
   m_output[OUTPUT_BOUND_BOTTOM] = m_vsize + 1;
  }
  else
   //
   fill(m_output.begin(), m_output.end(), 0);
  return state;
 }

public:
 table_type(int hsize, int vsize):
  fsm_type(INPUT_NUMBER, OUTPUT_NUMBER),
  m_hsize(hsize), m_vsize(vsize), m_cycles(0)
 {
  add_handler(STATE_OFF, handler_type(&table_type::do_out));
  add_handler(STATE_ON, handler_type(&table_type::do_out));
 }
};

–

. table_type do_out.

do_out , . - . , . , - . billiard_type, - , :

class billiard_type: public fsmnet_type
{
public:
 enum {FSM_TABLE, FSM_BALL1, FSM_BALL2, FSM_NUMBER};
 enum {
  INPUT_CYCLES,
  INPUT_INIT_X1,
  INPUT_INIT_Y1,
  INPUT_INIT_DIR1,
  INPUT_INIT_X2,
  INPUT_INIT_Y2,
  INPUT_INIT_DIR2,
  INPUT_NUMBER
 };
 enum {OUTPUT_NUMBER};

 class factory_type: public factory_abstract_type
 {
  int m_hsize, m_vsize;
 public:
  factory_type(int hsize, int vsize):
   m_hsize(hsize), m_vsize(vsize)
  {}
  int number_fsm(void) const { return FSM_NUMBER; }
  int number_input(void) const { return INPUT_NUMBER; }
  int number_output(void) const { return OUTPUT_NUMBER; }
  linkstore_type get_links(void) const
  {
   linkstore_type store;
   //  -
   store.add(
    PSEUDOFSM_NETINPUT, INPUT_CYCLES,
    FSM_TABLE, table_type::INPUT_CYCLES);
   //
   for (int i = 0; i <= INPUT_INIT_DIR1 - INPUT_INIT_X1; i++)
   {

111

    store.add(
     PSEUDOFSM_NETINPUT, INPUT_INIT_X1 + i,
     FSM_BALL1, ball_type::INPUT_INIT_X + i);
   };
   //
   for (int i = 0; i <= INPUT_INIT_DIR2 - INPUT_INIT_X2; i++)
   {
    store.add(
     PSEUDOFSM_NETINPUT, INPUT_INIT_X2 + i,
     FSM_BALL2, ball_type::INPUT_INIT_X + i);
   };
   //   -
   for (int i = 0; i < table_type::OUTPUT_NUMBER; i++)
   {
    store.add(
     FSM_TABLE, i,
     FSM_BALL1, ball_type::INPUT_BOUND_LEFT + i);
    store.add(
     FSM_TABLE, i,
     FSM_BALL2, ball_type::INPUT_BOUND_LEFT + i);
   };
   //   -
   for (int i = 0; i < ball_type::OUTPUT_NUMBER; i++)
   {
    //   -
    store.add(
     FSM_BALL1, i,
     FSM_TABLE, table_type::INPUT_X1 + i);
    store.add(
     FSM_BALL2, i,
     FSM_TABLE, table_type::INPUT_X2 + i);
    //
    store.add(
     FSM_BALL1, i,
     FSM_BALL2, ball_type::INPUT_OTHER_X + i);
    store.add(
     FSM_BALL2, i,
     FSM_BALL1, ball_type::INPUT_OTHER_X + i);
   };
   return store;
  }
  fsm_abstract_type *create_fsm(int i)
  {
   fsm_abstract_type *pfsm;
   if (i == FSM_TABLE)
    pfsm = new table_type(m_hsize, m_vsize);
   else
    pfsm = new ball_type();
   return pfsm;
  }
  void destroy_fsm(int i, fsm_abstract_type *pfsm)
  {
   if (i == FSM_TABLE)

112

    delete dynamic_cast<table_type *>(pfsm);
   else
    delete dynamic_cast<ball_type *>(pfsm);
  }
 };

public:
 billiard_type(factory_type &factory):
  fsmnet_type(factory)
 {}
};

, . get_links , . 21. :

billiard_type::factory_type factory(5, 6);
billiard_type fsmnet(factory);

vector<fsm_type::data_type> vin(billiard_type::INPUT_NUMBER);
vin[billiard_type::INPUT_CYCLES] = 20;
vin[billiard_type::INPUT_INIT_X1] = 1;
vin[billiard_type::INPUT_INIT_Y1] = 1;
vin[billiard_type::INPUT_INIT_DIR1] = ball_type::STATE_DOWN_RIGHT;
vin[billiard_type::INPUT_INIT_X2] = 4;
vin[billiard_type::INPUT_INIT_Y2] = 4;
vin[billiard_type::INPUT_INIT_DIR2] = ball_type::STATE_UP_LEFT;

fsmnet.put_input(vin);
do
 fsmnet.do_work();
while (!fsmnet.is_off());

. - . , - , , . 3.5 , - , ,

. – . - , , . , . . , , - .

n

n n_2 log

- . , .

22. N , , , .

Dispatcher

Calc 1

arg 1 arg 2 res on Calc N

arg 1 arg 2 res on

…

Arg 1 Arg 2 Arg n …

res on

. 22 ( – ) - , - . ( – ) - , - . -

, - . - . - . , . - . « ».

, , , « ». – . - , - . - , . - , - , . - , . -

« » . - , . . - . - – «N». - , «N», - . - «0»,

, « ». - . . calculator_type - :

class calculator_type: public fsm_type
{
public:
 enum {INPUT_ARG1, INPUT_ARG2, INPUT_ON, INPUT_NUMBER};
 enum {OUTPUT_RESULT, OUTPUT_NUMBER};
 enum {STATE_OUT};

private:
 state_type do_calc(state_type state)
 {
  if (m_input[INPUT_ON])
  {
   state = STATE_OUT;
   m_output[OUTPUT_RESULT]= m_input[INPUT_ARG1]+m_input[INPUT_ARG2];
  }
  else
  {
   state = STATE_OFF;
   m_output[OUTPUT_RESULT] = 0;
  };
  return state;
 }
public:
 calculator_type():
  fsm_type(INPUT_NUMBER, OUTPUT_NUMBER)
 {
  add_handler(STATE_OFF, handler_type(&calculator_type::do_calc));
  add_handler(STATE_OUT, handler_type(&calculator_type::do_calc));
 }
};

, - . . control_type :

class control_type: public fsm_type
{
public:
 enum {OUTPUT_RESULT, OUTPUT_ON, OUTPUT_ARG1_0, OUTPUT_ARG2_0,
OUTPUT_CALC_ON_0};
 enum {STATE_OUT, STATE_CALC_NUMBER_0};

116

private:
 deque<data_type> m_queue;
 int m_argnum; //
 int m_calcnum; //

 //
 void collect(void)
 {
  for (int i = 0; i < m_calcnum; i++)
  {
   data_type result = m_input[m_argnum + i];
   if (result)
    m_queue.push_back(result);
  };
 }

 //   ,    ,
 int dispatch(void)
 {
  int num =
   (m_queue.size() >= (m_calcnum << 1)) ?
    m_calcnum : (m_queue.size() >> 1);
  for (int i = 0; i < num; i++)
  {
   m_output[OUTPUT_ARG1_0 + calculator_type::INPUT_NUMBER * i] =
    m_queue.front();
   m_queue.pop_front();
   m_output[OUTPUT_ARG2_0 + calculator_type::INPUT_NUMBER * i] =
    m_queue.front();
   m_queue.pop_front();
   m_output[OUTPUT_CALC_ON_0 + calculator_type::INPUT_NUMBER * i]=1;
  };
  for (int i = num; i < m_calcnum; i++)
  {
   m_output[OUTPUT_ARG1_0 + calculator_type::INPUT_NUMBER * i] = 0;
   m_output[OUTPUT_ARG2_0 + calculator_type::INPUT_NUMBER * i] = 0;
   m_output[OUTPUT_CALC_ON_0 + calculator_type::INPUT_NUMBER * i]=0;
  };
  return num;
 }

 state_type do_start(state_type state)
 {
  //      (  )
  bool noinput = (m_input.end() ==
   find_if(m_input.begin(), m_input.end(),
    not1(logical_not<data_type>())));
  //  ,
  if (!noinput)
  {
   //
   m_queue.assign(m_input.begin(), m_input.begin() + m_argnum);
   state = STATE_CALC_NUMBER_0 + dispatch();

117

   m_output[OUTPUT_RESULT] = 0;
   m_output[OUTPUT_ON] = 0;
  }
  else
  {
   //
   state = STATE_OFF;
   fill(m_output.begin(), m_output.end(), 0);
  };
  return state;
 }

 state_type do_calc(state_type state)
 {
  //
  collect();
  // ,   0
  if (state == STATE_CALC_NUMBER_0 && m_queue.size() == 1)
  {
   state = STATE_OUT;
   m_output[OUTPUT_RESULT] = m_queue.front();
   m_output[OUTPUT_ON] = 1;
  }
  else
  {
   //
   state = STATE_CALC_NUMBER_0 + dispatch();
   m_output[OUTPUT_RESULT] = 0;
   m_output[OUTPUT_ON] = 0;
  };
  return state;
 }

 state_type do_off(state_type state)
 {
  //
  state = STATE_OFF;
  fill(m_output.begin(), m_output.end(), 0);
  return state;
 }

public:
 control_type(int argnum, int calcnum):
  fsm_type(argnum + calcnum,
   calcnum * calculator_type::INPUT_NUMBER + 2),
  m_argnum(argnum), m_calcnum(calcnum)
 {
  add_handler(STATE_OFF, handler_type(&control_type::do_start));

  for (int i = 0; i <= calcnum; i++)
   add_handler(
    STATE_CALC_NUMBER_0 + i, handler_type(&control_type::do_calc));

118

  add_handler(STATE_OUT, handler_type(&control_type::do_off));
 }
};

do_start - - , , , m_queue dispatch. dispatch - , - . «0» «N» do_calc. do_calc -

collect. - , - . , . - , « ». do_off . summator_type, - - , , . 22:

class summator_type: public fsmnet_type
{
public:

 enum {FSM_CONTROL, FSM_CALCULATOR_0};
 enum {OUTPUT_RESULT, OUTPUT_ON, OUTPUT_NUMBER};

 class factory_type: public factory_abstract_type
 {
 private:

  int m_inputnum, m_outputnum, m_fsmnum;

 public:

  factory_type(int inputnum, int outputnum, int fsmnum):
   m_inputnum(inputnum), m_outputnum(outputnum), m_fsmnum(fsmnum)

119

  {}

  int number_fsm(void) const { return m_fsmnum; }

  int number_input(void) const { return m_inputnum; }

  int number_output(void) const { return m_outputnum; }

  linkstore_type get_links(void) const
  {
   linkstore_type store;

   //
   for (int i = 0; i < m_inputnum; i++)
    store.add(PSEUDOFSM_NETINPUT, i, FSM_CONTROL, i);

   //   -
   for (int i = 0; i < m_outputnum; i++)
    store.add(FSM_CONTROL, i, PSEUDOFSM_NETOUTPUT, i);

   //
   for (int i = 0; i < m_fsmnum - FSM_CALCULATOR_0; i++)
   {
    //      (   )
    for (int j = 0; j < calculator_type::INPUT_NUMBER; j++)
     store.add(
      FSM_CONTROL,
      m_outputnum + calculator_type::INPUT_NUMBER * i + j,
      FSM_CALCULATOR_0 + i, j);

    //   -  ,
    store.add(
     FSM_CALCULATOR_0 + i, calculator_type::OUTPUT_RESULT,
     FSM_CONTROL, m_inputnum + i);
   };
   return store;
  }

  fsm_abstract_type *create_fsm(int i)
  {
   fsm_abstract_type *pfsm;
   if (i == FSM_CONTROL)
    pfsm = new control_type(m_inputnum, m_fsmnum - 1);
   else
    pfsm = new calculator_type();
   return pfsm;
  }

  void destroy_fsm(int i, fsm_abstract_type *pfsm)
  {
   if (i == FSM_CONTROL)
    delete dynamic_cast<control_type *>(pfsm);
   else

120

    delete dynamic_cast<calculator_type *>(pfsm);
  }
 };

public:

 summator_type(factory_type &factory):
  fsmnet_type(factory)
 {}
};

:

//
vector<fsm_type::data_type> vin;
// ...

//   - +
int fsanum = 1 + DEF_CALCNUM;

//
summator_type::factory_type
 factory(vin.size(), summator_type::OUTPUT_NUMBER, fsanum);
summator_type fsmnet(factory);

//
fsmnet.put_input(vin);

//
fsm_type::data_type sum = 0;
do
{
 //
 fsmnet.do_work();

 //
 vector<fsm_type::data_type> vout = fsmnet.get_output();

 //   ,
 if (vout[summator_type::OUTPUT_ON])
  sum = vout[summator_type::OUTPUT_RESULT];

} while (!fsmnet.is_off());

- . - . .

4. . -

, . , , , - - , , - , . - . , , , - , - . , -

. . 4.1

, , , . [11, 15, 21].

4.1.1 , -

, . - - , - . - - - . - - . – ( . 23). , – . , , , – .

– , , , , . , - . - , . . - . - - . , , .

t_2

t_1 t_3 p_2

p_1 p_3

p_4 p_6 p_5

. 23 . - , . . – . - -

. , - , , - – . - . , - : - ; - ; - ( ); - ( ); - , ( ). - . - , . . , . - , , . - . , , - . - , - , . . - , - , - . , . , «», . - , . , -

, - - . - , - . . 23.

– t_1. - . , - , t_2, t_3, , - t_3 t_2, t_2 t_3 - p_3. . , [21]. - : , , . - - . - , . - [11, 21], , . , . , - . - - , . - , [11].

4.1.2 , - . - . - . , , ( . 24, - ).

passive

start stop active

. 24 , , , , . - , . , . - , – - . , - , . . , . - , . 24, .

start stop , , - , active , passive – . - , - , . . - .

, , - - ( . 25). - . , , [11]. . , , - .

started

stop stopped

. 25 , - . , . - - . - - . - , - . - , , , . 25. .

– - , .

4.1.3 . , . 26 fork/join. fork - « » – . , , - . - join, , « » – - . fork

join

. 26

. , . 27 , .

wait(all)

. 27 - , - . , -

- wait(all). . - , - . , . 28 . - wait(any). - , - . - wait(any) - , . , - .

wait(any)

. 28 – . . 29

.

res exec_1

exec_2 p_1

p_2 v_1

v_2

. 29 , , res, -

. , res - , – , - . - , , , (dead lock). . , - , - . - . - , , . 30.

res_1

res_2 p_{11}

p_{12}

p_{21}

p_{22} v_{11}

v_{12}

v_{21}

v_{22} exec_1

exec_2

. 30 - , - res_1 res_2. - . p_{11} p_{12} , p_{21} p_{22}, , -

. - p_{11} p_{22}, p_{12} p_{21}, . , - . , , - res_1.

. . 31 , – pp_1 pp_2.

res_1

res_2 exec_1 exec_2 pp_1

pp_2 vv_1

vv_2

. 31 - - . - , , . 4.1.4 , , - . . , . – - . – -

. - – . , - . , – - , . , , , . , - . , - , - - .

thinking_0 eating_0 fork_0 stop_0

start_0 fork_4 stop_1 sto p_2 stop_3 stop_4

. 32 . 32 , [21] . eati ng thinking - . fork . start stop - . - , - . 25. stop - , - , . . 33 -

, .

thinking_0 eat_0 fork^4

thinking_4

. 33 , - ( - ), . . , . - , , - , . , - , , , .

, . 33, - , - . – todo, -

, done, - . . 34. , - todo . , - , - . - todo -

, - .

done_0

todo_0 to do_4 done_4

barrier

. 34 , todo, . , - , . todo - done, - todo, . 4.2 , , , – - . - , . - - , , - , . . - ,

. - - . 4.2.1 - , . , - , , . , , , - . 4 , - . place_type, - transition_abstract_type. - transition_simple_type transition_composite_type. - :

class transition_abstract_type
{
public:
 typedef std::vector<transition_abstract_type *> enabledlist_type;

 //
 virtual void activate(void) = 0;
 //  ,
 virtual bool is_active(void) const = 0;
 //
 // (     )
 virtual enabledlist_type get_enabled(void) const = 0;
 //
 // (     )
 virtual void fire(int number) = 0;

 //
 virtual void on_activate(void) {}
 virtual void on_passivate(void) {}
};

activate .

is_active , . - , . . , - get_enabled. , - - . , fire - , get_enabled.

. get_enabled fire , is_active - . , transition_abstract_type , . . transition_simple_type - - . , ..

. , , - , - . transition_composite_type - . content_type, - . , - , , , - . content_type, - . content_type

- . , , . - , , , . , , , - . - - . - - m_enabled_full. - refresh_enabled, - . , m_marking, ( - ), , - . activate - . , is_active - . - get_enabled. , fire , - , . - - . , - , - . , - . .

- activate, – , - , . - fire. , - ( – ), - - . - . m_enabled_or_active, , . - , - m_enabled_full.

, , , . , - ( ), ( ). , , , . . m_location , - . m_offset -

m_enabled_full. - - . fire

, , , , - . , . , , . - . . - , . , - . , . - . - . - , . , . - . - , , . , - . , , - - . - , , -

, . 25 , - . - . - - . , petrinet_type - . - , transition_composite_type. live, , . - , environment_abstract_type. , , - - . , environment_abstract_type, , - . , , . , - - . :

class environment_random_type: public
petrinet_type::environment_abstract_type
{
public:
 //
 static void srandom(void)
 {
  srand((unsigned) time(NULL));

140

 }
 //      [0, bound)
 static int random(int bound)
 {
  assert(bound > 0);
  return int(rand() / (RAND_MAX + 1.0) * bound);
 }
 //
 int wait(const petrinet_type::enabledlist_type &enabled)
 {
  return random(enabled.size());
 }
};

- , . 23, - :

environment_random_type::srandom();
environment_random_type env;

// -
place_type p1, p2, p3, p4, p5, p6;
// -
transition_1_type t1;
transition_2_type t2;
transition_3_type t3;

//
petrinet_type::content_type content;
//
content.add_place(p1);
content.add_place(p2);
content.add_place(p3);
content.add_place(p4);
content.add_place(p5);
content.add_place(p6);
//
content.add_transition(t1);
content.add_transition(t2);
content.add_transition(t3);
//
content.add_arc(p1, t1);
content.add_arc(p2, t2);
content.add_arc(p3, t2);
content.add_arc(p3, t3);
content.add_arc(p4, t3);
//
content.add_arc(t1, p3);
content.add_arc(t1, p4);
content.add_arc(t2, p5);
content.add_arc(t3, p5);
content.add_arc(t3, p6);
//

141

content.add_token(p1, 2);
content.add_token(p2);
//
petrinet_type petrinet(content);

//
petrinet.live(env);

, . , - :

class transition_1_type: public transition_simple_type
{
 void on_activate(void)
 {
  cout << "transition 1 fires" << endl;
 }
};
// ...

- , , . 25:

class transition_stop_type: public transition_simple_type
{
 void on_activate(void)
 {
  cout << "transition stop fires" << endl;
 }
};

// ...

environment_random_type env;

//
place_type started, stopped;
transition_stop_type stop;
transition_composite_type::content_type cnt;
cnt.add_place(started);
cnt.add_place(stopped);
cnt.add_transition(stop);
cnt.add_arc(started, stop);
cnt.add_arc(stop, stopped);
cnt.add_token(started);
transition_composite_type composite(cnt);

//
petrinet_type::content_type content;
place_type begin, end;

142

content.add_place(begin);
content.add_place(end);
content.add_transition(composite);
content.add_arc(begin, composite);
content.add_arc(composite, end);
content.add_token(begin);
petrinet_type petrinet(content);

//
petrinet.live(env);

, - . , - ( . 32). :

//  "   "
class transition_eating_start_type: public transition_simple_type
{
private:
 int m_num;
 void on_activate(void)
 {
  cout << "  " << m_num << "   " << endl;
 }
public:
 transition_eating_start_type(int num): m_num(num) {}
};

//  "   "
class transition_eating_stop_type: public transition_simple_type
{
private:
 int m_num;
 void on_activate(void)
 {
  cout << "  " << m_num << "   " <<endl;
 }
public:
 transition_eating_stop_type(int num): m_num(num) {}
};

– , - . :

const int N = 5;
//
vector<place_type> eating(N), thinking(N), fork(N);
vector<transition_eating_start_type> start;
vector<transition_eating_stop_type> stop;
for (int i = 0; i < N; i++)
{

143

 start.push_back(transition_eating_start_type(i));
 stop.push_back(transition_eating_stop_type(i));
};

//
petrinet_type::content_type content;
for (int i = 0; i < N; i++)
{
 //
 content.add_place(eating[i]);
 content.add_place(thinking[i]);
 content.add_place(fork[i]);
 //
 content.add_transition(start[i]);
 content.add_transition(stop[i]);
};
for (int i = 0; i < N; i++)
{
 //      start
 content.add_arc(thinking[i], start[i]);
 content.add_arc(fork[i], start[i]);
 content.add_arc(fork[(i + 1) % N], start[i]);
 content.add_arc(start[i], eating[i]);
 //      stop
 content.add_arc(eating[i], stop[i]);
 content.add_arc(stop[i], thinking[i]);
 content.add_arc(stop[i], fork[i]);
 content.add_arc(stop[i], fork[(i + 1) % N]);
};
for (int i = 0; i < N; i++)
{
 //
 content.add_token(thinking[i]);
 content.add_token(fork[i]);
};
//
petrinet_type petrinet(content);
petrinet.live(env);

, , -

content_type. - , . , - . , , , , . , - . 33.

, :

144

//   "  "
class transition_eating_type: public transition_composite_type
{
private:
 int m_num;

 void on_activate(void)
 {
  cout << "  " << m_num << "   " << endl;
 }
 void on_passivate(void)
 {
  cout << "  " << m_num << "   " <<endl;
 }

public:
 transition_eating_type(const content_type &content, int num):
  transition_composite_type(content),
  m_num(num)
 {}
};

- , . - . 25. , - :

const int N = 5;
//
vector<place_type> started(N), stopped(N);
vector<transition_simple_type> stop(N);
//
vector<transition_eating_type> eating;
for (int i = 0; i < N; i++)
{
 transition_composite_type::content_type cnt;
 cnt.add_place(started[i]);
 cnt.add_place(stopped[i]);
 cnt.add_transition(stop[i]);
 cnt.add_arc(started[i], stop[i]);
 cnt.add_arc(stop[i], stopped[i]);
 cnt.add_token(started[i]);
 eating.push_back(transition_eating_type(cnt, i));
};

//
vector<place_type> thinking(N), fork(N);
petrinet_type::content_type content;
for (int i = 0; i < N; i++)
{

145

 //
 content.add_place(thinking[i]);
 content.add_place(fork[i]);
 //
 content.add_transition(eating[i]);
};
for (int i = 0; i < N; i++)
{
 //    eating
 content.add_arc(thinking[i], eating[i]);
 content.add_arc(fork[i], eating[i]);
 content.add_arc(fork[(i + 1) % N], eating[i]);
 //    eating
 content.add_arc(eating[i], thinking[i]);
 content.add_arc(eating[i], fork[i]);
 content.add_arc(eating[i], fork[(i + 1) % N]);
};
for (int i = 0; i < N; i++)
{
 //
 content.add_token(thinking[i]);
 content.add_token(fork[i]);
};
//
petrinet_type petrinet(content);
petrinet.live(env);

- , - . , - . . 4.2.2 - , - . 25. - , , . , , - .

. OpenMP MPI , - . , - - . - Win32 API. :

//
class environment_type: public
petrinet_type::environment_abstract_type
{
public:
 //  ,
 class longjob_abstract_type
 {
 public:
  //
  virtual void run(void) = 0;
 };

 //  ,
 class transition_long_type: public transition_composite_type
 {
 private:
  //
  environment_type *m_penv;
  //
  int m_index;

  //
  void on_activate(void)
  {
   m_penv->initialize_longjob(m_index);
  }
  void on_passivate(void)
  {
   m_penv->finalize_longjob(m_index);
  }
 public:
  transition_long_type(
   const content_type &content, environment_type *penv, int index):
   transition_composite_type(content), m_penv(penv), m_index(index)
  {}
 };

private:

147

 //  ,
 struct longjob_data_type
 {
  //
  place_type started, stopped;
  transition_simple_type stop;
  //
  HANDLE thread;
  //     (  )
  longjob_abstract_type *pjob;
 };

 //
 //     ,
 //
 std::map<int, longjob_data_type> m_ljobdata;
 //    (stop)
 //
 std::map<transition_abstract_type *, int> m_stopmap;

 //   -
 static DWORD WINAPI thr_proc(LPVOID param)
 {
  //
  static_cast<longjob_abstract_type *>(param)->run();
  return 0;
 }

public:
 transition_long_type allocate_long_transition(
  longjob_abstract_type &longjob)
 {
  //
  int index = m_ljobdata.size();

  //
  longjob_data_type &ljdata = m_ljobdata[index];
  ljdata.pjob = &longjob;

  //
  m_stopmap[&ljdata.stop] = index;

  //
  transition_composite_type::content_type content;
  content.add_place(ljdata.started);
  content.add_place(ljdata.stopped);
  content.add_transition(ljdata.stop);
  content.add_arc(ljdata.started, ljdata.stop);
  content.add_arc(ljdata.stop, ljdata.stopped);
  content.add_token(ljdata.started);
  return transition_long_type(content, this, index);
 }
 void initialize_longjob(int i)

148

 {
  //   -
  DWORD dwId;
  m_ljobdata[i].thread = ::CreateThread(
   NULL, 0,
   thr_proc, m_ljobdata[i].pjob,
   0, &dwId);
  assert(m_ljobdata[i].thread != NULL);
 }
 void finalize_longjob(int i)
 {
  //   -
  //
  ::CloseHandle(m_ljobdata[i].thread);
 }

public:
 //
 static void srandom(void)
 {
  srand((unsigned) time(NULL));
 }
 //      [0, bound)
 static int random(int bound)
 {
  assert(bound > 0);
  return int(rand() / (RAND_MAX + 1.0) * bound);
 }
 //
 int wait(const petrinet_type::enabledlist_type &enabled)
 {
  //
  // busy -   ,
  // finished -   ,
  // free - ,
  std::vector<int> busy, finished, free;
  //  ,
  std::vector<HANDLE> hdl;
  //
  int pos = 0;
  petrinet_type::enabledlist_type::const_iterator it;
  for (it = enabled.begin(); it != enabled.end(); it++)
  {
   //      ,
   if (m_stopmap.find(*it) == m_stopmap.end())
    free.push_back(pos);
   else
   {
    //
    HANDLE h = m_ljobdata[m_stopmap[*it]].thread;
    //  ,
    if (::WaitForSingleObject(h, 0) == WAIT_OBJECT_0)
     finished.push_back(pos);

149

    else
    {
     //   ,
     busy.push_back(pos);
     hdl.push_back(h);
    };
   };
   pos++;
  };
  //
  int rc;
  //    ,
  //
  if (finished.size() > 0)
   rc = finished[random(finished.size())];
  //    ,
  else if (free.size() > 0)
   rc = free[random(free.size())];
  else
  {
   //
   DWORD dw = ::WaitForMultipleObjects(
    hdl.size(), &hdl[0], FALSE, INFINITE);
   assert(dw >= WAIT_OBJECT_0 && dw < WAIT_OBJECT_0 + hdl.size());
   //
   rc = busy[dw - WAIT_OBJECT_0];
  };
  return rc;
 }
};

environment_random_type. , . - , - , . - , - . , . longjob_data_type.

, , - - .

m_ljobdata -

allocate_long_transition . , - - . initialize_longjob thr_proc, . , finalize_longjob .

, , - , – , , , , . - - . . - - . - , . , - , - . - , - , .

, . - , – , - , , - . , . ,

, , - , , . , - - – POSIX Threads. . , - - , - . - :

class environment_type: public
petrinet_type::environment_abstract_type
{
 // ...
private:
 //  mutex  cond
 pthread_mutex_t m_mutex;
 pthread_cond_t m_cond;
 //
 int m_lastindex;

 //     pthread_xxx
 static inline void chkzero(int retcode) { assert(retcode == 0); }

 // ...
};

pthreads, , - . - , . - , :

class environment_type: public
petrinet_type::environment_abstract_type
{
 // ...

152

public:
 //
 //   mutex  cond
 environment_type(void)
 {
  chkzero(::pthread_mutex_init(&m_mutex, NULL));
  chkzero(::pthread_cond_init(&m_cond, NULL));
 }
 ~environment_type(void)
 {
  chkzero(::pthread_cond_destroy(&m_cond));
  chkzero(::pthread_mutex_destroy(&m_mutex));
 }
 // ...
};

- - , thr_param:

struct longjob_data_type
{
 // ...
 //
 pthread_t thread;
 //
 struct thr_param
 {
  //
  longjob_abstract_type *pjob;
  //
  environment_type *penv;
  //
  int index;
  //
  bool finished;
 } param;
};

, allocate_long_transition - :

transition_long_type allocate_long_transition(longjob_abstract_type
&longjob)
{
 // ...
 //
 longjob_data_type &ljdata = m_ljobdata[index];
 ljdata.param.pjob = &longjob;
 ljdata.param.penv = this;
 ljdata.param.index = index;

 //
 // ...

153

}

- :

void initialize_longjob(int i)
{
 //   -
 m_ljobdata[i].param.finished = false;
 //   -
 chkzero(::pthread_create(
  &m_ljobdata[i].thread, NULL,
  thr_proc, &m_ljobdata[i].param));
}
void finalize_longjob(int i)
{
 //   -
 //
 chkzero(::pthread_join(m_ljobdata[i].thread, NULL));
}

, - , :

static void *thr_proc(void *param)
{
 longjob_data_type::thr_param *p =
  static_cast<longjob_data_type::thr_param *>(param);
 //
 p->pjob->run();
 //
 chkzero(::pthread_mutex_lock(&p->penv->m_mutex));
 //
 p->penv->m_lastindex = p->index;
 p->finished = true;
 //
 chkzero(::pthread_cond_signal(&p->penv->m_cond));
 //
 chkzero(::pthread_mutex_unlock(&p->penv->m_mutex));
 return NULL;
}

, - :

int wait(const petrinet_type::enabledlist_type &enabled)
{
 chkzero(::pthread_mutex_lock(&m_mutex));
 //
 // finished -   ,
 // free - ,

154

 std::vector<int> finished, free;
 //
 //   ,
 std::map<int, int> busybyindex;
 //
 int pos = 0;
 petrinet_type::enabledlist_type::const_iterator it;
 for (it = enabled.begin(); it != enabled.end(); it++)
 {
  //      ,
  if (m_stopmap.find(*it) == m_stopmap.end())
   free.push_back(pos);
  else
  {
   //  ,
   if (m_ljobdata[m_stopmap[*it]].param.finished)
    finished.push_back(pos);
   else
    //   ,
    busybyindex[m_stopmap[*it]] = pos;
  };
  pos++;
 };
 //
 int rc;
 //    ,
 //
 if (finished.size() > 0)
  rc = finished[random(finished.size())];
 //    ,
 else if (free.size() > 0)
  rc = free[random(free.size())];
 else
 {
  //
  chkzero(::pthread_cond_wait(&m_cond, &m_mutex));
  //
  rc = busybyindex[m_lastindex];
 };
 chkzero(::pthread_mutex_unlock(&m_mutex));
 return rc;
}

m_mutex, - - . pthread_cond_wait m_mutex , - , - m_cond.

pthread_cond_wait m_mutex , wait . - . , . , . - , . 33. - :

//   "  "
class longjob_eating_type:
 public environment_type::longjob_abstract_type
{

private:
 int m_num;

 void run(void)
 {
  cout << "  " << m_num << "   " << endl;

  // ... -

  cout << "  " << m_num << "   " <<endl;
 }

public:
 longjob_eating_type(int num): m_num(num) {}

};

, - , , - :

environment_type env;
const int N = 5;

//
vector<longjob_eating_type> eatingjob;
for (int i = 0; i < N; i++)
 eatingjob.push_back(longjob_eating_type(i));

//
vector<environment_type::transition_long_type> eating;
for (int i = 0; i < N; i++)
 eating.push_back(env.allocate_long_transition(eatingjob[i]));

//
vector<place_type> thinking(N), fork(N);
petrinet_type::content_type content;

for (int i = 0; i < N; i++)
{
 //
 content.add_place(thinking[i]);
 content.add_place(fork[i]);

 //
 content.add_transition(eating[i]);
};

for (int i = 0; i < N; i++)
{
 //    eating
 content.add_arc(thinking[i], eating[i]);
 content.add_arc(fork[i], eating[i]);
 content.add_arc(fork[(i + 1) % N], eating[i]);

 //    eating
 content.add_arc(eating[i], thinking[i]);
 content.add_arc(eating[i], fork[i]);
 content.add_arc(eating[i], fork[(i + 1) % N]);
};

for (int i = 0; i < N; i++)
{
 //
 content.add_token(thinking[i]);
 content.add_token(fork[i]);
};

//
petrinet_type petrinet(content);
petrinet.live(env);

- , - , . - .

- - - . - , - - , , . , - - . - , -

. - , , , , , . , , - . - , , , - , , - , . - - - . -

- , - . - , , - , , .

- , , - . - , , , - . , - - , . - , . - - , , - - . . - - - , - , - . - , - - , - - - - .

1. , , , - .

//
template <class e_t>
class matrix_type
{
public:

 typedef e_t element_type;

private:

 int m_vsize, m_hsize;
 element_type *m_data;

public:

 //
 matrix_type(int vsize, int hsize):
  m_vsize(vsize), m_hsize(hsize)
 {
  assert(m_vsize > 0 && m_hsize > 0);

  m_data = new element_type[m_vsize * m_hsize];
 }

 //
 matrix_type(const matrix_type &src):
  m_vsize(src.vsize()), m_hsize(src.hsize())
 {
  m_data = new element_type[m_vsize * m_hsize];
  this->operator =(src);
 }

 //
 ~matrix_type(void)
 {
  delete[] m_data;
 }

 //
 int vsize(void) const
 {
  return m_vsize;
 }

 int hsize(void) const
 {
  return m_hsize;
 }

 //      (   )
 const element_type & operator ()(int i, int j) const
 {
  assert(i > 0 && j > 0 && i <= vsize() && j <= hsize());

  return m_data[(i - 1) * hsize() + j - 1];
 }

 element_type & operator ()(int i, int j)
 {
  return const_cast<element_type &>(
   static_cast<const matrix_type *>(this)->operator ()(i, j));
 }

 //
 matrix_type & operator =(const matrix_type &src)
 {
  assert(vsize() == src.vsize() && hsize() == src.hsize());

  memcpy(m_data, src.m_data,
   m_vsize * m_hsize * sizeof(element_type));

  return *this;
 }

 //
 matrix_type & operator +=(const matrix_type &src)
 {
  assert(hsize() == src.hsize() && vsize() == src.vsize());

  #pragma omp parallel for
  for (int i = 1; i <= vsize(); i++)
   for (int j = 1; j <= hsize(); j++)
    (*this)(i, j) += src(i, j);

  return *this;
 }

 //
 matrix_type & operator -=(const matrix_type &src)
 {
  assert(hsize() == src.hsize() && vsize() == src.vsize());

161

  #pragma omp parallel for
  for (int i = 1; i <= vsize(); i++)
   for (int j = 1; j <= hsize(); j++)
    (*this)(i, j) -= src(i, j);

  return *this;
 }

 //
 friend
 matrix_type operator +(
  const matrix_type &src1, const matrix_type &src2)
 {
  assert(
   src1.hsize() == src2.hsize() && src1.vsize() == src2.vsize());

  matrix_type mtx = src1;
  return (mtx += src2);
 }

 //
 friend
 matrix_type operator -(
  const matrix_type &src1, const matrix_type &src2)
 {
  assert(
   src1.hsize() == src2.hsize() && src1.vsize() == src2.vsize());

  matrix_type mtx = src1;
  return (mtx -= src2);
 }

 //
 friend
 matrix_type operator *(
  const matrix_type &src1, const matrix_type &src2)
 {
  assert(src1.hsize() == src2.vsize());

  matrix_type mtx(src1.vsize(), src2.hsize());

  #pragma omp parallel for
  for (int i = 1; i <= mtx.vsize(); i++)
  {
   for (int j = 1; j <= mtx.hsize(); j++)
   {
    element_type sum(0);
    for (int k = 1; k <= src1.hsize(); k++)
     sum += src1(i, k) * src2(k, j);
    mtx(i, j) = sum;
   };
  };

  return mtx;
 }
};

//  -
template <class e_t>
class vector_type: public matrix_type<e_t>
{
public:

 typedef matrix_type<e_t> base_type;
 typedef typename base_type::element_type element_type;

public:

 //
 vector_type(int vsize):
  base_type(vsize, 1)
 {
 }

 //  -
 vector_type(const base_type &src):
  base_type(src.vsize(), 1)
 {
  assert(src.hsize() == 1);

  this->operator =(src);
 }

 //      (   )
 const element_type & operator ()(int i) const
 {
  return static_cast<const base_type *>(this)->operator ()(i, 1);
 }

 element_type & operator ()(int i)
 {
  return static_cast<base_type *>(this)->operator ()(i, 1);
 }

 //
 vector_type & operator =(const base_type &src)
 {
  return static_cast<vector_type &>(
   static_cast<base_type *>(this)->operator =(src));
 }
};

2. , - - . , - OpenMP.

//
class job_abstract_type
{
public:

 //
 //
 //
 virtual void run(void) = 0;

};

//
class jobcomplex_type: public job_abstract_type
{
private:

 //
 typedef std::vector<job_abstract_type *> joblist_type;

 //
 typedef std::vector<std::vector<int> > deplist_type;

 //    -
 typedef std::vector<std::vector<int> > multilevel_type;

 // ====================================
 //
 // ====================================

 //
 typedef std::map<job_abstract_type *, int> jobs_type;
 jobs_type m_jobs;

 //
 typedef std::set<std::pair<int, int> > deps_type;
 deps_type m_deps;

private:

 //
 joblist_type get_joblist(void) const
 {
  //
  joblist_type joblist(m_jobs.size());
  jobs_type::const_iterator it;
  for (it = m_jobs.begin(); it != m_jobs.end(); it++)
   joblist[it->second] = it->first;
  return joblist;
 }

 deplist_type get_deplist(void) const
 {
  //
  deplist_type deplist(m_jobs.size());
  deps_type::const_iterator it;
  for (it = m_deps.begin(); it != m_deps.end(); it++)
   deplist[it->first].push_back(it->second);
  return deplist;
 }

 //  -
 //
 static multilevel_type build(const deplist_type &deplist)
 {
  //
  std::vector<int> levlist(deplist.size());

  //   ,
  std::set<int> nondetermined;
  for (int i = 0; i < levlist.size(); i++)
   nondetermined.insert(i);

  //
  while (nondetermined.size() > 0)
  {
   std::vector<int> determined;
   //
   std::set<int>::iterator it;
   for (it = nondetermined.begin(); it != nondetermined.end(); it++)
   {
    //    -
    int lev = 0;
    //    ,
    for (int j = 0; j < deplist[*it].size(); j++)
    {
     //
     if (nondetermined.find(deplist[*it][j]) !=
      nondetermined.end())
     {

165

      //
      lev = -1;
      break;
     }
     else
      //
      lev = std::max(lev, levlist[deplist[*it][j]] + 1);
    };

    //   ,
    if (lev >= 0)
    {
     levlist[*it] = lev;
     determined.push_back(*it);
    };
   };

   //     ,
   // ,
   assert(determined.size() > 0);

   //    ,
   std::set<int> diff;
   std::set_difference(
    nondetermined.begin(), nondetermined.end(),
    determined.begin(), determined.end(),
    std::inserter(diff, diff.end()));
   nondetermined.swap(diff);
  };

  //  -
  //
  multilevel_type multilevel(height(levlist));
  for (int i = 0; i < deplist.size(); i++)
   multilevel[levlist[i]].push_back(i);

  return multilevel;
 }

 //   -
 static int height(const std::vector<int> &level)
 {
  int maxlevel = 0;
  for (int i = 0; i < level.size(); i++)
   maxlevel = std::max(maxlevel, level[i]);
  return maxlevel + 1;
 }

 //   -
 static int width(const multilevel_type &multilevel)
 {

166

  int maxwidth = 0;
  for (int i = 0; i < multilevel.size(); i++)
   maxwidth = std::max(maxwidth, (int) multilevel[i].size());
  return maxwidth;
 }

public:

 //
 void add_job(job_abstract_type &job)
 {
  //
  assert(m_jobs.find(&job) == m_jobs.end());

  m_jobs.insert(jobs_type::value_type(&job, m_jobs.size()));
 }

 //
 void add_dependence(
  job_abstract_type &dst,
  job_abstract_type &src)
 {
  //
  assert(&src != &dst);

  //
  assert(m_jobs.find(&dst) != m_jobs.end());
  assert(m_jobs.find(&src) != m_jobs.end());

  m_deps.insert(deps_type::value_type(m_jobs[&dst], m_jobs[&src]));
 }

 //
 void run(void)
 {
  //
  joblist_type joblist = get_joblist();
  //  -
  multilevel_type multilevel = build(get_deplist());

  //
  for (int l = 0; l < multilevel.size(); l++)
  {
   #pragma omp parallel for num_threads(multilevel[l].size())
   for (int i = 0; i < multilevel[l].size(); i++)
    joblist[multilevel[l][i]]->run();
  };
 }
};

3. , - , OpenMP.

//
class fsm_abstract_type
{
public:

 //
 typedef int data_type;

 //
 typedef int state_type;

 //
 virtual int number_input(void) const = 0;

 //
 virtual int number_output(void) const = 0;

 //
 virtual void put_input(const std::vector<data_type> &input) = 0;

 //
 virtual void do_work(void) = 0;

 //
 virtual std::vector<data_type> get_output(void) const = 0;

 // ,
 virtual bool is_off(void) const = 0;

};

//
class fsm_type: public fsm_abstract_type
{
protected:

 // ,   do_work
 typedef state_type (fsm_type::*handler_type)(state_type state);
 // /
 enum {STATE_OFF = -1};

private:

 //
 int m_inputnum, m_outputnum;

 //
 state_type m_state;

 //
 typedef std::map<state_type, handler_type> handlertable_type;
 handlertable_type m_handlertable;

protected:

 //
 std::vector<data_type> m_input, m_output;

protected:

 void add_handler(state_type state, handler_type handler)
 {
  m_handlertable.insert(
   handlertable_type::value_type(state, handler));
 }

public:

 fsm_type(int inputnum, int outputnum):
  m_state(STATE_OFF),
  m_inputnum(inputnum), m_outputnum(outputnum),
  m_input(m_inputnum), m_output(m_outputnum)
 {
 }

 int number_input(void) const
 {
  return m_inputnum;
 }

 int number_output(void) const
 {
  return m_outputnum;
 }

 void put_input(const std::vector<data_type> &input)
 {
  m_input.assign(input.begin(), input.end());
 }

 void do_work(void)
 {
  //
  handlertable_type::iterator it = m_handlertable.find(m_state);

169

  if (it != m_handlertable.end())
   m_state = (this->*(it->second))(m_state);
 }

 std::vector<data_type> get_output(void) const
 {
  return m_output;
 }

 bool is_off(void) const
 {
  //
  return (m_state == STATE_OFF);
 }
};

//
class fsmnet_type: public fsm_abstract_type
{
public:

 typedef std::pair<std::pair<int, int>, std::pair<int, int> >
  link_type;
 enum {PSEUDOFSM_NETINPUT = -1, PSEUDOFSM_NETOUTPUT = -2};

 //   -
 class linkstore_type
 {
 private:
  std::vector<link_type> m_links;
 public:
  void add(int srcfsm, int srcnum, int dstfsm, int dstnum)
  {
   m_links.push_back(link_type(
    link_type::first_type(srcfsm, srcnum),
    link_type::second_type(dstfsm, dstnum)));
  }
  std::vector<link_type> get(void) const
  {
   return m_links;
  }
 };

 //
 class factory_abstract_type
 {
 public:

  //
  virtual int number_fsm(void) const = 0;

  //

170

  virtual int number_input(void) const = 0;

  //
  virtual int number_output(void) const = 0;

  //
  virtual linkstore_type get_links(void) const = 0;

  //  i-
  virtual fsm_abstract_type *create_fsm(int i) = 0;

  //
  virtual void destroy_fsm(int i, fsm_abstract_type *pfsm) = 0;

 };

private:

 //
 class shared_area_type
 {
  //   (      )
  std::vector<data_type> m_data;
  //
  std::vector<int> m_outpos, m_outsize;
  //
  std::vector<std::vector<int> > m_inpos;

 public:
  //
  //   ,
  // ,
  shared_area_type(const std::vector<link_type> &links)
  {
   //   =   + 1
   int fsmnum = 0;
   for (int i = 0; i < links.size(); i++)
   {
    fsmnum = std::max(fsmnum, links[i].first.first);
    fsmnum = std::max(fsmnum, links[i].second.first);
   };
   fsmnum++;

   // -    ( )    ( )
   std::vector<int> outsize(fsmnum + 1);
   // -    ( )    ( )
   std::vector<int> insize(fsmnum + 1);
   //
   for (int i = 0; i < links.size(); i++)
   {
    int idxout = links[i].first.first;
    int idxin = links[i].second.first;
    idxout = (idxout != PSEUDOFSM_NETINPUT) ?

171

     idxout : outsize.size() - 1;
    idxin = (idxin != PSEUDOFSM_NETOUTPUT) ?
     idxin : insize.size() - 1;

    outsize[idxout] =
     std::max(outsize[idxout], links[i].first.second);
    insize[idxin] =
     std::max(insize[idxin], links[i].second.second);
   };
   //
   for (int i = 0; i < outsize.size(); i++)
    outsize[i]++;
   for (int i = 0; i < insize.size(); i++)
    insize[i]++;

   //
   int fullsize = 0;
   for (int i = 0; i < outsize.size(); i++)
   {
    m_outpos.push_back(fullsize);
    fullsize += outsize[i];
   };
   //
   m_data.resize(fullsize);
   fill(m_data.begin(), m_data.end(), 0);
   //
   m_outsize.assign(outsize.begin(), outsize.end());

   //
   for (int i = 0; i < insize.size(); i++)
    m_inpos.push_back(std::vector<int>(insize[i]));

   //
   for (int i = 0; i < links.size(); i++)
   {
    int idxout = links[i].first.first;
    int idxin = links[i].second.first;
    idxout = (idxout != PSEUDOFSM_NETINPUT) ?
     idxout : m_outpos.size() - 1;
    idxin = (idxin != PSEUDOFSM_NETOUTPUT) ?
     idxin : m_inpos.size() - 1;
    int out = links[i].first.second;
    int in = links[i].second.second;

    m_inpos[idxin][in] = m_outpos[idxout] + out;
   };
  }

  //
  void put_output(int i, const std::vector<data_type> &output)
  {
   copy(output.begin(), output.end(), m_data.begin() + m_outpos[i]);
  }

  //
  void put_input(const std::vector<data_type> &input)
  {
   copy(input.begin(), input.end(),
    m_data.begin() + m_outpos.back());
  }

  //
  std::vector<data_type> get_input(int i) const
  {
   std::vector<data_type> input;
   for (int j = 0; j < m_inpos[i].size(); j++)
    input.push_back(m_data[m_inpos[i][j]]);
   return input;
  }

  //
  std::vector<data_type> get_output(void) const
  {
   std::vector<data_type> output;
   for (int j = 0; j < m_inpos.back().size(); j++)
    output.push_back(m_data[m_inpos.back()[j]]);
   return output;
  }
 };

private:

 //
 std::vector<fsm_abstract_type *> m_pfsm;
 //
 factory_abstract_type &m_factory;
 //
 shared_area_type m_shared;

public:

 fsmnet_type(factory_abstract_type &factory):
  m_factory(factory), m_shared(m_factory.get_links().get())
 {
  //
  m_pfsm.resize(m_factory.number_fsm());
  #pragma omp parallel for
  for (int i = 0; i < m_pfsm.size(); i++)
   m_pfsm[i] = m_factory.create_fsm(i);
 }

 ~fsmnet_type(void)
 {
  //
  #pragma omp parallel for
  for (int i = m_pfsm.size() - 1; i >= 0; i--)

173

   m_factory.destroy_fsm(i, m_pfsm[i]);
 }

 int number_input(void) const
 {
  return m_factory.number_input();
 }

 int number_output(void) const
 {
  return m_factory.number_output();
 }

 void put_input(const std::vector<data_type> &input)
 {
  m_shared.put_input(input);
 }

 void do_work(void)
 {
  //   ,
  #pragma omp parallel
  {
   #pragma omp for
   for (int i = 0; i < m_pfsm.size(); i++)
   {
    m_pfsm[i]->put_input(m_shared.get_input(i));
    m_pfsm[i]->do_work();
   };
   //   (      )
   #pragma omp for
   for (int i = 0; i < m_pfsm.size(); i++)
    m_shared.put_output(i, m_pfsm[i]->get_output());
  };
 }

 std::vector<data_type> get_output(void) const
 {
  return m_shared.get_output();
 }

 bool is_off(void) const
 {
  //    ,
  bool rc = true;
  #pragma omp parallel for reduction(&&: rc)
  for (int i = 0; i < m_pfsm.size(); i++)
   rc = (rc && m_pfsm[i]->is_off());
  return rc;
 }
};

4. , . , - .

//
class place_type {};

//
class transition_abstract_type
{
public:

 typedef std::vector<transition_abstract_type *> enabledlist_type;

 //
 virtual void activate(void) = 0;

 //  ,
 virtual bool is_active(void) const = 0;

 //
 // (     )
 virtual enabledlist_type get_enabled(void) const = 0;

 //
 // (     )
 virtual void fire(int number) = 0;

 //
 virtual void on_activate(void) {}
 virtual void on_passivate(void) {}

};

//  ( )
class transition_simple_type: public transition_abstract_type
{
public:

 void activate(void) {}

 bool is_active(void) const { return false; }

 enabledlist_type get_enabled(void) const
 { return enabledlist_type(); }

 void fire(int number) { assert(false); }

};

//   ( )
class transition_composite_type: public transition_abstract_type
{
private:

 typedef std::vector<place_type *> placelist_type;
 typedef std::vector<transition_abstract_type *>
  transitionlist_type;
 typedef std::vector<int> marking_type;
 typedef std::vector<marking_type> arcmatrix_type;

public:

 //
 class content_type
 {
 private:

  typedef std::map<place_type *, int> plmap_type;
  typedef std::map<transition_abstract_type *, int> trmap_type;
  typedef std::map<std::pair<int, int>, int> arcmap_type;
  typedef std::map<int, int> tokmap_type;

  //
  plmap_type m_plmap;

  //
  trmap_type m_trmap;

  //
  arcmap_type m_inmap, m_outmap;

  //
  tokmap_type m_tokmap;

 private:

  //
  void add_arc(
   place_type &pl,
   transition_abstract_type &tr,
   int weight,
   arcmap_type &arcmap)
  {

176

   assert(m_plmap.find(&pl) != m_plmap.end());
   assert(m_trmap.find(&tr) != m_trmap.end());
   assert(weight > 0);

   arcmap_type::key_type arc(m_trmap[&tr], m_plmap[&pl]);
   if (arcmap.find(arc) == arcmap.end())
    arcmap.insert(arcmap_type::value_type(arc, weight));
   else
    arcmap[arc] += weight;
  }

  //
  arcmatrix_type build_matrix(const arcmap_type &arcmap) const
  {
   arcmatrix_type matrix(m_trmap.size());
   for (int i = 0; i < matrix.size(); i++)
   {
    std::vector<int> vec(m_plmap.size());
    for (int j = 0; j < vec.size(); j++)
    {
     arcmap_type::const_iterator it;
     it = arcmap.find(arcmap_type::key_type(i, j));
     vec[j] = (it != arcmap.end()) ? it->second : 0;
    };
    matrix[i] = vec;
   };
   return matrix;
  }

 public:

  // ------- ,     -------

  //
  void add_place(place_type &pl)
  {
   assert(m_plmap.find(&pl) == m_plmap.end());
   m_plmap.insert(plmap_type::value_type(&pl, m_plmap.size()));
  }

  //
  void add_transition(transition_abstract_type &tr)
  {
   assert(m_trmap.find(&tr) == m_trmap.end());
   m_trmap.insert(trmap_type::value_type(&tr, m_trmap.size()));
  }

  //
  void add_arc(
   place_type &in,
   transition_abstract_type &tr,
   int weight = 1)
  {

177

   add_arc(in, tr, weight, m_inmap);
  }
  //
  void add_arc(
   transition_abstract_type &tr,
   place_type &out,
   int weight = 1)
  {
   add_arc(out, tr, weight, m_outmap);
  }

  //
  void add_token(place_type &pl, int tokens = 1)
  {
   assert(m_plmap.find(&pl) != m_plmap.end());
   assert(tokens > 0);

   if (m_tokmap.find(m_plmap[&pl]) == m_tokmap.end())
    m_tokmap.insert(tokmap_type::value_type(m_plmap[&pl], tokens));
   else
    m_tokmap[m_plmap[&pl]] += tokens;
  }

  // ------- ,   -------

  //
  placelist_type get_pllist(void) const
  {
   placelist_type pllist(m_plmap.size());
   plmap_type::const_iterator it;
   for (it = m_plmap.begin(); it != m_plmap.end(); it++)
    pllist[it->second] = it->first;
   return pllist;
  }

  //
  transitionlist_type get_trlist(void) const
  {
   transitionlist_type trlist(m_trmap.size());
   trmap_type::const_iterator it;
   for (it = m_trmap.begin(); it != m_trmap.end(); it++)
    trlist[it->second] = it->first;
   return trlist;
  }

  //
  arcmatrix_type get_matrixin(void) const
  {
   return build_matrix(m_inmap);
  }
  arcmatrix_type get_matrixout(void) const
  {
   return build_matrix(m_outmap);

178

  }

  //
  marking_type get_marking(void) const
  {
   marking_type marking(m_plmap.size());
   for (int i = 0; i < marking.size(); i++)
   {
    tokmap_type::const_iterator it = m_tokmap.find(i);
    marking[i] = (it != m_tokmap.end()) ? it->second : 0;
   };
   return marking;
  }
 };

private:

 //
 placelist_type m_pllist;

 //
 transitionlist_type m_trlist;

 //
 arcmatrix_type m_mtxin;
 arcmatrix_type m_mtxout;

 //
 marking_type m_marking_init;

 //
 marking_type m_marking;

 //     -
 std::vector<bool> m_enabled_or_active;

 //     ,
 enabledlist_type m_enabled_full;

 //
 std::vector<int> m_location;

 //
 std::vector<int> m_offset;

 //
 void refresh_enabled(void)
 {
  //
  std::set<int> trchg;
  for (int i = 0; i < m_trlist.size(); i++)
   trchg.insert(i);
  //

179

  refresh_enabled(trchg);
 }

 //
 void refresh_enabled(const std::set<int> &trchg)
 {
  //
  std::set<int>::const_iterator it;
  for (it = trchg.begin(); it != trchg.end(); it++)
  {
   int i = *it;
   //    ,
   bool enabled = true;
   if (!m_trlist[i]->is_active())
   {
    #pragma omp parallel for reduction(&&: enabled)
    for (int j = 0; j < m_mtxin[i].size(); j++)
     enabled = enabled && (m_marking[j] - m_mtxin[i][j] >= 0);
   };
   m_enabled_or_active[i] = enabled;
  };

  //
  m_enabled_full.clear();
  m_location.clear();
  for (int i = 0; i < m_trlist.size(); i++)
  {
   m_offset[i] = m_enabled_full.size();
   if (m_enabled_or_active[i])
   {
    //      ,
    if (!m_trlist[i]->is_active())
    {
     m_enabled_full.push_back(m_trlist[i]);
     m_location.push_back(i);
    }
    else
    {
     //  ,
     enabledlist_type in = m_trlist[i]->get_enabled();
     //
     m_enabled_full.insert(
      m_enabled_full.end(), in.begin(), in.end());
     //
     m_location.insert(m_location.end(), in.size(), i);
    };
   };
  };
 }

public:

 transition_composite_type(const content_type &content):

180

  m_pllist(content.get_pllist()),
  m_trlist(content.get_trlist()),
  m_mtxin(content.get_matrixin()),
  m_mtxout(content.get_matrixout()),
  m_marking_init(content.get_marking()),
  m_enabled_or_active(m_trlist.size()),
  m_offset(m_trlist.size())
 {}

 void activate(void)
 {
  m_marking = m_marking_init;
  refresh_enabled();
 }

 bool is_active(void) const
 {
  return (m_enabled_full.size() > 0);
 }

 enabledlist_type get_enabled(void) const
 {
  return m_enabled_full;
 }

 void fire(int number)
 {
  assert(number >= 0 && number < m_enabled_full.size());

  int local = m_location[number];
  int lower = number - m_offset[local];

  //
  std::vector<int> marking_pre = m_marking;

  //   ,
  if (m_trlist[local]->is_active())
   m_trlist[local]->fire(lower);
  else
  {
   //
   #pragma omp parallel for
   for (int j = 0; j < m_mtxin[local].size(); j++)
    m_marking[j] -= m_mtxin[local][j];
   //
   m_trlist[local]->on_activate();
   m_trlist[local]->activate();
  };
  //
  if (!m_trlist[local]->is_active())
  {
   m_trlist[local]->on_passivate();
   //

181

   #pragma omp parallel for
   for (int j = 0; j < m_mtxout[local].size(); j++)
    m_marking[j] += m_mtxout[local][j];
  };

  //    ,
  //
  std::set<int> trchg;
  //  ,
  trchg.insert(local);
  //   ,
  for (int j = 0; j < m_marking.size(); j++)
   if (m_marking[j] != marking_pre[j])
    //   ,
    for (int i = 0; i < m_trlist.size(); i++)
     if (m_mtxin[i][j] > 0)
      trchg.insert(i);
  //
  refresh_enabled(trchg);
 }
};

//
class petrinet_type: public transition_composite_type
{
public:

 typedef transition_composite_type::content_type content_type;

 //   ,   " "
 class environment_abstract_type
 {
 public:
  //
  virtual int wait(const enabledlist_type &enabled) = 0;
 };

public:

 petrinet_type(const content_type &content):
  transition_composite_type(content)
 {}

 void live(environment_abstract_type &env)
 {
  activate();
  while (is_active())
   fire(env.wait(get_enabled()));
 }
};

1. . . . - . – .: - , 2002. – 70 .

2. . . - MPI. . – .: - , 2004. – 71 .

3. . ., . ., . . . – - - : - « », 2003. – 208 .

4. . . ... 1 ( ) // - Price. – 2002. – 31. – . 288–293.

5. . . . – .: . , 1972.

– 552 . 6. . ., . . .

« ». – .: - , 2002. – 608 .

7. . . - . – 2003 [ ] URL: http://www.softcraft.ru/parallel/ppfs.shtml.

8. .. . – .: , 1962. – 476 .

9. . . , . – 2007 [ ] URL: http://www.intuit.ru/department/ds/introsaa/.

10. . . . – - : , 1978. – 258 .

11. . . . – .: , 1984. – 160 . 12. . ., . ., . ., . . - : . . .

. . – .: , 1997. – 408 . 13. . .

// BYTE- . – 2000. 11. – . 22-29. 14. . . // Computerworld . – 1996. 31.

15. . ., . ., ..

. – .: , 1989. – 133 .

16. . // IEEE Computer, 2006.

– .: . ., 2007 [ ] URL: http://www.softcraft.ru/parallel/pwt/index.shtml.

17. . . // « » ( ’2006). , 2-4 2006 .

. . . . – .: - . . . , 2006. – . 1359- 1374.

18. .C. - // - : - - . – :

, 2005. – . 186-193. 19. . . - - // - - « ’2001». .: ( ), 2001. – . 127-128.

20. . ., . . - . " ". – .: - , 2002. – 400 .

21. . :

. . – .: , 1984. – 264 . 22. . ., . . ( - ). – .: , 1970. – 400 .

23. . :

. . – .: , 1989. – 264 . 24. . . SWITCH- . - . – .: , 1998. – 628 .

25. . . . - - // . .

– 6. - 2000. – C. 63-81. 26. . . -

- // . – 1996. 6. C.148-158;

7. .144-169. 27. . ., . . - // . – 2002, 2. – C.144-149.

28. . ., . .

// . – 2002. 5. – . 12-26.

29. . ., . . // . – 2001, 8, 9. – C.116- 121; .132-138.

30. . ., . ., . . - // - . – 2002. 5.

– . 72-99. 31. . ., . . MPI: . – .:

, 2002. – 323 . 32. / . ., . ., .., . . – .:

, 1983. – 240 . 33. Lee Edward A. The problem w ith threads // IEEE Computer. – Vol. 39, 5, May 2006. – P. 33-42.

34. Snir M., Otto S., Huss-Leder man S., etc. MPI – The Complete Reference: The MPI Core. – 2-nd edn. – Cambridge: MIT Press, 1998. – 426 p.

35. Snir M., Otto S., Huss-Lederm an S., etc. MPI: The complete Reference. – MIT Press, Camb ridge, Massachusetts, 1997. [ - ] URL: http://www.netlib.org/utk/papers/mpibook/mpi-book.html.

36. MPI: A Message-Passing Interface Standard. (Version 1.1: June, 1995) [ ] URL: http://www.mcs.anl.gov/mpi/standard.html.

37. MPI-2: Extensions to the Message-Passing Interface. [ - ] URL:

http://www.mcs.anl.gov/mpi/standard.html.

38. OpenMP C and C++ Applicati on Program Interface (Version 1.0: October, 1998) [ ] URL: http://www.openmp.org/mp-documents/cspec10.pdf.

39. OpenMP C and C++ Applicati on Program Interface (Version 2.0: March, 2002) [ ] URL: http://www.openmp.org/mp-documents/cspec20.pdf.

40. Wagner F., Schmuki R., Wagn er T., Wolstenholme P. Modeling Software with Finite State Machines: A Practical Approach. – Auerbach Publications, 2006. – 392 p.

41. Wagner F. Moore or Mealy model? April 2005. [ ] URL: http://www.stateworks.com/technology/TN10- Moore-Or-Mealy-Model/.

..............................................................................................3 ............................................................................3 ....................5 ................................................8 1. ..........................................................................10 1.1 OpenMP ..............................................................10 1.1.1 – ................................11 1.1.2 ...17 1.1.3 ......................22 1.1.4 ..........................................................24 1.1.5 Runtime- .............................................................26 1.1.6 ..........................30 1.2 MPI ...............................32 1.2.1 .............33 1.2.2 ........................................................36 1.2.3 .................38 1.2.4 ......................................45 1.2.5 ....................................................51 2. - .....................60 2.1 ...................................60 2.2

........................................................................................65 2.3 ..................69 3. ............................................75 3.1 .......................75 3.2 ........................80 3.3 ....................................83 3.3.1 OpenMP.........................86

3.3.2 MPI..................92 3.3.3 .................95 3.4 .............................................................103 3.5 .............................................................................112 4. ....................................................................121 4.1 .......................121 4.1.1 ..........................................121 4.1.2 ..........................................125 4.1.3 .............127 4.1.4 ................................130 4.2 ................133 4.2.1 .......134 4.2.2 ........................145 .....................................................................................157 1. .........159 2. ...............................................................................................163 3. ...................................................................167 4. ..............................................................................................174 .........................................................182 ......................................................................................186

. .

12.11.2008. 60 84 1/16.

. . . . .10,93 . .- . 43,72. .- . . 11,75 100 . 649

« , ( )» 119454, , . , 78