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Conway's Game of Life

Urpa «XKusnb» (Game of Life, [Ix. KoHseun, 1970)
NrpoBoe rnone — pasmevyeHHasa Ha KneTku NIoCKOCTb

Kaxkgas knetka MOXeT HaxoAUTbCS B ABYX COCTOAHUSX:
@KUBasg» N «MEPTBas», N UMEET BOCEMb coceaen

Pacnpeﬂ,eneHme XUBbIX KJ1ETOK B Ha4ase Urpbl Ha3biBa€TCH
nepBbIiM MNMOKOJIEHNEM. Kaxgoe cnepnywilee nokoJieHmne
pacCcyHnNTbiIBAE€TCA Ha OCHOBE rpeablayLiero:.

1) B MepPTBOM KIeTKe, pALOM C KOTOPOW TPU XKUBbIE KNETKMU,
3apoXaaeTcs XKN3Hb

2) ecrnn y X1BOW KNeTKN eCTb ABE UM TPU XNBble COCEOKN,
TO 3Ta KfeTka NpoJomkKaeT XnTb; B MPOTUBHOM crnyyae
(cocenen < 2 unu > 3) Krnetka ymupaer

http://en.wikipedia.org/wiki/Conway's Game of

Life



http://en.wikipedia.org/wiki/Conway's_Game_of_Life

Nepuoanueckue rpaHnuHble ycnosusa (periodic boundary conditions)

KaK BblUMCAATb COCTOAHMUA rPaHUYHDbIX AYEeK
(aueek cnesa, cnpaBa, CHU3Y, CBEPXY MOXKET He CyL,ecTBoBaTb)?

OAHO M3 pelleHnn —
nepuoauyeckue rpaHnyHble ycnosus (periodic boundary conditions)

UrpoBoe nose 6ecCKoOHeYHO NPOAO/IMKAETCA NO BCEM HaNPaBAEHMUAM

B maccuBe Tpebyetcs xpaHuTb TeHeBble A4enku (ghost cells, shadow cells)

0 1 N N+1

https://www.pdc.kth.se/education/tutorials/summer-school/mpi-
exercises/mpi-lab-1-program-structure-and-point-to-point-communication-

in-mpi/background-for-the-game-of-life



https://www.pdc.kth.se/education/tutorials/summer-school/mpi-exercises/mpi-lab-1-program-structure-and-point-to-point-communication-in-mpi/background-for-the-game-of-life

MocneposBatenbHana peanusaumsa (1_gol/gol.c)

#tdefine IND(i, j) ((i) * (N + 2) + (3))

0 1 N N+1 0 1 N N+1

0 0

enum { R EEnnnnnaE S S EnEaE
N = 1024,
ITERS MAX = 1 << 10

}s

typedef uint8_t cell_t; OOy - e

rid[N + 2][N + 2 newgrid[N + 2][N + 2
int main(int argc, char* argv[]) grid| I ! grid| I !

{
// Grid with periodic boundary conditions (ghost cells)
size t ncells = (N + 2) * (N + 2);
size t size = sizeof(cell t) * ncells;
cell t *grid = malloc(size);
cell t *newgrid = malloc(size);

// Initial population
srand(0);
for (int i = 1; i <= N; i++)
for (int j = 1; j <= N; j++)
grid[IND(i, j)] = rand() % 2;



MocnepoBaTenbHaa peannsauuna (npogonkeHue)

double t = wtime();
int iter;
for (iter = @; iter < ITERS_MAX; iter++) {
// Copy ghost columns
for (int 1 = 1; i <= N; i++) {
grid[IND(i, ©)] = grid[IND(i, N)]; // left ghost column
grid[IND(i, N + 1)] = grid[IND(i, 1)]; // right ghost column
}
// Copy ghost rows
for (int 1 =0; 1 <= N + 1; i++) {
grid[IND(@, i)] = grid[IND(N, i)]; // top ghost row
grid[IND(N + 1, i)] = grid[IND(1, i)]; // bottom ghost row

0 1 N N+1

0
1

N+1




MocnepoBaTenbHaa peannsauuna (npogonkeHue)

for (int 1 = 1; i <= N; i++) {

for (int j = 1; j <= N; j++) {

int nneibs = grid[IND(i + 1, j)] + grid[IND(i - 1, j)]

grid[IND(i, j + 1)] + grid[IND(i, j - 1)]

grid[IND(i + 1, j + 1)] + grid[IND(i - 1, j - 1)] +

grid[IND(i - 1, j + 1)] + grid[IND(i + 1, j - 1)];

cell t state = grid[IND(i, j)];
cell t newstate = state;

if (state == 1 && nneibs < 2)
newstate = 0;

else if (state == 1 && (nneibs == 2 || nneibs == 3))
newstate =

J

else if (state

(%]

1

== 1 && nneibs > 3)
newstate = 0;

1

J

else if (state
newstate =
newgrid[IND(1i,

O && nneibs == 3)

j)] = newstate;

}
}
cell t *p = grid; grid = newgrid; newgrid = p;
}
t = wtime() - t;



NocnepoBatenbHaa peanusayua (OKOH4YaHue)

size t total = 0;
for (int 1 = 1; i <= N; i++) {

for (int j = 1; j <= N; Jj++)

total += grid[IND(i, j)];

}
printf("Game of Life: N = %d, iterations = %d\n", N, iter);
printf("Total alive cells: %lu\n", total);
printf("Iters per sec.: %.2f\n", iter / t);
printf("Total time (sec.): %.6f\n", t);

free(grid);
free(newgrid);
return 0;
Cluster Oak / cngpul (Intel Core i5-3320M)

Game of Life: N = 1024, iterations = 1024
Total alive cells: 47026

Iters per sec.: 280.05
Total time (sec.): 3.656496




Moaudukauma nocnegosarenbHoun peanusauum (2_gol state)

int states[2][9] =
{@) @) @) 1)
{@) @) 1) 1)

{
0, 90, 9, 9, 0}, /* New states for a dead cell */
0, 0, 0, 0, 0}

’ /* New states for an alive cell */

}s

for (int i = 1; 1 <= N; i++) {
for (int j = 1; j <= N; j++) {
int nneibs = grid[IND(i + 1, j)] + grid[IND(i - 1, j)] +
grid[IND(i, j + 1)] + grid[IND(i, j - 1)] +
grid[IND(i + 1, j + 1)] + grid[IND(i - 1, j - 1)] +
grid[IND(i - 1, j + 1)] + grid[IND(i + 1, j

cell t state = grid[IND(i, j)];
newgrid[IND(i, j)] = states[state][nneibs];

Cluster Oak / cngpul (Intel Core i5-3320M)

Game of Life: N 1024, iterations = 1024
Total alive cells: 47026

Iters per sec.: 448.07
Total time (sec.): 2.285372




Peanusauua Ha CUDA (2_gol cuda)

#define IND(i, j) ((i) * (N + 2) + (j))
enum {

N = 1024,

ITERS MAX = 1 << 10,

BLOCK_SIZE = 16

}s
typedef uint8 t cell t;

int main(int argc, char* argv[])
{
// Grid with periodic boundary conditions (ghost cells)
size t ncells = (N + 2) * (N + 2);
size t size = sizeof(cell t) * ncells;
cell t *grid = (cell_t *)malloc(size);

// Initial population
srand(9);
for (int 1 = 1; i <= N; i++)
for (int j = 1; j <= N; j++)
grid[IND(i, j)] = rand() % 2;



Peanusauua Ha CUDA (2_gol cuda)

cell t *d grid, *d newgrid;

double tmem = -wtime();
cudaMalloc((void **)&d grid, size);
cudaMalloc((void **)&d newgrid, size);

cudaMemcpy(d_grid, grid, size, cudaMemcpyHostToDevice);

tmem += wtime();

// 1d drids for copying ghost cells

dim3 block(BLOCK_SIZE, 1, 1);

dim3 cols grid((N + block.x - 1) / block.x, 1, 1);
dim3 rows_grid((N + 2 + block.x - 1) / block.x, 1,

// 2d grid for updating cells: one thread per cell
dim3 block2d (BLOCK_SIZE, BLOCK SIZE, 1);
int nblocks = (N + BLOCK SIZE - 1) / BLOCK SIZE;

‘I;?2:=><=:::

Vv

dim3 grid2d(nblocks, nblocks, 1);e—




Peanusauua Ha CUDA (2_gol cuda)

double t = wtime();

int iter = 0;

for (iter = @; iter < ITERS_MAX; iter++) {
// Copy ghost cells: 1d grid for rows, 1d grid for columns
copy_ghost cols<<<cols grid, block>>>(d _grid, N);
copy_ghost rows<<<rows_grid, block>>>(d _grid, N);

// Update cells: 2d grid
update cells<<<grid2d, block2d>>>(d grid, d _newgrid, N);

// Swap grids

cell t *p = d grid; d grid = d newgrid; d_newgrid = p;
}
cudaDeviceSynchronize();
t = wtime() - t;

tmem -= wtime();
cudaMemcpy(grid, d _grid, size, cudaMemcpyDeviceToHost);
tmem += wtime();



Peanusauua Ha CUDA (2_gol cuda)

__global  void copy _ghost rows(cell t *grid, int n)
{
int 1 = blockIdx.x * blockDim.x + threadIdx.x;
if (i <=n+1) {
// Bottom ghost row: [N + 1][©0..N + 1] <== [1][0..N + 1]
grid[IND(N + 1, i)] = grid[IND(1, i)];
// Top ghost row: [@0][0..N + 1] <== [N][0..N + 1]
grid[IND(@, i)] = grid[IND(N, i)];

}

__global  void copy _ghost cols(cell t *grid, int n)
{
int 1 = blockIdx.x * blockDim.x + threadIdx.x + 1;
if (i <= n) {
// Right ghost column: [1..N]J[N + 1] <== [1..N][1]
grid[IND(i, N + 1)] = grid[IND(i, 1)];
// Left ghost column: [1..N][1] <== [1..N][N]
grid[IND(i, ©)] = grid[IND(i, N)];




Peanusauua Ha CUDA (2_gol cuda)

__global  void update cells(cell t *grid, cell t *newgrid, int n)
{

int 1 = blockIdx.y * blockDim.y + threadIdx.y + 1;

int j = blockIdx.x * blockDim.x + threadIdx.x + 1;

if (i <= n & & j <=n) {
int states[2][9] =

{6, 0, 0, 1, o,

1, ©

0, 0, 9, 0}, /* New states for a dead cell */
{0, 0, 1, 0, 0, 0, 0}

/* New states for an alive cell */

J J

s

int nneibs = grid[IND(i + 1, j)] + grid[IND(i - 1, j)]
grid[IND(i, j + 1)] + grid[IND(i, j - 1)]
grid[IND(i + 1, j + 1)] + grid[IND(i - 1, j - 1)] +
grid[IND(i - 1, j + 1)] + grid[IND(i + 1, j - 1)];

cell t state = grid[IND(i, j)];
newgrid[IND(i, j)] = states[state][nneibs];



Peanusauua Ha CUDA (2_gol cuda)

size t total = 0;
for (int 1 = 1; i <= N; i++) {

for (int j = 1; j <= N; j++)

total += grid[IND(i, j)];

}
printf(“"Game of Life: N = %d, iterations = %d\n", N, iter);
printf(“Total alive cells: %lu\n", total);
printf("Iterations time (sec.): %.6f\n", t);
printf("GPU memory ops. time (sec.): %.6f\n", tmem);
printf("Iters per sec.: %.2f\n", iter / t);
printf(“Total time (sec.): %.6f\n", t + tmem);

. Cluster Oak / cngpul (GeForce GTX 680
free(grid); u / cngpul ( )

cudaFree(d_grid); Game of Fife: N = 1024, iterations = 1024
Total alive cells: 47026

cudaFree(d_newgrid); : :
- Iterations time (sec.): 0.911321

return 0;

GPU memory ops. time (sec.): 0.238265
Iters per sec.: 1123.64
Total time (sec.): 1.149586




Peanunsauma Ha CUDA v2 (2_gol cuda_constant)

__constant___ int states[2][9] = {
{0, 0, 0, 1, 0, @0, 0, O, O}, /* New states for a dead cell */
{0, 0, 1, 1, 0, 0, 0, O, O} /* New states for an alive cell */

}s

__global  void update_cells(cell t *grid, cell t *newgrid, int n)
{

int 1
int j

blockIdx.y * blockDim.y + threadIldx.y + 1;
blockIdx.x * blockDim.x + threadIdx.x + 1;

if (1 <= n & & j <=n) {
int nneibs = grid[IND(i + 1, j)] + grid[IND(i - 1, j)]
grid[IND(i, j + 1)] + grid[IND(i, j - 1)]
grid[IND(i + 1, j + 1)] + grid[IND(i - 1, j - 1)] +
grid[IND(i - 1, j + 1)] + grid[IND(i + 1, j - 1)];

cell t state = grid[IND(i, j)];
newgrid[IND(i, j)] = states[state][nneibs];



__constant
{e, o,
{0, ©

}s

__global

{
int 1
int j

if (i

int nneibs =

cell t state =
newgrid[IND(i, j)] =

o,
1

Peanunsauma Ha CUDA v2 (2_gol cuda_constant)
int states[2]]
1, @, 0, 0, O,
1, o, 0, 0, ©

J

/* New states for a dead cell */
/* New states for an alive cell */

J

void update_cells(cell t *grid, cell t *newgrid, int n)

blockIdx.y * blockDim.y + threadIldx.y + 1;
blockIdx.x * blockDim.x + threadIdx.x + 1;

<= n & j <=n) {

grid[IND(i + 1, j)] + grid[IND(i - 1, j)] +

grid[IND(i, j + 1)] + grid[IND(i, j - 1)] +

g:igﬁmgg 'f 1; 3 : 1;% : | Cluster Oak / cngpul (GeForce GTX 680)
Game of Life: N = 1024,

Total alive cells: 47026

Iterations time (sec.): 0.221800

iterations = 1024
grid[IND(i, Jj)];

states[state][nnei

GPU memory ops. time (sec.): ©.231555

Iters per sec.: 4616.77
Total time (sec.): 0.453355




B nporpamme
H610KM
1d: 1x16
2d: 16x16

CUDA GPU Occupancy Calculator

http://developer.download.nvidia.com/compute/cuda/CUDA Occupancy calculator.xls

A B C
 CUDA GPU Occupancy Calculator
2
3

Just follow steps 1, 2. and 3 below! {or click here for help)

pability (click) 3,0 {Help}

7 1.b) Se i 49152

3

9 2.) Enter your resource usage:

10 | Threads Per Block 2561  (tem

11 Registers Per Thread 32

12 Shared Memory Per Block (bytes) 4096

13

14 (Don't edit anything below this line)

15

16 |3.) GPU Occupancy Data is displayed here and in the graphs:

17 |Active Threads per Multiprocessor 2048 (Help)

13 |Active Warps per Multiprocessor 64

19 |Active Thread Blocks per Multiprocessor 8

20 Occupancy of each Multiprocessor 100%

4

22

23 |Physical Limits for GPU Compute Capability: 3,0

4 | Threads per Warp 32

25 'Warps per Multiprocessor B4

26 |Threads per Multiprocessor 2048

27 |Thread Blocks per Multiprocessor 16

28 | Total # of 32-bit registers per Multiprocessor 65536

29 |Register allocation unit size 256

i0 |Register allocation granularity warp

i1 Registers per Thread 63

32 |Shared Memaory per Multiprocessor (bytes) 49152

33 |Shared Memory Allocation unit size 256

34 'Warp allocation granularity 4

35 Maximum Thread Block Size 1024

i6

E F G H I J K L

Click Here for detailed instructions on how to use this occupancy calculator.
For more information on NVIDIA CUDA, visit http://developer.nvidia.com/cuda

Your chosen resource usage is indicated by the red triangle on the graphs. The
other data points represent the range of possible block sizes, register counts, and
shared memory allocation.
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Impact of Varying Register Count Per Thread
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http://developer.download.nvidia.com/compute/cuda/CUDA_Occupancy_calculator.xls

Peanusaumna Ha CUDA v2 (2_gol cuda_occupancy)

enum {
BLOCK 1D SIZE = 1024, BLOCK 2D SIZE = 32

}s

int main(int argc, char* argv[])

{
/] ...
// 1d grids for copying ghost cells

dim3 block(BLOCK 1D SIZE, 1, 1);
dim3 cols_grid((N + block.x - 1) / block.x, 1, 1);
dim3 rows_grid((N + 2 + block.x - 1) / block.x, 1, 1);

// 2d grid for updating cells: one thread per cell
dim3 block2d(BLOCK 2D SIZE, BLOCK 2D SIZE, 1);

int nblocks = (N + BLOCK 2D SIZE - 1) / BLOCK 2D SIZE;
dim3 grid2d(nblocks, nblocks, 1);

/] ...



Peanusaumna Ha CUDA v2 (2_gol cuda_occupancy)

enum {
BLOCK 1D SIZE = 1024, BLOCK 2D SIZE = 32

}s

int main(int argc, char* argv[])
{
/] ...
// 1d grids for copying ghost cells
dim3 block(BLOCK 1D SIZE, 1, 1);
dim3 cols grid((N + block.x - 1) / block.x, 1, 1);
dim3 rows_grid((N + 2 + block.x - 1) / block.x, 1, 1);
// 2d grid for updating cells: one tl Cluster Oak / cngpul (GeForce GTX 680)
dim3 block2d(BLOCK_2D_SIZE, BLOCK 2D [ L L e
int nblocks = (N + BLOCK_2D_SIZE - 1 |

. . . Iterations time (sec.): 0.169622
?ij grid2d(nblocks, nblocks, 1); GPU memory ops. time (sec.): 0.238457

Iters per sec.: 6036.95
} Total time (sec.): ©.408079



3agaHue

Peann3oBaTb BEPCUIO C UICNOb30BaHMEM pa3genaemon namatu (_ shared_ ):
Kaxabin 2d-610K NOTOKOB 3arpyrkaeTt B shared-maccnB CBOM M MOrPaHUYHbIE AYENKU

LLlabnoH nporpammbl HaxoauTca B Katanore _task _gol cuda_shared

B nporpamme nmeetca normyeckas owmnbKa — pesynbTaTbl PpaboTbl NpOrpamMmmbl He cCOBMagatoT
C pe3ynbTaTamm paboTbl nocnegoBaTenbHOM Bepcumn (no 3HaveHuto “total alive cells”)



