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'McTorpamma uBeToB U306paKeHUn
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3a/aHO n3obparkeHne — ABYMeEPHbIN MACCUB Lienbix Yncen u3 nHtepsana [0..255]

Heobxognmo noctpouTtb ructorpammy, Tabamuy hist[0..255], anemeHnT hist[i] Kotopon paBeH
YMUCNY NUKCEeNen € UBETOM i

https://commons.wikimedia.org/wiki/File:Image and histogram.png?uselang=ru



https://commons.wikimedia.org/wiki/File:Image_and_histogram.png?uselang=ru

'Mctorpamma uBetoB usobpaxkeHua (CPU)

// BbloeneHue namATU non usobpaxeHue
size t size = sizeof(uint8 t) * width * height;
uint8 t *image = (uint8_t *)malloc(size);
if (image == NULL) {
fprintf(stderr, "Allocation error.\n");
exit (EXIT_FAILURE);
}
// WHuumanusauma mnsobpaxeHus
srand(9);
for (size t i = 0; 1 < size; i++)
image[i] = (rand() / (double)RAND MAX) * 255;

// WHuumanusauma rucTtorpammol
int hist[256];
memset(hist, @, sizeof(*hist) * 256);



'Mctorpamma uBetoB usobpaxkeHua (CPU)

void hist host(uint8 t *image, int width, int height,

int *hist)
{
for (int 1 = @; i < height; i++)
for (int j = 0; j < width; j++)
hist[image[i * width + j]]++;
}

HeperynapHbin wabnoH
A0CTYNna K NamaTn —
maccuy hist



'Mctorpamma uBetoB usobpaxeHma (GPU)

KaxXabih noToK o6pabaTtbiBaeT oAMH NUKCENb U306parkeHus

// TvcTtorpamma B namatTun GPU

int *d _hist = NULL;

cudaMalloc((void **)&d hist, sizeof(*d hist) * 256);
cudaMemset(d hist, 0, sizeof(*d hist) * 256);

uint8 t *d_image = NULL;
cudaMalloc((void **)&d image, size);
cudaMemcpy(d_image, image, size, cudaMemcpyHostToDevice);

int threadsPerBlock = 1024;

int blocksPerGrid = (size + threadsPerBlock - 1) / threadsPerBlock;

hist gpu<<<blocksPerGrid, threadsPerBlock>>>(d_image, width,
height, d hist);

cudaMemcpy (hist, d hist, sizeof(*d hist) * 256, cudaMemcpyDeviceToHost);



'Mctorpamma uBetoB usobpaxeHma (GPU)

KaxXabih noToK o6pabaTtbiBaeT oAMH NUKCENb U306parkeHus

__global  void hist gpu(uint8 t *image, int width, int height,
int *hist)
{
size t size = width * height;
int 1 = blockIdx.x * blockDim.x + threadIdx.Xx;
if (1 < size) {
hist[image[i]]++;

¥



McTorpamma LUBeTOB M306paXKeHUA: TecT

$ ./hist
Sum (CPU) = 104857600.000000
CUDA kernel launch with 102400 blocks of 1024 threads

CPU version (sec.): 0.052969
GPU version (sec.): 0.068165
Memory ops. (sec.): 0.000019
Speedup: 0.78

Speedup (with mem ops.): 0.78

$ ./hist
Sum (CPU) = 104857600.000000
CUDA kernel launch with 102400 blocks of 1024 threads

CPU version (sec.): 0.052965
GPU version (sec.): 0.068171
Memory ops. (sec.): 0.000020
Speedup: 0.78

Speedup (with mem ops.): 0.78




'Mctorpamma uBetoB usobpaxeHma (GPU)

KaXXabi noToK obpabartbiBaeT oguH NMKcenb nsobparkeHusn

__global  void hist gpu(uint8 t *image, int width, int height,

{

int *hist)

size t size = width * height;
int 1 = blockIdx.x * blockDim.x + threadIdx.Xx;
if (i < size) {

hist[image[i]]++;

¥

MoTOKM 0a4HOBPEMEHHO YUTAIOT U 3aNUCLIBAIOT AaHHbIE
B OAHMU U Te e aueuKun Tabnunubi hist[0..255] — data race



CUDA Atomic Functions

AromapHana ¢yHKuua (CUDA atomic function) — dpyHKUMA, BbINOAHAOWAA onepauuto
read-modify-write (RMW) Hag 32 nnu 64 6UTHbIM 3HaYeHMeMm B rNnobanbHOM UK
pasagenaemoun namatn GPU

int atomicAdd(int* address, int val);
unsigned long long int atomicAdd(unsigned long long int* address,

unsigned long long int val);

float atomicAdd(float* address, float val); // compute capability >= 2.0

int atomicSub(int*
int atomicMin(int*
int atomicAnd(int*
int atomicXor(int*
int atomicCAS(int*

address,
address,
address,
address,
address,

int
int
int
int
int

val);
val);
val);
val);
compare, int val);

https://docs.nvidia.com/cuda/cuda-c-programming-guide/#atomic-functions



https://docs.nvidia.com/cuda/cuda-c-programming-guide/#atomic-functions

atomicAdd ana double (CAS-based)

__device  double atomicAdd(double* address, double val)

{

unsigned long long int* addr = (unsigned long long int*)address;
unsigned long long int old = *addr, assumed;

do {
assumed = old;
old = atomicCAS(addr, assumed,
__double _as_longlong(val +
__longlong _as_double(assumed)));

} while (assumed != old); int atomicCAS(int* address, int compare, int val);

return __longlong_as_double(old); 1. 3arpy»aet B old 3Ha4yeHue no agpecy address
2. 3anucbiBaeT 06paTHO 3HaYeHue:
(old == compare) ? val : old
3. BosBpauwaetold



'Mctorpamma uBetoB usobpaxeHma (GPU)

__global  void hist gpu atomic(uint8 t *image, int width,
int height, int *hist)
{
size t size = width * height;
int 1 = blockIdx.x * blockDim.x + threadIdx.Xx;

if (i < size) {
atomicAdd(&hist[image[i]], 1);
}



'Mctorpamma uBetoB usobpaxeHma (GPU)

__global  void hist gpu atomic(uint8 t *image, int width,

{

int height, int *hist)

size t size = width * height;
int 1 = blockIdx.x * blockDim.x + threadIdx.Xx;
int stride = blockDim.x * gridDim.Xx;

while (i < size) {
atomicAdd(&hist[image[i]], 1);
1 += stride;

Ecav nukcenen bonblue
ymcaa NOTOKOB



PeayKkuusa (reduction)

= 3apaH maccus v[0..n - 1] n3 n anemeHTOB 1 accoumaTmBHas onepaumna &

* HeobxoAamMmo BblYMC/IUTb Pe3ynbTaTbl PeayKLUnm
r=v[0] ®v[1l] ® ... ® v[n - 1]

= [lpumep:
v[0..5] =15, 8, 3,12,1, 7]
r=((((5+8)+3)+12)+1)+7=36



NocneposatenbHana sepcua (float)

void reduce cpu(float *v, int n, float *sum)

{

float s = 0.0;

for (int 1 = 0; i < n; i++)

s += v[i];

*sum = s;

}
* Floating-point Summation // http://www.drdobbs.com/floating-point-

int n = 10000; summation/184403224
for (size_t i = 0; 1 < n; i++) » David Goldberg. What Every Computer Scientist Should Know About

v[ii] =i + 1.0; Floating-Point Arithmetic // ACM Computing Surveys, Vol. 23, #1, March

1991, pp. 5-48.
reduce_cpu(v, n, &sum);

# Real sum = 50005000

Sum (CPU) = 50002896.000000, err 000000



http://www.drdobbs.com/floating-point-summation/184403224

NMocnepoBaTenbHana sepcusa (int)

void reduce cpu(int *v, int n, int *sum)
{
int s = 0.0;
for (int 1 = 0; 1 < n; i++)
s += v[i];
*sum = s;



NMapannenbHasa pegykuma vl

Values (shared memory) [10] 1 [ [-1]o[2[s[s[2[s[2]7]o[n]o]2] Values (shared memory) [10] 1 [8 [4]o[2[s[s[2[s]2]7]o[n]o]2] Values (shared memory) [10] 1 [8 [4To[2[s[s]2[s]2[7]o[no]2]
s, ol @ @) @ @ s, el @) @) @ @ s, el @) @) @/ @
Values [11[1]7[a]2]2[8[s[s[3[a][7[n][n]2]2] values [11[1]7[4]2]2[8[s[s[a]a][7[n][n]2]2] Vals|1]1J1|1\1[2Js]s\~5|-3{9J1|11\11|z]z|
Stgp 2 Thread @/ é/ Stfapz Thread @/ é‘/ Sl_spz Thread @'/ @./ é‘/
Stride 2 IDs Stride 2 IDs Stride 2 IDs
vales [18] 1 [ 746 [2[8[s[a[a]o]7][13][n]2]2] values [18[ 1 [ 7 [4Je[2[8[s[a[a]o7[1s][n]2]2] values [18[ 1 [ 7 [4 6 [-2[8]s]a[a[s]7[13[n][2]2z]

Step 3 Thread 0 Step 3 Thread Step 3 Thread ®
Stride 4 IDs Stride 4 IDs Stride 4
Value:

Value: |24| [7]4Je[2]8[s[17]s]e[7[13][n]2]2] 2[8[s[17][3]o[7[13[n]2]2] vales [24[ 1 [ 7 [als [2]8 |5 [17]a]o [ 7 [13]11]2]z2]

Step 4 Th d Step 4 Thread 0 Step 4 Thread
Stride 8 Stride 8 IDs Stride 8

A EEFEEEREERE v «1;1wn=°71“‘21///////////“'“"”ﬂﬂswhhw.uqdﬂ

per_block_sum(]

»
2

Kaxabi 610K noTokoB obpabaTbiBaeT 4acTb maccusa v[0..n - 1]
MoTok 0 Kaxkaoro 610Ka coxpaHseT pe3ynbrat peaykumm B maccus per_block _sum[0..blocks - 1]
[na BbinonHeHUA peayKumm maccmea per_block _sum[] Hy*KeH ewe ognH war Ha GPU naun CPU:

cudaMemcpy(sums, per_block sum, sizeof(int) * blocks, cudaMemcpyDeviceToHost);
int sum _gpu = 0;
for (int i = 0; 1 < blocks; i++)

Sum—gpu += sums [ 1] ) https://docs.nvidia.com/cuda/samples/6 Advanced/reduction/doc/reduction.pdf



https://docs.nvidia.com/cuda/samples/6_Advanced/reduction/doc/reduction.pdf

NMapannenbHasa pegykuma vl

o

Values (shared memory) |10 | 1 |8 [ |0 |-2{3 |5 2|32 |7 0 1|02 for (int s = 1; s < blockDim.x; s *= 2) {

Sst:?c:)e11 TTBesad @/ @J @/ @/ @/ @/ @/ H (:;:tf[éid; 2 ::agz)a[tid + s];

Values |11 |1 | 7 | 1| -2 | -2 5§(-5|-3(9 (711|112 2

8
Step 2 Thread X }
Stride 2 IDs

8

Values [18 | 1 | 7 | 1| 6
16

-2

Step 3 Thread
Stride 4 IDs

Values [24 | 1 | 7 | - 2(8 |5 |17|-3| 9|7 (13|11 2| 2

Step 4 Thread
Stride 8 IDs

Values | 41 | 1

-~
-
-]
N
(-]
4]
-
~
w
w0
~
-
(]

1|2 | 2

= KaxAbli NOTOK No cBOEMy HoMmepy tid onpeaensaeT c Kem emy B3aMMOAENCTBOBATb

J

" Ha ware 1 KaxKapbln 2-1 NOTOK B3aMMOAENCTBYET C COCeA0M CnpaBa Ha paccToaHmm s =1

J

" Ha ware 2 KaxKapln 4-1 NOTOK B3aUMOAENCTBYET C COCeA0M CnpaBa Ha PACCTOAHUN S = 2

" Ha ware 3 KaxKapbIn 8- NOTOK B3aMMOAENCTBYET C COCe40M CnpaBa Ha PACCTOAHUN S = 4

= Bcero waros O(logn)

https://docs.nvidia.com/cuda/samples/6 Advanced/reduction/doc/reduction.pdf



https://docs.nvidia.com/cuda/samples/6_Advanced/reduction/doc/reduction.pdf

NMapannenbHasa pegykuma vl

const int block_size = 1024;
const int n = 4 * (1 << 20);

int main()

{

size t size = sizeof(int) * n;

int *v = (int *)malloc(size);

for (size t 1 = 0; 1 < n; i++)
vii] =1 + 1;

int sum;
reduce_cpu(v, n, &sum);

/* Allocate on device */

int threads per _block = block size;

int blocks = (n + threads_per_block - 1) / threads_per block;
int *dv, *per_block sum;

int *sums = (int *)malloc(sizeof(int) * blocks);

tmem = -wtime();

cudaMalloc((void **)&per_block sum, sizeof(int) * blocks);
cudaMalloc((void **)&dv, size);

cudaMemcpy(dv, v, size, cudaMemcpyHostToDevice);

tmem += wtime();



NMapannenbHasa pegykuma vl

/* Compute per block sum: stage 1 */

tgpu = -wtime();

reduce_per_block<<<blocks, threads per_block>>>(dv, n, per_block sum);
cudaDeviceSynchronize();

tgpu += wtime();

tmem = -wtime();
cudaMemcpy(sums, per_block sum, sizeof(int) * blocks, cudaMemcpyDeviceToHost);
tmem += wtime();

/* Compute block sum: stage 2 */

tgpu -= wtime();

int sum _gpu = 0;

for (int i = @0; i < blocks; i++)
sum_gpu += sums[i];

tgpu += wtime();

printf("CPU version (sec.): %.6f\n", tcpu);

printf("GPU version (sec.): %.6f\n", tgpu);

printf("GPU bandwidth (GiB/s): %.2f\n", 1.0e-9 * size / (tgpu + tmem));
printf("Speedup: %.2f\n", tcpu / tgpu);

printf("Speedup (with mem ops.): %.2f\n", tcpu / (tgpu + tmem));



NMapannenbHasa pegykuma vl

__global  void reduce_per_block(int *v, int n, int *per_block sum)
{

__shared__ int sdata[block_size];

int tid threadIdx.x;
. . . Values (shared memory) |10 1 |8 [ |0 |-2|3][s5]|2[3][2][7]0|1n|o] 2]
int 1 = blockIdx.x * blockDim.x + threadIdx.x; Step1  Thread qy/qyféy’@ @/

Stride 1 IDs

Values | 11 | 1 \

if (i <n) { St T G o—

~
-
[
)
(=]
(]
én
)
w
w0
~
-
=
-
a
N
N

Sdata[tld] = V[l]; Values (18 1 [ 7 |16 [2|8[s5[a|a[0][7[13][n]2]2]
__syncthreads(); Strige 4 Tﬁ“é%—”// éV"’//
Values (24| 1 |7 |16 | 2|85 [17]|3]9[7[13][n]2]2]
. . Step 4 Thread
for (int s = 1; s < blockDim.x; s *= 2) { Stride 8 'ml e
o ° Values |41 | 1 7/|1/6 |28 |5 ((17|-3|9 |7 |13|1M| 2| 2
if (tid % (2 * s) == Q)
sdata[tid] += sdata[tid + s];
__syncthreads();
} CUDA kernel launch with 4096 blocks of 1024 threads
. . Sum (CPU) = 2097152
if (tid == 9) Sum (GPU) = 2097152
per_block sum[blockIdx.x] = sdata[@0]; CPU version (sec.): 0.005956
- - GPU version (sec.): 0.002198
} GPU bandwidth (GiB/s): 7.56
} Speedup: 2.71

Speedup (with mem ops.): 2.6



MapannenbHaa peaykuma vl

__global  void reduce_per_block(int *v, int n, int *per_block sum)

{

__shared_ int sdata[block size]; Values (shared memory) [10] 7 [8 |40 [2]3 5] 2]s]2]7 o ]n]o]z2]
int tid = threadIdx.x; owept1  Thread éyjéw/ ®
int 1 = blockIdx.x * blockDim.x + threadIdx.x; Values [11]1]7]4]2[2[8[s[s[a]o]7[n]n]z]|z]
Seet T @
if (i < n) { o ::::::[1:3[1[7]1]5}z|a|5|4|-3|9|7[13|11[2]2]
sdata[tid] = v[i]; Swdes  1Ds é*'#’// é”'#///
. Values [2a [ 1 | 7 [4 |6 | 2|8 |5[17[ 39| 7 [13[1n]2]2]
__syncthreads(); Step4  Thread
Stride 8 IDs
Values [41[ 1 |7 |4 |6 | 2|8 |5[17[ a9 |7 [13[n|2]2]

for (int s = 1; s < blockDim.x; s *= 2) {
if (tid % (2 * s) == 0)
sdata[tid] += sdata[tid + s];

__syncthreads(); Pe3ynbTaT yc/10BMA 3aBUCUT OT HOMepa
} NOTOKa — 4aCTb MOTOKOB AeaKTUBMpYeTCH
if (tid == o) (control flow divergence)

per_block_sum[blockIdx.x] = sdata[@];



MapannenbHaa peaykuma v2

Values (shared memory) 10(1 /8 |1|0|-2|3|5|-2|-3|2|7[0|1M|0] 2

Step 1 Thread
Stride 1 IDs

Values |11 |1 |7 |1 |-2|-2|8|5|-58|-3|9|7|11|11|2]2
Step 2 Thread X x
Stride 2 IDs

Values |18 (1 |7 | 1|6 |-2| 8| 5|4 |-3|9 |7 |[13|11M| 2|2
Step 3 Thread
Stride 4 IDs

Values [24 |1 |7 |1 |6 |-2|8 (|5 (17|-3|9 |7 |13|11| 2| 2

Step 4 Thread __//

Stride 8 ps Q¢

Values |41 |1 |7 |1|6 |-2|8 |5 (17|39 |7 [13|11]| 2 | 2

Control flow divergence!

for (int s = 1; s < blockDim.x; s *= 2) { for (int s = 1; s < blockDim.x; s *= 2) {
if (tid % (2 * s) == 9) int index = 2 * s * tid;
sdata[tid] += sdata[tid + s]; ‘ if (index < blockDim.Xx)
__syncthreads(); sdata[index] += sdata[index + s];
} __syncthreads();
}

https://docs.nvidia.com/cuda/samples/6 Advanced/reduction/doc/reduction.pdf



https://docs.nvidia.com/cuda/samples/6_Advanced/reduction/doc/reduction.pdf

MapannenbHaa peaykuma v2

__global  void reduce_per block(int *v, int n, int *per_block sum)

__shared  int sdata[block size];
int tid = thl"eadIdX.X; Values (shared memory) 10| 1 |8 |4 [ o[ 2|3 [s[2|3]2][7 0 [1]o]2]
int 1 = blockIdx.x * blockDim.x + threadIdx.x; Step1  Thread
Values|11|1‘7|-1|-2|-2|s|5|-5|-3|9|7|11|11|2‘2|
if (i < n) { Step 2 Thread@/ @‘/ é)‘/
. . Stride 2 IDs
sdata[tid] = v[i]; Values [18[ 1 [7 [1]e[2[8[s[a[a]o[7[1a[n]2]2]
. Step3  Thread
__syncthreads(); Step3 rea @‘_/
Values (24| 1 [ 7 [1|6 |28 |5 [17[3]9 |7 [13[11]2]2]
for (int s = 1; s < blockDim.x; s *= 2) { Step4  Thread
. . . ride s
int index = 2 * s * tld; Values (41| 1 |7 |4 |6 |2|8 |5 |17 3|9 |7 [13][1]2]2]
if (index < blockDim.Xx)
sdata[index] += sdata[index + s];
_syncthr'eads(), CUDA kernel launch with 4096 blocks of 1024 threads
} Sum (CPU) = 2097152
if (tid == 0) Sum (GPU) = 2097152
_ . CPU version (sec.): 0.006481
per_block sum[blockIdx.x] = sdata[@]; GPU version (sec.): .001968
} GPU bandwidth (GiB/s): 8.44
} Speedup: 3.29

Speedup (with mem ops.): 3.26



MapannenbHaa peaykuua v2

__global  void reduce per_block(int *v, int n, int *per_block sum)

{
__shared  int sdata[block size]; v
. . ObpalleHne K pasgensiemon namaT BbiNOAHAETCA
Int tid = threadldx.x; yepes 32 napannenbHo GpyHKLUMOHUPYOLWKMX BaHKa
int 1 = blockIdx.x * blockDim.x + threadIdx.x; P P yRRO Pyt
Kaxkapbit 6aHK 4 6ainTa (HacTpanBaeTcs)
if (1 < n) { Homep 6aHKa = agpec % 32
sdata[tid] = v[i]; o
OAHOBPEMEHHbIM A0CTYN K 0A4HOMY BaHKy
__syncthreads(); ,
cepunanunsyetcsa!
for (int s = 1; s < blockDim.x; s *= 2) {
int index = 2 * s * tid;
0 0-1//banks 0, 1 0-2 // banks 0, 1 0-4 // banks 0, 1
if (index < blockDim.x) . 1 2-3 // banks 2, 3 4-6 // banks 2, 3
sdata[index] += sdata[index + s]; 5 45 //banks 4.5 | 8.10// banks4, 5
__syncthreads();
} 3 6-7 // banks 6, 7 12-14 // banks 6, 7 | 24-28 // banks 24, 28
if (tid __ @) 4 8-9 // banks 8, 9 16-18 // banks 8, 9 32-36 // banks 0, 2
per _block sum[blockIdx.x] = sdata[@];
} 8 32-34// banks 0, 2
} 9 36-38 // banks 4, 6

http://gpgpu.org/wp/wp-content/uploads/2013/09/08-opti-smem-instr.pdf



http://gpgpu.org/wp/wp-content/uploads/2013/09/08-opti-smem-instr.pdf

Shared memory bank conflicts

No Bank Bank
Conflicts Contlicts

64-word
aligned

segments

http://acceleware.com/blog/maximizing-shared-memory-bandwidth-nvidia-kepler-gpus



http://acceleware.com/blog/maximizing-shared-memory-bandwidth-nvidia-kepler-gpus

MapannenbHaa peaykuma v3

Values (shared memory)

Step 1
Stride 8

Step 2
Stride 4

Step 3
Stride 2

Step 4
Stride 1

Bank conflicts

for (int s = 1; s < blockDim.x; s *= 2) {

int index = 2 * s * tid;
if (index < blockDim.Xx)

Thread
IDs

Values

Thread
IDs

Values

Thread
IDs

Values

Thread
IDs

Values

1011 1] 8 | -1 21-3| 2|7 |0|MM|]O0| 2

SESE

8 |-2|10)| 6 23| 2|7 |/0|1MM|0]| 2
=

8|7 |13 23| 2|7 |0|1MM|0]| 2

3
3

1
oxo
2112013 |1

®’

a1

20

13

sdata[index] += sdata[index + s];

__syncthreads();

for (int s = blockDim.x / 2; s > @; s >>= 1) {
if (tid < s)
sdata[tid] += sdata[tid + s];
__syncthreads();



MapannenbHaa peaykuma v3

__global  void reduce_per_block(int *v, int n, int *per_block sum)

{
__shared  int sdata[block size];
int tid = threadIdx.x;
int i = blockIdx.x * blockDim.x + threadIdx.x;
if (i < n) {
sdata[tid] = v[i];
__syncthreads();
for (int s = blockDim.x / 2; s > 0; s >>= 1) {
if (tid < s)
sdata[tid] += sdata[tid + s];
__syncthreads();
}
if (tid == @)
per _block sum[blockIdx.x] = sdata[@];
}
}

Values(sharedmemory)|m‘1|a|-1|0|-2|3|5|-2|-3|2‘7|0|11|0|2|

Step 1 Thread —] —_——
Stride 8 IDs oJolore @/5 8 (7

Values [8 [2[10] 6 [0 [9 |37 2]=]2]7 o n]o]z]

a—
Step 2 Thread e
Stride 4 IDs 2) (3

Values [8 [ 7 [13]13] 0 |9 3|7 2] 3|2 7 o]n]o]2]
Step 3 Thread o

Stride 2 IDs

values |21 |20 (1313|093 |7 |2|3]2][7]0][n]0]2]
Step 4 Thread
Stride 1 IDs

Values [41 20 [13 1] 0 [ 9 |3 |7 [ 2] =2 7 o [n]o]z]

-}

©

CUDA kernel launch with 4096 blocks of 1024 threads
Sum (CPU) = 2097152

Sum (GPU) = 2097152

CPU version (sec.): 0.004661

GPU version (sec.): 0.001163

GPU bandwidth (GiB/s): 14.17

Speedup: 4.01

Speedup (with mem ops.): 3.94




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.

Impact of Varying Block Size

My Block Size 256

L A A A
. vV
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/
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0

0 B4 128 192 256 320 384 448 512 576 640 704 768 832 896 9601024
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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



