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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] Value (h redmemory)[10] 1 [s [4]o]2[s[s]2[s[2]7]o[nfo]2]

Sen, e & o ¢ st e @l @ @ @/ ® st “@/ @/ o ¢

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] Values [11[1]7[4]2]2[8[s[s[a]a]7[n][n]2]2]
Step 2 Thread ¥ V Step 2 Thread @/ V 2 Th d V
Stride 2 IDs Stride 2 IDs e 2

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] es[18[1]7]4]6[2]8[s[a[a]o]7]1s][n]2]2]
Step3  Thread @_/ é‘_/ Step3  Thread @/ é/ Th d @/ é/
Stride 4 IDs Stride 4 IDs 4

Value |24| [7[1]e[2]8]s5[17]s]o]7[13][n]2]2] Values [24[ 1 [ 7 [4[6[2[8[s[17[a[o]7[18[1n]2]2] Values [24[ 1 [ 7 [4[6[2[8[s[17[a[o][7[18[1]2]2]

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

e EEEEERED vaue «1Ilqn=°’1“121///////////H‘“4”5wasv1u1z”

per_block_sum(]

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
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Step 3 Thread
Stride 4 IDs

Values [24 | 1 | 7 | - 2(8 |5 |17|-3| 9|7 (13|11 2| 2
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= 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 \
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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
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PeanunsoBaTb BTOpoM war peaykumm Ha GPU — peaykumna no maccmsy per_block sum(]
https://code.google.com/p/stanford-cs193g-sp2010/source/browse/trunk/tutorials/sum reduction.cu

PeannsoBaTb NepBoe CNOXKEHUE NPU 3arpy3Ke AaHHbIX B pa3aenaemyto namaTb
n pa3BopauymBaHme umkna (loop unrolling):
https://docs.nvidia.com/cuda/samples/6 Advanced/reduction/doc/reduction.pdf

SDK Samples/6_Advanced/reduction

Faster Parallel Reductions on Kepler //
http://devblogs.nvidia.com/parallelforall /faster-parallel-reductions-kepler/



https://code.google.com/p/stanford-cs193g-sp2010/source/browse/trunk/tutorials/sum_reduction.cu
https://docs.nvidia.com/cuda/samples/6_Advanced/reduction/doc/reduction.pdf
http://devblogs.nvidia.com/parallelforall/faster-parallel-reductions-kepler/

