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Stencil Pattern

The computation of a single pixel relies on its neighbors
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- Dilation/Erosion
- Box (Mean) / Convolution

Filters
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Naive Stencil Implementation Naive Stencil Performance

Local average with a rectangle of radius r. (Ignoring border problems for now).

- Let’s say, we have this GPU:

__global void boxfilter(const int* in, int* out, int w, int h, int r) .
Peak power: 1500 GFlops and Memory Bandwidth: 200 GB/s

{
int x = blockIdx.x * blockDim.x + threadIdx.x; - All threads access global memory
?nt y = blockIdx.y * blockDim.y + threadIdx.y; g
if (x <r [l x> w-r) return; - Requires 1500 x sizeof(float) = 6 TB/s of data
if (y <r |l y > h - r) return; - But only 200 GB/s mem bandwith - 50 GFLOPS (3% of the peak)
int sum = 0; 1. Many programs are bandwidth-limited and not compute-limited
for (int kx = -r; kx <= r; ++kx) Compute-to-global-memory-access ratio
for (int ky= -r; ky <= r; ++ky) We need to have #FLOP / #GlobalMemAccess >= 30 to reach the peak
sum += in[(y+ky) * w + (x+kx)]1; /) <====\1/
outly » w + x] = sum / ((2*r+1) » (2xr+1));
}
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Naive Stencil Performance

163 ms for a 24 MPix image

192006

7.20 GB

- Solution: tiling; copy data to shared memory per block first

230.68 MB

- Problem: too many access to global memory



Tiling and memory privatization in shared memory

Tiling in shared memory _J _J
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For each block:

- read the tile from global to private block memory
- process the block
- write the tile from the private block memory to global memory

void mykernel() {
__shared__ float private_mem[TILE_WIDTH][TILE_WIDTH];

Collaborative loading and writing when BLOCKDIM = TILEDIM Collaborative loading when BLOCKDIM < TILEDIM

- All threads load one or more data

- Access must be coalesced 1 thread <> multiple loads
- Use barrier synchronization to make sure that all threads are ready to start the

phase {

__shared__ float tile[TILE_WIDTH][TILE_WIDTHI];
void tiledKernel(unsigned char = in, unsigned char * out, int w, int h) { int* block_ptr = in + ...; // Compute pointer to the beginning of th
__shared__ float tile[TILE_WIDTH][TILE_WIDTHI]; for (int y = threadIdx.y; y < TILE_WIDTH; y += blockDim.y)
for (int x = threadIdx.x; x < TILE_WIDTH; x += blockDim.x)

int x = threadIdx.x + blockDim.x * blockIdx.x; {
int y = threadIdx.y + blockDim.y * blockIdx.y; if (x < width 66 y < height)
(/ Load tile[yl[x] = block_ptr[y * pitch + x];
if (x <w &5y < h)

tile[threadIdx.y][threadIdx.x] = in[y * pitch + x]; }
__syncthreads(); __syncthreads();
// Process 3
__syncthreads();
// Write 9 -

if (x < w &% v < h)



Handling Border

Image in Device Memory
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Image Blocl

in Shared Memory

1. Add border to the image to have in-memory access

2. Copy tile + border to shared memory

Stencil Pattern with Tiling Performance

- Global memory: 163 ms for a 24 MPix image

- Local memory: 116 ms for a 24 MPix image (30% speed-up)

278,53 M2

269.22 MB

182,00 B

20942 MB
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2. The good way: 1thread <> multiple loads

// TILE_WIDTH = blockDim.x + 2
__shared__ int tile[TILE_WIDTH][TILE_WIDTH]; // Alloc with the size of

int* block_ptr = in + ...;
for (int i = threadIdx.y; i < TILE_WIDTH; i += blockDim.y)
for (int j = threadIdx.x; j < TILE_WIDTH; j += blockDim.x)
data[i][j] = block_ptr[i * pitch + jI;

12
__syncthreads();

Using Shared Memory for

Transposition




Naive transposition Tiled transposition in shared memory (1/2)

int x = blockIdx.x * blockDim.x + threadIdx.x; bank

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

Step 1: Read a row of a block from

global memory and write to a row
// transpose with boundary test of shared memory. Shared Memory
if (x <w &5y < h) 9 16
out[x * width + y] = in[y * width + x] §
16 Step 2: Read a column from shared
Where are non-coalesced access ? Block ;lr‘jb‘:lrfetrs:ryrf’w ofa
Block
> alx]ly] Original Matrix Transposed Matrix
- Reads are coalesced
- Write are strided
1% 15
Tiled transposition in shared memory (2/2)
void tiledKernel(unsigned char * in, unsigned char * out, int w, int h) {
__shared__ float tile[TILE_WIDTH][TILE _WIDTHI; Original Matrix Transposed Matrix
(irow, icol)
int x = threadIdx.x + blockDim.x * blockIdx.x; // src ’
int y = threadIdx.y + blockDim.y * blockIdx.y; // src 2
int X = threadIdx.x + blockDim.y * blockIdx.y; // dst ]
int Y = threadIdx.y + blockDim.x * blockIdx.x; // dst — 1
shared\memory
// Load a line 777Ah7; UwMTM
if (x <wé&sy < h) T et Doy ()
tile[threadIdx.y][threadIdx.x] = in[y * pitch + x];

ny
new coordinate in the
transposed block
__syncthreads();
// Write a line from a column in private mem
if (x <w &8y < h)

out[Y = pitch + X] = tile[threadIdx.x][threadIdx.y];



Performance (GB/s on TESLA K40)

Copy (baseline)  Transpose Naive  Transpose Tiled

Bank conflicts _J _J _J

17715 GB 68.98 116.82

Can we do better ?
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About shared memory DRAM Banks

SM-1 SM-2
Registers \ [isighiseis - Bursting: access multiple locations of a line in the DRAM core array (horizontal

[L1] 500 parallelism)
- 2 more forms of parallelism: channels & banks (vertical pipelining)
1 processor has many channels (memory controller) with a bus that connects

a set of DRAM banks (core array) to the processor.

Global \lemory ‘

bus bus bus bm
[ [
GTX 1080 (Pascal) Size Bandwidth  Latency rrrn rll-
L1 Cache (per SM)  Low latency 16 or 48K 1,600 GB/s  10-20 cycles i ¥
12 Cache 19M Cha(;mei Chalnncl Chaznnel Cha;nc]
Global High latency 8GB 320 GB/s 400-800 cycles
Processor



Bank conflits in shared memory

- If 2 threads try to perform 2 different loads in the same bank - Bank conflict
- Every bank can provide 64 bits every cycle
- Only two modes:
Request — Core Array Burst on - Change after 32 bits
access delay interface ch fter 64 bi
: ange after Its

Burst access Single Bank | ‘ ‘ | | ‘ ‘ | Threads Threads

o )

WAL
—

Burst access - 2 Bank | ‘ ‘ I l l I | ‘ ‘ I l l I

UL
* —

\

load DATA[tid.x] load DATA[42]
No Conflict No conflict if loading the same address
(broadcast)

21

22
. Sy COMES Concrete Example for Shared Memory

L e

- 32 Banks - Many Channels
- Warp Size = 32 threads

uint8_t M[300]

Shared Memory Banks

Conflict = Serialized access (")

Bank Bank Bank Bank
0 1 2 . 31
Request Core Array Burst on 0x0000 \|| 4B | 4B | 4B
access delay interface Data Ready 0x0200
0%0400
No-conflict @ +o00 o010 020 1f0

between banks

T T T T 1]

Data Ready

000 4 4 4
128

I
I

I l l I I l l I Channel z 206
: Itcms +4 +8 +12 - +127

2-way conflict

23 24



Bank 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 . .
Bank conflicts in Transpose
OIS _
NN o~
A ~

12 \ N
* \\ \\\Q\ Step 1: Read a row of a block from

o3 global memory and write to a row

0 4 8 12 1> \N 100 104 108 112 116 120 124 of shared memory. ShiredMemorx
oo i on owers
lock to global memory.
Block
Wwh 0188 7 3 Original Matrix Transposed Matrix

Bank 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

op Bamnk psed Conflict Free  #L __shared__ al[161[16];

18adl N 11] [0, 71 V4 % Y = by*16+ty;

load M[tid. [0] v X LS

load M[tid.x f]RATTTLA [e,1,...,8] x alylix] = ADYIIX]

load M[tid.x +|2[] (0,24, [0,1,...,15] v/ S syncthreads()

load M[tid.x +l8] lll[a/8,11.10248] ) [0,2,...,30] X 2 BIYI[X] = alx1lyl;

'Ené H 1 1{ 1_‘1.’| {1] S 6 k7 15’)&: 10 11[ ﬁ '1- 9 ’16 16 lT’ Q 19 3[) 21 22 23 24 25 1:) ’;Y7’ ﬂb’ 29 30 Bi 31 ] V —IX

12: SINSN == Reading a column may create bank conflicts

256 25 26
0 on to ba 0 - Index mapping function

f: (x,y) >y * 16 + (x+y) % 16
- With padding (to WRAP_SIZE + 1 hank
p g ( 3 ) __shared__ al...]; 01 15
bank

__shared__ al[17][17]; an Y = byx16+ty;
Y = by*16+ty; X = bx*16+tx;
X = bx*16+tx;

alyl[x] = A[YI[X]
a[f(x,y)] = A[YI[X]

_syncthreads()
__syncthreads()
1

BIVIIX] = alf(y,x)] row & column access pattern

BLYI[X] = alx]lyl; row & column access pattern . .



Performance (GB/s on TESLA K40)

Copy (baseline)  Transpose Naive  Transpose Tiled  Transpose Tiled+Pad Conclusion J

17715 GB 68.98 116.82 121.83
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Shared memory (Summary) Occupancy

Number of active warps divided by the maximum number of warps that could
be executed on the SM.

. Generation Warps per SM Warps per scheduler  Active threads limits
- Superfast access (almost as fast as registers)
- Useful for block-wise collaborative computation (next course) Maxwell (52) 64 16 A
limited bb Pascal (6.1) 64 16 2048
But limited resources (64~96Kb by SM) volta (70) o o 104
Turing (7.5) 32 8 1024

Use it carefully to avoid reducing the occupancy...

If Shared Memory usage /‘, then the number of ACTIVE Warp / SM \

30 31



