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Announcements (12/01)

(1 Project responses given - be sure to check your group slack to ensure that you see
expectations

d HW3 Due Yesterday
[ HWA4 Released (Due Dec 7)
o Profiling a convolutional kernel
o Donein Colab
[ HWS5 Released (Due Dec 18)
o Group Assignment
o Batch GEMM algorithm in CUDA




Convolutions

3 Convolutional filters are arrays (1-d),
matrices (2-d) and higher dimensional
tensors (3-d) applied to input data
A These filters are also called kernels Inputimage Convolution Feature map
(we will use filters in later slides to ama RO s
avoid the confusion with cuda kernels) !—i _81 —}]
-1 -1 -1

A Have different uses
o 1-D (Audio)
o 2-D (Images)
o 3-D(Video)




Convolutions in 1-D

[X(), X1y « ooy xn—l]
1 Consider input data x of length

n, filter fof length 2r +17
3 ris often considered the radius [fo’ fl’ ** f2r]
of the convolution filter

d The output is some vector of
data y

r
Vi = Z Jitj X Xi

fo




1-D examples
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f  flo] f11] f12] (3] f[4]
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1-D examples

x x[0] x[1] x[2] x[3] x[4] x[5] x[6] y IOl y[11 y[2] y[3] y[4] y[5] yl6]
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How do we handle the data on the edge?




How do we handle the data on the edge?

Pad the inputs with
Zeros.




1-D examples

X x[0] x[1] x[2] x[3] x[4] x[5] x[6] Y ylo] y[1] y[2] y[3] y[4] y[5] yl6]
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2-D Convolution
EI




2-D Convolution
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2-D Convolution

5 6 7 8 112

Similar to the

1-d case, we slel7]s]s|s]|7
pad with zeros s|7]s]ofof1]:
forﬂmaedge 718l9loli1]2]3

cases




2-D Convolution

5 6 7 8 112

How should we i I N I I I
parallelize this?




2-D Kernel without Constant Memory

01— gleobal = woid conveolution 2D basic kerneli(flocat *N, float *E, float *P,
int £, int width, int height) |

02 int outCol = blocklIdx.x*blockDim.x + threadldx.x;

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

04 float Pvalue = 0.0f;

O for (int fRow = 0; fRow < 2*r+1; fRow++) {

06 for (int fCol = 0; fCol < 2*r+1; fCol++) {

07 inRow = outRow - r + fRow;

08 inCol = outCol — ¢ + £Col;

09 if (inRow >= 0 && inRow < height && inCol >= 0 && inCol < width) {
10 Pvalue += F[fRow] [fCol]*N[inRow*width + inCol];
e }

iz }

g }

14 P[outRow] [outCol] = Pvalue;

5



2-D Kernel without Constant Memory

Issues with this approach?

01— gleobal = woid conveolution 2D basic kerneli(flocat *N, float *E, float *P,
int £, int width, int height) |

02 int outCol = blocklIdx.x*blockDim.x + threadldx.x;

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

04 float Pvalue = 0.0f;

O for (int fRow = 0; fRow < 2*r+1; fRow++) {

06 for (int fCol = 0; fCol < 2*r+1; fCol++) {

07 inRow = outRow - r + fRow;

08 inCol = outCol — ¢ + £Col;

09 if (inRow >= 0 && inRow < height && inCol >= 0 && inCol < width) {
10 Pvalue += F[fRow] [fCol]*N[inRow*width + inCol];
e }

iz }

g }

14 P[outRow] [outCol] = Pvalue;

5



2-D Kernel without Constant Memory

Issues with this approach?
Divergence, no constant memory, potentially low arithmetic intensity

01— gleobal = woid conveolution 2D basic kerneli(flocat *N, float *E, float *P,
int £, int width, int height) |

02 int outCel = bleckldx.x*blockDim.x + threadldx.x;

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

04 float Pvalue = 0.0f;

O for (int fRow = 0; fRow < 2*r+1; fRow++) {

06 for (int fCol = 0; fCol < 2*r+1l; fCol++) {

07 inRow = outRow - r + fRow;

08 inCol = outCol — ¢ + £Col;

09 if (inRow >= 0 && inRow < height && inCol >= 0 && inCol < width) {
10 Pvalue += F[fRow] [fCol]*N[inRow*width + inCol];
e }

iz }

g }

14 P[outRow] [outCol] = Pvalue;

5



Revisiting Constant Memory

SM-0 SM-1 SM-(N-1)
Registe Registers Registers
B pe A100 (256 KB per SM in A100) (256 KB per SM in A100)

Read L1/SMEM
A100 O (192 KB in A100)

L1/SMEM
(192 KB in A100)

L2 Cache (40 MB in A100)

&

Global Memory (DRAM, 40 GB in A100)




Revisiting Constant Memory

SM-0 SM-1 SM-(N-1)

A100 6 KB pe A100 6 KB pe A100

-
9 B A100 Ol 9 D A100 O 9 B A100

4+

L2 Cache (40 MB in A100)

Global Memory (DRAM, 40 GB in A100)




Revisiting Constant Memory

[ Constant memory is a read-only memory on each SM

 Allows for reduced logic in hardware as coherence is not necessary
(d Access is faster than global and shared across all threads

[ Useful for convolutions, where the filter is constant in execution

Variable declaration Memory Scope Lifetime
Automatic variables other than arrays Register Thread Grid
Automatic array variables Local Thread Grid
__device__ __shared__ int SharedVar; Shared Block Grid
__device__ int GlobalVar; Global Grid Application
__device__ __constant__ int ConstVar; Constant Grid Application




2-D Kernel with Constant Memory

#define FILTER RADIUS 2
__constant__ float F[2*FILTER RADIUS+1] [2*FILTER RADIUS+1];

__global  void convolution 2D const mem kernel (float *N, float *P,
int width, int height) {
int outCol = blockIdx.x*blockDim.x + threadIdx.x;
int outRow = blockIdx.y*blockDim.y + threadIdx.y;
float Pvalue = 0.0f;
for (int fRow = 0; fRow < 2*r+1l; fRow++) {
itone (e mCEIl = 7 wCell & Zvirily ECellsn) |
inRow = outRow — r + fRow;
InColN=NoutCclN = fCol;
if (inRow >= 0 && inRow < height && inCol >= 0 && inCol < width) {
Pvalue += F[fRow] [fCol]*N[inRow*width + inCol];

ALinie &,

}
}
P[outRow*width+outCol] = Pvalue;

cudaMemcpyToSymbol (F, F h, (2*FILTER RADIUS+1) * (2*FILTER RADIUS+1) *sizeof(float)) ;



2-D Kernel with Constant Memory

#define FILTER RADIUS 2
__constant__ float F[2*FILTER RADIUS+1] [2*FILTER RADIUS+1];

__global  void convolution 2D const mem kernel (float *N, float *P, int r,
int width, int height) {
int outCol = blockIdx.x*blockDim.x + threadIdx.x;
int outRow = blockIdx.y*blockDim.y + threadIdx.y;

float Pvalue = 0.0f;
for (int fRow = 0; fRow < 2*r+1l; fRow++) { Same kernel
itone (e mCEIl = 7 wCell & Zvirily ECellsn) |
inRow = outRow — r + fRow; 5355 t)EBf()rEB =
InColN=NoutCclN = fCol;

if (inRow >= 0 && inRow < height && inCol >= 0 && inCol < width) { now lJESIf]gJ
Pvalue += F[fRow] [fCol]*N[inRow*width + inCol];

} constant F

}

I
P[outRow*width+outCol] = Pvalue;

cudaMemcpyToSymbol (F,F h, (2*EILTFR RADIUS+1) * (2*FILTER RADIUS+1) *sizeof(float)) ;



2-D Kernel with Constant Memory

#define FILTER RADIUS 2
__constant__ float F[2*FILTER RADIUS+1] [2*FILTER RADIUS+1];

__global  void convolution 2D const mem kernel (float *N, float *P, int r,
int width, int height) {
int outCol = blockIdx.x*blockDim.x + threadIdx.x;
int outRow = blockIdx.y*blockDim.y + threadIdx.y;

float Pvalue = 0.0f;
for (int fRow = 0; fRow < 2*r+1l; fRow++) { Same kernel
itone (e mCEIl = 7 wCell & Zvirily ECellsn) |
inRow = outRow — r + fRow; Eas; t)EafC)rEB -
InColN=NoutCclN = fCol; .
if (inRow >= 0 && inRow < height && inCol >= 0 && inCol < width) { now lJESIf]gJ
Pvalue += F[fRow] [fCol]*N[inRow*width + inCol];
. constant F
}
P[outRow*width+outCol] = Pvalue;

o — This line inside of main

cudaMemcpyToSymbol (F,F h, (2*EILTFR RADIUS+1) * (2*FILTER RADIUS+1) *sizeof(float)) ;



2-D Kernel with Constant Memory How is memory

#define FILTER RADIUS 2 Ioadlng from N
constant float F[2*FILTER RADIUS+1] [2*FILTER RADIUS+1]; .
- — - - working here?

__global  void convolution 2D const mem kernel (float *N, float *P, int r,
int width, int height) {
int outCol = blockIdx.x*blockDim.x + threadIdx.x;
int outRow = blockIdx.y*blockDim.y + threadIdx.y;

float Pvalue = 0.0f;
for (int fRow = 0; fRow < 2*r+1l; fRow++) { Same kernel
itone (e mCEIl = 7 wCell & Zvirily ECellsn) |
inRow = outRow — r + fRow; 5355 t)EBf()rEB =
InColN=NoutCclN = fCol; .
if (inRow >= 0 && inRow < height && inCol >= 0 && inCol < width) { now USIﬂg
Pvalue += F[fRow] [fCol]*N[inRow*width + inCol];
. constant F

I
P[outRow*width+outCol] = Pvalue;

o — This line inside of main

cudaMemcpyToSymbol (F,F h, (2*EILTFR RADIUS+1) * (2*FILTER RADIUS+1) *sizeof(float)) ;



How else can we implement this?

Shared Memory Tiling




Tiled Kernel

input tile dimension output tile dimension
< > >

AL |

input tile filter dimension output tile
(in srhal"ed-mempry) +—> 1
Pyl

filter radius

L1 ]
filter
(in constant
memory)
input output



Tiled Kernel Assume we launch 4x4 threadblocks.
(What is the problem with this size of

threadblock?)
input tile dimension output tile dimension
< > >
BRRL ]
input tile filter dimension output tile
(in shared memnory) +—> ] 1
Ll 11
filter radius
L1 |1
filter
(in constant
memory)
input output



TI|EC| Ke I’I’]E| We have to choose either to tile by input or by output. In other
words, either every thread loads and only some compute
(input) or every thread computes and loads more than once

(output)
input tile dimension output tile dimension
< > D
OO 1T
input tile filter dimension output tile
(in shared memery) > R R |
filter radius
L1 |1
filter
(in constant
memory)
input output



01 #define IN TILE DIM 32

Tl d 02 #define OUT_TILE DIM ((IN_TILE DIM) - 2* (FILTER RADIUS))
I e 03 constant | fleat Elc[2*BILTER RADTUS 1|24 EILTER RADTUSHL];
04  global void convolution tiled 2D const mem kernel (float *N, float *P,
05 int width, int height) {
I'(e rnE| 06 int col = blockIdx.x*OUT TILE DIM + threadIdx.x - FILTER RADIUS;
07 int row = blockIdx.y*OUT TILE DIM + threadIdx.y - FILTER RADIUS;
08 //loading input tile
09 __shared N _s[IN TILE DIM][IN TILE DIM];
114G, if (row>=0 && row<height && col>=0 && col<width) ({
JEAL N s[threadIdx.y] [threadIdx.x] = N[row*width + col];
112 } else {
s N s[threadIdx.y] [threadIdx.x] = 0.0;
14 }
115 ___syncthreads () ;
16 // Calculating output elements
1 int tileCol = threadIdx.x - FILTER RADIUS;
18 int tileRow = threadIdx.y - FILTER RADIUS;
19 // turning off the threads at the edges of the block
20 if (col >= 0 && col < width && row >=0 && row < height) {
2L if (tileCol>=0 && tileCol<OUT TILE DIM && tileRow>=0
22 && tileRow<OUT TILE DIM) {
23 float Pvalue = 0.0f;
24 for (int fRow = 0; fRow < 2*FILTER RADIUS+1; fRow++) {
25 for (int fCol = 0; fCol < 2*FILTER RADIUS+l; fCol++) {
2.6 Bvaline SH=8RERow [N Colt[=NEsIi=i l'eRowHERoWIN Eailc Col - ECO 118
28] }
28 }
29 P[row*width+col] = Pvalue;
30 }
31 }
8200



01 #define IN TILE DIM 32

Tl d 02 #define OUT_TILE DIM ((IN_TILE DIM) - 2* (FILTER RADIUS))
I e 03 constant | fleat Elc[2*BILTER RADTUS 1|24 EILTER RADTUSHL];
04  global void convolution tiled 2D const mem kernel (float *N, float *P,
05 int width, int height) {
I'(e rnE| 06 int col = blockIdx.x*OUT TILE DIM + threadIdx.x - FILTER RADIUS;
07 int row = blockIdx.y*OUT TILE DIM + threadIdx.y - FILTER RADIUS;
08 //loading input tile
09 __shared N _s[IN TILE DIM][IN TILE DIM];
114G, if (row>=0 && row<height && col>=0 && col<width) ({
JEAL N s[threadIdx.y] [threadIdx.x] = N[row*width + col];
112 } else {
s N s[threadIdx.y] [threadIdx.x] = 0.0;
14 }
115 ___syncthreads () ;
16 // Calculating output elements
157 int tileCol = threadIdx.x - FILTER RADIUS;
/\Ill()Ei(j, some 18 int tileRow = threadIdx.y - FILTER RADIUS;
19 // turning off the threads at the edges of the block
(:()fT]F)LJtEB 20  if (col >= 0 && col < width && row >=0 && row < height) {
2L if (tileCol>=0 && tileCol<OUT TILE DIM && tileRow>=0
) && tileRow<OUT TILE DIM) {
23 float Pvalue = 0.0f;
24 for (int fRow = 0; fRow < 2*FILTER RADIUS+1; fRow++) {
25 for (int fCol = 0; fCol < 2*FILTER RADIUS+l; fCol++) {
2.6 Bvaline SH=8RERow [N Colt[=NEsIi=i l'eRowHERoWIN Eailc Col - ECO 118
27 }
28 }
29 P[row*width+col] = Pvalue;
30 }
31 }
32



Tiled Kernel (previous slide ) Approach

Input Tile and Thread Block

©0.0) Output Tile

4 BN DN NN NN NN NNN NN NN
=1

. o




Alternative Tiled Kernel

We can also use a kernel which has every thread load in one
entry, and compute one entry - then load all outside entries
directly from global memory (this assumes we rely more heavily
on L2 cache to store values across threadblocks)

. L7 if (threadIdx.x-FILTER RADIUS+fCol >= 0 &&
WL seleiias WIILE_PIN S 18 threadIdx.x-FILTER_RADIUS+£Col < TILE_DIM &&
02 _ constant  float F_c[2*FILTER RADIUS+1] [2*FILTER RADIUS+1]; 19 threadIdx.y—FILTER_RADIUS+fRow >= 0 &E
03 _ global _ void convolution cached tiled 2D const_mem kernel (float *N, 20 threadIdx.y—FILTER_RADIUS+fRow < TILE DIM) {
clleriE 5y dlei CRleiEt, dwin healgis) | 2l Pvalue += F[fRow] [£Col]*N_s[threadIdx.y+fRow] [threadIdx.x+£Col];

04 int col = blockIdx.x*TILE DIM + threadIdx.x; 22 } -
05 int row = blockIdx.y*TILE DIM + threadIdx.y; 23 else {

HiVereling dnpuie Elle 24 if (row-FILTER RADIUS+fRow >= 0 &&
We __ohawmesl N gRubs DI [T DS A e row-FILTER_RADIUS+fRow < height &&
ay A (memdisiait G celeinn) 26 COLl-FILTER RADIUS+£Col >=0 &&
08 N s[threadIdx.y] [threadIdx.x] = N[row*width + col]; 27 col-FILTER RADIUS+£Col < width) {
09 } else { 24 Pvalue += F[fRow] [fCol]*
10 N_s [threadldx.y] [threadldx.x] = 0.0; 25 N[ (row-FILTER_RADIUS+fRow) *width+col-
i } FILTER _RADIUS+fCol]; -
12 __syncthreads () ; 26 - }

// Calculating output elements 27 )

// turning off the threads at the edges of the block 28 }
13 if (col < width && row < height) { 29 Plrow*width+col] = Pvalue;
14 float Pvalue = 0.0f; 30 }
15 for (int fRow = 0; fRow < 2*FILTER RADIUS+1l; fRow++) { 31 )
16 for (int fCol = 0; £Col < 2*FILTER RADIUS+1; £Col++) { SO



Alternative Tiled Kernel

We can also use a kernel which has every thread load in one
entry, and compute one entry - then load all outside entries
directly from global memory (this assumes we rely more heavily
on L2 cache to store values across threadblocks)

01 #define TILE_DIM 32

02 _ constant _ float F_c[2*FILTER RADIUS+1] [2*FILTER RADIUS+1];
03 _ global _ void convolution cached tiled 2D const_mem kernel (float *N,
float *P, int width, int height)
04 int col = blockIdx.x*TILE DIM + threadIdx.x;
05 int row = blockIdx.y*TILE DIM + threadIdx.y;
//loading input tile
06 __shared  N_s[TILE DIM] [TILE DIM];
07 if (row<height && col<width) {
08 N s[threadIdx.y] [threadIdx.x] = N[row*width + col];
09 i cllgs |
10 N_s[threadIdx.y] [threadIdx.x] = 0.0;
ikl }
12 syncthreads () ;

77 Calculating output elements
// turning off the threads at the edges of the block

1158 if (col < width && row < height) {

14 float Pvalue = 0.0f;

15 for (int fRow = 0; fRow < 2*FILTER RADIUS+1l; fRow++) {
16 for (int fCol = 0; fCol < 2*FILTER RADIUS+1; f£Col++) |

17 if (threadIdx.x-FILTER RADIUS+fCol >= 0 &&

18 threadIdx.x-FILTER RADIUS+fCol < TILE DIM &&
1) threadIdx.y-FILTER RADIUS+fRow >= 0 &&

20 threadidery FIETER RADIUSHEROW P B
2l Pvalue += F[fRow] [fCol]*N_ s[threadIdx.y+fRow] [threadIdx.x+fCol];
22 }

23 else ({

24 if (row-FILTER RADIUS+fRow >= 0 &&

25 row-FILTER _RADIUS+fRow < height &&

26 Col-FILTER RADIUS+fCol >=0 &&

20 col-FILTER RADIUS+fCol < width) {

24 Pvalue += F[fRow] [fCol]*

25 N[ (row-FILTER_RADIUS+fRow) *width+col-
FILTER RADIUS+fCol];

26 }

24 }

28 }

29 P[row*width+col] = Pvalue;

30 }

31 }

32}



Connecting to HW4

d HWA4 deals with all three of the discussed implementations using constant
memory (+ 1 additional implementation)

[ You will have to profile each of these & see what practical speedups look
like

[ So far, we have discussed that we should expect speedups when using
shared memory — You have to verify whether this is true in practice for this
kernel




