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Memory Optimizations

When is it worthwhile running
applications on the GPU?

Which compiler optimizations do
you know?

Which optimizations make sense
when running applications on a
GPU?

How to measure the performance of
CUDA programs?
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Quick review

How do different grids communicate?

How do threads in the same block communicate?
What is the effect of branches in the warp execution?
What is the language that we use in CUDA?

— How is this language different from traditional C?
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Latency versus Throughput

hat is latency?
hat is throughput?
hich one is more important in a traditional CPU?

nich one is more important on the GPU?
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Going to the Archives

* Do you remember the memory hierarchy that we find in
traditional CPUs?

 Why do we have this hierarchy?

 GPUs are much more memory intensive than traditional
CPUs. Why?

— The GeForce 8800 processes 32 pixels per clock. Each
pixel contains a color (3 bytes) and a depth (4 bytes),
which are read and written. On the average 16 extra
bytes of information are read for each pixel. How
many bytes are processed per clock?
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The GPU Archive

Registers: fast, yet few. Private to each thread
Shared memory: used by threads in the same block
Local memory: off-chip and slow. Private to each thread

Global memory: off-chip and slow. Used to provide
communication between blocks and grids.

Why can’t we just leave all the data in registers?

Why not leaving everything in the shared memory?
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The GPU Archive
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The interplanetary trip

 Copying data between GPU and CPU is pretty slow.
CUDA provides some library functions for this:

— cudaMalloc: allocates data in the GPU memory
space

— cudaMemset: fills a memory area with a value

— cudaFree: frees the data in the GPU memory
space

— cudaMemcpy: copies data from CPU to GPU, or
vice-versa
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The interplanetary trip

int nbytes = 1024 * sizeof (1nt);
int *a d = 0;
cudaMalloc ( (void**) &a d, nbytes);
cudaMemset( a d, 0, nbytes);

)

cudaFree (a d ;

e What each of these calls to the CUDA APl is / j

0 N
/ 4

doing?
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The interplanetary trip

int main(int argc, char** argv) {
float *a_h, *b_h;
float *a_d, *b_d;
int N = 14, nBytes, i ;

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b _d, nBytes);

cudaMemset(&a_d, 0, nBytes);

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);
cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d);

return EXIT_SUCCESS;

This program copies data from the
host to the device, and then moves
this data inside the device, and
finally brings the data back to the
host memory.
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The interplanetary trip

int main(int argc, char** argv) {

float *a_h, *b_h;

float *a_d, *b_d; float *a h, *b h;

int N = 14, nBytes, i ; = =

e S meytes float *a d, *b d;

nBytes = N*sizeof(float); - — = .
a_h = (float *)malloc(nBytes); int N = 14 ’ nBYteS y 1y

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b _d, nBytes);

cudaMemset(&a_d, 0, nBytes);
cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);

cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); ‘
return EXIT_SUCCESS;
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The interplanetary trip

int main(int argc, char** argv) {

br

float *a_h, *b_h;

float *a_d, *b_d; nBytes = N * sizeof (float);
int N = 14, nBytes, i ; a h = (float*)malloc(nBytes)

nBytes = N*sizeof(float);

b=h = (float*)malloc (nBytes)

e

o

a_h = (float *)malloc(nBytes);
b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b _d, nBytes);

cudaMemset(&a_d, 0, nBytes);

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);
cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d);
return EXIT_SUCCESS;

Host

a h

b h ‘
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The interplanetary trip

int main(int argc, char** argv) {
float *a_h, *b_h;

float *a_d, *b_d; )
int N = 14, nBytes, i ; cudaMalloc((void**) &a d, nBytes)

cudaMalloc((void**)&b=§, nBytes)

N

N

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);
b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b_d, nBytes); Host Device

cudaMemset(&a_d, 0, nBytes);

a h a d

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);
cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); b h b d
return EXIT_SUCCESS;
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The interplanetary trip

int main(int argc, char** argv) {
float *a_h, *b_h;

float *a_d, *b_d; .
ntN = 14, nBytes, i cudaMemset (&a_d, 0, nBytes);

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b_d, nBytes); Host Device

cudaMemset(&a_d, 0, nBytes);

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);

cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); b h b d
return EXIT_SUCCESS;
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The interplanetary trip

int main(int argc, char** argv) {

float *a_h, *b_h;
float *a_d, *b_d; cudaMemcpy(a d, a h, nBytes,

int N = 14, nBytes, i cudaMemcpyHostToDevice) ;

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b_d, nBytes); Host Device

cudaMemset(&a_d, 0, nBytes); m
cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);

cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); b h b d
return EXIT_SUCCESS;
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The interplanetary trip

int main(int argc, char** argv) {

float *a_h, *b_h;

float *a_d, *b_d; cudaMemcpy (b d, a d, nBytes,
nt N =18, nBytes, 1 cudaMemcpyDeviceToDevice) ;

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b_d, nBytes); Host Device

cudaMemset(&a_d, 0, nBytes);

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);

cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); b h m
return EXIT_SUCCESS;
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The interplanetary trip

int main(int argc, char** argv) {

float *a_h, *b_h;

float *a_d, *b_d; cudaMemcpy (b h, b d, nBytes,
ntN =14, nBytes, 1 cudaMemcpyDeviceToHost) ;

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b_d, nBytes); Host Device

cudaMemset(&a_d, 0, nBytes);

a h a d

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);
cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); m : m
return EXIT_SUCCESS; .
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The interplanetary trip

int main(int argc, char** argv) {

float *a_h, *b_h; . . .

float *a_d, *b_d; for (1=0; i< N; i++) {

N = 14 mBvies, ASSERT (a_h[i] == b_h[i]);
nBytes = N*sizeof(float); }

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b _d, nBytes);

Device

Host
cudaMemset(&a_d, 0, nBytes);

a_h a_d
cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);
cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);
for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); m b d
return EXIT_SUCCESS; _
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The interplanetary trip

int main(int argc, char** argv) {

float *a_h, *b_h;
float *a_d, *b_d; free (a-h) ; free (b-h) ;

int N = 14, nBytes, i ;

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b_d, nBytes); Host Device

cudaMemset(&a_d, 0, nBytes);

a d

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);
cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d); b d
return EXIT_SUCCESS;




The interplanetary trip

int main(int argc, char** argv) {
float *a_h, *b_h;
float *a_d, *b_d;
int N = 14, nBytes, i ;

nBytes = N*sizeof(float);

a_h = (float *)malloc(nBytes);

b_h = (float *)malloc(nBytes);
cudaMalloc((void **) &a_d, nBytes);
cudaMalloc((void **) &b _d, nBytes);

cudaMemset(&a_d, 0, nBytes);

cudaMemcpy(a_d, a_h, nBytes, cudaMemcpyHostToDevice);
cudaMemcpy(b_d, a_d, nBytes, cudaMemcpyDeviceToDevice);
cudaMemcpy(b_h, b_d, nBytes, cudaMemcpyDeviceToHost);

for (i=0; i< N; i++) { ASSERT( a_h[i] == b_h[i] ); }
free(a_h); free(b_h); cudaFree(a_d); cudaFree(b_d);
return EXIT_SUCCESS;
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cudaFree (a_d)
cudaFree (b_d)

N~ oo

Host

Device
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First law of performance

* Inter-device communication, i.e, between
the CPU and the GPU, should be minimized
as much as possible.

* Inter-device communication is orders of magnitude

slower than reading data from shared memory, for
Instance.

* That is why GPUs are not good for interactive ()
applications.
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Avoid traveling whenever you can

cudaMalloc ((void**) &d vec, mem size); d_vec does not
Change between

cudaMemcpy (d vec, h vec, mem size, kePnel

cudaMemcpyHostToDevice) ; Invocationg

kernel0<<< gridSize0, blockSize0 >>>(d vec, vec size);
kernell<<< gridSizel, blockSizel >>>(d vec, vec size);

cudaMemcpy (h_vec, d vec, mem size,

cudaMemcpyDeviceToHost) ; O need to gend

cudaFree (d_vec) ; it g gl

From maxSort, available in the course webpage.
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Keep data on the GPU

Once data is sent to the GPU, it stays on the DRAM,
even after the kernel is done executing

Try invoking kernels on data already on the GPU

Can you think about a situation where you would have
to leave a kernel, do some computation on the CPU, and
then call another kernel?

By the way, can you think about a problem that is
inherently sequential?
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The GPU deserves complex work

 What is the complexity of copying data from the CPU to
the GPU?

e |s it worth to do matrix sum in the GPU?

* |s it worth to do matrix multiplication in the GPU?

__global

__global void matMull (float* B, float* C,
void matSumKernel (float* S, float¥* float* A, int w) {
A, float* B, int side) { float v = 0.0;

int 1ij = tid.x + tid.y * side; for (int k = 0; k < w; ++k) {

A[ij] = B[ij] + C[ij]; v += B[tid.x*w+k] * Cl[k*w+tid.x];
} }

Altid.x + tid.y * w] = v;
}
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Matrix Sum x Matrix Mul

e Matrix Sum:

GPU Time ( Total )
0.00% 4.58% 9.16% 13.74% 18.33% 22.91% 27.49% 32.07% 36.65% 41.23% 45.81%
memcpyDtoH (1)
memcpyHtoD (2)
matSumKernel (1)

0.00% 4.58%

e Matrix Mul:

GPU Time ( Total )
0.00% 9.90%

19.80% 29.69% 39.59% 49.49% 59.39% 69.29% 79.18% 89.08% 98.98%

matMul5 (1)
memcpyDtoH (1)
memcpyHtoD (2)

0.00%  9.90% 19.80% 29.69% 39.50% 49.49% 59.39% 69.29% 79.18% 89.08% 98.98%
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The ballerina’s waltz

cudaMemcpy (dst, src, N * sizeof(float), dir);
kernel<<<N/nThreads, nThreads>>> (dst) ;

e Start working as soon as data is available - use a
pipeline!

sz = N * sizeof (float) / nStreams;
for (1 = 0; i < nStreams; i++) {
offset = i * N / nStreams;

cudaMemcpyAsync (dst+offset, srct+offset, sz, dir, stream[i]);
}

for (i=0; i<nStreams; i++) {
gridSize = N / (nThreads * nStreams);
offset = i * N / nStreams;

kernel<<<gridSize, nThreads, 0, stream[i]>>>(dst+offset)
}

* What is the glue between data and computation?
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The ballerina’s waltz

* Asynchronous memory copy overlaps data transfer and
GPU processing

Datatransfer

Kernel execution

Datatransfer [N (NN (DN N

Kernel execution

* This technique to obtain parallelism is a pattern used in
many different scenarios; could you name other
examples?



* Reading or writing to the global memory is also slow.

— But not as much as reading/writing between host
and device.

— The Global Memory is on-board.
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The Matrix (again)

* On a PRAM model what is the best complexity we can
get to the matrix multiplication problem?

 What is the equivalent GPU kernel?

void matmult (£float* B, float* C, float* A, int w) {
for (unsigned int i = 0; 1 < w; ++i) {
for (unsigned int j = 0; jJ < w; ++3j) {
A[i * w + j] = 0.0;
for (unsigned int k = 0; k < w; ++k) {
Ali * w + j] +=
B[i *w + k] * C[k * w + J];
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Matrix Multiplication Kernel

__global  void matMull (float* B, float* C, float* A, int Width)

{
float Pvalue = 0.0;

int tx
int ty

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

for (int k = 0; k < Width; ++k) {
Pvalue += B[tx * Width + k] * C[k * Width + ty];
}

Aty + tx * Width] = Pvalue;

e Given Width =10, how many access to the global
memory this program performs?

 How to know how many floating-point operations per
second this program performs?

From matMul, available in the course webpage.
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GFLOPS

How many instructions in
mov.f32 $f1l, 0£f00000000;

the inner loop? St 0 1282:

. . cvt.uo64d.u32 srd3, %r’7;
How many floating point mul.lo.u6d  Srdd, srd3, 4;

. p) ld.param.u64 %rd2, [B];
Operahons' add.u64 $rd5, %rd2, %rd4;

ld.global.f32 $f2, [%rdb+0];

GTX 8800 performs 172.8 ;i u6s.u32  sras, 2ro;

: _ i mul.lo.u64 srd’7, %rdo, 4;
G ﬂoahng pOInt OpS/Sec ld.param.u64 Srdl, [C];

. add.u64 $rd8, %rdl, %rd7;
What is the GFLOPS of our  3°:7° 1 (5, 265 (erassols
matrix multlphca'non mad. £32 $f1, %£f2, %£3, %f1;

add.u3?2 sr’l7, %Sr7, 1;
kernel? ld.param.s32 %r3, [w];

add.u3?2 %r9, %r3, %r9;
Yet measurements yield a  setp.ne.s32  ®p2, 2r7, srs;

@%p2 bra SLt 0 1282;

lower number...
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The Tale of the Arab Merchant

The global memory is divided into segments of 16 cells.
If 16 threads read data from the same segment, the
memory access contains only one trip.

However, if each thread reads from a different
segment...

How to ensure that all the threads in a half-warp (16
threads) access the same segment of data?
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The Anatomy of a Block

[EExxl
I N S

20 730 31 £

(tid.x, tid.y)

Warp

Warps should
read aligned
data.
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Checking for coalesced access

* |sthe program below doing coalesced memory access?

__global  void matMull (float* B, float* C, float* A, int Width)

{
float Pvalue = 0.0;

int tx
int ty

blockIdx.x * blockDim.x + threadIdx.x;
blockIdx.y * blockDim.y + threadldx.y;

for (int k = 0; k < Width; ++k) {
Pvalue += B[tx * Width + k] * C[k * Width + ty];
}
VWQJaILustﬂle

A[ty + tx * Width] = Pvalue;
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Checking Memory Accesses

int tx = blockIdx.x * blockDim.x + threadIdx.x;
int ty = blockIdx.y * blockDim.y + threadIdx.y;
for (int k = 0; k < Width; ++k) {

Pvalue += B[tx * Width + k] * C[k * Width + ty];

}
A[ty + tx * Width] = Pvalue; How can AVS;

e AssumingWidth = 640andk = 0 improve thiS?
 Warp: (0, 0)(1,0)(2,0)...(31, 0)

 B[tx * Width + k]:BJ[0], B[640], B[1280], ..., B[19840]

e Clk * width + tvy]:C[0], C[O], C[O], ..., C[O]

e Alty + tx * Width]:A[O], A[640], A[1280], ..., A[19840]

|



{
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Change the indexes a tiny bit...

global  void matMulb (float* B, float* C, float* A, int Width)

float Pvalue = 0.0;

int tx = blockIdx.x * blockDim.x + threadIldx.x; ,
int ty = blockIdx.y * blockDim.y + threadIldx.y; /[ ® e

for (int k = 0; k < Width; ++k) { _
Pvalue += B[ty * Width + k] * C[k * Width + tx];

Altx + ty * Width] = Pvalue;

Contrast it with:

for (int k = 0; k < Width; ++k) {

Pvalue += B[tx * Width + k] * C[k * Width + ty];
}
Alty + tx * Width] = Pvalue;
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Why is it so much better?

| b

Altx + ty * Width] = Pvalue; How much
speed A0 YOUQ
think we gob:

int tx = blockIdx.x * blockDim.x + threadIdx.x;
int ty = blockIdx.y * blockDim.y + threadIdx.y;
for (int k = 0; k < Width; ++k) {

Pvalue += B[ty * Width + k] * C[k * Width + tx]

e AssumingWidth = 640andk = 0
 Warp: (0, 0)(1,0)(2,0)...(31, 0)

e B[ty * Width + k]:BJ[0], B[O], B[O], ..., B[O]

e Clk * width + tx]:(C[0], C[1], C[2], ..., C[31]
e Altx + ty * Width]:A[0], A[1], A[2], ..., A[31]
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Second law of performance

* Avoid going to the global or local memory.
ldeally threads should be able to share as
much data as possible in shared memory.

* Remember: the shared memory is on-chip; the global
memory is off-chip

 Can we improve this matrix multiplication by sharing
data among threads?



{

}
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How to apply the second law?

global  void matMul5 (float* B, float* C, float* A, int Width)
float Pvalue = 0.0;

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

int tx
int ty

for (int k = 0; k < Width; ++k) {
Pvalue += B[ty * Width + k] * C[k * Width + tx];
}

A[tx + ty * Width] = Pvalue;

* How many access to the global memory take place?
* Again: what is the shared memory?
* How to use the shared memory to improve this program?



__global  void matMulo6 (float* B, float* C, float* A,

int Width) {
shared  float Bs[TILE WIDTH] [TILE WIDTH];
shared float Cs[TILE WIDTH] [TILE WIDTH];

int tx = threadIldx.x; 77143
int ty = threadIdx.y; \WIDT
int Row = blockIdx.x * TILE WIDTH + tx; zﬂOQkIth

int Col = blockIdx.y * TILE WIDTH + ty; "tﬂock.
_ Ihnq
float Pvalue = 0; -y
for (int m = 0; m < Width/TILE WIDTH; ++m) {
Bs[ty] [tx] = B[Col * Width + (m * TILE WIDTH + tx)];
Cs[ty][tx] = C[Row + (m * TILE WIDTH + ty) * Width];

__syncthreads() ; Iﬂ

for (int k = 0; k < TILE WIDTH; ++k) l\‘,}
ye

Pvalue += Bs[ty][k] * Cs[k][tx];
__syncthreads();

A[Col * Width + Row] = Pvalue;
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Tiling IS the accegy
C
OaaleSCed or
Width = 4 Col = blocklIdx.x * TILE WIDTH + tx not?

TILE WIDTH =2 Row = blockldx.y * TILE WIDTH + ty

Col * Width + (m * TILE_WIDTH + tx) | Row + (m * TILE_ WIDTH + ty) * Width
tx ty m=0 m=1 m=0 m =1
0 0 70} Th T
0 1 P4 {6 L4 12 |
1 0 P i3 i1 {9
1 1 {5 L7 P 5| / 13 |

Soq-- === Nt EEA
A B C
2 3 0 1 2 3 0 1 2 3
6 7 4 5 6 7 4 5 6 7
8 9 10 11 — 8 9 10 11 X 8 9 10 11

12 13 14 15 12 13 14 15 12 13 14 15
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The Tiles of Scheherazade

* How many access to the global

memory does the original program
perform? Answer in terms of N, the

width of the matrices

 What about the tiled program?
Answer in terms of N, the matrix
width, and T, the tile width
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The Tiles of Scheherazade

* How many reads with no
tiling?
* How many reads with
tiling?
— Size of each tile:

— Num of times each
tile is read:

— Num of tiles:

— N2 ——
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The Tiles of Scheherazade

* How many reads with no
tiling? 2N * N2
* How many reads with
tiling?
— Size of each tile:

— Num of times each
tile is read:

— Num of tiles:

— N2 ——
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The Tiles of Scheherazade

* How many reads with no
tiling? 2N * N2
* How many reads with
tiling?
— Size of each tile: N2/4
— Num of times each
tile is read: N/(N/2)
— Num of tiles:
(N/(N/2))%* 2

So: N2/4 * 2 * 8 = 4*N?

— N2 ——




fernando@dcc.ufmg.br

Back to the Future (Part Il)

* Have you heard of pre-fetching?

e Can you apply pre-fetching on the tiled version of matrix
multiplication?

— |s it possible to overlap memory access and floating-
point computation?

— Can you think about some sort of pipelining?



Where do we have
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float tmpC = C[Col + tx * Width];
the Overlapplng Of float tmpB = B[Row * Width + ty];
) int limit = Width/TILE WIDTH;
data fetchingand  int n = 0;
. 3 while (1) {
. . Cs[tx][ty] = tmpC;
Which operations _ syncthreads () ;
. . m++;
inside the T omo—— limit) |
innermost loops #fpragma unroll I
for (int k = 0; k < TILE WIDTH; ++k) {
are not ﬂoaﬁng- Pvalue += Bs[tx][k] * Cs[k][ty];
. . }
point operations? _ syncthreads () ;
break;
How can we )
. tmpC = C[Col + (m*TILE_WIDTH + tx)*Width];
improve the code (o5 - BlRow*Width + (W*TILE WIDTH + ty)]:
for (int k = 0; k < TILE WIDTH; ++k) |

even more?

}

Pvalue += Bs[tx] [k]
}

__syncthreads () ;

* Cslk]lltyl;
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Hollywood’s Red Carpet

float Pvalue = 0;

for (int m = 0; m < w/8; +4+m) {
Mds[tx] [ty] = Md[Row * w + (m * 8 + ty)];
Nds[tx] [ty] = Nd[Col + (m * 8 + tx) * w];
___syncthreads () ;
Pvalue += Mds[tx][ 0] * Nds[ O] [ty]-
Pvalue += Mds[tx][ 1] * Nds[ 1]([ty]’
Pvalue += Mds[tx][ 2] * Nds[ 2] [ty];
Pvalue += Mds[tx][ 3] * Nds[ 3][ty];
Pvalue += Mds[tx][ 4] * Nds[ 4][ty];
Pvalue += Mds[tx][ 5] * Nds[ 5] [ty];
Pvalue += Mds[tx][ 6] * Nds[ o] [ty]’
Pvalue += Mds[tx][ 7] * Nds[ 7][ty];
__syncthreads(); \

}

Pd[Row*Width+Col] = Pvalue; ’//W

Al
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Lots of GFLOPS

 What is the proportion of floating-point to non-floating-
point operations in the innermost loop of the optimized
program?

 What do we gain, at the hardware level, for having less
branches to execute?

e About 1/2 of the instructions in the innermost loop are
floating-point operations. What is the new GFLOP?
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Shared Bank Conflicts

Lets assurne
* The shared memory has 16 access doors. .5 3ing doOrs,

* If two threads of a half-warp read from and h&éf‘wa‘rp
gize =

the same door, then a
conflict happens.

No conflict

SS2Jppy WS

12

Ideal cases Very bad case



From transpose, available in the course webpage. fernando@dcc.ufmg.br

Matrix transpose P ———

__global  void transpose2(float* In, float*JéZl, int Width) {
__shared  float tile[BLOCK WIDTH] [BLOCK WIDTH] ;
// Compute the index of the data in the input matrix:
int xIndex = blockIdx.x * blockDim.x + threadIdx.x;
int yIndex = blockIdx.y * blockDim.y + threadIdx.y;
int index in = yIndex * Width + xIndex;

// Compute the index of the data in the output matrix:
xIndex = blockIdx.y * blockDim.x + threadIdx.x;

to
yIndex = blockIdx.x * blockDim.y + threadIdx.y; 1S @&cces®

int index out = yIndex * Width + xIndex; glObal
memory
// Copy the data: coaleSCed?
tile[threadIdx.x] [threadIldx.y] = In[index in];
__syncthreads() ; Vvhepeisth
Out[index out] = tile[threadlIdx.y] [threadIldx.x]; bankNXHuﬁéi
} to a'CCeSS

. sh
¢ How can we solve the bank conflict? ared mem o



tile[threadIdx.x] [threadIdx.y]

* Let’s assume warp with 4
threads, and 4 access doors

e Each coloris an access door

* The red square marks a warp

* If the warp falls on blocks
yior® having the same color, then

tile[threadIdx.y] we have a conflict
[threadIdx.x]

or? Ps.: in fig, (x,y) is warp
index, not data index.

tile[threadldx.x] [threadIdx.y] = In[index in];

__syncthreads() ;
Out[index out] = tile[threadIdx.y] [threadIdx.x];
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A very simple solution:

__global  void transpose2(float* In, float* Out, int Width) ({
__shared  float tile[BLOCK WIDTH] [BLOCK WIDTH + 1];
// Compute the index of the data in the input matrix:
int xIndex = blockIdx.x * blockDim.x + threadIdx.x;
int yIndex = blockIdx.y * blockDim.y + threadIdx.y;
int index in = yIndex * Width + xIndex;

// Compute the index of the data in the output matrix:
xIndex = blockIdx.y * blockDim.x + threadIdx.x;
yIndex = blockIdx.x * blockDim.y + threadIdx.y;

int index out = yIndex * Width + xIndex;

// Copy the data:

tile[threadIdx.x] [threadIldx.y] = In[index in];
__syncthreads() ;

Out[index out] = tile[threadlIdx.y] [threadIldx.x];

* You may not quite believe me...



tile[threadIdx.x] [threadIdx.y]

 The extra column
breaks the
alignment in both
cases.

\No.\‘?

tile[threadIdx.y]
[threadIdx. x]
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Third Law of Performance

* The more registers threads use, the less
threads fit in a block.

* The GTX 8800 has 8,192 registers per streaming
processor (SP)

e ASP canrun up to 768 threads

 Hence, we have 10 registers per thread
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Graphs to the rescue

e How do we compute the register pressure in a given
program?

— For instance, what is the register pressure in the
program below?

foo (i1nt p) {
Xx =p + 1
y = X + P
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Register allocation via graph coloring

P X Y R1 R2
foo (int p) { 1t ‘
x =p + 1 p(R1) ?
l x (R2)
y = X TP
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Register allocation is complicated

 Programs may have control e s
flow. B,f = o
— How to produce the
interference graph? I,
* Registers may have c = Ls
different sizes. L s =25

d
E = c
k
e = 3,d,E
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Register allocation is complicated

e How hard is to find the
register pressure?

e Can you think about
algorithms other than
graph coloring?
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Example of high register pressure

__global  wvoid regPressl (float* In, float* Out, int Width) {

int tid

for

= blockIdx.x * blockDim.x + threadIdx.x;
if (tid < Width) {
Out[tid] = 0.0;
float a = 2.0F, b = 3.0F, ¢ = 5.0F, d = 7.0F;
(int k = tid; k < Width * Width; k += Width) {
Out[tid] += In[k] / (a - b);
Oout[tid] -= In[k] / (c - d);

float aux

a

O Q O

I
o)

b;
Cy

= d;

auxXxy

* How to check the register pressure of
this program?

* How to lower its register pressure?

From regPress, available in the course webpage.
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Variable Sharing

__global  wvoid regPress2(float* In, float* Out, int Width) {
int tid = blockIdx.x * blockDim.x + threadIdx.x;
if (tid < Width) {
shared float common0O, commonl;

float ¢ = 5.0F; float d = 7.0F;

if (threadldx.x == 0) { common0 = 2.0F; commonl = 3.0F; }

__syncthreads() ;

Out[tid] = 0.0;

for (int k = tid; k < Width * Width; k += Width) {
Out[tid] += In[k] / (commonO - commonl) ;
out[tid] -= In[k] / (c - d);
float aux = commonO;
if (threadldx.x == 0) { common0 = commonl; commonl = c; }
__syncthreads() ;

CC T T TS s there a systematic

} way to find all these

“common” variables?
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In Short...

* Many classic optimizations apply on CUDA
— Loop tiling
— Loop unrolling
— Pre-fetching
— Register allocation

e But there are new optimizations too...
— Stay tuned(!!!)




