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Gartner Hype Cycle
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Graphics Pipeline

Geometry,

. . Textures
triangles, vertices

\A \ A

Clipping,
rasterization,
interpolation

Rasterization > Frame buffer

N

Fragment shader

Y
N

Vertex shader

Vertex shader  {— GLSL, HLSL, etc Fragment shader GLSL’ HLSL, etc

program program
Programmable Programmable
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Cache and Multicore

Separate L1 and L2

for each core
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sets and instrs
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Performance (Instruction-Level Parallelism)
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Performance (Memory Hierarchy)
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Geometry,

Data

triangles, vertices

\/

Vertex shader

Graphics pipeline, reprise

Data

Textures

Vertex shader
program

v

Clipping,
rasterization,

\

interpolation

Fragment shader

This pipeline is
executed somewhere

Instructions

Fragment shader
program
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Rasterization > Frame buffer
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Pipeline can be executed on CPU

Not necessarily the most
LIl

efficient, however
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For what are CPUs optimized?

 CPUs are optimized for
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To carry out those optimizations
L]

Computation
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Optimize instead for graphics pipeline
L

Fetch
Decode
Read
Execute
Write

ALU

State
(context)
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Optlmlze for graphics pipeline
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But there is just one problem
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Redundant hardware
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Just one

Optimizing for graphics pipeline

pipelines
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Optimizing for graphics pipeline
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Why stop now
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SIMD branches

But each have

/ .
Instruction Operand — their own data
Storage Storage
EU EU EU EU
Y R All execution

Instruction T T T T\ units execute in
Unit (c)lock step
\

Single instruction
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SIMD branche .
Each have their Each do their
i (x < 0) { own true/false own evaluation Each have
} T their own x
Instruction X X Operand x X d
Storage Storage .
d i i J ¢ t I Simultaneously
EU EU EU EU
y "~ Execute
Instruction
Unit
etch decods
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SIMD branches . .
What next? Each have their Each do their
F e < @) 4 — . own true/false || own evaluation
X X = -x; What is the next
\ instruction? /
Instruction X X Operand }fc/ X
Storage t £ Storage t
Where is it ¢ ¢ ¢ ¢
evaluated? EU EU EU EU
v "~ Execute
Instruction
Unit
Fetch / decode
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SIMD branches | . .
Instructions Each have their Each do their
if (x < 0) { go to all EUs own true/false own evaluation
X = —-X;
}
lgnored by
Instruction X x Operand x X / some
Storage t £ Storage t
EU EU
A4 "~ Execute
Instruction
Unit
T~ X = -X;
Fetch / decode
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SIMD branches

Instructions

Each have their

Each do their

if (x < 0) { go to all EUs own true/false own evaluation
X = —-X;
} else { \
x = 0; lgnored by
¥ Instruction X x Operand ifi/ X other set
l Storage t £ Storage t
Also have to ¢ \ ¢ ¢ ¢
execute the else EU S
T T Execute
Instruction
Unit

T~

etch / decode
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SIMD branches

Instructions
go to all EUs

if (x < 0) {
X = —X;
} else {
xp= 0;
¥ Instruction
l Storage
What if all

values of x < 0?

Instruction

\

Each have their
own true/false

Each do their
own evaluation

X Operand
£ Storage

¥

i

!

|y

EU

Unit

Still execute
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Fetch / decode
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SIMD branches [yt ifwe have

if (x < 0) { _— togetxfrom
e memory?

} else {
x = 0;
¥ Instruction Operand
Storage Storage
EU EU EU EU
A4
Instruction T T T T
Unit
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How did CPUs deal with latency?
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Large cache

Fetch

Decode

Read

L1
(1

L2

Execute

Write

L1
(D)

ALU

Cache Coherence

State
(context)

Branch Prediction

Prefetch

Inst Ordering
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Fl’agments VS COI‘GJ A real scene will have millions
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Scheduling

LTI JE g J ] Batehd

Run to completion

L JC JE J JE JL J[ | Batch2

Time

Run to completion
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Run to completion
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: — Run
runtime?
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Time

What is total runtime compared
to batch scheduling?

Batch 3
| |

Another scheduling approach

Batch 2
| |

Batch 1
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Runnable
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Scheduler and
Dispatch

Core executes one
< instr/clock/thread

Fermi

Streaming
Multiprocessor
(SM) (16)

HEER

HEN

EEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEE
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EEEEEEEEEEEEEEEE
EEEEEEEEEEEEE
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32 cores per SM

Host Interface

L2 Cache

Register file and
L1 cache

oo

GigaThead

HEEEI

[ | |

Global scheduler
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Fermi SM and Core

CUDA Core

Dispatch Port
Operand Collector

Result Queue
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Warp Scheduler

One instruction
from each warp

Up to 48* wa rps Warp 8 instruction 11
per SM Warp 2 instruction 42

Warp 14 instruction 95

Warp 8 instruction 12

Warp 14 instruction 96
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Dual Warp Scheduler 16 X 32 x 48 = 24576

Warp Scheduler

Warp 9 instruction 11
Warp 3 instruction 33

Warp 15 instruction 95

Warp 9 instruction 12
Warp 3 instruction 34

Warp 15 instruction 96
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For what are GPUs optimized?

 GPUs are optimized for
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Graphics Pipelines
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Fragment shader

uniform sampler2D Radiance;

void main(){
vec2 x = gl_TexCoord[0].st * RadianceSize;
vec2 x0 = floor(x/MicroimageSize) * MicroimageSize;
vec2 xm = x0 + 0.5 * MicroimageSize;
vec2 yO = xm + (xm - x)*b_a;

vec4d pixel = vec4(0.0, 0.0, 0.0, 1.0);
float total_weight = 0.0;
for (int i = -Aperture + Offset.x; i <= Aperture + Offset.x; ++i) {
for (int j = -Aperture + Offset.y; j <= Aperture + Offset.y; ++j) {
vec2 xmij = xm + vec2(float(i), float(j)) * MicroimageSize;
vec2 delta = (xmij - x)*b_a;
vec2 yij = xmij + delta;

if (  (abs(delta.x) < gammax0.5*MicroimageSize.x)

&& (abs(delta.y) < gamma*0.5*MicroimageSize.y)) {
vecd ray = texture2D(Radiance, yij / RadianceSize);
pixel += ray;
total_weight += 1.0;

}
}
}

gl_FragColor = pixel / total_weight;
3
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Compute = Drawing, Kernel = Shader

float saxpy (
float2 coords : TEXCOORDO,
uniform sampler2D texturey,
uniform sampler2D textureX,
uniform float alpha ) : COLOR

{
float result;
float yval=y_old[i]; float y = tex2D(textureY,coords);
float xval=x[i]; float x = tex2D(textureX,coords);
y_new[i]=yval+alpha*xval; result = y + alpha * Xx;
return result;
t

for (int i=0; i<N; i++)
q dataY[i] = dataY[i] + alpha * dataX[i];




Lots and lots of graphics code

include <stdio.h>
#include <stdlib.h>
#include <GL/glew.h>
#include <GL/glut.h>

int main(int argc, char *xargv) {

// of size texSizextexSize*
int texSize = 2;
// create test data

for (int i=0; i<texSizex*texSizex4; i++)
datal[i] = i+1.0;

// set up glut to get walid GL context and

// get extension entry points

glutInit (&argc, argv);

glutCreateWindow ("TEST1") ;

glewInit();

// declare texture size, the actual data will be a vector

float* data = (float*)malloc(4*texSizextexSizex*sizeof (float))
float* result = (float*)malloc(4*texSizextexSizexsizeof (float));
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Lots and lots

// viewport transform for 1:1 pizel=texel=data mapping
glMatrixMode (GL_PROJECTION) ;

glLoadIdentity();

gluOrtho2D(0.0,texSize,0.0,texSize) ;

glMatrixMode (GL_MODELVIEW) ;

glLoadIdentity();

glViewport (0,0,texSize,texSize);

// create FBO and bind it (that is, use offscreen render targg
GLuint £fb;

glGenFramebuffersEXT(1,&fb) ;
glBindFramebufferEXT (GL_FRAMEBUFFER_EXT,fb) ;
// create texture

GLuint tex;

glGenTextures (1, &tex);

glBindTexture (GL_TEXTURE_RECTANGLE_ARB,tex) ;
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Still more

// set texture parameters
glTexParameteri (GL_TEXTURE_RECTANGLE_ARB,
GL_TEXTURE_MIN_FILTER, GL_NEAREST);
glTexParameteri (GL_TEXTURE_RECTANGLE_ARB,
GL_TEXTURE_MAG_FILTER, GL_NEAREST);
glTexParameteri (GL_TEXTURE_RECTANGLE_ARB,
GL_TEXTURE_WRAP_S, GL_CLAMP);
glTexParameteri (GL_TEXTURE_RECTANGLE_ARB,
GL_TEXTURE_WRAP_T, GL_CLAMP);
// define texture with floating point format
glTexImage2D (GL_TEXTURE_RECTANGLE_ARB,O,GL_RGBA32F_ARB,
texSize,texSize,0,GL_RGBA,GL_FLOAT,O0);
// attach texzture
glFramebufferTexture2DEXT (GL_FRAMEBUFFER_EXT,
GL_COLOR_ATTACHMENTO_EXT,
GL_TEXTURE_RECTANGLE_ARB, tex,0) ;
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And.... Done

// transfer data to texture
glTexSubImage2D (GL_TEXTURE_RECTANGLE_ARB,0,0,0,texSize,texSizd
GL_RGBA,GL_FLOAT,data) ;
// and read back
glReadBuffer(GL_COLUR_ATTACHMENTO_EXT);
glReadPixels (0, O, texSize, texSize,GL_RGBA,GL_FLOAT,result);
// print out results
printf ("Data before roundtrip:\n");
for (int i=0; i<texSize*texSize*4; i++)
printf ("%f\n",datali]);
printf("Data after roundtrip:\n");
for (int i=0; i<texSizex*texSizex*4; i++)
printf ("/f\n",result[i]);
// clean up
free(data);
free(result) ;
glDeleteFramebuffersEXT (1,&fb);
glDeleteTextures (1,&%tex);
return O;

-
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Pain vs Gain

5750
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5250
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0
Apr-01

Pentium 4

Theoretical GFLOP/s

NVIDIA GPU Single Precision
e=t==NVIDIA GPU Double Precision
e=p==|ntel CPU Double Precision

e=gum|ntel CPU Single Precision

Testa C2050

Tesla C1060

Harpertown
Woodcrest

Sep-02 Jan-04 May-05 Oct-06 Feb-08

Floating-Point Operations per Second - Nvidia CUDA C Programming Guide
o) N MY N IS NN N foJ . \'<rsion 6.5 - 24/9/2014 - copyright Nvidia Corporation 2014
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Grids and blocks =

Block (0, 0)  Block (1,0) Block (2, 0)

« Thread - Distributed by the CUDA
runtime (threadldx) Block (0, 1) Block (1, 1) |"Block (2, 1)

« Block - A user defined group of 1 to
~512 threads (blockldx)

« Grid - A group of one or more blocks.

A grid is created for each CUDA i —TE
kernel function called

Logical
organization
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Threads and blocks At lenct 64—
eas
512 or 1024
oridDim.x = 4096 threads/block max
A AY
' \ \
threadIdx.x threadIdx.x threadIdx.x
of1]2]3]..]1255|o|1]2|3]...]255]| .. |o|1]|2]3 ...|255
A, J \. J
Y Y
blockIdx.x = 1 blockIdx.x = 2 blockIdx.x| = 4095
index = blockIdx.x * blockDim.x + threadIdx.x .
Multiple of
index = (2) *  (256) + (3) = 515 warp size
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GPU programming

« Host: CPU and its memory
— Host memory

« Device: GPU and its memory
— Device memory
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Heterogeneous computing

#include <iostream>
#include <algorithm>

using namespace std;

#define N 1024
#define RADIUS 3
#define BLOCK_SIZE 16

__global_ void stencil_1d(int *in, int *out) {
shared_ int femp[BLOCK_SIZE + 2 * RADIUS];
int gindex = threadldxx + blockldx x * blockDim.x;
intlindex = threadidx.x + RADIUS;

/I Read input elements into shared memory
templiindex] = in[gindex];
if (threadldx.x < RADIUS) {
templlindex - RADIUS] = infgindex - RADIUS];
templlindex + BLOCK_SIZE] = infgindex + BLOCK_SIZE];

device code - | o ianiniin ~ parallel function

11 Apply the stencil

int result = 0;

for (int offset = -RADIUS ; offset <= RADIUS ; offset++)
result += templlindex + offsef];

1l Store the result
outfgindex] = result;

C | s - serial function

int*d_in, *d_out; // device copies of a, b, ¢
int size = (N + 2'RADIUS) * sizeof(int);

1l Alloc space for host copies and setup values
in = (int *)malloc(size); fil_ints(in, N+ 2*RADIUS);

out = (int *Jmallocisize); ﬁﬁ:;sr(s(um, N+ 2'RADIUS); L S e r-i a l C O d e

1I Alloc space for device copies
cudaMalloc((void **)&d_in, size);
h d cudaMalloc((void **)&d_out, size);
_
ost code
_out, out, size, Device),

/l Launch stencil_1d() kemel on GPU
stencil_1d<<<N/BLOCK_SIZE,BLOCK_SIZE>>>(d_in + RADIUS, d_out + RADIUS); p a r a e C 0 e

1l Copy result back to host

= . ﬁﬂzﬁ

A

.

d_out, size, i lost); .
St 7 serial code
cudaFree(d_in); cudaFree(d_out);
) retum 0;
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Simple processing flow

CPU

PCI Bus

CPU Memory

1. Copy input data from CPU memory to GPU
memory
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Simple processing flow

CPU Memory

1. Copy input data from CPU memory to GPU
memory

2. Load GPU code and execute it,
caching data on chip for performance

PCI Bus
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Simple processing flow

PCI Bus

1. Copy input data from CPU memory to GPU
memory

2. Load GPU program and execute,
caching data on chip for performance

3. Copy results from GPU memory to CPU
memory

NORTHWEST INSTITUTE for ADVANCED COMPUTING

. AMATH 483/583 High-Performance Scientific Computing Spring 2019 UNIVERSITY of /
© NVIDIA Corporatlon 2011 University of Washington by Andrew Lumsdaine | i WASHINGTON [




Mapping software to hardware

Warp Warp Block Block
\ - \ \

 Run in parallel or serial

e Run on the same or
different SM

* Run in order or out of

| Fetch |Decode| Read |Execute| Write | | Fetch |Decode| Read |Execute| Write |
Order | ALU | | ALU | | ALU | | ALU | | ALU | | ALU | | ALU | | ALU |
| ALU | | ALU | | ALU | | ALU | | ALU | | ALU | | ALU | | ALU |

State State State State State State State State

L4 D O n Ot a SS u m e a n yth i n g (context) | [(context)| |(context) (context) (context) | [(context)| |(context)| [(context)
a b O u t O rd e r Of b I O C kS State State State State State State State State

(context) | [(context)| |(context) (context) (context) | [(context)| |(context)| [(context)
Shared state (context) Shared state (context)
NORTHWEST INSTITUTE for ADVANCED CO
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CUDA

{

{

NORTHWEST INST!

for (int i =

void add(int n, float *x, float *y)

0; i < n; i++)

y[i]l = x[i] + y[il;

int main(void)
int N = 1<<20; // 1M elements

float *x = new float[N];

for (int i = 0; i < N; i++)
y[i] = 2% x[i] = 1.0f;

add(N, x, y);
/7.
delete [] x;

return O;

_———“'—————————

float *y = new float[N];

Pointers! Bad!

No RAIIl Bad!

delete [] y; /

W
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CUDA —-global__ = This is a CUDA

void add(int n, float *x, floaC " ySemm

{ kernel
for (int i = 0; i < n; i++)
y[i]l = x[i] + y[i]l;

}
- - int main(void) .
Will this | « Pointers! Bad!
int N = 1 << 20;
Work? float *x = nullptr, *y = nullptr; /
cudaMallocManaged (&x, N*sizeof (float)); | |
cudaMallocManaged (&y, N*sizeof (float)); Ma”OC. Bad
Execute on
. or (int i = 0; i < N; i++)
device y[il = 2.0 * x[i] = 1.0f;
Compile with nvcc
- add<<<1, 1>>>W, x, y);
Execution
. . cudaDeviceSynchronize() ;
configuration
cudaFree(x); cudaFree(y); No RA||| Badl

NORTHWEST INS' return O;
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Before e

void add(int n, float *x, float *y)
{

for (int i = 0; 1 < n; i++)
y[i]l = x[i] + y[i]l;
}
int main(void)
{
int N = 1 << 20;
float *x = nullptr, *y = nullptr;

cudaMallocManaged (&x, N*sizeof (float));
cudaMallocManaged (&y, N*sizeof (float));

for (int i = 0; i < N; i++)
y[il = 2.0 * x[i] = 1.0f;

add<<<1, 1>>>WW, x, y);
cudaDeviceSynchronize() ;

cudaFree(x); cudaFree(y);

NORTHWEST INS' return O;
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After

__global__
void add(int n, float *x, float *y)_

{
for (int i = 0; i < n; i++)
y[i] = x[i] + y[i]l;

Every thread
sees same
instructions

|~
int main(void)

{
int N = 1 << 20;

float *x = nullptr, *y = nullptr;

cudaMallocManaged (&x, N*sizeof (float));

# Blocks

cudaMallocManaged (&y, N*sizeof (float));

for (int i = 0; i < N; i++)

# Threads

X[i] = 2.0 * x[i] = 1.0f;

cudaDeviceSynchronize() ;

NORTHWEST INS'

cudaFree(x); cudaFree(y);

return O;

3

Do we want 256
threads doing this?

Recall partitioned
two norm

4

Need begin, end
(and stride)

W
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Partitioned

Threads are
identical except
for one thing

How many
threads will
execute kernel?

How many blocks
will execute
kernel?

__global__
void add(int n, float *x, float *y)
{

int index = threadIdx.x;

int stride = blockDim.X;

1

Index of current
thread in block

for (int i = index; i < n; i += stride)

Size of block

y[i]l = x[i] + y[il;
}
int pain(void)
{

jnt N = 1 << 20;
loat *x = nullptr, *y = nullptr;

cudaMallocManaged (&x, N*sizeof(float));
cudaMallocManaged (&y, N*sizeof(float));

for (int i = 0; i < N; i++)
y[i] = 2.0 * x[i] = 1.0f;

add<<<1, 256>>>(N, x, y);
cudaDeviceSynchronize() ;
cudaFree(x) ;

cudaFree(y);

return O;

Partitioned,
strided, iteration

UNIVERSITY of
WASHINGTON




Blocks

Needs to be
modified

Multiple blocks 1

NORTHWEST INSTITUTE for ADVANCE

__global__
void add(int n, float *x, float *y) {
int index

for (int i

_—
int main() {

int N = 1 << 20;
float *x = nullptr, *y

index; i < n; i += stride)

x[i] + y[i];

nullptr;

cudaMallocManaged (&x, N*sizeof (float));
cudaMallocManaged (&y, N*sizeof (float));

for (int 1 = 0; i < N; i++)
y[il = 2.0 * x[i] = 1.0f;
int blockSize = 256;

int numBlocks
add<

umBlocks, blockSize>>>(N, x, y);
cudaDeviceSynchronize () ;

cudaFree(x); cudaFree(y);

return O;

}

threadIdx.x, stride = blockDim.x;

(N + blockSize - 1) / blockSize;




Blocks e
void add(int n, float *x, float *y){

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

Index ta king into int stride = blockDim.x * gridDim.x;

f (int i = index; i < n; 1 +=\gtride)
account blocks /y(m = x[i] + y[1];
}

/
Stride tak|ng into ‘/ int main() { Partition baSEd on

int N = 1 << 20; thread |d
account blOCkS float *x = nullptr, *y = nullptr;

cudaMallocManaged (&x, N*sizeof(float));
cudaMallocManaged (&y, N*sizeof(float));

for (int i = 0; i < N; i++)
y[il = 2.0 * x[i] = 1.0f;

Multiple blocks T~

int blockSize 256;
~~~~~a'snt numBlocks (N + blockSize - 1) / blockSize;
add<<<numBlocks, blockSize>>>(N, x, y);

cudaDeviceSynchronize() ;
cudaFree(x); cudaFree(y);

return O;

}

NORTHWEST INSTITUTE for ADVANCED COI
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Kernel Launch

Synchronous or
asynchronous?

L

Hidden memcpy |

Synchronous or

__global__

void add(int n, float *x, float *y){
int index = blockIdx.x * blockDim.x + threadIdx.x;
int stride = blockDim.x * gridDim.x;
for (int i index; i < n; i += stride)

y[i] = x[i] + y[I];

}

int main() {
int N = 1 << 20;
float *x = nullptr, *y

nullptr;

-~‘~cudaMallocManaged(&X, N*sizeof (float));
cudaMallocManaged (&y, N*sizeof(float));

for (int i = 0; i < N; i++)
y[i] 2.0 * x[i] 1.0f;

int blockSize 256;
int numBlocks (N + blockSize - 1) / blockSize;

asynchronous?

add<<<numBlocks, blockSize>>>(N, x, y);

cudaDeviceSynchronize() ;
cudaFree(x); cudaFree(y);

NORTHWEST INSTITUTE for ADVANCED COI
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Performance

V.1 V.2

Laptop (GeForce GT 750M) Server (Tesla K80)
Version Bandwidth Bandwidth
1 CUDA Thread 411ms 30.6 MB/s 463ms 27.2 MB/s
1 CUDA Block 3.2ms 3.9 GB/s 2.7ms 4.7 GB/s
Many CUDA Blocks 0.68ms 18.5 GB/s 0.094ms 134 GB/s
/
V.3 5000X I
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PRAM Sum

void pram_sum () {

global_read (A[i], a);

global_write(a, B[i]);

for (size_t h = 0; h < log2(N);

if (id < (N / (2 << h))) {

global_read(B[21 ], x);
global_read(B[2i+1], y);
double z = x + y;
global_write(z, B[i]);

++h) {

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine

nnnnnnnnnnnn




PRAM Sum

(et (503) (oca) () (1) () (o) o) [~ Simlify

read/write with
assignment
void pram_:ym/}) {
global_réad (A[i], a);
‘ . global_write(a, B[i]);
for (size_t h = 0; h < log2(N); ++h) {

Verbose! [~ if Gld< @/ @<<m) {
global_read(B[2i ], x);

global_read(B[2i+1], y);
double z = x + y;
global _write(z, B[i]);

NORTHWEST INSTITUTE for ADVANCED COMPUTING }
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PRAM Sum

() a0 (o0 (s (s) (as) fot) fory)
in parfor is one
OO ogin) st

parallel step

\ 4
void pram_sum (ON{
parfor (0 <= id
B[id] = A[id];
parfor (pardo), }
b for (size_t h = 0; h < log2(N); ++h) {
processor between parfor (0 <= id < (2<<h)) {
bounds execute Bi] = B[2i] + Bl2+i+1];
}
body }}
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PRAM -> CUDA

void pram_sum () {
parfor (0 <= id < N) {
B[id] = A[id];
}

b
+

— Don’t need

for (size_t h = 0; h < log2(N); ++h) {
parfor (0 <= id < (2<<h)) 4_ ,
B[id] = B[2xid] + B[2*id+1]; Don’t need

parfor (why?)

parfor (why?)

}

NORTHWEST INSTITUTE fo.

void pram_sum () {

+

size_t tid = threadIdx.x;
size_t i1d = blockIdx.x*blockDim.x + threadldx.x;
B[id] = A[id];

for (size_t h = 0; h < log2(N); ++h) {
B[id] = B[2*id] + B[2*id+1];
+
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PRAM -> CUDA

void pram_sum () {
size_t tid = threadldx.x; \
size_t id = blockIdx.x*blockDim.x + threadIdx.x;
B[id] = A[id];

Real interface

for (size_t h = 0; h < log2(N); ++h) {
B[id] = B[2*id] + B[2*id+1];
¥ \
¥ __global__ void reduceO(int *g_idata, int *g_odata) {

unsigned int tid = threadIdx.x;
unsigned int id = blockIdx.x*blockDim.x + threadIldx.x;

B[id] = A[id];

for (size_t h = 0; h < log2(N); ++h) {

B[id] = B[2*id] + B[2*id+1];
o e o o




PRAM -> CUDA

__global_

B[id] = A[id];

+
}

for (size_t h = 0; h < 19
B[id] = B[2*id] + B[2*i

_ void reduceO(int *g_idata, int *g_odata) {

unsigned int tid = threadIdx.x;
unsigned int id = blockIdx.x*blockDim.x + threadIdx.x;

Use shared
memory rather
than global

e

__global__ void reduceO(igz/ié_idata, int *g_odata) {
extern __shared__ int sdatal];

unsigned int tid = threadldx.x;
unsigned int id = blockIdx.x*blockDim.x + threadldx.x;

sdatal[tid] = g_idatalid];

| norresr v S

for (size_t h = 0; h < log2(blockDim.x); ++h) {
| sdata[tid] = sdata[2*tid] + sdata[2*tid+1];

+
+

\ =
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PRAM -> CUDA

__global__ void reduceO(int *g_idata, int *g_odata) {
extern __shared__ int sdatal];

Copy answer

unsigned int tid = threadldx.x;

unsigned int id = blockIdx.x*blockDim.x + threadldx.x; baC out
/
sdata[tid] = g_idatalid];
__global__ void reduceO(int *g_idafa, int *g_odata) {
for (size_t h = 0; h < log2(blockK extern __shared__ int sdatal];
sdatal[tid] = sdata[2*tid] + sda
} unsigned int tid = threadIdy.x;
} unsigned int id = blockId¥. x*blockDim.x + threadIdx.x;

sdatal[tid] = g_idatalid]

_syncthreads() ;
hough =
It oug t / for (size_t h = 0; < log2(blockDim.x); ++h) {

threads were sdata[tid] = sdatal[2*tid] + sdatal[2*tid+1];

synchronized? ’ ~~—

if (tid == 0)
|
NORTHWEST INSTITUTE for ADVANCED CO g_odata[blockIdx.x] = sdatal0]; Danger!




Reduction #1

Each thread loads one

extern __shared__ int sdatal];

for (size_t s=1; s < blockDim.x; s *= 2) {
if (tid % (2%s) == 0) {

__global__ void reduceO(int *g_idata, int *g_odata) {

—

element from global
to shared mem

- / |
unsigned int tid = threadIdx.x;

shared memory

SynC unsigned int i = blockIdx.x*blockDim.x + threadIdx.: RedUCthn 1S done In
sdatal[tid] = g_idatalil;
~__syncthreads () ;

sdatal[tid] += sdatal[tid + s];

sync ) ~—|

~ syncthreads() ;

}

A different
reduction tree

if (tid == 0)
g_odatal[blockIdx.x] = sdatal0O];

NORTHWEST INSTITUTE for ADVANCED COMPUTING
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Reduction #1

Several things

o 124
__global__ void reduceO(int *g_idata, int *g_odata) { wrong

extern __shared__ int sdatal]; /

unsigned int tid = threadIdx.x;

unsigned int i = blockIdx.x*blockDim.x + threadldx.x;
sdatal[tid] = g_idatalil;

syncthreads () ;

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

if (tid % (2*s) == 0) { Divergence,
X sdata[tid] += sdatal[tid + s]; operator %
__syncthreads () ; I

}
Memory bank

if (tid == 0) .
g_odata[blockIdx.x] = sdatal0]; conflicts

NORTHWEST INSTITUTE for ADVANCED COMPUTING el W
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Reduction

__global_

NORTHWEST INSTITU S=520%

extern __shared__ int sdatal];

size_t tid = threadldx.x;

size_t 1 = blockIdx.x*blockDim.x + threadIdx.x;
sdatal[tid] = g_idatalil;

__syncthreads() ;

void reduceO(int *g_idata, int *g_odata) {

for (size_t s=1; s < blockDim.x; s *= 2) {
size_t index = 2 * s * tid; —
if (index < blockDim.x) {
sdatal[index] += sdatal[index + s];

Non-divergent

}
__syncthreads() ; \

Strided index

if (tid == 0)
g_odatal[blockIdx.x] = sdatalO];

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine
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memory bank
conflicts
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Reduction

NORTHWEST INSTITU

__global__
extern __shared__ int sdatal];

size_t tid = threadIdx.x;
size_t 1 = blockIdx.x*blockDim.x + threa
sdatal[tid] = g_idatalil;

for (size_t s=blockDim.x/2; s>0; s>>=1) {
if (tid < s) {

+

+

syncthreads () ;

if (tid == 0)
g_odata[blockIdx.x] = sdatal0O];

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine

_syncthreads () ; //////,/

sdata[tid] += sdataltid + s]; —_— |

void reduceO(int *g_idata, int *g_odata) {

Idle threads

X.X;

Iterate
decreasing

tid based
indexing
(contiguous)

Enengy

UNIVERSITY of
WASHINGTON




Final Reduction

__global__ void reduceO(int *g_idata, int *g_odata) {
extern __shared__ int sdatal];

size_t tid = threadldx.x;
size_t i = blockIdx.x*(blockDim.x*2) + threadIdx.x;
sdata[tid] = g_idatalil + g_idatal[i+blockDim.x];

_syncthreads() ;

, _ Do first iteration
for (size_t s=blockDim.x/2; s>0; s>>=1) {

if (tid < s) { on load
sdatal[tid] += sdataltid + s];

+

__syncthreads () ;

+

if (tid == 0)
g_odatal[blockIdx.x] = sdatal0O];
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Results

Step Cumulative
Time (222ints) Bandwidth Speedup Speedup

Kernel 1:
interleaved addressing 8.054 ms 2.083 GB/s

with divergent branching

Kernel 2:
e e essing 3456 ms 4.854 GB/s  2.33x 2.33x

with bank conflicts

Kernel 3: 1.722ms 9.741GB/s  2.01x 4.68x

sequential addressing

Kernel 4: 0.965ms 17.377GB/s  1.78x 8.34x

first add during global load
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Vecto rs #include <thrust/device_wvector.h>

#include <thrust/host_wvector.h>
#include <iostream>

int main(void) {
thrust: :host_vector<int> H(4);

H[O] = 14; H[1] = 20; H[2] = 38; H[3] = 46;
std::cout << "H has size " << H.size() << std::endl;

for (size_t i = 0; i < H.size(); i++)
std::cout << "H[" << i << "] = " << H[i] << std::endl;

H.resize(2);

std::cout << "H now has size " << H.size() << std::endl;
thrust: :device_vector<int> D = H;

D[0] = 99; DI[1] = 88;

for (size_t i = 0; i < D.size(); i++)
std::cout << "D[" << i << "] = " << D[i] << std::endl;

return O;

W
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VeCtors #include <thrust/device_vector.h>

#include <thrust/host_wvector.h>

#include <tostream>
Headers thrust: :host_vector<int> H(4);
H[0] = 14; H[1] = 20; H[2] - ; HI3] = 46;
std: :cout "H has size " H.size() std::endl;
for (size_t i = 0; i < H.size(); i++)
std::cout "H[" i "] = H[i] std: :endl;

H.resize(2);

std: :cout "H now has size " H.size() std: :endl;
thrust: :device_vector<int> D = H;

D[0] : ; DI[1] - ;

for (size_t i = 0; i < D.size(); i++)
std::cout "p[" i "] = D[i] std: :endl;

NORTHWEST INSTITUTE far ADVANCED COMPUTING
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Vectors

int main(void) {

int main(void) {
thrust: :host_vector<int> H(4);

Vector on
host H[O] = 14; H[1] = 20; H[2] = 38; H[3] = 46;

std: :cout << "H has size " << H.size() << std::endl;

for (size_t i = 0; i < H.size(); i++)
std::cout << "H[" << i << "] = " << H[i] << std::endl;

thrust: :device_vector<int> D H;

D[0] ; DI[1] g

for (size_t i ; 1 < D.size(); i++)
std: :cout "D[" i "] = D[i] std::endl;

NORTHWEST INSTITUTE far ADVANCED COMPUTING
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Vectors

Declare
host_vector H with |& maintoia) <

thrust: :host_vector<int> H(4);

Initialize H[0] = 14; H[1] = 20; H[2] = 38; H[3] = 46;
elements std: :cout << "H has size " << H.size() << std::endl;

for (size_t i = 0; i < H.size(); i++)

Print std::cout << "H[" << i << "] = " << H[i] << std::endl;
Contents Of H thrust: :device_vector<int> D = H;
D[0] ; DI[1] ;
for (size_t i ; i < D.size(); i++)
std: :cout "D[" i "] o= D[i] std: :endl;

NORTHWEST INSTITUTE far ADVANCED COMPUTING
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Vectors

main( ) o
Lhrst: :host_vector H(4);
Copy host_vector H | - o, wro - o0 wrn - e ure
to device vector D | cou H.size() << std::endl;
[ i=0; i< H.size(); i++)
E|ement5 Of D std: : oWt i H[i] std::endl;
can be mOdIerd ”;;r;;; :\:device_vector<int> D = H;

Print
contents of D

D[0] = 99; DI[1] = 88;

~~ for (size_t i = 0; i < D.size(); i++)
std::cout << "D[" << i << "] = " << D[i] <K<

RAI| "”'return 0;
! )
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Vectors

Create vector

on device \

Initialize all

elements to 10

Set first seven /

elements to 9

Initialize H with first
5 elements of D

. Copy of all H back
to beginning of D

#include <thrust/host_vector.h>
#include <thrust/device_vector.h>
#include <thrust/fill.h>
#include <thrust/sequence.h> lterator
w main() { (device)
thrust: :device_vector#nt> D(10, 1); Iterator
e thrust: :£i11(D.begin(), D.begin() + 7, 9); (host)
thrust: :host_vector<int> H(D.begin D.begin() + 5);
thr#€t : :sequence (H.begin(), H.end());
Genericity!
thrust: :copy(H.begin(), H.end(), D.begin());
for £ize t i = 0; i < D.size(); i++)
td::cout << "D[" << i << "] = " << D[i] << std::endl;
return O;
+




SL compatibility

S
Genericity! ~_

#include <thrust/device_vector.h>
#include <thrust/copy.h>

#include <list>

#include <vector>

int main(void)

{
std::1list<int> stl_list;

stl_list.push_back(10);
stl_list.push_back(20);
stl_list.push_back(30);
stl_list.push_back(40);

thrust: :device_vector<int> D(stl_list.begin(), stl_list.end());

std: :vector<int> stl_vector(D.size());

Genericity!

NORTHWEST INSTITUTE for ADVANCED COMPUTING 101 \gyf/' / ﬂ‘ﬁur
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thrust: :copy(D.begin(), D.end(), stl_vector.begin());

return O;
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Transformations

#include <thrust/device_vector.h>
#include <thrust/transform.h>
#include <thrust/sequence.h>
#include <thrust/copy.h>

#include <thrust/fill.h>

#include <thrust/replace.h>
#include <thrust/functional.h>

int main(void)
{
thrust: :device_vector<int> X(10);
thrust: :device_vector<int> Y(10);
thrust: :device_vector<int> Z(10);
thrust: :sequence(X.begin(), X.end());
thrust: :transform(X.begin(), X.end(), Y.begin(), thrust::negate<int>());
thrust: :fill(Z.begin(), Z.end(), 2);
thrust: :transform(X.begin(), X.end(), Z.begin(), Y.begin(), thrust::modulus<int>());
thrust: :replace(Y.begin(), Y.end(), 1, 10);

thrust: :copy(Y.begin(), Y.end(), std::ostream_iterator<int>(std::cout, "\n"));

return O;
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Transformations

{

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

return

int main(void)

:device_vector<int> X(10);

:device_vector<int> Y(10);

:device_vector<int> Z(10);

:sequence (X.begin(), X.end());

:transform(X.begin(), X.end(), Y.begin(), thrust::negate<int>());
:£i11(Z.begin(), Z.end(), 2);

:transform(X.begin(), X.end(), Z.begin(), Y.begin(), thrust::modulus<int>());
:replace(Y.begin(), Y.end(), 1, 10);

:copy(Y.begin(), Y.end(), std::ostream_iterator<int>(std::cout, "\n"));

0;




saxpy

struct saxpy_functor : public thrust::binary_function<float, float, float> {
saxpy_functor(float _a) : a(_a) {}

__host__ __device__ float operator() (const float& x, const float& y) const { return a * x + y; }

,,const st & Temp <- A Temp <- A*X Temp <- A*X + Y

void saxpy_fast(float A,|thrust::device_veftor<float>& X, thryét::device_vector<float>& Y) {
thrust: :transform(X.begin(), X.end(), ¥.begin(), Y.begin(), saxpy_functor(A));

}

void saxpy_slow(float A, thrust::devige_vector<float>¥ X, thrust::device_vector<float>& Y) {
thrust: :device_vectorq{float> temp(X.size());
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Norm

template <typename T>

struct square

{

__host device__

T operator() (const T& x) const { return x * x; }

operator()

};

int main(void)

{

float x[4] = {1.0, 2.0, 3.0, 4.0};

thrust: :device_vector<float> d_x(x, x + 4); unary Op

square<float> unary_op; "———————————

thrust: :plus<float> binary_op;

Float init = 0; binary op

norm!

float norm = std::sqrt( thrust::transform_reduce(d_x.begin(),
< d_x.end(), unary_op, init, binary_op) );

std: :cout << norm << std::endl;

return O;

UNIVERSITY of
WASHINGTON




Fancy iterators

#include <thrust/iterator/transform_iterator.h>

thrust: :device_vector<int> vec(3);

vec[0] = 10; vec[l1l] = 20; vec[2] = 30;

transform_iterator

// create iterator (type omitted) ——————————_____

first

last thrust: :make_transform_iterator(vec.end(),

thrust: :make_transform_iterator(vec.begin(), negate<int>());

negate<int>());

first[0] // returns -10
first[1] // returns -20
first[2] // returns -30

constant_iterator

N

thrust: :reduce(first, last);
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Execution policies

* Thrust allows GPU, CPU, OpenMP execution policies
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Performance

Euclidean Norm Computation

— dot.txt
-~ norm.txt
—— sequential.txt
— thrust.txt
, | — thrust_lambda.txt
o 10- 4
£
|_
c
o
=
>
[v]
S<') 101 .
L

T T T T T T

22 23 24 25 26 27
Problem Size
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Other GPU programming systems

« OpenACC
 OpenCL
« SyCL

« CuSP

« CuBLAS
- Halide

» Etc.
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Thank you!
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