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The Hype Cycle
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Mass media
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Performance
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Nvidia Quadro RTX 6000

* 24GB GDDR6 GPU memory
e 384-bit memory interface
* Up to 672GB/s memory bandwidth

* 4,608 CUDA cores+576 Tensor cores+72 RT(Ray Tracing) cores
* 16.3 TFLOPS single-precision performance
e 130.5 TFLOPS tensor performance



Graphics Pipeline

Geometry,
triangles, vertices

|

Vertex shader

Clipping,

»  rasterization,
interpolation

Vertex shader
program

GLSL, HLSL, etc

A

Programmable

»>

Textures

|

Fragment shader

> Rasterization —

Fragment shader
program

GLSL, HLSL, etc

A\

Frame buffer

Programmable

OpenGL Shading
Language (GLSL),
High-level Shader

Language (HLSL)




Cache and Multicore

Separate L1 and L2
for each core

Cores work on
separate register
sets and instrs

/
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Performance (Instruction-

eve| Parallelism)

Pipelined
instructions
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SIMD
instruction set
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Performance (Memory Hierarchy)

Highest
performance
with data here

/

Clock

—»| |e
cycle

ro

r1

r2

r3

r4

N <s|m|3|o|Nnie

r5

Fetch

Higher
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/
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Graphics pipeline, reprise

Geometry,
triangles, vertices

\

Vertex shader

Vertex shader
program

Textures

A

>

Data
T
Data
Clipping,
»  rasterization,
interpolation
\

Fragment shader

This pipeline is
executed somewhere

Rasterization

Instructions

Fragment shader
program

Frame buffer

Instructions
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Pipeline can be executed on CPU

Clock

—»| |
cycle
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@tructions 12
13

>
D2

Load/Store

Why?




A More Refined (Programmer-Oriented) Taxonomy
* Three major modes: SIMD, Shared Memory, Distributed Memory

e Different programming approaches are generally associated with different

modes of parallelism (threads for shared, MPI for distributed)

* A modern supercomputer will have all t

PATTERNS
FOR PARALLEL

We are here now

Parallel Computers

\ |

nree major modes present

We will cover this
next week

http://www.cise.ufl.edu/resea
rch/Para)lelPatterns/PatternlLa

§\|MD MIMD gfgzgeeiiisground/ParallelH
\ I I
Sha}(ed Memory Distributed Memory
\
I \ I I I
SMP NUMA DSM Scalable Linear Fixed
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For what are CPUs optimized?

* CPUs are optimized for
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To carry out those o|||o|t|||m||z|ﬂt|||c|)|r|15 Large cache

Computation | Fetch L1 P
\\

Decode (I
] Read L2 —
— | Execute L1 —
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— ALU Cache Coherence = 8f f
— : eatures
— Branch Prediction | —
— State Prefetch

(context)

Inst Ordering




Optimize instead for graphics pipeline
RIRRNRRNARNARTN
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Read

Execute
Write
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State
(context)
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Eight is better than two, innit?
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But there is just one problem
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* And the problem is




But there is just one problem
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Optimizing for graphics plpelmeg Just one
[T T BT | instruction stream

Fetch | Decode Read Execute | Write

ALU ALU ALU ALU s
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pipelines . - - -

s
.
-

s
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Optimizing for graphics plpelme
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16 cores

128 ALUs

Why stop now
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SIMD branches

Instruction
Storage

\
Instruction

Operand
Storage

' But each have

their own data

¥

EU EU

r 1

!

EU

I

EU

Unit

Single instruction
at a time

All execution

- units execute in

(c)lock step




SIMD branches

if (x < 0) {
X = —-X;

+

Each have their
own true/false

Instruction
Storage

A4

Instruction
Unit

|

Each do their

own evaluation

Each have

X Operand x
£ Storage f

\< their own x

I

EU EU

r 1

!

EU

;

Simultaneously

I

EU

~

!

Fetch / decode

Execute
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SIMD branches

What next?

What is the next

instruction?

Each have their
own true/false

Each do their

own evaluation

if (x < 0) { _—
X = =X,
+
\
Instruction
Storage
Where is it
evaluated?
\ 4
Instruction
Unit

/

X Operand X/ X/
£ Storage f t

X
T
EU

!

I

EU

! !

I

EU EU

~

Fetch / decode

I -

Execute
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SIMD branches

if (x < 0) {
X = =X,

+

Instruction
Storage

A4

Instruction

Instructions
go to all EUs

\

Each have their
own true/false

Each do their

own evaluation

/

\ X Operand X/ X/

£ Storage f t

¢— ct N

EU

Unit

Fetch / decode

lgnored by
some

Execute
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SIMD branches

Instructions

Each have their

Each do their
owhn evaluation

if (x < 0) { go to all EUs own true/false
X = —X;
} else {
x = 0;
¥ Instruction X X Operand X/ X/
Storage t £ Storage f t
Also must \ ¢ ¢
execute the else EU EU
v
Instruction T T
Unit
X

Fetch / decode

lgnored by
other set

Execute
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SIMD branches

if (x < 0) Ao
X = —-X;
} else {
x;= 0;

L Instruction

Storage

What if all
values of x < 0?

v

Instruction

Instructions
go to all EUs
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Each have their
own true/false

Each do their
owh evaluation
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X Operand X/
f Storage f
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t
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Still execute
both branches

Fetch / decode

' Executed both
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“Divergence”

Bad
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SIMD branches

if (x < 0) {

= _X;/

} else {

X

X

+

= 0;

What if we must

Instruction
Storage

A4

Instruction
Unit

get x from
memory?
Operand
Storage
EU EU EU EU

r t !
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How did CPUs deal Y|v|i|t|f|1| |I|z;1||tﬁ|n||c|y?

Large cache

Fetch L1
Decode (I)

Read L2
Execute L1

Write (D)

ALU Cache Coherence

Branch Prediction

(cg;[ﬁclteext) Prefetch

Inst Ordering




Fragments,vs Core
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Time

Schec

uling

Batch 1

Run to completion

Batch 2

Run to completion

Batch 3

Run to completion
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Stalls

What is total
runtime?

AN

Time

L[] Bateht

Run

g

Stall

—

Run
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Time

Another scheduling approach to batch scheduling?

Batch 1

—
==

A\

—x

What is total runtime compared

Batch 2 Batch 3
.. ..

\/
e \/
==

Runnable
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Scheduler and

Fermi Dispatch Core executes one

< instr/clock/thread

Streaming

Multiprocessor
(SM) (16)

32 cores per SM

Host Interface

L2 Cache

Register file and
L1 cache

T
©
o

£~

-
©

D

O

Global scheduler
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Fermi Streaming

Multiprocessor
(SM) and Core

CUDA Core

Dispatch Port
Operand Collector

A £

Result Queue

Special
Function
Unit
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Dual Warp Scheduler 16 X 32 x 48 = 24576

Warp Scheduler Warp Scheduler

One instruction
from each warp

Up to 48* wa rps Warp 8 instruction 11 Warp 9 instruction 11

per SM Warp 2 instruction 42 Warp 3 instruction 33

Warp 14 instruction 95 Warp 15 instruction 95

)
E
Warp 8 instruction 12 Warp 9 instruction 12
Warp 14 instruction 96 Warp 3 instruction 34
¥ Warp 2 instruction 43 Warp 15 instruction 96
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For what are GPUs optimized?
« GPUs are optimized for

42



Graphics Pipelines
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Fragment s

nader

uniform sampler2D Radiance;

void main(){
vec2 x = gl_TexCoord[0].st * RadianceSize;
vec2 x0
vec2 xm
vec2 yO

floor(x/MicroimageSize) * MicroimageSize;
x0 + 0.5 * MicroimageSize;
xm + (xm - x)*b_a;

vecd 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) < gamma*0.5*MicroimageSize.x)

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

}
}
+

gl_FragColor = pixel / total_weight;
}
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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 = teXQD(textureY,coordsi;
float xval=x[i]; float x = tex2D(textureX,coords);
y_new[i]=yval+alpha*xval; result = y + alpha * x;
return result;
+

for (int i=0; i<N; i++)
dataY[i] = dataY[i] + alpha * dataX[i];
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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 **argv) {
// declare texture size, the actual data will be a vector
// of size texSizextexSizex/
int texSize = 2;
// create test data
float* data = (float*)malloc(4*texSize*texSizexsizeof (float)) j
float* result = (float*)malloc(4*texSize*texSizex*sizeof (float)
for (int i=0; i<texSize*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();




Lots and lots

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

glLoadIdentity();

glu0rtho2D(0.0,texSize,0.0,texSize) ;

glMatrixMode (GL_MODELVIEW) ;

glLoadIdentity();

glViewport (0,0,texSize,texSize) ;

// create FBO and bind it (that ts, use offscreen render targ¢

GLuint £fb;

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

GLuint tex;

glGenTextures (1, &tex);

glBindTexture (GL_TEXTURE_RECTANGLE_ARB,tex) ;

t)
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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,0);
// attach texture
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,texSizg
GL_RGBA,GL_FLOAT,data) ;
// and read back
glReadBuffer (GL_COLOR_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<texSizex*texSize*4; i++)
printf ("/f\n",datalil);
printf("Data after roundtrip:\n");
for (int i=0; i<texSize*texSizex*x4; i++)
printf ("/f\n",result[i]);
// clean up
free(data);
free(result);
glDeleteFramebuffersEXT (1,&fb);
glDeleteTextures (1,&tex);
return O;
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Pa i n VS G a i n Theoretical GFLOP/s
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Floating-Point Operations per Second - Nvidia CUDA C Programming Guide
Version 6.5 - 24/9/2014 - copyright Nvidia Corporation 2014



Grids and blocks

* Thread - Distributed by the CUDA
runtime (threadldx)

* 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 kernel
function called

Grid

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

Block (0, 1y  Block (1,1) -Block (2, 1)

Logical
organization

Block (1, 1)
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Threads and blocks

gridDim.x

At least 64

= 4096

512 or 1024
threads/block max

r—A—‘ﬁ

threadlIdx.Xx

threadIdx.x threadldx. X

threadIdx.Xx

ONEREEIONARREIDN B
Y Y Y

blockIdx.x = © blockIdx.x = 1

index

index

(2) *

blockIdx.x = 2

(256)

blockIdx.x * blockDim.x + threadIdx.x

+ (3)

o t]2[3]]255
\ J

blockIdx.x = 4095
Multiple of
=315 warp size
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GPU programming

* Host: CPU and its memory
* Host memory

e Device: GPU and its memory
* Device memory

© NVIDIA Corporation 2011

Heterogeneous Computing

Threads

Shared memory

__syncthreads()

Asynchronous operation

Handling errors

Managing devices

(9]
w



General-purpose computing on graphics

processing units (GPGPU) using CUDA

* GPGPU handles applications traditionally handled by CPUs
* Uses one or multiple GPUs in one computer

Compute Unified Device Architecture (CUDA)

* Created by Nvidia in 2007

* A parallel computing platform and API

* Allows certain types of GPUs for GPGPU

e Supports C/C++/Fortran

* Nvcc compiler

* Documentation: https://docs.nvidia.com/cuda/



https://docs.nvidia.com/cuda/

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) {
int Temp[BLOCK_SIZE + 2 * RADIUS};
int gndex threadldx.x + blockldx.x * blockDim.x;
intlindex = threadldx.x + RADIUS;

1l Read input elements into shared memory
templ[lindex] = in[gindex];
if (threadldx.x < RADIUS) {
templ[lindex - RADIUS] = in[gindex - RADIUS];
templlindex + BLOCK_SIZE] = in[gindex + BLOCK_SIZE];
}

device code — | o - parallel function

__syncthreads();

Il Apply the stencil

int result = 0;

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

11 Store the result
outfgindex] = result;
}

~ [ - serial function

int main(void) {
int *in, *out; I'host copies of a, b, ¢
int *d_in, *d_out; /I device copies of a, b, ¢
int size = (N + 2'RADIUS) * sizeof{(int);

11 Alloc space for host copies and setup values
in = (int *)malloc(size); fill_ints(in, N+ 2"RADIUS);

out = (int *)malloc(size); fil_ints(out, N + 2"RADIUS); L S e r-i a l C O d e

1l Alloc space for device copies
cudaMalloc((void **)&d_in, size);
cudaMalloc((void **)&d_out, size);

host code - e

_in, in, size, ToDevice);
|_out, out, size, {ostToDevice);

—
/I 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 O e

1l Copy result back to host
d_out, size, /DeviceToHost);

o serial code

cudaFree(d in); cudaFree(d_out);
return 0;
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Simple processing flow

Host code

1. Copy input data from CPU memory to GPU

memory

© NVIDIA Corporation 2011

CPU Memory

PCl Bus

= [ i
L2
DRAM
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Simple processing flow

PCI Bus

Device code

. Copy input data from CPU memory to GPU
memory
2. Load GPU code and execute it,
caching data on chip for performance

© NVIDIA Corporation 2011
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Simple processing flow

PCI Bus

1. Copy input data from CPU memory to GPU
memory
Load GPU program and execute,
caching data on chip for performance

3. Copy results from GPU memory to CPU
memory

© NVIDIA Corporation 2011
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CUDA programming methodology

e Hardware Abstraction

* Hierarchy of thread groups, hierarchy of shared memories, and barrier
synchronization

* Two level parallelism
e Coarse-grained data parallelism and task parallelism (high level)
* Fine-grained data parallelism and thread parallelism (low level)

* Divide a program into coarse sub-problems solved independently
* Sub-problem solved in parallel by cooperating threads



Mapping software to hardware

Warp Warp Block Block
\ / N\ \

* Run in parallel or serial

e Run on the same or
different SM

e Run in order or out of order

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

* Do not assume anything

a b O ut 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)

State State State State State State State State
(context) | |[(context)| |(context)| |[(context) (context) | |(context)| |(context)| [(context)

Shared state (context) Shared state (context)




CUDA C/C++ language extensions

* Function execution space specifier

 whether a function executes on the host or on the device and whether it is callable
from the host or from the device

e global , host , device

* Memory space specifiers
* the memory location on the device of a variable
e device , constant , shared , managed , restrict

 Built-in vector types
» extend the standard C data types of length up to 4
* intl, int2, int3, int4, uint2, short3, dim3, float4, etc.

e Built-in variables
e Built-in functions



CUDA

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

for (int i = 0; i < n; i++)
y[i] = x[i] + y[il;
}

int main(void)

{

int N = 1<<20; // 1M elements ———_____————————

float *x = new float[N]; float *y = new float[N];

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

add(N, x, y);

Pointers! Bad!

/7

No RAIlI! Bad!

delete [] X; delete [] V; /

return O;

Resource acquisition
is initialization (RAIl) | =




CUDA 8 o Function execution space

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

{ specifier

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

}
- - int main(void) .
Will this { Pointers! Bad!
int N = 1 << 20;
WOFk? float *x = nullptr, *y = nullptr; /
cudaMallocManaged (&x, N*sizeof (float)); l I
cudaMallocManaged (&y, N*sizeof(float)); Ma I lOC ] Bad ]
Execute on
. or (int i = 0; i < N; i++)
device SIA0 = 2.0 ¢ =0 = 168 . .
Compile with nvcc
) add<<<1, 1>>>(N, x, y);
Execution

cudaDeviceSynchronize () ;

configuration

cudaFree(x); cudaFree(y); No RAII | Bad |

return O;




Before

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

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

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

return O;
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After | i aac
void add(int n, float *x, float *y)_
{ Do we want 256
f (int i = 0; i < n; i++) . .
VLD - 0] + yOil; threads doing this?

Every thread |’

sees same int main(void)

. : { Recall partitioned
Instructions int N = 1 << 20;

two norm

float *x = nullptr, *y = nullptr;

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

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

Need begin, end
(and stride)

H Blocks for (imt i = 0; i < N; i++)

l\y[i] = 2.0 x x[i] = 1.0f;

# Th Fed dS cudaDeviceSynchronize () ;

cudaFree(x); cudaFree(y);

return O;

}
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Partitiones

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

Threads are
identical except
for one thing

]

int index = threadldx.x; =
int stride = blockDim.X;

Index of current
thread in block

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

How many
threads will
execute kernel?

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

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

for (int 1 = 0; i < N; i++)

How many blocks
will execute
kernel?

y[i] = 2.0 *x x[i] = 1.0f;
add<<<1, 256>>>(N, x, y);

cudaDeviceSynchronize() ;

cudaFree(x); cudaFree(y);

return O;

Size of block

Partitioned,
strided, iteration
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ocks

Needs to be
modified

Multiple blocks

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

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

/k@i] = x[i] + y[il;

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

int blockSize = 256;

add<<®mumBlocks, blockSize>>>(N, x, y);
cudaDeviceSynchronize() ;

cudaFree(x); cudaFree(y);

return 0O;

}

int index = threadldx.x, stride = blockDim.x;

int numBlocks = (N + blockSize - 1) / blockSize;
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Blocks

Index considering
blocks

\

Stride considering
blocks

Multiple blocks

__global__

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

= index; i1 < n; 1 +$\§:§;je)

i (int i
/;[i] = x[i] + y[I];
}
Partition based on

int main() {
thread id

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

nullptr;

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

i++)
1.0f;

0; i < N;
2.0 * x[i]

for (int i
y [i]

int blockSize = 256;
\~nt numBlocks (N + blockSize - 1) / blockSize;
add<<<numBlocks, blockSize>>>(N, x, y);

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

return O;

}
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Kernel Launch

Synchronous or
asynchronous?

Hidden memcpy

Synchronous or
asynchronous?

__global__
void add(int n, float *x, float *y){
int index = blockIdx.x * blockDim.x + threadldx.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]l = 2.0 * x[i] = 1.0f;

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

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

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

return O;
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Performance

Version

V.1

V.2

Laptop (GeForce GT 750M)

Bandwidth

Server (Tesla K80)

Bandwidth

1 CUDA Thread
1 CUDA Block

Many CUDA Blocks

411ms

3.2ms

0.68ms

V.3

30.6 MB/s
3.9 GB/s

18.5 GB/s

-

463ms

2.7ms

0.094ms

27.2 MB/s
4.7 GB/s

134 GB/s

5000X
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PRAM Sum

void pram_sum () {

global_read (A[il, a);

global_write(a, B[il);

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

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

global_read(B[2i ], x);
global_read(B[2i+1], y);
double z = x + y;
global_write(z, B[i]);
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() (s0u) (eea) (o) () (o) () (o) [ Simllfy
| read/write with
void pram_z;ﬁ/k) {
global_r&ad (A[il, a);
Verbose! [~} if Gd< @/ @ <) {
global_read(B[2i 1, x);
+
b

PRAM Sum
assignment
‘ ‘ global_write(a, B[i]);
for (size_t h = 0; h < log2(N); ++h) {

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

global_write(z, B[i]);

+
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PRAM Sum

parallel step

() () (03] (s (s) (o) fst) fovy)
in parfor is one
0]0/0/e gt seps

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

void pram_sum () { ,//’//’,,//””//’
parfor (0 <= id < N) {

B[id] = A[id];
}

Don’t need
parfor (why?)

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

Don’t need
parfor (why?)

+

void pram_sum ()

Blid] = A[id];

¥
}

{

size_t tid = threadIdx.x;
size_t 1d = blockIdx.x*blockDim.x + threadldx.x;

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 = blocklIdx.x*blockDim.x + threadldx.x;

B[id] = A[id];

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

B[id] = B[2*id] + B[2*id+1];
}

Real interface

++h) {

+

+

\

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

unsigned int tid = threadIldx.x;

unsigned int id = 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

__global_

}

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

B[id] =

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

Alid];

Use shared
memory rather
than global

e

for (size.t h = 0; h < 1o --global__ void reduceO(igt/i;_idata, int *g_odata) {

B[id]
+

= B[2*id] + B[2*i

extern __shared__ int sdatal];

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

sdatal[tid] = g_idatalid];

Danger!

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

+
+
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PRAM -> CUDA

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

Copy answer
back out

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

sdatal[tid] = g_idatalid];

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

for (size_t h = 0; h < log2(blockl extern __shared__ int sdatal];
sdatal[tid] = sdatal[2*tid] + sda
} unsigned int tid = threadldx.x;
} unsigned int id = blockId¥x.x*blockDim.x + threadldx.x;
sdatal[tid] = g_idatalid]
/////4;syncthreads();
| thought / for (size_t h = 0; < log2(blockDim.x); ++h) {
threads were sdatal[tid] = sdatal[2+tid] + sdata[2*tid+1];
. +
synchronized? P T

g_odatal[blockIdx.x] = sdatalO]; Danger!
} 77




: Each thread loads one
Reduction #1
element from global

to shared mem

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

unsigned int tid = threadldx.x; . . .
SynC unsigned int i = blockIdx.x*blockDim.x + threadIdx.: REdUCtlon 1S dOne In
sdata[tid] = g_idatal[il; shared memory
~__syncthreads();

for (size_t s=1; s < blockDim.x; s *= 2) {
if (tid % (2%s) == 0) {
sdata[tid] += sdatal[tid + s];

sync } Iy A different

~ __syncthreads();

} reduction tree

if (tid == 0)
g_odata[blockIdx.x] = sdatalO];
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Reduction #1 Several things

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

extern __shared__ int sdatal]; ////////

unsigned int tid = threadldx.x;

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

__syncthreads() ;
for (size_t s=1; s < blockDim.x; s *= 2) { .
if (tid % (2%s) == 0) { - Divergence,
dataltid] += sdataltid + ;
}saa[l] sdatalti s] operator%
__syncthreads () ; I
+
Memory bank
if (tid == 0) .
g_odata[blockIdx.x] = sdatalO]; COﬂﬂICtS
d )
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Reduction

__global__

extern __shared__ int sdatall];

size_t tid = threadIdx.x;

size_t 1 = blocklIdx.x*blockDim.x + threadldx.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; I
if (index < blockDim.x) {

Non-divergent

sdatal[index] += sdatal[index + s];

+
__syncthreads() ; \\\\\\\\\\\

Strided index

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

Causes
memory bank
conflicts®




Reduction

__global__

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

extern __shared__ int sdatal];

| , Idle threads
size_t tid = threadIldx.x;
size_t 1 = blockIdx.x*blockDim.x + threadfdx.x;
sdata[tid] = g_idatalil;
o Iterate
__syncthreads () ; ////////
decreasing
for (size_t s=blockDim.x/2; s>0; s>>=1) {
if (tid < s) { _
sdata[tid] += sdataltid + s]; — tid based
¥ indexing
__syncthreads();

¥

(contiguous)

if (tid == 0)
g_odata[blockIdx.x] = sdatalO];
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Final Reduction

syncthreads () ;

if (tid < 8) {

+
__syncthreads() ;

}

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

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

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

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

size_t tid = threadldx.x;
size_t 1 = blockIdx.x*(blockDim.x*2) + threadIldx.x;
sdataltid] = g_idatali] + g_idatali+blockDim.x];

Do first iteration
on load

= sdatal[0];

oL




Results

Time (222 ints)

Kernel 1:

interleaved addressing
with divergent branching

Kernel 2:

interleaved addressing
with bank conflicts

Kernel 3:

sequential addressing

Kernel 4:
first add during global load

8.054 ms

3.456 ms

1.722 ms

0.965 ms

Step
Bandwidth  gpeedup
2.083 GB/s
4.854 GB/s 2.33x
9.741 GB/s 2.01x
17.377 GB/s 1.78x

Cumulative
Speedup

2.33X

4.68Xx

8.34x



Thrust Library in CUDA

* Thrust is a C++ template library for CUDA based on STL

* Vector containers

* Generic (can store any data type)

e Can be resized dynamically

 thrust::host vector<T>: store in host memory
 thrust::device_vector<T>: store in GPU device memory

* Algorithms
* thrust::fill, thrust::copy, thrust::transform, thrust::replace, thrust::sort, etc.

* |terators
* Github repository: https://thrust.github.io/
 Thrust APl doc: https://docs.nvidia.com/cuda/thrust/index.html

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Vectors

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

#include <trostream>

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

H[O0] = 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;
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Vectors

Headers

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

#include <iostream>

thrust: :host_vector<int> H(4);
H[O] = 14; H[1] = 20; H[2] = 38; HI[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;
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Vectors

int main(void) {

int main(void) {

Vector on
host

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

H[0] = 14; H[1] = 20; HI[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] ;
for (size_t i ; 1 < D.size(); i++)

std: :cout "D[" i "] = D[i] std
return O;

endl;
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Declare
host_vector H with

4 elements nt main(void) {
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 D = H;
D[0] ;  D[1]

( i ; 1 < D.size(); i++)
std: :cout i D[i] std: :endl;
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Vectors

Resize host_vector
H to 2 elements

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

H[O0] ;  H[1] ;  H[2] ;  H[3] ;

Shd: - cout "H has size " H.size() std

for (size_t i ; 1 < H.size(); i++)

endl;

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;

SitdERIcout "DL" at vys Dl1] std

return O;

}

endl;
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Vectors

1t main(void) {
Lhxnst: thost_vector<int> H(4);

Copy host_vector H
to device_vector D

H[2] ; HI[3]

H.size() std: :endl;

;: i < H.size(); i++)
i H[i] std: :endl;

Elements of D
can be modified

thrust: :device_vector<int> D = H;

N

. D[0] = 99; D[1] = 88;
Print £l Li

contents of D

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

—f"””return 0;

RAII .

::endl;
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Vectors

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

Copy host_vector H
to device_vector D

H[2] ; HI[3]

H.size() std: :endl;

;: i < H.size(); i++)
i H[i] std: :endl;

thrust: :device_vector<int> D = H;

Not non-trivial
D[O] = 99; DI[1] = 88;

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

What's the
cost? }

return 0;

std: :endl;
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#include <thrust/host_wvector.h>

#include <thrust/device_wvector.h>
#include <thrust/fill.h>

Create ve.ctor #include <thrust/sequence.h> lterator
on device ,
int main() { (device)
Initialize all thrust: :device_vector#nt> D(10, 1); lterator
elements to 10
thrust::£il1(D.begin(), D.begin() + 7, 9), (host)

Set first seven thrust: :host_vector<int> H(D.begin D.begin() + 5);

elementsto 9 : :sequence(H.begin(), H.end());
Genericity!
Initialize H with first thrust: :copy(H.begin(), H.end(), D.begin());
5 elements of D Tze t i = 0; i < D.size(); i++)
td::cout << "D[" << i << "] = " << D[i] << std::endl;

Copy of all H back
to beginning of D

return O;
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STL compatibility

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());
thrust: :copy(D.begin(), D.end(), stl_vector.begin());

Genericity!

return O;
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Transformations

{

#include
#include
#include
#include
#include
#include
#include

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

return

<thrust/device_vector.h>
<thrust/transform.h>
<thrust/sequence.h>
<thrust/copy.h>
<thrust/fill.h>
<thrust/replace.h>
<thrust/functional.h>

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;
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ransformations

int main(void)

{

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

thrust:

return

rdevice_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;
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SAXPV

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 fioat a; 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(), Y.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());
thrust::fill (temp.begin(), temp.ead(), A);
thrust: :transform(X.begin(), X.end(), temp.bggin(), temp.begin(), thrust::multiplies<float>());
thrust: :transform(temp.begin(), temp.end(), Y.begin(), Y.begin(), thrust::plus<float>());
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Norm

template <typename T>

struct square
{
__host__ __device__
Operator() T operator() (const T& x) const { return x * x; }
};
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; t)-
float init = 0; Inary Op
norm!
O 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;




Fancy iterators

#include <thrust/iterator/transform_iterator.h>

thrust: :device_vector<int> wvec(3);
vec[0] = 10; wvec[1] = 20; vec[2] = 30;

// create iterator (type omitted) ——————————____,

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

transform_iterator

last = thrust::make_transform_iterator(vec.end(), negate<int>());

first[0] // returns -10 .
first[1] // returns -20 constant _Iterator

first[2] // returns -30

thrust: :reduce(first, last); | Counting_iterator

Zip_iterator




Execution policies
* Thrust allows GPU, CPU, OpenMP execution policies



Performance

Euclidean Norm Computation

— dot.txt
—— norm.txt
— sequential.txt
— thrust.txt
, | = thrust_lambda.txt
o 10°
=
|_
c
o
5
S5
]
> 1 ]
X 10
10° -

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

* OpenACC
* OpenCL

* SyCL

* CuSP

* CuBLAS

* Halide

* Etc.



Thank you!
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