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The Problem(s)

¥ Parallel processors everywhere

¥ Many different types: CPUs, GPUs, E

¥ First Major Challenge:!
Parallel programming is hard. !
Optimising is even harder!

¥ Second Major Challenges:!
No portability of performance!
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Part I:!
Addressing the!
Programmabillity Challenge
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Programming with OpenCL

¥ Case Study: Parallel reduction in OpenCL

kernel  void reduce(global float * g_idata, global float *g_odata,
unsigned int n, local float = 1_data) {
unsigned int tid = get_local_id (0);
unsigned int i get_global_id  (0);
1_data[tid] = (i < n) ? g_idatal[i] : 0;
barrier (CLK_LOCAL_MEM_FENQE
// do reduction in local memory
for (unsigned int s=1; s < get _local_size (0); s*=2) {
if ((tid % (2*s)) == 0) {
1 _data[tid] += 1 _data[tid + s];
}barrier (CLK_LOCAL_MEM_FENOE
t

// write result for this work-group to global memory
if (tid == 0) g_odatal[get group_id (0)] = 1_data[0];
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Programming with OpenCL

¥ Case Study: Parallel reduction in OpenCL

Kernel function executed in parallel by multiple  work-items

\

kernel )void reduce(global float * g_idata, global float *g_odata,
unsigned int n, local float = 1_data) {
unsigned int tid = get_local_id (0);
unsigned int i =(get_global_id (0);
1_dataltid] = (i < nJ [ :
barrier (CLK_LOCAL_MEMW _
// do reduction in lofal memory

for (unsigned int s=J; s < get local_size (0); s*=2) {
if ((tid % (2*s)) fF= 0) {
1 _data[tid] += ¥ datal[tid + s];
barrier (CLK_LOGAL MEM_FENOQE

}
}

// write result fgr this work-group to global memory
if (tid == 0) g_odatal[get group_id (0)] = 1_datal[0];

/

Work-items are identiPed by a unique global id
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Programming with OpenCL

¥ Case Study: Parallel reduction in OpenCL

Work-items are grouped into work-groups Local id within work-group

kernel  void reduce(glpbal float *g_idataa,)y(al float *g_odata,
nsigned int n, loc float * 1 _data) {
unsigned int tid 3(get local id  (0);)
unsigned int i  =\get global_id (0);
1_data[tid] = (i <\n) ? g_idatal[i] : 0;
barrier (CLK_LOCAL_
// do reduction in
for (unsigned int s=
if ((tid % (2*s)) 0) {
1 _data[tid] += 1 _Watal[tid + s];
, barrier (CLK_LOCAL\ MEM_FENQE

}

// write result for this work-group to global memory
if (tid == 0) g_odata{@ey;noupjd (GE) = 1_datal0];

; s {get_local_size  (0)) s*= 2) {
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Programming with OpenCL

¥ Case Study: Parallel reduction in OpenCL

Big, but slow global memory Small, but fast local memory

—~—~~ -

}

kernel  void reduce(glfloat *g_ida,lo float *g_odata,

unsigned int n,(local )float = 1_data) {
unsigned int tid = get local_id (0);

unsigned int i get_global_id  (0);
1 data[tid] = (i < n) ? g idata[i] : 0;

(‘barrier  (CLK_LOCAL_MEM_FENOE )

7/7Tdo reduction in Local memory
forf (unsigned int s=1; s < get _local_size (0); s*=2) {
if ((tid % (2*s)) == 0) {
1 dataltid] += 1 dataltid + s];
barrier (CLK_LOCAL MEM_FENQE

}

/ write fesult for this work-group to global memory
(tid =F 0) g_odatalget group_id (0)] = 1_datal0];

[ [

Memory barriers for consistency
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Programming with OpenCL

¥ Case Study: Parallel reduction in OpenCL

kernel  void reduce(global float * g_idata, global float *g_odata,
unsigned int n, local float = 1_data) {
unsigned int tid = get_local_id (0);
unsigned int i get_global_id  (0);
1_data[tid] = (i < n) ? g_idatal[i] : 0;
barrier (CLK_LOCAL_MEM_FENQE
// do reduction in local memory
for (unsigned int s=1; s < get local size (0); s*x=2) {
if ((tid % (2*s)) == 0) {
1 _data[tid] += 1 _datal[tid + s];

}
barrier (CLK_LOCAL_MEM_FENQE

}

// write result for this work-group to global memory
if (tid == 0) g_odatal[get group_id (0)] = 1_datal[0];

Functionally correct implementations in OpenCL are hard!
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The SkelCL Programming Model

Three high-level features added to OpenCL.:

¥ parallel container data types !
for unibed memory management between CPU and (multiple) GPUs

¥ implicit memory transfers between CPU and GPU

¥ lazy copying minimizes data transfers

¥ recurring patterns of parallelism !
(a.k.a., algorithmic skeletons) for easily expressing parallel computation patterns;

"#$%&'$() +SE+S)S( - +SE+S-$/B() s& s «+SE+H)&s | -$
012341$%8 ' $8() «+$E+$)$/$& 298 9 & SESES)

¥ data distribution and redistribution !
mechanisms for transparent data transfers in multi-GPU systems.

CPU CPU CPU
; — 3 ﬁRﬁ
0 GPUs 1 0 GPuUs 1 0 GPUs 1
single copy block

\". THE UNIVERSITY of EDINBURGH
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The SkelCL Library by Example

2567052346$8%$9%$/$012341$%:'$;$$!"#$%'$8$9

#include  <SkelCL/SkelCL.h>
#include  <SkelCL/Zip.h>

#include  <SkelCL/Reduce.h>
#include  <SkelCL/Vector.h>

float dotProduct(const float* a, const float* b, int n) {

using namespace skelcl;
skelcl::init( 1_device.type(deviceType::ANY) );

zip([I(float x, float y) { return x=*y; });
reduce([](float x, float y) { return x+y; }, 0);

auto mult
auto sum

Vector<float > A(a, a+n); Vector<float > B(b, b+n);
Vector<float > C = sum( mult(A, B) );

return  C.front();
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From SkelCL to OpenCL

#include  <SkelCL/SkelCL.h>

float dotProduct(

#include  <SkelCL/SkelCL.h> —
#InC|Ude <Ske1c|_/zlp ° h> const float ’b:

int n)
using namespace skelcl ;

#include  <SkelCL/Reduce.h> "t x o
#include  <SkelCL/Vector.h> )
1]

float dotProduct(const float* a, const float* b, int n) { finclude <SkelcuskeicLI skelcle

float  dotProduct( Compiler

using namespace skelcl; const float *a,

const float *b,

skelcl::init( 1_device.type(deviceType::ANY) ); using ramespace skl ;

a;}g<rng<I;I;at>(C<f\oat>,
C<float>)>(

“float func(float x,0

zip([1(float x, float y) { return xxy; }); 0 ey
reduce([](float x, float y) { return x+y; }, 0);

auto mult
auto sum

1l

"func");

.-

001000110110100101101110011 \

000110110110001110101011001
Vector<float > C = sum ( mult ( A. B ) ) . 000110010100100000001111000 -
’ ? 101001101101011011001010110 Traditional OpenCL

110001000011010011000010111 Ct++
101010011011010110110010101 ]
101100010000110100110000101 Compiler
110011010000011111000100100

return C.front ( ) ’ 010111000110110001100001011
000100110010101101100011110

} 110110110001110011011101000
011101001110011011010110110

SkelCL
library

H

Vector<float > A(a, a+n); Vector<float > B(b, b+n);

U

y -

[

010101101100011000110110110
000111010011001000110111101
110100011100000111001001101
111011001000111010101100011
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From SkelCL to OpenCL

#include
#include
#include
#include

float dotProduct(const

using

<SkelCL/SkelCL.h>
<SkelCL/Zip.h>

<SkelCL/Reduce.h>
<SkelCL/Vector.h>

float*
namespace skelcl;

a, const float* b, int n) {

skelcl::init( 1_device.type(deviceType::ANY) );

auto mult = Zip<Container<float

>(Container<float >,
Container<float >)>(

Source(“float func(float x, float y) {return xxy;}"));

auto sum = Reduce<Vector«<float

>(Vector<float >)>(

Source(“float func(float x, float y) {return x+y;}"”), “0");

Vector<float

> A(a, a+n); Vector<float > B(b, b+n);

Vector<float > C = sum( mult(A, B) );

return

C.front();
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#include  <SkelCL/SkelCL.h>

float dotProduct(

const float *a,
const float *b,
int n){

using namespace skelcl ;
auto mult =
zip ([I( float x, float )
{return x*y; });

.

float  dotProduct(
const float *a,
const float *b,

int n){

using namespace skelcl

auto mult =
Zip<C<float>(C<float>,

C<float>)>(

"float func(float x,0

o float y)"

"{ return x*y; }"),

"func");

.-

#include  <SkelCL/SkelCL.h>

000110110110001110101011001
000110010100100000001111000
101001101101011011001010110
110001000011010011000010111
101010011011010110110010101
101100010000110100110000101
110011010000011111000100100
010111000110110001100001011
000100110010101101100011110
110110110001110011011101000
011101001110011011010110110
010101101100011000110110110
000111010011001000110111101
110100011100000111001001101

111011001000111010101100011

001000110110100101101110011

skelclc
Compiler

Traditional
C++
Compiler

-~

y -

U

1l

SkelCL
library

y -

OpenCL

[



From SkelCL to OpenCL

#include  <SkelCL/SkelCL.h>
float  dotProduct(
const float *a,
const float *b,
int n){

using namespace skelcl
auto mult =

zip ([I( float x, float )

{return x*y; });

.

" // reduce kernel

// zip kernel

#include  <SkelCL/SkelCL.h> skelclc
float  dotProduct( Compiler
const float *a,
const float *b,

0 typedef float TO; typedef float T1;

using namespace skelcl

?;ﬁgfmf?z typedef float T2;
<float>)>
“float func(float x,0
foat func(ioat e
"{ retumﬂx*y: )}’)) = .
une’) —_— kernel void ZIP(const global TOx left,
} N
\\\\ || o const global Tix right,
] global T2* out,
pi— . .
— const 1int size
001000110110100101101110011 \ = ) {

000110110110001110101011001

000110010100100000001111000 Size_t id = get_g lobal _ id ( 0 ) ’

101001101101011011001010110 Traditional OpenCL
110001000011010011000010111 S+ : . .

101010011011010110110010101 c c X \ if ( id < size )

101100010000110100110000101 ompiier . . . .
110011010000011111000100100 — [ ] = ( [ ] [ ] ) .
010111000110110001100001011 out[id func(left[id y 18 htlid ’

000100110010101101100011110 }

110110110001110011011101000
011101001110011011010110110
010101101100011000110110110
000111010011001000110111101

110100011100000111001001101
111011001000111010101100011
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Two Novel Algorithmic Skeletons

Stencil Computations

Example: Gaussian blur

gauss M = stencil f 10 M

where Bis the weighted !
gaussian kernel

| (L \
Multi-GPU support:

0 GPUs 1

overlap distribution

\". THE UNIVERSITY of EDINBURGH
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Allpairs Computations

@ BT
Example:!
Matrix Multiplication
©, "®
A C

8PxP9B/$<==#<"0>$2567052346$8%9

Optimization for "#A12341 patterns:

2567052346$<$@%/$!"#A123413$%:'$:88<$@

Multi-GPU support with !

16 block and copy distribution



SkelCL Evaluation N Performance

mandelbrot linear algebra matrix image processing || medical imaging || physics simulation
(dot product) multiplication (gaussian blur) (LM OSEM) (FDTD)
2.0
Q
£
= 1.54
S
@
L 1.0
I
(&)
X 0.51
0.01

I I I I I I I I I I I I
OpenCL  SkelCL OpenCL  SkelCL OpenCL  SkelCL OpenCL  SkelCL OpenCL  SkelCL OpenCL  SkelCL

SkelCL performance close to native OpenCL code!

(Exception: dot product E wait for Part 11)
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SkelCL Evaluation N Productivity

IZCPU codeZIGPU code

mandelbrot linear algebra matrix image processing medical imaging
(dot product) multiplication (gaussian blur) (LM OSEM)
o 1.00
o
(@]
@)
(V-
(@]
O
< 0.501
-
()]
=
e
% 0.151
 0.00- = ]
1 1 1 1 1 1 1 1 1 1
OpenCL SkelCL OpenCL SkelCL OpenCL SkelCL OpenCL SkelCL OpenCL SkelCL

SkelCL programs are signibcantly shorter!

SkelCL is open source software and available from!
http://github.com/skelcl/skelcl
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http://github.com/skelcl/skelcl

Part II:!
Addressing the!
Performance Portability Challenge
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Case Study: Parallel Reduction in OpenCL

¥ Summing up all values of an array
¥ Comparison of 7 implementations by Nvidia

¥ Investigating complexity and efficiency of optimisations

First OpenCL Kernel

PR Y
gy -

~N

Second OpenCL Kernel Q z i »
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Unoptimised Implementation Parallel Reduction

kernel void reduceO(global float * g_idata, global float * g_odata,
unsigned int n, local float * 1_data) {
unsigned int tid = get local_id (0);
unsigned int 1 get_global id  (0);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
barrier (CLK _LOCAL_MEM_FENQE
// do reduction in local memory
for (unsigned int s=1; s < get local_size (0); s*= 2) {
if ((tid % (2xs)) == 0) {
1 _data[tid] += 1 _data[tid + s];
barrier (CLK_LOCAL_MEM_FENOE

}
}

// write result for this work-group to global memory
if (tid == 0) g _odatal[get group id (0)] = 1 _data[0];
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Avoid Divergent Branching

kernel void reducel(global float * g_idata, global float * g_odata,
unsigned int n, local float * 1_data) {
get_local_id (0);

unsigned int tid
unsigned int 1 get_global id  (0);

1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
barrier (CLK _LOCAL_MEM_FENQE

N

for (unsigned int s=1; s < get local_size (0); s*= 2) {
// continuous work-items remain active
int 1ndex = 2 * s * tid;
if (index < get_local_size (0)) {
1 _datal[index] += 1 _datal[index + s];

}
barrier(CLK_LOCAL_MEM_FENCE);

}
if (tid == 0) g_odata[get group_id (0)] = 1_data[0];

THE UNIVERSITY of EDINBURGH
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Avoid Interleaved Addressing

kernel void reduce2(global float * g_idata, global float * g_odata,
unsigned int n, local float * 1_data) {
unsigned int tid = get_local_id (0);

unsigned int 1 get_global id  (0);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
barrier (CLK _LOCAL_MEM_FENQE

// process elements in different order
// requires commutativity
for (unsigned int s=get_local_size(0)/2; s>0; s>>=1) {
if (tid < s) {
1 _datal[tid] += 1 _datal[tid + s];

}
barrier(CLK_LOCAL_MEM_FENCE);

}
if (tid == 0) g_odatal[get group_id (0)] = 1_data[0];

THE UNIVERSITY of EDINBURGH
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ncrease Computational Intensity per Work-ltem

kernel void reduce3(global float * g_idata, global float * g odata,
unsigned int n, local float * 1_data) {

unsigned int tid = get local id (0);

1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
// performs first addition during loading

barrier (CLK_LOCAL_MEM_FENOE

for (unsigned int s=get _local_size(0)/2; s>0; s>>=1) {
if (tid < s) {
1 _data[tid] += 1 _datal[tid + s];
}
barrier(CLK_LOCAL_MEM_FENCE);
}

if (tid == 0) g_odata[get group id (0)] = 1 _data[0];
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Avoid Synchronisation inside a Warp

kernel void reduce4(global float * g_idata, global float =* g_odata,
unsigned int n, local - float = 1_data) {
unsigned int tid = get_local_id (0);
unsigned int 1 = get_group_id(0) * (get_local_size(0)*2)
+ get_local _id(0);

1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
if (i + get local size (0) < n)

1 _data[tid] += g_idatal[i+get local_size (0)1;
barrier (CLK_LOCAL MEM_FENOQE

# pragma unroll 1

for (unsigned int s=get_local_size (0)/2; s>.; s>>=1) {
if (tid < s) { 1 data[tid] += 1 _data[tid + s]; }
barrier (CLK_LOCAL_MEM_FENQE }

// this is not portable OpenCL code!

if (tid == 0) g_odata[get group_id (0)] = 1_data[0]; }




Complete Loop Unrolling

kernel void reduce5(global float * g_idata, global float
unsigned int n, local volatile float
unsigned int tid = get_local_id (0);
unsigned int 1 = get_group_id(0) * (get_local_size(0)*2)
+ get_local _id(0);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
if (i + get local size (0) < n)
1 _data[tid] += g_idatal[i+get local_size (0)1;
barrier (CLK_LOCAL_MEM_FENQE

if (tid < 32) {
if (WG_SIZE >= 64) { 1 data[tid] += 1 _datal[tid+32];
if (WG_SIZE >= 32) { 1 datal[tid] += 1 _datal[tid+16];
if (WG_SIZE >= 16) { 1 data[tid] += 1 _data[tid+ 8];
if (WG_SIZE >= 8) { 1 data[tid] += 1 _datal[tid+ 4];
if (WG_SIZE >= 4) { 1 datal[tid] += 1 _datal[tid+ 2];
if (WG_SIZE >= 2) { 1_data[tid] += 1_data[tid+ 1];

if (tid == 0) g_odata[get group_id (0)] = 1_data[0]; }

* g_odata,
* 1_data) {
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Fully Optimised Implementation

kernel  void reduce6(global float * g_idata, global float *g_odata,
unsigned int n, local volatile float * 1_data) {
unsigned int tid = get local_id (0);
unsigned int 1 = get_group_id(0) * (get_local_size(0)*2)
+ get_local_id(0);
barrier (CLK_LOCAL_MEM_FENQE
if (WG_SIZE >= 256) {
if (tid < 128) { l_datal[tid] += 1_data[tid+128]; }
barrier (CLK_LOCAL_MEM_FENOE }
if (WG_SIZE >= 128) {
if (tid < 64) { 1 _data[tid] += 1_data[tid+ 64]; }
barrier (CLK_LOCAL_MEM_FENOE }
if (tid < 32) {
if (WG_SIZE >= 64) { 1_data[tid] += 1_data[tid+32]; }
if (WG_SIZE >= 32) { 1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) { 1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) { 1 datal[tid] += 1 _datal[tid+ 4]; }
if (WG_SIZE >= 4) { 1 _data[tid] += 1 _data[tid+ 2]; }
if (WG_SIZE >= 2) { 1 data[tid] += 1_data[tid+ 1]; } }
if (tid == 0) g_odatal[get group_id (0)] = 1_datal[0]; }




Case StudyConclusions

¥ Optimising OpenCL is complex
¥ Understanding of target hardware required

¥ Program changes not obvious
¥ Is it worth it? E

kernel
void reduced(global float * g_idata,
global float * g_odata,
unsigned int n,
local float * 1 _data) {
unsigned int tid = get_local_id(0);
unsigned int i get_global_id(0);
1_data[tid] = (i < n) ? g_idatal[i] : 0;
barrier(CLK_LOCAL_MEM_FENCE);

for (unsigned int s=1;
s < get_local_size(0); s*= 2) {
if ((tid % (2*s)) == 0) {
1 _data[tid] += 1 _data[tid + s];
}

barrier(CLK_LOCAL_MEM_FENCE);
}
if (tid == 0)
g_odatal[get_group_id(0)] = 1_datal[0];

Unoptimized Implementation

kernel

void reduce6(global float * g_idata,
global float * g_odata,
unsigned int n,
local volatile float * 1 _data) {

unsigned int tid = get local id (0);
unsigned int i =
get_group_id(0) * (get_local_size(0)*2)

+ get_local_id(0);

unsigned int gridSize =
WG_SIZE =* get_num_groups(0);
1_datal[tid] = 0;

while

[

if

i

(i <n){
data[tid] += g_idatalil;
(i + WG_SIZE < n)
1_data[tid] += g_idata[i+WG_SIZE];
+= gridSize; }

barrier (CLK_LOCAL_MEM_FENQE

if (
if

WG_SIZE >= 256) {

(tid < 128) {
1 _data[tid] += 1_data[tid+128]; }

barrier (CLK_LOCAL_MEM_FENQE }

if  (
if

WG_SIZE >= 128) {

(tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }

barrier (CLK_LOCAL_MEM_FENOQE }

if (
if

if
if
if
if
if

if (

8_

tid < 32) {
(WG_SIZE >= 64) {

1_data[tid] += 1_data[tid+32]; }
(WG_SIZE >= 32) {

1_data[tid] += 1_data[tid+16]; }
(WG_SIZE >= 16) {

1_data[tid] += 1_data[tid+ 8]; }
(WG_SIZE >= 8) {

1 _data[tid] += 1_data[tid+ 4]; }
(WG_SIZE >= &) {

1_data[tid] += 1_data[tid+ 21; }
(WG_SIZE >= 2) {

1_data[tid] += 1_datal[tid+ 1]; } }

tid == 0)

odatalget_group_id (0)] = 1_datal[o];

Fully Optimized Implementation




Performance Results Nvidia

200

Hardware Bandwidth Limit

150+

100+

Bandwidth (GB/s)

(o)
o
1

N v
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& & & N & & &

S
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00

(a) Nvidia’s GTX 480GPU.

¥ E Yes! Optimising improves performance by a factor of 10!
¥ Optimising is important, but E
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Performance Results AMD and Intel

300 30
Hardware Bandwidth Limit Hardware Bandwidth Limit
0 Q
m ] @ |
g 200 9 20
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© ©
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ol 0 _____—_ Failed Failed Failed
N o ™ % © ) N q o ' o A
A A A A\ A A A \el A A A A A A A @/
& & &y & & & N
(b) AMDOs HD 7970GPU. (c) Intel’s E5530dual-socket CPU.

¥ E unfortunately, optimisations in OpenCL are not portable!

¥ Challenge: how to achieving portable performance?
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Generating Performance Portable Code !
using Rewrite Rules

="(5>(2.,%+
THS.&(C LEU(*.$T$%&(%)./
1
High-level .
- orn
progra;nmlng \ or'\“‘m"c patt
A9
'
High-level Expression
Algorithmic choices & Exploration with
Hardware optimizations rewriting rules
s
anCL PEED
\ °
83,
- ms
+ aware paradid
war
OpenCL Program

¥ Ambition : automatic generation of Performance Portable code
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Walkthrough

(1) sum(vec) = reduce(+,0,vec)

|
rewrite rules

@ I

vecSum = reduce! join! map-workgroup

join ! toGlobal (map-local (map-seq id)) ! split 1!

join ! map-warp
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2

v join! map-lane (reduce-seq (+) 0)! split 2
! split 64!

join ! toLocal (map-local (reduce-seq (+) 0)) !
v split (blockSize/128) ! reorder-stride 128
I split blockSize

reorder-stride 1
reorder-stride 2!
reorder-stride 4 |
reorder-stride 8 !
reorder-stride 16!
reorder-stride 32

join | map-local (reduce-seq (+) 0) ! split 2 | reorder-stride 64 |
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kernel
void reduce6(global float * g_idata,
global float * g_odata,
unsigned int n,
local volatile float * 1 _data) {

unsigned int tid = get local id (0);
unsigned int i =

get_group_id(0) * (get_local_size(0)*2)

+ get_local_id(0);

unsigned int gridSize =

WG_SIZE =* get_num_groups(0);
1_datal[tid] = 0;
while (1 < n) {

1_datal[tid] += g_idatal[il;

if (i + WG_SIZE < n)

1_data[tid] += g_idata[i+WG_SIZE];

i += gridSize; }

barrier (CLK_LOCAL_MEM_FENQE

if (WG_SIZE >= 256) {

if (tid < 128) {

1 _data[tid] += 1_data[tid+128]; }

barrier (CLK_LOCAL_MEM_FENQE }
if (WG_SIZE >= 128) {

if (tid < 64) {

1_data[tid] += 1_data[tid+ 64]; }

barrier (CLK_LOCAL_MEM_FENOQE }
if (tid < 32) {
if (WG_SIZE >= 64) {

1_data[tid] += 1_data[tid+32]; }
if (WG_SIZE >= 32) {

1_data[tid] += 1_data[tid+16]; }
f  (WG_SIZE >= 16) {

1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {

1 _data[tid] += 1_data[tid+ 4]; }
f (WG_SIZE >= 4) {

1_data[tid] += 1_data[tid+ 21; }
f (WG_SIZE >= 2) {

1_data[tid] += 1_datal[tid+ 1]; } }
if (tid == 0)

g_odatal[get group_id (0)] = 1_datal[0];




Walkthrough

(1) sum(vec) = reduce(+,0,vec)
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@ Algorithmic Primitives (ak.a. algorithmic skeletons)

C<#%B+$)D X1 [ %5 [ X3 [ %4 [ %5 [ 6 [ %7 [ %g

"#96)+$.'D

012341%:+3;+3)'DS | x; | %5 | 3| %4 | *5| % | *7| Xg

>#="6%,+%$)'D X[ X [ X3 Xg [ X5 X6 | X7 [ X8

ESH,%)'D 1231 %1 %5 [ X6 ||| *7]%s

"610<61%B+$,+$)'D‘ X1 X | X3 | X4 | X5 | Xg | X7 | Xg

0150210F4-$D S I o e
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(<1 ¥ %0 Y x5 Yk Va5 Y5 Yo\ Y7\%g, Vo)

X1+X2+X3+X4+X5+X6+X 7+X8

f(f( x| [ %o [ X3 | X4 | X5 | %6 | %7 | *g )

“o(1 o[ 0@ o@f ‘oG] a(E)f c(7fa(8)

)



(D High-Level Programs

scal(a, vec) = map(A x! x*a, vec)

asum(vec) = reduce(+, 0, map(abs, vec))

dotProduct(x, y) = reduce(+, 0, map(x, zip(x, y)))

gemv(mat, x, y, a, B) =
map(+, zip(
map(A row! scal(a, dotProduct(row, x)), mat),

scal(B, y) ) )

4
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(D High-Level Programs

C A
[ ] N
5 A X B =
map(A rowA !
map(A colB!
dotProduct(rowA, colB)
, transpose(B))
, A)

4
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Walkthrough

(1) sum(vec) = reduce(+,0,vec)

|
rewrite rules

@ I

vecSum = reduce! join! map-workgroup

join ! toGlobal (map-local (map-seq id)) ! split 1!

join ! map-warp
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2

v join! map-lane (reduce-seq (+) 0)! split 2
! split 64!

join ! toLocal (map-local (reduce-seq (+) 0)) !
v split (blockSize/128) ! reorder-stride 128
I split blockSize

reorder-stride 1
reorder-stride 2!
reorder-stride 4 |
reorder-stride 8 !
reorder-stride 16!
reorder-stride 32

join | map-local (reduce-seq (+) 0) ! split 2 | reorder-stride 64 |
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kernel
void reduce6(global float * g_idata,
global float * g_odata,
unsigned int n,
local volatile float * 1 _data) {

unsigned int tid = get local id (0);
unsigned int i =

get_group_id(0) * (get_local_size(0)*2)

+ get_local_id(0);

unsigned int gridSize =

WG_SIZE =* get_num_groups(0);
1_datal[tid] = 0;
while (1 < n) {

1_datal[tid] += g_idatal[il;

if (i + WG_SIZE < n)

1_data[tid] += g_idata[i+WG_SIZE];

i += gridSize; }

barrier (CLK_LOCAL_MEM_FENQE

if (WG_SIZE >= 256) {

if (tid < 128) {

1 _data[tid] += 1_data[tid+128]; }

barrier (CLK_LOCAL_MEM_FENQE }
if (WG_SIZE >= 128) {

if (tid < 64) {

1_data[tid] += 1_data[tid+ 64]; }

barrier (CLK_LOCAL_MEM_FENOQE }
if (tid < 32) {
if (WG_SIZE >= 64) {

1_data[tid] += 1_data[tid+32]; }
if (WG_SIZE >= 32) {

1_data[tid] += 1_data[tid+16]; }
f  (WG_SIZE >= 16) {

1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {

1 _data[tid] += 1_data[tid+ 4]; }
f (WG_SIZE >= 4) {

1_data[tid] += 1_data[tid+ 21; }
f (WG_SIZE >= 2) {

1_data[tid] += 1_datal[tid+ 1]; } }
if (tid == 0)

g_odatal[get group_id (0)] = 1_datal[0];




Walkthrough

|
rewrite rules

@ I

vecSum = reduce! join! map-workgroup

join ! toGlobal (map-local (map-seq id)) ! split 1!

join ! map-warp
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2

v join! map-lane (reduce-seq (+) 0)! split 2

! split 64!

join | map-local (reduce-seq (+) 0) ! split 2 | reorder-stride 64 |

join ! toLocal (map-local (reduce-seq (+) 0)) !

v split (blockSize/128) ! reorder-stride 128
I split blockSize

reorder-stride 1
reorder-stride 2!
reorder-stride 4 |
reorder-stride 8 !
reorder-stride 16!
reorder-stride 32
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(@ Algorithmic Rewrite Rules

¥ Provably correct rewrite rules

¥ Express algorithmic implementation choices

Split-join rule:
mapf ! join " map (mapf)" split n

Map fusion rule:
mapf ! mapg" map(f ! g)

Reduce rules:
reduce f z ' reducef z " reducePartf z
reducePartf z ! reducePartf z " reorder
reducePartf z ! join " map (reducePartf z) " split n
reducePartf z ! iterate n (reducePartf z)

4
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(@ OpenCL Primitives

Primitive OpenCL concept
map G lO ba l Work-i tems OpenCL thread hierarchy
| workgroups | [global threads)|

mapWorkg FOUL WOrk'grOUpS [ local threads |
mapLocal
mapSe( o _

Seguential implementations
reduceSeq

toLocal ,toGlobal Memory areas

mapVec,
splitVec, joinVec

Vectorisation

4
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@ OpenCL Rewrite Rules

¥ Express low-level implementation and optimisation choices

Map rules:
map T V' mapWorkgroup f | mapLocal f | mapGlobal f | mapSeq f

Local/ global memory rules:
maplLocalf ! toLocal (mapLocalf) mapLocalf ! toGlobal (mapLocalf)

Vectorisation rule:
map f! joinVec " map (mapVec f) " splitVec n

Fusion rule:
reduceSed z ! mapSeqg" reduceSeq! (acc,x).f (acc,g X) z

4
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(@ Optimisation Example: Register Blockin g

C A

+

>

kernel void KERNEL(

const global Boat ! restrict A,
const global Boat ! restrict B,
global Boat ! C, int K, int M, int N)

Roat acc

for (int glb_id_1 = get _global_id(1);
glb_id_1 < M/ blockFactor;
glb_.id_-1 += get _global_size(1)) {
for (int glb_id_0 = get _global_id(0); glb _id 0 < N;
glb_id_0 += get _global_size(0)) {

{

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

IBGattemp= B[i ! N + glb id 0];
for (int j =0;j <j+: 1)

acc[j] +=
AlblockFactor ! glb_id_1 ! K+j ! K+1]
I temp;
for (int j =0;j < blockFactor; j +=1)
ClblockFactor ! glb_id_.1 ! N+j ! N+ glb _id_0]
= acc[j];




(@ Register Blocking as a Macro Rule

¥ Optimisations are expressed as Macro Rules:

¥ Series of Rewrites applied to achieve an optimisation goal

registerBlocking =
Map(f)! Join() " Map(Map(f)) " Split (k)
Map(a#$Map(b#$f (a,b)) ! Transposg) " Map(b#$Map(a #$f (a, b))
Map(f " g)! Map(f)" Map(g)
Map(Reducdf)) ! Transposg) " Reducd(acc, X) #3Map(f ) " Zip (acc, X))
Map(Map(f)) ! Transposg) " Map(Map(f)) " Transposq))
Transposg) " Transposg) ! id
Reducdf )" Map(g) ! Reducg(acc, x) #5f (acc, dx)))

Map(f)" Map(g) ! Map(f " g)

4
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(@ Register Blocking as a Series of Rewrites

Map(!rowA #"
Map(EoIB #"
Reduce(+) $Map(%
$Z|p(rowA coIB)

) $ Transposg) $ B
) A

44

Join() ! Map(rowsA "#
Transposg) ! Map(&&gIB "H#
Transposg) ! Reduce((%tcc,%ir) "H
} Map(_x "# x_0 +_ X_1 %pair. _1)
$Zip (gcc, pair._0)
)$ Zip (Transpose) $ rowsA, &ﬂng)

) ! Transposg) $ B
) I Split (blockF actor) $ A



(@ Register Blocking Functionally Expressed

C A

+
>

45

Join() ! Map(rowsA "#
Transposg) ! Map(&ﬁng "H#
Transposg) ! Reduce((ﬁtcc,%ir) "H#

Map(x "# x_0 + x_1 Ypaifo1)

$Zip (§tcc, pair._0)
)$ Zip (Transposg) $ rowsA, Eiﬁng)
) ! Transposg) $ B
)1 Split ( $A



Walkthrough

@ vecSum = reduce(+) O

|
rewrite rules

@ I

vecSum = reduce! join! map-workgroup

join ! toGlobal (map-local (map-seq id)) ! split 1!

join ! map-warp
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2
join! map-lane (reduce-seq (+) 0)! split 2
join ! map-lane (reduce-seq (+) 0)! split 2

v join! map-lane (reduce-seq (+) 0)! split 2
! split 64!

join ! toLocal (map-local (reduce-seq (+) 0)) !
v split (blockSize/128) ! reorder-stride 128
I split blockSize

reorder-stride 1
reorder-stride 2!
reorder-stride 4 |
reorder-stride 8 !
reorder-stride 16!
reorder-stride 32

join | map-local (reduce-seq (+) 0) ! split 2 | reorder-stride 64 |
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kernel
void reduce6(global float * g_idata,
global float * g_odata,
unsigned int n,
local volatile float * 1 _data) {

unsigned int tid = get local id (0);
unsigned int i =

get_group_id(0) * (get_local_size(0)*2)

+ get_local_id(0);

unsigned int gridSize =

WG_SIZE =* get_num_groups(0);
1_datal[tid] = 0;
while (1 < n) {

1_datal[tid] += g_idatal[il;

if (i + WG_SIZE < n)

1_data[tid] += g_idata[i+WG_SIZE];

i += gridSize; }

barrier (CLK_LOCAL_MEM_FENQE

if (WG_SIZE >= 256) {

if (tid < 128) {

1 _data[tid] += 1_data[tid+128]; }

barrier (CLK_LOCAL_MEM_FENQE }
if (WG_SIZE >= 128) {

if (tid < 64) {

1_data[tid] += 1_data[tid+ 64]; }

barrier (CLK_LOCAL_MEM_FENOQE }
if (tid < 32) {
if (WG_SIZE >= 64) {

1_data[tid] += 1_data[tid+32]; }
if (WG_SIZE >= 32) {

1_data[tid] += 1_data[tid+16]; }
f  (WG_SIZE >= 16) {

1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {

1 _data[tid] += 1_data[tid+ 4]; }
f (WG_SIZE >= 4) {

1_data[tid] += 1_data[tid+ 21; }
f (WG_SIZE >= 2) {

1_data[tid] += 1_datal[tid+ 1]; } }
if (tid == 0)

g_odatal[get group_id (0)] = 1_datal[0];




Walkthrough
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kernel
void reduce6(global float * g_idata,
global float * g_odata,
unsigned int n,
local volatile float * 1 _data) {

unsigned int tid = get local id (0);
unsigned int i =

get_group_id(0) * (get_local_size(0)*2)

+ get_local_id(0);

unsigned int gridSize =

WG_SIZE =* get_num_groups(0);
1_datal[tid] = 0;
while (1 < n) {

1_datal[tid] += g_idatal[il;

if (i + WG_SIZE < n)

1_data[tid] += g_idata[i+WG_SIZE];

i += gridSize; }

barrier (CLK_LOCAL_MEM_FENQE

if (WG_SIZE >= 256) {
if (tid < 128) {
1 _data[tid] += 1_data[tid+128]; }
barrier (CLK_LOCAL_MEM_FENQE }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier (CLK_LOCAL_MEM_FENOQE }
if (tid < 32) {
if (WG_SIZE >= 64) {
1_data[tid] += 1_data[tid+32]; }
f (WG_SIZE >= 32) {
1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) {
1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {
1 _data[tid] += 1_data[tid+ 4]; }
f (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 21; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_datal[tid+ 1]; } }
if (tid == 0)
g_odatalget_group_id

(0)] = 1 _datal[o];




@ Pattern based OpenCL Code Generation

¥ Generate OpenCL code for each OpenCL primitive

mapGlobalf xs =%

reduceSeqf z xs =—p

\". THE UNIVERSITY of EDINBURGH
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for (int g_id = get global id (0); g_id < n;
g_id += get_global_size (0)) {
output[g_id] = f(xs[g_id]);
}

T acc = z;
for (int i =0; i< n; ++1) {
acc = f(acc, xs[i]);

}

48
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Rewrite rules debne a space of!
possible implementations

reduce (+) O

reduce (+) O! reducePart (+) O

49



Rewrite rules debne a space of!
possible implementations

reduce (+) O

reduce (+) O! reducePart (+) O

/

reduce (+) O! reducePart (+) O! reorder
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Rewrite rules debne a space of!
possible implementations

reduce (+) O

reduce (+) O! reducePart (+) O

T

reduce (+) O! reducePart (+) O! reorder reduce (+) Q! iterate n (reducePart (+) 0)
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Rewrite rules debne a space of!
possible implementations

reduce (+) O

reduce (+) O! reducePart (+) O

e

reduce (+) O! reducePart (+) O! reorder reduce (+) Q! iterate n (reducePart (+) 0)

reduce (+) 0! join ! map (reducePart (+) 0)! split n
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Rewrite rules debne a space of!
possible implementations

reduce (+) O

reduce (+) O! reducePart (+) O

/

reduce (+) O! reducePart (+) O! reorder

T

reduce (+) Q! iterate n (reducePart (+) 0)

// / reduce (+) 0! join ! map (reducePart (+) 0)! split n \\\\
// \\ -
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Exploration Strategy

[High-LeveI Expression ] 1

i ¥ | N1~ Macro Rules A!B =

[ Rewritten Expression ] M ap(rowA %#

11 14
TiledMultiply (A,B)= slockedmummy (A.B)= TiledMultiply (A,B)= BlockedMultiply [(A, B) =
Untile ()! Jcnn( ! Map(Transpose()) le () Join() ! Map([ ranspose() !
F a il;# »
Map(;i?ows&% OI B ws $# Map(ruv’\;sA E
Map(ol £ Map(ColB §f¢
Map(bCoIs$# Transpose)! Map(bCols$ I Transposf()!
Reduce((acc, pairOf Tiles ) $# Reduce(¥cc, rowElemPair) $# Reducq(ac! OfTiles ) $# # Reduce((ficc, rowElemP air) $#
acc + pa”ofmes _0%pairOffTiles. _1 Map (p $# pQut p.-1 %row| P air. ,1)$ |r Ies 0% \rOleIe nn (p $t{p.0 + p..1%owElemPair. .1)$
.#R Zip (Bec, r ] ip (§cc, bwElemP air. .0)
)$ Zip(aRows, bCOIS) )$Zip(Tr | X 1< T fanspose() § rowsA, 2oiB)
) ! Transpose() ! Tile(sizeN, sizeq ) $B ) Transposeosss Transpu ) T'Ie(S'ZEN sizeK) $B )" Transpo ) $B

)! Tile(sizeM, sizeK ) $ A )! Silii(b\ockFac(orWA )! Tlle(swzeM sizeK )$A ) ! Split (blockfactor) $ A
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Exploration Strategy

[High-LeveI Expression ]

4‘//‘//v\‘\\A\A Macro Rules

[ Rewritten Expression ]

AA//A//V\\A\\AA Map to OpenCL

[ Lowered Expression ]

HE UNIVERSITY of EDINBURGH

nformatics

1.3

U nt|I

1.3.

TiledM uItipIy (A,B)=

133

=

IedM ultl
Untile () 9
MapWrg (1)(aRows

MapW rg (0) bCoIs
ReduceS b 0 O | <
Y%oLocal rOdes 1)
)$Zip( :f:zows bl q(

acc + toLocal(paftOf TN
) ! Transpose) ! Tile(sizeN, sizeK) $B

) ! Tile(sizeM, sizeK ) $ A Qr‘r‘ _|_

iledMulti
e ()!

92)

(A.B)=

1)( a’%?ows $#
MapWrg (0) #Cols$#
S Phponssdace

duceSéd(acc, pairOfTiles ) $#

Cc + toLocal(pairOfTiles. _0)

paitlf Tiles

ace,.pait

)! Transp

sizeK)$B

TiledMultiply (A,B) =
Untile ()!
MapWrg (l)(a%ows $#
MapWrg (0)(bCols $#
ReduceSe((acc, pairOfTiles ) $#
acc + toLocal(pairOfTiles. _0)
/doLocal(paerleles 1)

) $glp(aﬁ?ows bCols)

) ! Transpose() ! Tile(sizeN, sizeK ) $

r‘)hT!lr g

FFilgs.

)$ Zip(gﬁ?zow

)! Transpose) ! Tile(sizeN, sizeK)$B
)! Tile(sizeM, sizeK)$ A

009

AirOFTiles. 1
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Exploration Strategy

1.3.2

[High-LeveI Expression ]

A///»/ m Macro Rules

4
[ Rewritten Expression ]

TiledMultiply
Untile ()!

(A,B)=

e\ apW rg ( 1)(_£?ows $#

1323

S T Mo openeL [

[ Lowered Expression

)
A/‘,//,/l\‘\\AA\A Parameter Mapping

MapWrg (0)(bCoIs$#

ReduceSe«atR@ gqe
acc + toLocal(pal 1

Y%tolLocal(pairOfTiles. _1)

)$Zip (gﬁows,'b#cmﬂCC + to Ii@

)! Transpose) ! Tile(128,16) $B

TiledM ygiply (A,B)=

(05%@@@@#

MapWrg (0)(bCOIs$#

IrOf

D/ctoLocz:\épaerfT|Ies _1)
ile(128,16) $B

) ! Transpose) !

[Specialised Expression] (524

Sefagec, pairQf

Untile ()!

) ! Transpose() !

TiledMultiply (A,B) =

MapWrg(l)(.;Ezows&s#
MapWrg (0)(bCols $#
T iléges‘) @gwomles ) $#
irOfTiles. _0)
Y%toLocal(pairOfTiles. _1)

T il @S0

%ols)
ile(128,16) $B

Reduce: Q(hcc i eﬂecﬂ(a c T(e
acc + oLocaI(pawrﬁas §1: OS + toLocaI(paerfT Slz

%t al(pairOfTiles. 1)

Jdrdde(size

| Transposg) ! T| (128,16) $8—1

M, sizek 1 A >

\

/\m

)! Tile(128,16) $A

sposg) ! Tile(128 16) $B
)! T|Ie(12 16) $A

)1 Tile(128,16) $A

)! Tile(128,16) $A @%ﬁéﬁiép&l{@f -r) "’B(&ZB 16) $ﬁ| \
132d=9. L)
TiledMultiply (A,B)= iﬁEEéMultlply (A, Bl TiledMultiply (A,B) =
Untile ()! tile ( Untile ()!
MapWrg (1)('23?0w)$ﬁ$ Z Ip ( ( w&obg OlS) MapWrg (1)(:3?ows$#
MapWrg(O)(bCoIs$# MapWrg (0)(bCoIs$# MapWrg (0)(bCols $#

acc + cal(pa)o$les _0)

%oLogal(pairOfTiles. _1)

)$ Zip(al S,
) ! Transpose) ! Tile(128,16) $B

t?CoIs)
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Exploration

[High-LeveI Expression ]

A///;/ m Macro Rules

4
[ Rewritten Expression ]
1

¥ | Nk Mapto OpencL i

14

RPOOCO~NOOAWNE

15

[ Lowered Expression ] 16

A/‘,//,/l\‘\\AA\A Parameter Mapping %5

22

[Specialised Expression] o

25

Code Generation gg
29

[ OpenCL Code ] 2

32
33
34
35
36
37
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Strategy

1.3.2.5

JIEAMERIDlY (A, B) =
e B ritile () oo«
 EnfapWirgidi(aRows $#

for (int wil=widl; wl < M/64; wl+=num _grps(1))
for (int wO=wid0; wO < N/64; wO+=num _grps(0))

<o -oaM aPWrg (0)(bCols $#

for (int i=0; i <K/8; ™
vstore4(vioad4(lidl ! M/4+2 !i! M+16 ! wl+lid0,A), 16 !lid1+lidO, tileA);

e REdUceSel ace; pairOfTiles ) $#
for (int j =0;j <8;j++

oo o “wwoeaoe o tobocalfpair®f Tiles. _0)
oo e oot DAGEOEAI AR Tiles. 1)

acc2 += blockOfA _0! blockOfB _2; ...; acc_30 += blockOfA\ 17 | blockOfB _2;
acc3 += blockOfA _0! blockOfB _31MLL acc_31 += blockl# _7! blockOfB _3;

}

S ) $ Zip (aRows, bCols)

C[ 0+8! lid14N+84 ! 64 ! wl! N+0 ! N+lidO]=acc A ...:|C[ OT_I I&cEl! N+ W, | WLLN4ZL ! +$— Cc _28;
Hid1! ! ! i ! ! ! _29;

cesipl Transpose) LT le(128:.16)68 -

C[48+8!lid1! N+64 ! wO+64 ! wl! N+0 ! N+lidO]=acc _3; ...; C[48+8 ! lid1! N+64 ! wO+64 ! wl! N+7 ! N+lidO]=acc _31;

DY 1 Tile(128,16) $A

mimmre \.I.LU, .I.U} WY\




Heuristics for Matrix Multiplication

For Macro Rules: For Parameter Mapping:
¥ Nesting depth ¥ Amount of memory used
¥ Distance of addition and ¥ Global
multiplication ¥ Local
¥ Number of times rules are applied ¥ Registers

¥ Amount of parallelism
For Map to OpenCL.: ¥ Work-items
¥ Fixed parallelism mapping ¥ Workgroup

¥ Limited choices for mapping to !
local and global memory

¥ Follows best practice
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Exploration in Numbers for!
Matrix Multiplication

Phases:

Algorithmic
Exploration

OpenCL specific
Exploration

Parameter
Exploration

Code Generation

4
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Program Variants:

High-Level Program 1

Algorithmic
Rewritten Program

OpenCL Specific

Program 760

Fully Specialized

46,000
Program

OpenCL Code 46,000



Exploration Space for Matrix Multiplication

Fermi Kepler Tahiti
600 - 1500 -
v
S
E 2000 -
o 400 - 1000 -
2
2200 - 500 - 1000 -
o
e
|_
0- 0- 0-

Only few OpenCL kernel with very good performance
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Performance Evolution for Randomised Search

o

Ja|deyj

niyel

I I I I
10000 20000 30000 40000
Number of OpenCL kernels Tested

Even with a simple random search strategy one can expect to find !
a good performing kernel quickly
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Performance Results Matrix Multiplication

-Generated |Z| MAGMA -cuBLAS

Nvidia GeForce GTX 480 (Fermi)

~
a
o

500

250

Throughput (Gflop/s)

il

1024° 2048° 4096° 81922 163842

4000

sl

-Generated |Z|MAGMA -cuBLAS

Nvidia GeForce GTX TITAN Black (Kepler)

1024 2048 4096 8192 16384

Bl Generated [ JcMAGMA []ciBLAS [BllcIBLAS Tuned

AMD Radeon HD 7970 (Tahiti)

3000

2000~
1000+
0 4

I

il

1024% 20482

4096° 81922 163842

Performance close or better than hand-tuned MAGMA library
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Performance Portability Matrix Multiplication

Executed on

Fermi Kepler Tahiti
100 -
) o
% 50 'ﬁm
£
s ,_ X X X X X L x
8 100 -
)
=
3 3
D: 50_ 0-%“3
0- X X X X || x L x

9zIS Indul Yy1im pajnodax3

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K
Fermi Kepler Tabhiti Fermi Kepler Tabhiti Fermi Kepler Tahiti

The six specialized OpenCL kernels

Generated kernels are specialised for device and input size
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Summary

¥ OpenCL code ishard to write and not p erformance portable
¥ Our approach uses

¥ portable and functional high-level primitives |,

¥ OpenCL-specific low-level primitives , and

¥ rewrite-rules to generate high performance code.

¥ Rewrite-rules define a space of possible implementations

¥ Performance on par with specialised, highly-tuned code

Christophe Dubach! Michel Steuwer! Thibaut Lutz! Toomas Remmelg!
christophe.dubach@ed.ac.uk michel.steuwer@ed.ac.uk Now with Nvidia toomas.remmelg@ed.ac.uk

More details in the ICFP 2015GPGPU 2016, CASES 20pépers available at: !
http://www.lift-project.org
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More Results Matrix Multiplication

Desktop GPU
(Nvidia GeForce GTX Titan Black)

Desktop GPU
(AMD Radeon HD 7970)

512x512 1024x1024 2048x512 512x2048 512x512 1024x1024 2048x512 512x2048
* 512x512 * 1024x1024 * 512x2048 * 2048x512 * 512x512 * 1024x1024 * 512x2048 * 2048x512
3000 - 2500 - ==
2500 - 2000 -
n ) — T
2000 -
o .
9 L0 1500
LL
1000
© 1000 -
500 - I 500 =
0- - 0- - - - _
Rewrite! CLBlast . Rewrite! IZ CLBlast .
based IZ+ CLTune CIBLAS CUBLAS based + CLTune CIBLAS
Mobile GPU
(ARM Mali ! T628 MP6)
512x512 1024x1024 2048x512 512x2048
* 512x512 * 1024x1024 * 512x2048 * 2048512

14 -
12
10
8-

4 —
2 -
O_
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Rewrite! CLBlast . .
based |Z+ CLTune CIBLAS

Hand
optimized



Performance Results more Benchmarks !

vs. Hardware-Specific Implementations

O CUBLAS O Generated O cIBLAS B Generated O MKL B Generated
45 3.1

N
N
N

Speedup over CUBLAS
[EEY
|
Speedup over cIBLAS
[EEY
|

Speedup over MKL

o
o
|
o
|

small large small large small large small large small large small large small large small large small large small large small large small large
scal asum dot gemv scal asum dot gemv scal asum dot gemv

(a) Nvidia GPU (b) AMD GPU (c) Intel CPU

¥ Automatically generated code vs. expert written code

¥ Competitive performance vs. highly optimised implementations

¥ Up to 4.5x speedup for gemv on AMD
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Performance Results more Benchmarks !
vs. Portable Implementation

O NvidiaGPU O AMDGPU @ Intel CPU

20 85 4.5
4
3 _
Q_ —
S
D2 -
o
o
w
1 = |, = [
0 small large small large small large small large
scal asum dot gemv SELaoﬁgs MD

¥ Up to 20x speedup on fairly simple benchmarks vs. portable cIBLAS implementation
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