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The Problem(s)

Parallel processors everywhere

Many different types: CPUs, GPUs, ...

GPU

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

Second Major Challenges: R _
No portability of performance! | 5

VIRTEX-:
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Part I:
Addressing the
Programmability 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_FENCE);

// do reduction in local memory

for (unsigned int s=1; s < get_local_size(0); s*= 2) {

if ((tid % (2*xs)) == 0) {

1 _data[tid] += 1 _data[tid + s];
barrier(CLK_LOCAL_MEM_FENCE);

}
}

// write result for this work-group to global memory
if (tid == 0) g_odata[get_group_id(0)] = 1_datal[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_data[tid] = (i :

barrler(CLK LOCAL_ MEM FENCE)
// do reduction in lofal memory

for (unsigned int s=7; s < get_local_size(0); s*= 2) {
if ((tid % (2*s)) F= 0) {
1 _data[tid] += ¥ data[tid + s];
barrier(CLK_LOCAL_MEM_FENCE);

N

}
}

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

/

Work-items are identified 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(global float* g_idata/ global float* g_odata,
nsigned int n, lo float* 1 _data) {
unsigned int tid (get=1oca1=id(0){)

1_data[tid] = (i <\n) ? g_idatal[i] : 0;

for (unsigned int s=Y; s {get_local_size(0)) sx= 2) {

if ((tid % (2*xs)) A= 0) {
1_data[tid] += 1 _Wata[tid + s];
barrier(CLK_LOCAL \MEM_FENCE);

}
}

// write result for this work-group to global memory
if (tid == 0) g_odata{éet_group_id(@}) = 1_datal0];
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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(global)float= é:;E;Ezfiglobal)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_FENCE); )

/7Tdo reduction 1in Cocal memory
(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_FENCE);

}

/ write fesult for this work-group to global memory
f (tid =F 0) g_odata[get_group_id(0)] = 1_datal[0];

[ [

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_FENCE);
// do reduction in local memory
for (unsigned int s=1; s < get local _size(0); s*= 2) {
if ((tid % (2*xs)) == 0) {
1 _data[tid] += 1 _data[tid + s];

}
barrier(CLK_LOCAL_MEM_FENCE);

}

// write result for this work-group to global memory
if (tid == 0) g_odata[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 unified 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;

zip (D) [X1y ey Xnl [Y1y weey Ynl = X1 D Y1, woey Xn D Yl
reduce (@) @id [X1, «oy Xn] = Pid B X1 D ... B Xn

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

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

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

dotProduct A B = reduce (+) 0 © zip (X) A B

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

#tinclude <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([](float x, float y) { return xxy; });
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>

#inCIUde <S|(€1CL/S|(€1CL . h> float dotProduct(

const float* a,

#include <SkelCL/Zip.h> canst. Mlaat: b

using namespace skelcl;

#inCIUde <S|(€1CL/R€C|LIC€ .h> aﬁg(mﬁ}giziﬁ iiyfh})a}-y)
#include <SkelCL/Vector.h> y

float dotProduct(const float* a, const float* b, int n) { #include <SkelCL/SkelcL h> “ﬂ?c
. float dotProduct( Compiler
using namespace skelcl; const float =,
skelcl::init( 1_device.type(deviceType::ANY) ); using manessace skelcl;
augpfgglzab(kﬂoab,
"float func(flog?l?ebb(
zip([1(float x, float y) { return xxy; }); Lot

reduce([](float x, float y) { return x+y; }, 0); L

auto mult
auto sum

1l

SkelCL
library

y -

I

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

001000110110100101101110011 -
000116110110001110101011001
= . 000116010100106000001111060 I

Vector<float> C Sum( mU-Lt(A , B) ) ’ 101601101161011011001610110 Traditional OpenCL
110001000011010011000010111 Cot
101010011011016110110010101 )
101100010000116100110000101 Compiler
110011010060011111000100100

return C.front ( ) ’ 010111000110110001100001011
000100110010101101100011110

} 110116110001116011011101000
011101001110011611010110116

010101101100011000110110110
000111010011001000110111101
110100011160000111001601161
111011001000111610101100011

y -

[
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From SkelCL to OpenCL

#include <SkelCL/SkelCL.h>

#inCIUde <S|(€1CL/S|(€1CL . h> float dotProduct(
const float* a,
#include <SkelCL/Zip.h> const float: b,
. using namespace skelcl;
#include <SkelCL/Reduce.h> “2in("float x, float y)

{ return x*y; } );

#include <SkelCL/Vector.h> L

float dotProduct(const float* a, const float* b, int n) { #include <skelCL/SkelcL > skelclc
3 float dotProduct ( Compiler
using namespace skelcl; const. float 3,
skelcl::init( 1_device.type(deviceType::ANY) ); using manespace skelel;
augpﬂgglzab(gi{oa?i f
. . B "float func(float x,”
auto mult = Zip<Container<float>(Container<float>, - s o (—
Container<float>)>( e S—k =
L
Source(“float func(float x, float y) {return xxy;}")); \uberary
auto sum = Reduce<Vector<float>(Vector<float>)>( —
Source(“float func(float x, float y) {return x+y;}"”), “0"); —
! y Vi ! ! 001000110110100101101110011 ~M—
000110110116001110161011601
lotooitoitosortostoototoste | Traditional OpenCL
Vector<float> A(a, a+n); Vector<float> B(b, b+n); lototsotsottolotiottaototot C+ \
101100010000110100116000101 Compller ‘

110011010000011111000100100
010111000110110001100001611
000100110010101101100011116

= M 110110110001110011011101600

VeCtor<f10at> C S um( mu-Lt ( A ! B ) ) ! 011101001110011611010110110
010101101160011000110110116
000111010011001000110111161
110100011100000111001001161

return C.front ( ) ; 111011001000111010101100011
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From SkelCL to OpenCL

#include <SkelCL/SkelCL.h>

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

int n) {
using namespace skelcl;
auto mult =
zip( [](float x, float y)

{ return x*y; } );

// reduce kernel

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

e typedef float TO; typedef float T1;

using namespace skelcl;

t 1t =
i peCetloats (C<float, typedef float T2;
Loat func(fl C:float>)>(
"float func(float x,”
u float vi* r—
" { return x*y?a}"¥), ( pr—

“func); \ — kernel void ZIP(const global TOx* left,

}

~lsikberlacrLy const global T1x right,

\ global T2* out,
(— const int size) {

001000110110100101101110011 l(— .
000110110110001110101011001 . _ . .
000110010100100000001111000 . size_t id = get_global_ld ( 0 ) ’
101001101101011011001010110 Traditional OpenCL
110001000011010011000010111 . . .

1016010011011010110110010101 c c+,+1 \ if ( id < size )
101100010000110160110000101 ompiler . . . .
110011010000011111000100100 ——— = ( ) .
010111000110110001100001011 OUt[ld] func left[ld] ’ Tlght[ld] ’

000100110010101101100011116 }

y -

-~

110110110001110011611101000
0111016611166110110161101160
010101161160011600110110110
0001110100116010001101111601

110100011100000111001601101
111011001000111010101160011
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Two Novel Algorithmic Skeletons

Stencil Computations

Example: Gaussian blur

gauss M = stencil f 10 M

where f is 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(©)
A C

A X B = allpairs dotProduct A BT

Optimization for zipReduce patterns:

dotProduct a b = zipReduce (+) 0 (X) a b

Multi-GPU support with

16 block and copy distribution



Relative Runtime

SkelCL Evaluation — Performance

mandelbrot linear algebra matrix image processing || medical imaging || physics simulation
(dot product) multiplication (gaussian blur) (LM OSEM) (FDTD)
2.01
1.5
1.0 1
- I I I I I I I
0.01
OpeInCL SkeIICL OpenCL SkeICL OpeInCL SkeIICL OpeInCL SkeIICL OpeInCL Ske:ICL OpeInCL SkeIICL

SkelCL performance close to native OpenCL code!

(Exception: dot product ...
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SkelCL Evaluation — Productivity

ZCPU codeZIGPU code
mandelbrot linear algebra matrix image processing medical imaging
(dot product) multiplication (gaussian blur) (LM OSEM)
o 1.001
o
o
o
©
o
€ 0.507
—
()
=
% 0.15
I 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 significantly shorter!

SkelCL 1s 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

o

/
/

So \ i
~ \ Ve
o \ P
~ \ / //
Second OpenCL Kernel Q z i »

4
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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) {
get_local_id(0);

unsigned int tid
unsigned int i get_global_id(0);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
barrier(CLK_LOCAL_MEM_FENCE);
// 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_FENCE);
}
}

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

N
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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 i get_global_id(0);

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

N

for (unsigned int s=1; s < get_local_size(0); s*= 2) {
// continuous work-items remain active
int index = 2 * s x 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_datal[0];
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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) {
get_local_id(0);

unsigned int tid
unsigned int i get_global_id(0);

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

N

// 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_odata[get_group_id(0)] = 1_data[0];

THE UNIVERSITY of EDINBURGH
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Increase Computational Intensity per Work-Item

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_FENCE);

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_datal[0];

)- informatics 2%



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 i = 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_idata[i+get_local_size(0)];
barrier(CLK_LOCAL_MEM_FENCE);

# 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_FENCE); }

// 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* 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);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
if (i + get_local_size(0) < n)
1_data[tid] += g_idata[i+get_local_size(0)];
barrier(CLK_LOCAL_MEM_FENCE);

if (tid < 32) {

if (WG_SIZE >= 64) { 1 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) { 1 data[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 data[tid] += 1 _datal[tid+ 2]; }
if (WG_SIZE >= 2) { 1 _data[tid] += 1 _datal[tid+ 1]; } }

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




Fully Optimised Implementation

kernel void reduce6(global float* g_idata, global float* g_odata,
unsigned int n, local volatile floatx 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);

barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {

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

if (WG_SIZE >= 128) {

if (tid < 64) { 1 _data[tid] += 1 _datal[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }

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

if (tid == 0) g_odata[get_group_id(0)] = 1_data[o]; }
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Case Study Conclusions

« Optimising OpenCL is complex

« Understanding of target hardware required

- Program changes not obvious

 |Is it worth it? ...

kernel

void reduce0(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 (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_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1 _data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
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 _data[tid] += 1_data[tid+ 4]; }
if (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_odata[get_group_id(0)] = 1_data[0];

Fully Optimized Implementation




Performance Results Nvidia

200

Hardware Bandwidth Limit

150+

100+

Bandwidth (GB/s)

N
A\ A\ \- - - ™ N
¢ & & &S

>
@VV
00

(a) Nvidia’s GTX 480 GPU.

* ... Yes! Optimising improves performance by a factor of 10!
- Optimising is important, but ...
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Performance Results AMD and Intel

300 30
Hardware Bandwidth Limit Hardware Bandwidt Limit
g 200+ g 20
ES <
S S
= =
T 1001 T o]
o o
o o0
0 0 ______—_ Failed Failed Failed
> L TN O < N2 x 6 o A
A\ A A\ A A\ A A\ ¥ 3 ™ 3 A\ A A\ \ =
¢ & ¢ & & &N
(b) AMD’s HD 7970 GPU. (c) Intel’s E5530 dual-socket CPU.

- ... unfortunately, optimisations in OpenCL are not portable!

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

BlackScholes

Dot product ... Vector reduction
1
High-level
programming o patte"“s
Y A\9
High-level Expression )
Algorithmic choices & Exploration with
Hardware optimizations rewriting rules
rerns
+ D e“cL Pat
map-workgroup
(-] (toLocal

wa
+ \.\ard local memory
OpenCL Program G

* Ambition: automatic generation of Performance Portable code
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Wall(th ro ugh @ tzzze}'educ%(global float* g_idata,

global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
—_ unsigned int tid = get_local_id(0);
(1) sum(vec) = reduce(+,0,vec) unsisned ine 1
get_group_id(0) * (get_local_size(0)=*2)
+ get_local_id(0);
I unsigned int gridSize =
WG_SIZE * get_num_groups(0);

1 1 1_data[tid] = 0;
rewrite rules code generation | uici?,)
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_FENCE);
if (WG_SIZE >= 256) {
vecSum = reduce o join o map-workgroup ( if (tid < 128) {
join o toGlobal (map-local (map-seq id)) o split 1 o 1_data[tid] += 1 _data[tid+128]; }

barrier(CLK_LOCAL_MEM_FENCE); }

join o map-war
join o map-warp ( if (WG_SIZE >= 128) {

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 1 o ) X

oi lane (red (+) 0) osplit 2 o reorder-stride 2 if (tid < 64) {

jotnomap-tane \reduce-seq \+] 0) o spitt & o reoraer-stride = o 1_data[tid] += 1_data[tid+ 641; }

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 4 o barrier(CLK_LOCAL_MEM_FENCE); }

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 8 o if (tid < 32) {

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 16 o if (WG_SIZE >= 64) { '

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 32 1_data[tid] += 1_data[tid+32]; }
) osplit 64 o if (WG_SIZE >= 32) {

1_data[tid] += 1_data[tid+16]; }

join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o if (W6_SIZE >= 16) 1

join o toLocal (map-local (reduce-seq (+) 0)) o 1 dataltid] += 1_data[tid+ 8]; }
spli?,L (blockSize/128) o reorder-stride 128 if EWG_SIZE 5= 8)_{
) o split blockSize 1_data[tid] += 1_data[tid+ &]1; }

if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 21; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_datal[tid+ 1]; } }
if (tid == 0)

THE UNIVERSITY of EDINBURGH g_odata[get_group_id(0)] = 1_data[e];
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Walkthrough

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

4
\". THE UNIVERSITY of EDINBURGH
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D Algorithmic Primitives (a.k.a. algorithmic skeletons)

map(f, x): xi % s X |35 | %6 [ [ xg | 7 [l e[| x) [ | xg)
. 112173 [ X456 [*7| %8| .
le (X) y): I 7 (Xllyl)(le YZ)(X3, Y3)(X4I Y4)(X5, Y5)(X6/ Y6)(X7l Y7)(X8, Yg)
Y11Y21Y3|Y2|Y5|Y6|Y7|Y8

reduce(—l—, O, X)Z X1 X[ X3 X4 | X5 | X6 | X7 [ Xg — X1 HXoFXgHX g HXp X +XoXg
split(n, x): X1 [ % [ X3 Xa| X5 | %6 | X7 | Xs > 1% ([ % ||| %5 [ X6 ||| %7 | 8
]OlTL(X) x1 x2 x3 x4 X5 x6 x7 x8 I—) x1 X2 X3 X4 X5 x6 x7 X8
lter(lte(f, n, X): X1 | X0 | X3 [ %4 [ X5 | X6 | X7 | X5 |_)f( f( X[ % | X3 | X4 | X5 [ X6 | X7 | Xg )
reorder(o, x): P [ %3] % | x5 | %6 | X7 [ 5| o[ o@f @) @[ cE[ o6 )] a(®)

THE UNIVERSITY afEDINBURGH
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@ 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
\". THE UNIVERSITY of EDINBURGH
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@ High-Level Programs

C A
|| RN
B A X B =

map(A rowA ~

map(A colB+~
dotProduct(rowA, colB)
, transpose(B))
, A)

4
\". THE UNIVERSITY of EDINBURGH
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Wall(th ro ugh @ tzzze}'educ%(global float* g_idata,

global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
—_ unsigned int tid = get_local_id(0);
(1) sum(vec) = reduce(+,0,vec) unsisned ine 1
get_group_id(0) * (get_local_size(0)=*2)
+ get_local_id(0);
I unsigned int gridSize =
WG_SIZE * get_num_groups(0);

1 1 1_data[tid] = 0;
rewrite rules code generation | uici?,)
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_FENCE);
if (WG_SIZE >= 256) {
vecSum = reduce o join o map-workgroup ( if (tid < 128) {
join o toGlobal (map-local (map-seq id)) o split 1 o 1_data[tid] += 1 _data[tid+128]; }

barrier(CLK_LOCAL_MEM_FENCE); }

join o map-war
join o map-warp ( if (WG_SIZE >= 128) {

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 1 o ) X

oi lane (red (+) 0) osplit 2 o reorder-stride 2 if (tid < 64) {

jotnomap-tane \reduce-seq \+] 0) o spitt & o reoraer-stride = o 1_data[tid] += 1_data[tid+ 641; }

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 4 o barrier(CLK_LOCAL_MEM_FENCE); }

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 8 o if (tid < 32) {

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 16 o if (WG_SIZE >= 64) { '

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 32 1_data[tid] += 1_data[tid+32]; }
) osplit 64 o if (WG_SIZE >= 32) {

1_data[tid] += 1_data[tid+16]; }

join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o if (W6_SIZE >= 16) 1

join o toLocal (map-local (reduce-seq (+) 0)) o 1 dataltid] += 1_data[tid+ 8]; }
spli?,L (blockSize/128) o reorder-stride 128 if EWG_SIZE 5= 8)_{
) o split blockSize 1_data[tid] += 1_data[tid+ &]1; }

if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 21; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_datal[tid+ 1]; } }
if (tid == 0)

THE UNIVERSITY of EDINBURGH g_odata[get_group_id(0)] = 1_data[e];
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Walkthrough

|
rewrite rules

@

vecSum = reduce o join o map-workgroup (
join o toGlobal (map-local (map-seq id)) o split 1 o
join o map-warp (

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 1 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 2 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 4 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 8 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 16 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 32

) osplit 64 o
join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o
join o toLocal (map-local (reduce-seq (+) 0)) o
split (blockSize/128) o reorder-stride 128
) o split blockSize

THE UNIVERSITY of EDINBURGH
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(@ Algorithmic Rewrite Rules

* Provably correct rewrite rules
- Express algorithmic implementation choices

Split-join rule:
map f — joino map (map f) o split n

Map fusion rule:
map f o map g — map (f o g)

Reduce rules:
reduce f z — reduce f z o reducePart f z
reducePart f z — reducePart f z o reorder
reducePart f z — join o map (reducePart f z) o split n
reducePart f z — iterate n (reducePart f z)

4
\". THE UNIVERSITY of EDINBURGH
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(2 OpenCL Primitives

Primitive OpenCL concept
map G lO ba l WO rk‘ | tems OpenCL thread hierarchy
| workgroups | [global threads)|

map WOTkg roup Work- groups [ local threads |
mapLocal
mapSeq . .

Sequential Implementations
reduceSeq

toLocal , toGlobal ~ Memory areas

map Vec,
split Vecy join Vec

Vectorisation

4
\". THE UNIVERSITY of EDINBURGH
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(2 OpenCL Rewrite Rules

« Express low-level implementation and optimisation choices

Map rules:
map f — mapWorkgroup f | mapLocal f | mapGlobal f | mapSeq f

Local/ global memory rules:
mapLocal f — toLocal (mapLocal f) mapLocal f — toGlobal (mapLocal f)

Vectorisation rule:
map f — joinVeco map (mapVec f) o splitVec n

Fusion rule:
reduceSeq f z o mapSeq g — reduceSeq (X (acc,x). f (acc,g x)) z

4
\". THE UNIVERSITY of EDINBURGH
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(2 Optimisation Example: Register Blocking

-} blockFactor

+

>

kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C, int K, int M, int N)

{ float acc;

for (int glb_id_.1 = get_global_id(1);
glbid-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;1 <K;i+4+=1)

[fleat temp|— B[i * N + glb_id 0];
for (int j = 0; j < j+=1)
acclj] +=
A[blockFactor * glb_id-1 * K + j * K + i]

* temp;

for (int j = 0; j < blockFactor; j +=1)
ClblockFactor * glb_id_1 * N + j * N + glb_id_0]
= acc[j J;




(2 Register Blocking as a Macro Rule

- Optimisations are expressed as Macro Rules:
- Series of Rewrites applied to achieve an optimisation goal

register Blocking =
Map(f) = Join() o Map(Map(f)) o Split(k)
Map(a — Map(b+— f(a,b))) = Transpose() o Map(b — Map(a — f(a,b)))
Map(f o g) = Map(f) o Map(g)
Map(Reduce(f)) = Transpose() o Reduce((acc,x) — Map(f) o Zip(ace, x))
Map(Map(f)) = Transpose() o Map(Map(f)) o Transpose()
Transpose() o Transpose() = id
Reduce(f) o Map(g) = Reduce((ace, x) — f(acc, g(x)))

Map(f) o Map(g) = Map(fog)

4
\". THE UNIVERSITY of EDINBURGH
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(2 Register Blocking as a Series of Rewrites

—
Map(rowA —

Map(col B +—
Reduce(+) o Map(x)

$ Zip(rowjl, colé)

) o Transpose() $ B
)$ A

Join() o Map(rowsA —

Transpose() o Map(col B +—
Ny —
Transpose() o Reduce((acet, pair)
’ Map(x — 0+ z_1 * pair._1)

$ Zip(act, pair._0)

)$ Zip(Transpose() $ rowsA, col B)
) o Transpose() $ B
) o Split(blockFactor) $ A

44



(2 Register Blocking Functionally Expressed

-} blockFactor

+
>

45

Join() o Map(rowsA —
Transpose() o Map(col B

—
Transpose() o Reduce((act, pair) —

Map(x — x 0+ z_1 >-

$ Zip(act, pair._0)

)$ Zip(Transpose() $ rowsA, col B)

) o Transpose() $ B
) o Split(@lockFactor) $ A



Walkthrough

@ vecSum = reduce (+) 0

|
rewrite rules

@

vecSum = reduce o join o map-workgroup (
join o toGlobal (map-local (map-seq id)) o split 1 o

join o map-warp (
join o map-lane (reduce-seq
join o map-lane (reduce-seq

( ( osplit 2 o reorder-stride 1 o
( (
join o map-lane (reduce-seq (
( (
( (
( (

osplit 2 o reorder-stride 2 o
osplit 2 o reorder-stride 4 o
osplit 2 o reorder-stride 8 o
osplit 2 o reorder-stride 16 o
osplit 2 o reorder-stride 32

join o map-lane (reduce-seq
join o map-lane (reduce-seq
join o map-lane (reduce-seq

) osplit 64 o

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

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

split (blockSize/128) o reorder-stride 128

) o split blockSize

S O O O OO

+) 0)
+) 0)
+) 0)
+) 0)
+) 0)
+) 0)

THE UNIVERSITY of EDINBURGH
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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_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1 _data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
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 _data[tid] += 1_data[tid+ 4]; }
if (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_odata[get_group_id(0)] = 1_data[0];




Wall(th ro ugh @ tzzze}'educ%(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);

code generation | L&y
E; 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_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1 _data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
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 _data[tid] += 1_data[tid+ 4]; }
if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 21; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_datal[tid+ 1]; } }
if (tid == 0)

THE UNIVERSITY of EDINBURGH g_odata[get_group_id(0)] = 1_data[e];
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3 Pattern based OpenCL Code Generation

« Generate OpenCL code for each OpenCL primitive

for (int g_id = get_global_id(0); g_id < n;

—p g _id += get_global_size(0)) {
mapGZObal f LS output[g_id] = f(xs[g_id]);
}

T acc = z;

TeduceSeq f 2 LS for (int i = 0; i < n; ++i) {
acc = f(acc, xs[i]);
}

\". THE UNIVERSITY of EDINBURGH
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Rewrite rules define a space of
possible implementations

reduce (+) 0

reduce (+) 0 o reducePart (+) 0

\". THE UNIVERSITY of EDINBURGH
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Rewrite rules define a space of
possible implementations

reduce (+) 0

reduce (+) 0 o reducePart (+) 0

/

reduce (+) 0 © reducePart (+) 0 o reorder

\". THE UNIVERSITY of EDINBURGH
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Rewrite rules define a space of
possible implementations

reduce (+) 0

reduce (+) 0 o reducePart (+) 0

T

reduce (+) 0 © reducePart (+) 0 o reorder reduce (+) 0 o iterate n (reducePart (+) 0)

\". THE UNIVERSITY of EDINBURGH
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Rewrite rules define a space of
possible implementations

reduce (+) 0

reduce (+) 0 o reducePart (+) 0

e

reduce (+) 0 © reducePart (+) 0 o reorder reduce (+) 0 o iterate n (reducePart (+) 0)

reduce (+) 0 0 join o map (reducePart (+) 0) o split n

\". THE UNIVERSITY of EDINBURGH
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Rewrite rules define a space of
possible implementations

reduce (+) 0

reduce (+) 0 o reducePart (+) 0

/

reduce (+) 0 © reducePart (+) 0 o reorder

T

reduce (+) 0 o iterate n (reducePart (+) 0)

// / reduce (+) 0 0 join o map (reducePart (+) 0) o split n \\\\

\P/A THE UNIVERSITY of EDINBURGH

- informatics

53



Exploration Strategy

[High-LeveI Expression ]

// Macro Rules AxB =

[ Rewritten Expression ]

—
Map(rowA —

11 ”
TiledMultiply(A, B) = BlockedMultiply(A, B) = | TiledMultiply(A,B) = BlockedMultiph|(A, B) =
Untile()o Join( ap{Transpose()) ) Untile()o Join() o Map('ranspose())o
—_— Map(: Map(rowsA H
Map(aRows o a,p CO l 1 aprowsd
Maplcol Map(eolB ]
Map(bCols Transpose()o Map(bCols Transposf()o
Reduce((acc, pairO fTiles) — Reduce(((@ct, rowElem Pair) Reduce((acc, pairOfTiles) =X Neduce(((fict, rowElem Pair) v
ace + pairO fTiles.0 « pairO} Tiles. 1 Map(p — p. Q.1 + rowElggPair. 1) § ppirO[Tiles. 0 « paO fTiles.1 o (p 3{p0 + p.1 < rowElem Pair. 1) $
Zip(act m“z ’ éi l é, rbw Elem Pair. 0)
—_ ——
) $ Zip(aRows, bCols) )$ Zip(Trelepse( woll}) /r. O ‘ @Tbl-) - 12 CO S ZJp(T|anspose() § rowsA, col B)
) o Transpose() o Tile(sizeN, sizelf) $ B )o Transpose() $ B () o Tile(sizeN, sizeK) $ B ) o Transpofe() $ B
)o Tile(sizeM, sizeK) $ A ) o Split(block Factor) ) o Tile(sizeM, su(I\ $A ) o Split(block Factor) $ A

o1 ranspose() $B
)$ A

THE UNIVERSITY of EDINBURGH
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Exploration Strategy

[High-LeveI Expression ] 1 3

4///»/ m Macro Rules TiledMultiply(A,B) =

. Untilejo—
[ Rewritten Expression ] 1.3.2

TledMultiply(A, B) = TiledMultiply(A,B) = TiledMultiply(A,B) =
Untile() Untile()o
Ma,
M ap to O pen C L MapWrg(1)(aRows — MapWrg(1)(aRows
v MapWrg(0)(bCols MapWrg(0)(bCols —
ReduceSeqf ] / ReduceSeq((ace, pairO fTiles)
. acc + toLocal(; pn', O fYiles= Acc + toLocall(, pau Olel( 5.-0) acc + toLocal(pairO fTiles.0)
Lowered Expression +toLocallgegg O/ Ties 1) < toLoua T +toLocal(pairOf Tiles. 1)
)8 Zip( uRnu S, bﬂ uce ( ac)@@mﬁﬁl‘i f 5 ) %Z1p(aRows,I)Culs)
) o Transpose() o Tile(sizeN, sizeK) $ B ) o Transpgs AL size k) ) Transpose() o Tile(sizeN, sizeK) §
)o Tile(sizeM, sizeK) $ AaCC L i)k /,qu;]sp ﬂ «l Mk ﬂ[.ﬁ‘@;}}o o 1

1
| _t!wu: wu Dl =4~ u \/ [ZL7A o

)8 Zz’p(aRow@

) o Transpose() o Tile(sizeN, sizeK) $ B
)oTile(sizeM, sizeK) § A
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Exploration Strategy

[High-LeveI Expression ]

AA//A//V\\A\\AA Macro Rules

[ Rewritten Expression ]

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

Lowered Expression

( )
A/‘,//,/l\‘\\AA\A Parameter Mapping

[Specialised Expression]

HE UNIVERSITY of EDINBURGH

informqiics

1.3.2

TiledMultiply
Untile()o

30 MapWrg(1

(A7 B) —

—
(@Rows

ReduceSeq(( a

acc + fnLo(‘a pmr iles: ?

* toLocal( pnerfTﬂps 1)

)$ Zip( aRous,bColaacc —‘I'

) o Transpose() o T'ile(128,16) $ B

Seq(face.puir0Q

* toLocal, panOszlﬁs _1)

totoeat (pair

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

<

1.3.2.3
[CiledMultiply(A,B) = TiledMultiply(A,B) = TiledMultiply(A,B) =
Untile()o [nti, E(‘H Untile()o
MapWrg(1) (Mﬁbpwrg L)«élb@(mH MapW' Tr](l)(aRou S
MapW lg(())(b('uls — MapWrg(0 (bCon — MapWrg(0) l}CUlb —

cc, (L/IOfTIIES
ocal(pairO fTiles._0)

FTileg) s

acc

[

« toLocal(pairO fTiles.1)
OfT zl@@m@ﬁ
(

) o Transpose() o T'ile(128,16) $ B

MapWrg(1) (nRou; $ Z’Z/p

MapWrg(0 )(b(*nls —

ReducesS.

acc +
# toLocal(pairOf Tiles. 1)
Jorlde(size

)o Tr(msgnsﬁ() o Tile(128.16) $ B~

eflude.Se a c, g il
Lucal(%’jOfﬁlta (%?F)OSéfc}:?anl(g;ng l(ﬁs:alﬁ

aRﬁmﬁﬁiC ol 3)

MapWrg(0 7( ols

M >§ﬂ,ﬂz% = % A

\

/\r‘\

) o Tile(128,16) § A Yo Tilgt128.16)$ 4 /mnn M) POPTE028,16) 54\
394 Y3 /UCWL \PL{/ \ 4 1‘3.5‘6l/bCOo_L}
[MiledMultiply(A,B) = Tiled \Iulttplu((A B) TiledMultiply(A,B) =

Untile()o Untile()o

\IapVVrg(l)(uRous —
MapW: u](U)(h(‘ols —

z 0(’(1] (pa r()?‘;ﬂm _0)

)o Tvtmsposs () oTile(128.16) $ B

)oTile(128,16) $ A

spose() o Tile(128.16) $ B
)o Tz]c(ll& 16)$ A

) o Tile(128,16) $ A

N~
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[High-LeveI Expression ]

i

[ Rewritten Expression ]

o

[ Lowered Expression ]

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

[Specialised Expression]

[ OpenCL Code ]

HE UNIVERSITY of EDINBURGH

nformatics

\\A\\AA Macro Rules
v\\A\\AL Map to OpenCL =

Exploration Strategy

1325

1 m ar ptiglobgl

| Lale JM iply(A,B) =
3 | lo6cal tile

4

5 | private acc_31;

6 prlvateéz-: ( ) @ockOfB 3;
7 | private float blonkOfA 0;\.72; blockOfA_T7;
8

9 = local_id(1)
10

1

int lldO = local.i 1d lldl
int \wd[l

for (int wl=widl; W1<M/64 wl4+=num_grps(1)) {
for (int w0= W1d0 w0<N/64; wO+=num_grps(0)

14
15 | acc0 = 0. OtA/_i @p

16 for (int i=0; i<K/8;
e RediceS e

for (int j = 0; j<8; j++)

25 acc.0 += blockOfA_0 % blockOfB_0; ..

Code Generation ;673 acc.l 4= blockOFA_0 * blockOfB_ 1>|<

acc-2 += blockOfA_0 * blockOfB_2; ...;

ralttlaRows —

Wirg(0)(bCols —

17 v>t0164(v10ad4 hdl*M/4+2*1*M+16*v\ v1-+1id0, A( 16x+lid1+1id0, tileA);

(e, pairO fTiles) —
2| et tiilaees tofmeal{pain® fTiles.0)
'xccz-%— block8§7 blockO

acc_30 += blockO

6 fTiles. 1)

7 blockOfB 2;

hd * N+ 3 wl 4$/J c_28;
cC 29
Z 1%{ W 41w1ﬁ; 1(?%(‘(‘ 30;

48+8*11d1*N+b4*w0+b4*w1*N+7*N+hd0 =acc_31;

28 acc_3 += blockOfA_0 % blockOfB_3; ...; acc_31 +\ blockOfA_7 * blo&kOfB 3;
29 }
30 barrier (...) $ R bC l
o Z pla O’UJS oLS
32
33 C[ 0+8xlid1 +64* 64*W1*N+0*N+11d0 =accP\...;
34 C[16+8*11d1>N mm#{?
35 C[324-8xlid 1 N+64+W04-0645w1x d(‘(‘
36 C[48+8*hd1*N+64*w0+64*w1*N+0*N+11d0 accd
37
2R \ o Tlel1928 16) Q A
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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

4
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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 -
2
u_? 2000 -
SD_, 400 - 1000 -
g
2200 ~ 500 - 10007
O
i
|_
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

Ve
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Performance Results Matrix Multiplication

-Generated |Z|MAGMA -cuBLAS

Nvidia GeForce GTX 480 (Fermi)

~
a
S

500

250

Throughput (Gflop/s)

i

4

3

2

1

1024 2048 4096 81 92 1 638

42

-Generated |Z|MAGMA -cuBLAS

Nvidia GeForce GTX TITAN Black (Kepler)

000

b

1 024 2048 4096 81 92 1 6384

[l Generated [|cMAGMA [/]ciBLAS [BllcIBLAS Tuned

AMD Radeon HD 7970 (Tahiti)

3000

2000 -
1000+
0 4

|

il

1024%> 2048

4096 81 92 16384°

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

Executed on

Fermi Kepler Tahiti
100 -

o) o> |
O 50- N c>|§
c B, 0
@ <
: g
L 0 - X X X X X X <
L 100 - =
: 3
= g 2
- ()]
o S50 & N
SIO)

0 - X X X X X X

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

The six specialized OpenCL kernels

Generated kernels are specialised for device and input size
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Summary

OpenCL code is hard to write and not performance 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 2015, GPGPU 2016, CASES 2016 papers available at:
http://www.lift-project.org
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More Results Matrix Multiplication

Desktop GPU Desktop GPU
(Nvidia GeForce GTX Titan Black) (AMD Radeon HD 7970)
512x512 1024x1024 2048x512 512x2048 512x512 1024x1024 2048x512 512x2048
*512x512 *1024x1024 * 512x2048 * 2048x512 *512x512 *1024x1024 * 512x2048 * 2048x512
3000 - 2500 — —
2500 - 2000 -
7 — — —
2000 -
% 1500 —
=1 1500 -
TR
1000 +
O 1000 —
500 - I 500 =
0- - 0- - - - -
Rewrite— CLBlast Rewrite— CLBlast
based + CLTune cIBLAS . CUBLAS based + CLTune cIBLAS
Mobile GPU
(ARM Mali-T628 MP6)
512x512 1024x1024 2048x512 512x2048
*512x512 *1024x1024 * 512x2048 * 2048x512
14 -
12
10
6 I
6 -
4 -
2 -
0 - L

HE UNIVERSITY of EDINBURGH

nformatics

Hand
optimized

Rewrite— CLBlast
based |Z+ CLTune

cBLas[/]




Speedup over CUBLAS

o

N

—_

Performance Results more Benchmarks
vs. Hardware-Specific Implementations

O CUBLAS O Generated O cIBLAS B Generated O MKL B Generated
45 31

0 2 . 2
5 ~
o >
(&) —
5 g

] 8 1 - 8_1 ]
Q >
=] e]
e ()
() ()
(O] Q.
o w
wn

0 - 0 -
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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