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How to find the best tlight ticket”
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Solution:
 Evaluate all combinations manually
e ... 0ruse aflight comparison website




How to find the best tlight ticket”

o . - 'T'L -
Cache in shared A
memory? ARl o
UNITED Apri. _ . : .,.,_._ ';:;l."t' :,:, : :
Thread block ‘ ) =
SlzeS? n 12 13 14 15 16 17 ' ) —L,-«--—"LLJ;J’(L‘
18 19 20 21 22 23 24 ' _»/ )
25 26 27 28 29 30 More Work per
thread or less?
Solution:

 Evaluate all combinations manually
e ...oruse the CLTune auto-tuner



-xample: convolution

Example: blur filter

iINnput output
output e A -
=% @ | DOE
Vi LR | O —
X
filter size: Xt by Y filter coetticients
Targets:
« GPUs (CUDA & OpenCL) 1<1 <1
* Other OpenCL-capable devices i=—1j=—1

N— example: 3 by 3 filter



OpenCL 2D convolution

#define HFS (3) // Half filter size - work-group /
#define FS (HFS+HFS+1) // Filter size {thread b|OCk SIZGQ

each thread: one output pixel

__kernel void conv_reference(const int size_x, const int size y,
const __global floatx src,
__constant floatx coeff,
__global floatx dest) {

Ooo~NOUTESE WN =

get_global_id(0); T~ __ “ \/ec’[or da’[a types’? '

«gx?m‘m&;> const int tid_x
get_global_id(1);

const int tid_y

13 float acc = 0.0f;

15 // Loops over the neighbourhood

for (int fx=-HFS; fx<=HFS; ++fx) {

, for (int fy=-HFS; fy<=HFS; ++fy) {

' const int index_x = tid_x + HFS + fx;
const int index_y = tid_y + HFS + fy;

// Performs the accumulation
float coefficient = coeff[(fy+HFS)xFS + (fx+HFS)];
acc += coefficient * srcl[index_yxsize_x + index_x];

} ; Yf@_w ““’ B N
26 e (Cache inlocal/
27 // Stores the result | |
28 dest[tid_yxsize_x + tid_x] = acc; | shared memory’?
29 } L _



Search-space explosion

w Tread ﬁ Work—group
coarsening (2D) thread-block size?’ ‘shared memory?
d 0 |
10 X 2 X 10 X 4 X 5 = 10240

' Vector data-types”? |

< filter illegal

Large search-space: configurations

* Not feasible to explore manually
* Perhaps not even feasible automatically?

3404 , —
configurations




Why do we need an auto-tuner?

| Cache in local |

Large search-space: o | |
. shared memory?
* Not feasible to explore manually Work-g.cco,

S JI Threaa
+ Perhaps not even feasible automatically? ~ _ JULUECECERSICELSSEETY  FORETRteNen)ra
' Vector data-types”?

Wide variety of devices: vendor and archi-  peak  peak GFLOPS
. : Y, device name tecture GFLOPS GB/s per GB/s
* Different optimal kernels NVIDIA Tesla K40m Kepler 4291 288 149

NVIDIA GeForce GTX480 Fermi 1345 177 7.6
AMD Radeon HD7970 Tahiti 4368 288 15.1

e Even from the same vendor

Intel Iris 5100 Iris 832 26 32.5
User-parameter dependent: N
_ : : : = X¢— A
 Examples: matrix sizes, J\ ! BEE
. . . . —> v [Pv oom
mage size, filter sizes, etc. ‘ | OO




..l CNugteren / CLTune @Unwatch~ 3  sUnstar 11 ¥ Fork 2

W h <> Code (1) Issues 0 1"} Pull requests 0 =) Wiki 4~ Pulse .1 Graphs {} Settings

CLTune: An automatic OpenCL kernel tuner — Edit

D 213 commits ¥ 2 branches © 15 releases 1 contributor

Branch: master ~ New pull request

“ CNugteren Merge pull request #33 from CNugteren/development ... Latest commit 9e401f4 on Nov 22, 2015

New file Uploadfiles Findfile HTTPS~ https://github.com/C(Nug E& (@  Download ZIP

Large search-s

¢ \l Ot fe aSI b | e t BB cmake/Modules New custom FindOpenCL.cmake 10 months ago | Tread D

o De r h a p S n Ot ( B8 include Added experi.mental support for CUDA kernels 4 months ago rS e n | n ( 2 D ) ,? .
B samples Fixed a warning and error for MSVC 4 months ago
il src Prepared for MSVC support 4 months ago _ty p e S ,./
Bl test Updated the 'Kernellnfo' class to use Catch 3 months ago
Wi d e var i ety O'I E) .gitignore Added gitignore for build directory ayearage  ypa
. . : -
. D I f fe re nt O p‘tl ' E) .travis.yml Made Travis alw‘ays build pushes to the master branch 6 monthsago JRB/s
&) CHANGELOG Updated to version 2.0.0 3 months ago L.9
° Eve N fro m th ¢ B CMakeLists.txt Updated to version 2.0.0 3 months ago 561
E LICENSE Updated license information a year ago ’ 5
) README.md Updated the readme 3 months ago

User-paramete EE README.md

e Examples: m : -
image size, fi CLTune: Automatic OpenCL kernel tuning

build passing

CLTune is a C++ library which can be used to automatically tune your OpenCL and CUDA kernels. The only thing you'll need
to provide is a tuneable kernel and a list of allowed parameters and values.

For example, if you would perform loop unrolling or local memory tiling through a pre-processor define, just remove the



CLTune In action

std::vector<float> mat_a(kSizeNxkSizeM); 4
std::vector<float> vec_x(kSizeN); N s ‘
std::vector<float> vec_y(kSizeM); . Kernel to tune

_ . 1
—xample: matrix-vector : #include “"cltune.h" __ _ 1
multiplication (y = AX) 4 void main() { | Example input data

' 1 5 constexpr auto kSizeM = 2048; -/
with tl|lﬂg 6 constexpr auto kSizeN = 4096;

”

8

9

cltune::Tuner tuner(@, 1); // platform @, device 1 \Z//

14ﬂ\i§»// Adds a kernel which supports tiling by a factor TS
15 auto id = tuner.AddKernel{({"../tiled.opencl"}, "matvec_tiled", {kSizeM}, {1});
16 tuner.AddParameter(id, "TS", {32, 64, 128, 256});

17 tuner.MulLocalSize(id, {"TS"}); <§\\N-~§~M‘~k
18 ; «

Verifies output based on

w 19 // Sets the function's arguments Tile size (TS)
| Qp’[iona| reference kernel| L tuner.AddArgumentScalar(static_cast<int>(kSizeM)); | . |
L 0. tuner.AddArgumentScalar(static_cast<int>(kSizeN)); 4 possible values

- 22 tuner.AddArgumentInput({mat_a); T
23 tuner.AddArgumentInput(vec_x);
247> tuner.AddArgumentOQutput(vec_y);

25

26 // Runs the tuner

27 tuner.Tune();

28 tuner.PrintToScreen();
29 }



CLTune In action

__kernel void matvec_tiled{const int M, const int N,

1
2
1 3 const _ global floatx mat_a,
2  #include "cltune.h" 4 const __global floatx vec_x,
3 S 5 __global floatx vec_y) {
: "°:gn':‘t';:“ { o 6 const int i = get_global_id{(@); // From @ to M - 1
pr auto kSizeM = 2048; . . . .
6 constexpr auto kSizeN = 4096; 7 const int tile_id = get_local_id{(@); // From @ to TS - 1
7 8
g s:g::vec:or<2oa:> mat_a:::;zemszizen); 8] // Initializes the local/shared memory
stdlivecior<rtioat> vec_xXx 1ZeN),; 5 .
10 std::vector<float> vec_y(kSizeM); ig —Local: float tile x[T5]; <\‘ i
11 ~ ]
12 cltune: :Tuner tuner(®, 1); // platform @, device 1 12 // Loops over the tiles T —
13 13 float result = 0.0f; ;

14 // Adds a kernel which supports tiling by a factor TS 14 for (int t=0; t<N/TS; ++t) {
15 auto id = tuner.AddKernel({"../tiled.opencl"}, "matvec_tiled", {kSizeM}, {1});

. 15 3

16 t .AddP t d, "TS", {32, 64, 128, 256;}); ) )
17 tﬂﬁZ?.,..,uﬁz:'{'S;;{id, {"TS"}§; ok 16 // Loads a tile of the vector x into the local memory )
18 17 tile_x[tile_id] = vec_x[txTS + tile_id]; |
19 // Sets the function's arguments 18 barrier{CLK LOCAL MEM FENCE);
20 tuner.AddArgumentScalar(static_cast<int>(kSizeM)); 19 - -7
21 tuner.AddArgumentScalar(static_cast<int>(kSizeN)); . o
22 tuner.AddArgumentInput(mat_a); ‘, 20 // Computes the partial result {—
23 tuner.AddArgumentInput{vec_x); 21 for (int j=0; j<TS; ++j) { */
24 tuner.AddArgumentOutput(vec_y); 22 result += mat_al[{txTS + j)sM + 1] * tile_x[j];
25 23 }
26 // Runs the tuner . .
57 tuner. Tune(): o ﬁ - 24 barrier{CLK_LOCAL_MEM_FENCE);
28 tuner.PrintToScreen(); |—| d | | | h h | 3(55 }
29} N OSt - |
30 | d . es all the | 27 // Stores the result

- device data transfers! | 28 vec_yl[il = result;

L _____ 29 }

10



11

———————=—=| Ini1tial1zing on platform @ dewvice £

==========| Uevice name: 'AMD Radeon R9 M370@4 Compute Engine’ (Upen(lL 1.2 ) SIMECIIIEETIEP
jlobal floatx mat _a,
finclude "cltune.h” | Testing reference matwvec_retference ylobal floatx vec_x,
Running matwvec_reference floatx vec vy) {

void main{) { Completed matwvec_reference (11 ms) - 1 out of 1

constexpr auto kSizeM = 2048;
constexpr auto kSizeN = 4096;

" From @ to M 1
Testing kernel matwec_tiled

Running matwvec_t1led Pmory
Completed matwvec_tiled (1@ ms) - 1 out of 4

Running matwvec_t1led

Completed matwvec_tiled (9 ms) - £ out of 4

Running matwvec_t1led

Completed matwvec_ti1led (& ms) - 2 out of 4

Running matwvec_t1led

Completed matwvec_tiled (8 ms) - 4 out of 4

std::vector<float> mat_a(kSizquuusigiy
std::vector<float> vec x({kSizs -
std::vector<float> vec_y(kSizs

RLN

cltune: :Tuner tuner{(@, 1); //

R LI

/7 Addc a kornol hisrh crinnor
MUUS g Kerlriedl wihiiLorn sSuppol

auto id = tuner.AddKernel({".
tuner.AddParameter{id, "TS",
tuner.MullocalSize{id, {"TS"}

L]

1/ Cotc ha . Flansctsnnt c. ormiimas
JL‘YL rne 'u‘u_T;l_‘n S drgumei

tuner.AddArgumentScalar{stati'[ """"""""""
tuner.AddArgumentScalar(statiqissuinl
tuner.AddArgumentInput(mat_a) [ RESULT
tuner.AddArgumentInput{vec_x) F3E;{}LT

tuner.AddArgumentOutput{vec_ vy i -
[ RESULT

Printing results to stdout

matwvec_tiled; 10 ms; TS5 32
matwvec_tiled; 9 ms; TS 64d;
matwvec_t1led; 8 ms; 15 128;
matwvec_t1led; 8 ms; 15 2563

(N [ SN By SN B S Ny m—

’ - — j

,"" .", r‘lUl'l:' f.]r_: YUI”!F_: r
tuner.Tune();

tuner.PrintToScreen(): LN Printing best result to stdout

} > matvec_tiled; 8 msy TS 128;

—————————— Printing results to file in JSON format

—==———==——==| End of the tuning process



Option 0: Full search

©
X

12

-inds optimal solution

-Xplores all options

Search strategies

—
-
T

performance [% of best—-known]

search
space

3424 convolution kernels

on Tesla K40m GPU

- rotated histogram

— mean



Search strategies

Option 0: Full search 100— o + \3940/
Option 1: Random search = | - (1/32) ! 2\
© Explores arbitrary fraction — 80— | ” ;2%
X Performance varies ; N ﬂ T

"-g o0~ “ ” 56;:/03 | | ” | * / ” |

> 40 1 | * |

2 |

g4 | | |

g20— [ p\\‘ /’ / N A‘ ‘ ‘ \\

2| JUEWNLTIN i’ | \t U ‘

search progress (steps)

13



Search strategies

Option 0: Full search

: 100— | configurations (1/32t)
Option 1: Random search — e \\
Option 2: Simulated annealing § 80— | T |
©) Explores arbitrary fraction fc}) W A w 610/0
Performance varies S 60— /\/ ’
X f—, 60 R 7
X Meta-parameter 0
X Local optima @ 40—
= W
e
S 20
© -
O
O_

| | | | | |
0 20 40 60 30 100

search progress (steps)

14



Search strategies

Option 0: Full search | Example: 107 out of 3424

. 100— ~configurations (1/32t)
Option 1: Random search — SR
Option 2: Simulated annealing § 30—

Option 3: Particle swarm optim:;.)
© Explores arbitrary fraction 8 go—

X Performance varies 9
X Meta-parameter @ 40—

X Local optima é
S 20—

©

O
O_

search progress (steps)

- Line-types: 3 swarms

15



Search strategies evaluation

device: K40m

Conclusions:
« PSO performs poorly
* SA perform good, but not much better

—r
o
T

than random search

performance [% of best—known]

| | | | | | search
random SAT=2 SA T=4 SAT=6 PSOS=3 PSOS=6 space

W

average best result ~——___  Mmeta-parameters
of 128 searches for SA and PSO

Each search: 107 out of 3424 |
configurations (1/32'")

- -

[1]: C. Nugteren and V. Codreanu. CLTune: A Generic

6 Auto-Tuner for OpenCL Kernels. IEEE MCSoC '15.
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Search strategies evaluation

device: K40m
I I I I I I
random SAT=2 SAT=4 SAT=6 PSO S=3 PSO S=6

| | |
SAT=6 PSO S=3 PSO S=6

[
random

| |
SAT=2  SAT=4

—h
B o)) oo o
8 3 §

N
T

performance [% of best—known]

T

search
space

—h
& (o) 0 o
? 2 ¢ 8

N
T

performance [% of best—known]

T

search
space

device: HD7970

01144

| | | | | | search

random SAT=2 SA T=4 SAT=6 PSOS=3 PSOS=6 space
device: Iris

| | | | | I search

random SAT=2 SAT=4 SAT=6 PSOS=3 PSOS=6 space
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Machine learning an auto-tuner

. Evaluate subset of all

configurations i

Neura
(3-layer ful

)

network
y connected)

Predict execution

(take best 10 and evaluate
them on actual hardware)

input:
parameter
configuration

output:
executlion time

iInear regression

[2]: T.L. Falch and A.C. Elster. Machine Learning Based
Auto-tuning for Enhanced OpenCL Performance Portability.



Machine learning an auto-tuner

UG ALCOLE LUl Trained on a random subset of

800 S convolution example (1/32th)
- | Linear regression model
o 100
= 600 © © O -
E,
o — 75 O o o
= E 0
g )
S 400 ' G =
3 S
5 o - = 50
5 3
<< 200 - § 2
5
0 0
200 400 600 800 0 = >0 75 0

Predicted execution time [ms] Predicted execution time [ms]

20



800

(o))
-
o

400

Actual execution time [ms]

200

21

Machine learning an auto-tuner

3-layer neural network

| R — S—

200 400 600
Predicted execution time [ms]

800

Actu

4l execution time [ms]

Trained on a random subset of
- convolution example (1/32)

100

25

3-layer neural network

0 25 50 75 100
Predicted execution time [ms]



GEMM case-study

Conclusions:

e Different best parameters for
different devices

e Performance better than cIBLAS,

but not as good as assembly-
tuned cuBLAS

100 GEMM performance comparison = this work
allowed best parameters per device f‘; 3144 = CIBLAS

parameter(s) ~ values | K40m  GTX480 HD7970 Iris T 80~ 2870 o 882  GFLOPS " CuBLAS
Muwg, Nuwg, Kwg | {16,32,64,128} | 128,128,16 64,64,32 128,12832 64,64,16 9 eriops  OTLOPS 2409
MdimC, NdimC {8’16a32} 16,16 8,16 16,16 8,8 :CCIJ_) 60— 1933 GFLOPS

L84, L$B {yes,no} yes, yes  yes, yes  yes, yes  yes, yes S GFLOPS
Mgima, Naimp | {8,1632} 32,16 3232 3232 8,16 = o 1197 240
Mstride, Nstride {)’CS,HO} yes, no yes, no no, yes yes, yes o GFLOPS G%JOES GFLOPS

M’Uec’ Nvec {1’29498} 2,1 2,2 4,4 4,4 g 50—

Rouwi {2’8} 8 8 2 8 .,% GF5LOGPS
o CUuBLAS CUBLAS
N/A N/A

22

| |
GTX480

K40m

I I
HD7970 Iris



. CNugteren / CLBlast @Unwatch~ 3  JUnstar 9  YFork 3

<> Code (1) Issues 1 [} Pull requests 0 4~ Pulse 1 Graphs {3 Settings

Tuned OpenCL BLAS — Edit

{r) 237 commits I 2 branches © 6 releases 1 contributor

CIENCGH R A New pull request New file Upload files Findfile @ SSH~ git@github.com:CNugtere [ & Download ZIP

‘ CNugteren Merge pull request #31 from CNugteren/development Latest commit d19@bec 5 hours ago

23

B cmake/Modules Fixes for compilation under Visual Studio a month ago

@ doc/performance Added performance graphs for Intel Iris and Radeon M370X a day ago al N ete rS fO I

B include Added tuning results for the newest xGER family kernels a day ago

B samples Added SGEMM example using the C API 7 months ago
ipt Added prelimi rt for xHPR2 and xSPR2 routi 7d

B scripts ed preliminary support for x and x routines ays ago ar 'th a n C | 3 AS ’

B src Fixed a bug in the GER-family of routines due to incorrect division o... 7 days ago b |

B test Made testing against clBLAS in the client binaries truely optional (w... 7 days ago S aS S e l I I y

[&) .gitignore Made the tuning database an optional external download a month ago

[&) .travis.yml Updated Travis to reflect the changes in the Khronos website 5 hours ago

[ CHANGELOG Updated to version 0.6.0 5 hours ago

CMakelLists.txt Updated to version 0.6.0 5 hours ago Arson n this work

allOWCd [ LICENSE Initial commit of preview version 10 months ago “ CIBLASS
©  cuBLA
parameter(s) ~values & AeaomEme Updated the README file 5 hours ago
Muwg, Nuwg, Kuwg | 116,32,64,128} 409
Mgimcs Naimo {8,16,32} README.md LOPS
L$a, L$B {yes,no}
Md'imA, NdimB {8916a32} 240
M . N . es.no " GFLOPS
stride, Ustride ’ CLBlast: Th d OpenCL BLAS lib
nide, IV {yesno) ast: The tuned Open ibrary
VEC vecC { sy Ty }
CuBLAS CuBLAS
N/A N/A

CLBlast is a modern, lightweight, performant and tunable OpenCL BLAS library written in C++11. It is designed to leverage | |
the full performance potential of a wide variety of OpenCL devices from different vendors, including desktop and laptop 7970 Iris

GPUs, embedded GPUs, and other accelerators. CLBlast implements BLAS routines: basic linear algebra subprograms
operating on vectors and matrices.



Convolution case-study

applied to a best parameters for
filter of size | 3x3 TX7 11x11
3x3 100% 82% 64% : _
7X7 65%  100%  83% Conclusions: |
11x11 66% 759%, 100% e Different best parameters for different:
e devices (see paper)
00 device: GTX480 o f|ter—S|ZGS
80— 125 * Performance equal or better than the
87 state-of-the-art [3]

572

298

GFLOPS

performance [% of device—peak]

| | | [3]: B. Van Werkhoven, J. Maassen, H.E. Bal, and F.J. Seinstra.

3x3 filter 7x7 filter — 11x11 filter Optimizing Convolution Operations on GPUs Using Adaptive Tiling.
24



.- CNugteren / CLCudaAPI @Unwatch~ 2  JUnstar 3  YFork 2

<> Code (1) Issues 0 () Pull requests 0 Wiki 4~ Pulse .1 Graphs {3 Settings l ’
‘ A portable high-level API with CUDA or OpenCL back-end — Edit O r -

{r) 40 commits I 2 branches © 3 releases 1 contributor

Branch: master v L UL 8- TR (T2 New file Upload files Findfile SSH~ git@github.com:CNugtere [ & Download ZIP

i ‘ CNugteren Merge pull request #3 from CNugteren/development -.- Latest commit @ad67ce on Nov 1, 2015

Wr I tte n fo r B cmake/Modules Changed the name Claduc to CLCudaAPI 6 months ago

° U S e S _th E i doc Added new method Device::MaxAllocSize to the API 4 months ago

B include Updated to version 4.0 4 months ago

B samples Fixed compiler warnings and errors for Windows using MSVC 4 months ago

i test Fixed bugs for the CUDA unit tests 4 months ago

g p UM em & .gitignore Initial commit 8 months ago

g p UMemO ry - w [E CHANGELOG Updated to version 4.0 4 months ago

[E CMakelLists.txt Updated to version 4.0 4 months ago

[E LICENSE Initial commit 8 months ago

¢ A n d C L( [ README.md Fixed compiler warnings and errors for Windows using MSVC 4 months ago
README.md

* Switch b cLCudaAPI: A portable high-level API with CUDA or
e Usesthe OpenCL back-end vrtc)

CLCudaAPI provides a C++ interface to the OpenCL AP| and/or CUDA API. This interface is high-level: all the details of
setting up an OpenCL platform and device are handled automatically, as well as for example OpenCL and CUDA memory
management. A similar high-level API is also provided by Khronos's cl.hpp , S0 why would someone use CLCudaAPI
instead? The main reason is portability: CLCudaAPI provides two header files which both implement the exact same API, but
with a different back-end. This allows porting between OpenCL and CUDA by simply changing the header file!

CLCudaAPI is written in C++11 and wraps CUDA and OpenCL objects in smart pointers, thus handling memory management
automatically. It uses the CUDA driver API, since this is the closest to the OpenCL API, but it uses the OpenCL terminology,
since this is the most generic. It compiles OpenCL and/or CUDA kernels at run-time, possible in CUDA only since release 7.0.

o5 CLCudaAPI handles the host API only: it still requires two versions of the kernel (although some simple defines could omit
this requirement).



Better Than All the Rest:

Finding Maximum-Performance GPU Kernels Using Auto-Tuning

Auto-tuning GPU kernels:

* |arge search-space
 Wide variety of devices

* User-parameter dependent

Machine-learning:
* TJrain a model on a small subset
 Use the model to predict the remainder

Advanced search strategies:
* Simulated annealing
* Particle swarm optimisation

00 device: GTX480

Case-studies:
e [astest 2D convolution

 CLBlast matrix-multiplication
ibrary

12
0 GB/?

()] (0]

[More info]: C. Nugteren and V. Codreanu. CLTune: A
20| N K Generic Auto-Tuner for OpenCL Kernels. IEEE MCSoC '15.

performance [% of device—peak]

3x3 filter 7X7 filter 11x11 filter

Slides available @ www.cedricnugteren.nl
26


https://github.com/CNugteren/CLTune

