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a2

r
0x

So| HE - HEALY M

(floating-point operations, flop)
SIS O = Qs HALE LIE}LH

HEASY QM
¢nzFS UNE FHYS
8 7§ PMe YHkH o

It 3ME siLte| eiso

« FMA(F

:|o

CH

99)

-
)

_+_

A

bi
o
L

t

%i*"*(ﬂoat
ALESO| CHE (

ALK
A4 AL

28 #HHREA
|

Fuzed Multiply and Add)£ &1t SM S o
Xl (Precision)O]| [[f._ dSK0| 7l ExY
H

IS}

I.
. HANETR| | HASE S

o [
- 2016'd 6@ MAGIM 7} tE

B) &

ol-o_l, 36T|) _I_El 2

Moz O, &4, Hu=E 7k, AKX f=0f mhap S8

£

of X2lst= +H

=X 7XF2) T 64-bit E-E24H (double, K2 XX 16XI2])0]|
_E floatOfl Ciet 450 =&

1

(floating-point operations per second, FLOPS or FLOP/s)
Boo= XN EE wHPFEL S5H|u S0 AHEE
2 wHAFEL| 852 93 PetaFLOP/s

S10| EFO|= 20| E : 10,649,600 cores

A4PetaFLOPS, 69,600 cores

SsPRi



AP2} 718 +H

Performance Development

10 EFlop/s
1 EFlop/s
eo o0
100 PFlopls oo ® -
10 PFlopis R :
°®
1 PFlop/s p °® *
" Y 2 =
5 100 TFlopls o - .
$  10TFlopis LA - -
o at® . -
1 ¢ 06/1996: #1 = 220.4 GFlopls | L
100 GFlopis A4 44"
10 GFlop/s
1 GFlop/s " l
100 MFlop/s
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Lists
® Sum A # = #500
Samsung Galaxy S7 Top500.org Performance Development
Processing Power 1996/06 15t supercomputer

AP : Exynos 8890 (4+4 core, 2.3+1.6GHz) University of Tokyo SR2201/1024 ($50M)
GPU : Mali-T880 MP12 (265.2 GFLOPS) Peak Performance (220.4 GFLOPS)
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CPU

(Central Processing Unit)

n Intel® Xeon® Processor
E5 v4

Intel Xeon Processor E5-2699 v4

22 cores (hyper-threading 44cores)

Clock Speed : 2.2GHz(Turbo 3.6GHz)

Price : $4,115

Performance : 1549 GFLOPS (single)
744 GFLOPS (double)

GPU

NVIDIA Tesla P100

3584 cores

Clock Speed : 1.3GHz (Turbo 1.4GHz)

Price : TBA (around $5000)

Performance : 10608 GFLOPS (single)
5304 GFLOPS (double)

* NVlink : 160 GB/s (CPU-GPU)

Accelerator

Intel Xeon Phi 7120P

61 cores (244 threads)

Clock Speed : 1.3GHz

Price : $4,129

Performance : 2416 GFLOPS (single)
1208 GFLOPS (double)

SsPRi| 8



GPU2| =

® Roofline model
- A4t H R 2| METS CjH|ol BEYE = U
. dut™o 2 A 4HE S (clock speed)O| M| 22| CHH
. A& Z & (arithmetic intensity) 7t

‘d5S LtEHHY

= (memory bandwidth)2.C} =&

I'

o A P 2048
?'i:ll:'_ E T E O I EH —Intel Sandy Bridge
——AMD Abu Dhabi /
1024/ — BM BG/Q

—Fujitsu FX10
—NVIDIA Kepler
Intel Xeon Phi

(&)
—
N

256

=
- 823t 2vlstt &

Double precision performance (Gflop/s)

A 12|52 many-core 1 T
7|9k A MR M ‘dS0] 543] X} o 5
- 32 %) S
- HW Of7|Ef X of wj2} HEe| 280 24 s 2z
’ -
18/16 1/8 1/4 1/2 1 2 4 8 16 32 64 128 256

Operational intensity (flop/byte)

o O|Ed3=2 40| old=
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Y2 Fo| yYs

e for loop2| EHA3}

// Simple saxpy operation
for(3 =0 ; § < n ; j++)
y[j]l = alpha * x[3] + y[jl;
Memory : 4*(2*n+1) byte

@ Parallelization Computation : n operations
Arithmetic Intensity : 1/8

// 1dx 1is assigned randomly from O to n
1dx = myid;
y[idx] = alpha * x[idx] + y[idx];

o LELIX| +Eo| Z2 BEI?

// Fibonacci series
for(j =2 ; j < n-1; j++)
x[j] = x[J-2]1 + x[j-11;

SsPRi| 10



= F (Matrix Multiplication)

e BLAS 3 - SGEMM

// C = A*B where each matrix i1s n by n matrix

for(3 =0 ; J <n ; j++)
for(k = 0 ; k < n ; k++)
for(1 =0 ; 1T <n ; T++)
CLjlLk] += A[JILT] * b[1]1[k]

® Arithmetic Intensity
- H22| MEF : 4 x 4byte x n? = 12n?
- AL nd
- Arithmetic Intensity : n/12

. WO| UL 0|2H 50 FHIHYH

SsPRi | 11



21 2|E H Arithmetic Intensity

0.1-1.0 flops per byte Typically < 2 flops per byte O(10) flops per byte
A A A
s N7 N 7 N\

SpMV
BLAS1,2 Particle

Stencils (PDEs) Methods
FFTs, Dense
Lattice Boltzmann Spectral Methods LénLe:é éklgebra
N Methods =~ N ( ) ,
Y Y Y

o(1) O(log(N) ) O(N)

Source : https://crd.Ibl.gov/departments/computer-science/PAR/research/roofline/ @ SPr 12
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Source : https://spri.kr/post/14725

SPRi [ssue Report

2018, 3. 9, M2016-002% ver. 1.1

AlphaGo2| A-EAs LI F 4

F34 dgdTdt
Y Hddrd
84 #Hdd 7Y

S SPRI AZEY oML
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o HIE MAMIl2S H2 £|X2| QISX| 5 HIFZ2 17
- HE{H o R HiF Z27|A19] 7|E 16T 7 & &
. FotClof| 7} HES 9|

9 =
« M HEQT : TZHISI|IANES A Mo

o
« 7tK| HERIR : SX|| HSE HEfC] SE= 2AL
. MM XY ES|IE & 2 E
- ZHZIE2 E2| EAMCTS =

Policy network

P, (@ls)

(o] 5 =
M HEYA 7K Y ESYA MCTS 232|&
Source: Mastering the game of Go with deep neural networks and tree search, Nature
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e AlphaGol| HZl{d = - &
2548 rRUEH A= o|OX| &
- OOfX|2| ZX|HQI IjHZ QIAISHY H
* AlphaGoO M= HSHE &EfE 487K

. 1350 2EERMES BRY0| I

>t Job U
ox mn
ot n

m

E
Hu
|
uin
10

Output Layer

Probability distributions
for all legal next moves

Input Layer Feature maps Feature maps Feature maps Feature maps —
Raw Go Status Policy Network
(Softmax)
—) 5x5 i 2nd ~ 12 Q 0
convolution convolution N b
: 1x1 th
Feature selection 13 256
convolution —_—
3x3
Output Layer
48@19x19 192@19x19 192@19x19 1@19x19\ Value of the game state
Value Network (one scalar value)
\ ] (Tanh)
' O
13 Convolutional Layers

Fully connected layer
(Rectifier unit)
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AT

Alz4d Ok

(Convolutional Neural Network, CNN)

o 0|O|X] EXoj 53
L HERM EE'E S

o
B
M i

e[l
R
K=}
L
~)

(f * 9)(®) = j fDg(t

el ’El'd

—1)dTt

08k . SRR FSRUURITN R e SRR

[] Acea under f(xai-) ||

()

att-v)
(f+a))

Source: https://en.wikipedia.org/wiki/Convolution

(4 x 0)

- X
Center element of the kernel is placed over the {g X g;
source pixel. The source pixel is then replaced (0%0)

with a weighted sum of itself and nearby pixals.

Source pixel

Convolution kernel
(emboss)

Mew pixel value (destination pixel)

Source : i0S Developer Library — vimage Programming Guide
https://developer.apple.com/library/ios/documentation/Performance/Conceptual/vimage/C
onvolutionOperations/ConvolutionOperations.html

0. 4 0
Identity 010
0. 00
0 -1 0
Sharpen -1 5 -1
0 -1 0

Source: https://en.wikipedia.org/wiki/Kernel (image processing)
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Rectifier
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Input Volume (+pad 1) (7x7x3)

101 07 Fa [0 [0 [ J_,Oﬂﬂr_%
0 2 Nam
0_||2_||0_101o 1 [-1]1 ]
3 e
ORi2 2 |1 0218 1]-1]
00 0 1 -1
x[: NOLS s 74
0 0 ;

0 0 -
0 0 Ao
m 0 Bias b0/(1x1x1)
0 0 b0[,:,0)
gllo 10 10

0 0 0 0 0

0 0”0 o 0 0

0 2 2l

0 [0 0 0 0

0 [Zz 2 0

[1]2]271 1 0

BT 2 1T 100

0000O0T 0O

Source : http://cs231n.github.io/convolutional-networks/

Filter WO (3x3x3)

Filter W1 (3x3x3)

Ly

=1 |1

WL E e

-1
-1
1

bl[:

0

-1
-1
1

4

Output Volume (3x3x2)

:,0) olszy 0]

-1 -2 10 4

-1 9 7

0 8 10 6

B B ot ERC S B

1l -1 -2 -6
1 E61 =5

1 -1 -70

r2]

-1

0

-1

Bias bl (1x1x1)
R0

toggle movement
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Input Layer Feature maps Feature maps Feature maps

Raw Go Status

ek

—) 5x5 . 2nd ~ 12 Q \
convolution ¥ ~

convolution

] 1x1
1 Feature selection _\\n 13th
convolution

3x3

48@19x19 192@19x19 192@19x19 1@19x19

\ )
|

13 Convolutional Layers
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GPULI ZH=FM (GEMM)

Image data

D[0,0,,:] D[0,1,:] D[0,2,:,:]

AlphaGo

192 x 9
9 x 69312

Fm

Filter data

F[0,,,: ]

pad_h

F[ll.!l

2048

—Intel Sandy Bridge

—AMD Abu Dhabi /
1024/ —BM BG/Q
—Fuijitsu FX10
512/ ——NVIDIA Kepler
—Intel Xeon Phi

Ll oo xSTa=
I

256

128

I
T R R L R L

pad_w

b3

W
N

Double precision performance (Gflop/s)

FMM M2L (Spherical)
FMM M2L (Cartesian)

MM P2P

0

116 1/8 1/4 1/2 1 2 32 64 128 256
Operational mtensrty (ﬂop/byte)

F
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AlphaGo Q1S MEBY A LhEF

® ConvNet Inference (estimation)
- 15 : 19x19 HFSE * 487 EXY * 5x5 22 FM * 25 CId * 19271 ZEH *
270 A4 (e A4 = 4.159 GFLOP
- 2~135 : 19x19 HISE * 19271 £ * 3x3 22574 * 9 G * 19271 EH *
270 AL (Zdet A4 * 115 = 23.715 GFLOP
- 2F 30 GFLOP (&t Al= Hh= o Hoj| 2ot 4|43
- NVIDIA K40 GPU2| cuDNN(E 2{'d 1f7|X[)e] ‘dS2 1.2 TFLOP/s
. GPU 8t 7T 10§ 2F 40®H2| inference 7t

® Memory
- 162+ 79| 7| : 1.85 Thyte(single), 58 Gbyte(boolean)
59| ConvNet weights : 2 3Mbyte

SsPRi| 22



AlphaGo?2| (HIAE) A& X}E

e CPU ® GPU

- Intel Xeon CPU E5-2643 v2 @ 3.5 GHz . GeForce GTX Titan Black

-
. 32
.

e |

3
L ]

Xeon® E5-2643 v2

Sourci A LE/AHEZS: 6 cores / 12 threads Source : http://www.nvidia.co.kr/gtx-700-graphics-cards/gtx-titan-black/
« 845 :66.61 GFLOP/s . T O{==: 2880 cores
« X0 CPU 74 : 2 . & : 5.1 Tera FLOP/s (single),
- 7t :$ 1552 1.7 Tera FLOP/s (double)
- 2O : Q3 2013 - 7t4 :$ 999

. 2o . March 25, 2014

Source : Maddison, Chris J., et al. "Move evaluation in go using deep convolutional neural networks." arXiv preprint arXiv:1412.6564 (2014).
CPU Performance, https://setiathome.berkeley.edu/cpu_list.php
List of NVIDIA Graphics Processing Units, https://en.wikipedia.org/wiki/List of Nvidia graphics processing_units SsPRi| 23




AlphaGoZ2| A 4tX}& (F%)

o A= M4 e =4t HA
. CPU cores : 48 7| . CPU cores : 1202 7] (xicth1920)

e 12cores(with HTT) x 4 CPUs, or 8cores x 6 CPUs . GPU 70 : 176 7l (#ichz2s0)

A,
e O . o s0rf L2lo] HETHHCE T
. L C F142 (4 CPU sockets + 8 PCles)E &
Mot 1ds AMMHE =
» or (6 CPU sockets + 8 PCles)
- 7F4 2 2 50t FEOo|1 AlZHE AH|HH2
2500 Watt ==

. ot} of 22 ~ 259 ¥

i& Supermicro MB
] , 4CPUs + 4PCle + (4PCle)
frkiSe $1,278

8 VGAs O] A]
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Xl
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EX (0 #H A E5H=

b hyper-parameter

L—I—
—O0
O -

EEEES B

k=

STM7E X 8El0f O 3309 20| M7|2F 28

= 7|2

Q FHHM O (Error Backpropagation Method)

El(Basic Linear Algebra Subroutines)2 £ O|F0{H

GPUO]| %]

HEl 2tolEe{g] F StLt

X3

- BLASE=

joll

- 7h8H|7t
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AZXS ATE P HEY 87 T4 2YQE
GPU ST 2E 84| olF, HEI 5, 23 & A2 B2 Ho| =X

-

. 3t GPUS| mMF7|7I 02 S

- OefA Y ft=5ots A Hbt 2L FEIE A Mols A0l 2 X

=2t$E GPU AH|A & S

. ol 22E IT 7|98 EEE GPU instance 2 &
ZERT

- CPU : Intel Xeon E5-2670

- GPU : NVIDIA GRID K520 (1,536 core, 4GB GDDR)
- Zej2E UEYY AY

- GRID GPU+= CADe} 22 3DAM o A5k

o

Amazon AWS G2

- CPU : Intel Xeon E5-26xx
- GPU : NVIDIA Tesla M60, K80 A|¢

- CPU : Intel Xeon E5-26xx
Aliyun - GPU : NVIDIA Tesla M40, K40 A|Y
« ZFU Aul 20 Ths

- L0l = SK C&C7} SOFTLAYERZ 1} &35l HIO|E{ME] 2EZ0E ('16.9H &)

SOFTLAYER IBM Cloud
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of © I

L 2 A =
o ZEE 7 T B WY xA

- Compute Canada
. 7|E}F Q] MEI AL A

.2 FAT|Y U AEEYO| £Q XA

o 222 E GPU instance TAL & M (A1)
. 2ol ¥ Thot

o 2ZX|s ART &3 =EHYC HA|
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