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ACM Gordon Bell Prize

Peak Performance

Yukihiro Hasegawa, Junichi Iwata, Miwako Tsuji,
Daisuke Takahashi, Atsushi Oshiyama,
Kazuo Minami, Taisuke Boku, Fumiyoshi Shoji,
Atsuya Uno, Motoyoshi Kurokawa, Hikaru Inoue,
Ikuo Miyoshi, Mitsuo Yokokawa

First-Principles Calculation of Electronic States of a
Silicon Nanowire with 100,000 Atoms on the K Computer
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4 Scott Lathrop Thom H. Dunning; J¥. COMPUTER

SC11 Conference Chair Gordon Bell Chair
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First-principles calculations of electron states of a silicon
nanowire with 100,000 atoms on the K computer
RSDFT:. Real Space Density Functional Theory code
R, WK%, HtO =Tk
BEBBRDOIN)A ;)T —DYI2L—T 3
1R T~4 TR TETHERE
10 17 )2 v~ DYk Re a7z 52 i
— E&hPERE : 3.08PFLOPS

(7.06 PFLOPSH&RK)
— SN 143.6%

— WAy TV BB

SCl1@Seatle,USA
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o ROMERE

o WFDOF2—= 7
o PERENRY F<—

o Bl kR
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Si nanowire (SiNW), a booster http://www.itrs.net/
in the next-generation semiconductor technology
More Moore - More than Moore

Source Gate Drain

Nnw (Nanowire)

planar Surrounding gate
Transistor m—) transistor
i
Source T e
—

== Q

)

Gate controllability
— suppress short-channel effects
suppress leaks at off state
—> save energy

Number of atoms in SINW channels _
- 10,000 - 100,000 atoms ! Entelin 2011 R é
® " R
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RSDFTD A%
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RSDFT: Real Space Density Functional Theory code

o BIERNFEE, HINRZT) B HELEHNBHFE

o BT NRITHEDRE - FRHEEFREFRE IO/ I A
o FEARBHIZ % B L BE A P

o HERTL VI EERA

o HEIERIEN TR
— FFT(Fast Fourier Transformation)Z A ZEL LRV, B A )&

o BWETHIEREZIEH
— BLASlevel 301751-175IRTD I

o« NAT7VYRAEH] (MPI + OpenMP) 2924
e Fortran90, 5/ %7
o V2l —Yary xR iaE, BEM, Kim- SR, R, /R
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J.-l. lwata et al., J. Comp. Phys. (2010)

Real space

Blue : Si atom

Yellow: electron densityo

SN N N
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Kohn-Sham differentia QN is converted 32 M

to M-th order finite-differenCe~e®watior P 9, (X, Z Cn @;(Xx+mH,y,2)
(usually use M=6) m=M
Advantages

> Almost free from FFT, reducing communication burden = high efficiency
> Flexible boundary condition to wave-functions = molecules, clusters, surfaces, etc.
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Kohn-Sham HER; 1L o
[ (,)} \‘M"‘gg - e
—V2i v (r) + B gy 4 Zox (r) = € @ (r
3V VD | oncr) | G0 = € 9,0
2 o i . %?ﬁiéj € =ﬁgﬁﬁ)
mwrme n(r)=> |g(r) i BT (<IN
i ro AR (RS
A
EZ
O(N?)
A (GS ) 7S L 2IvMERE AL O(N?)
REELRT L IV DOEH O(N)
'8 ( SD ) & xtA1t O(N3) P
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- ARIZMO

« 8,000 JRF-DIVaLF )T (SINW)
v AR 100

m computation/SCF
v BB 1120 X 120X 20 m global communication/SCF
v NV RE 216,000 = adjacent communication/SCF

m pre/post processing

o AT ZEL:256
e 256 J—K (2,048 277)

B ZRD9I0%

MPL#@ S D7\ T—Y a3 %0 2 FIXDGEMM

(B M H, 215V 1K)
e MPI Allreduce
« MPI Reduce
e MPI Bceast
« MPI Allgatherv

R

RIKEN ADVANCED INSTITUTE FOR COMPUTATIONAL SCIENCE RIKEN computer



- Outline

R

RIKEN ADVANCED INSTITUTE FOR COMPUTATIONAL SCIENCE RIKEN  k computer



A== a8 [ OFE

~—J

ORIKEN

Total Compute Node(CPU) : 82,944
Total CPU Core : 663,552
Total Peak Performance : 10.62 PFLOPS
Total Memory : 1.27PiB
R3.
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» Compute Node (128GFLOPS) » Tofu(Torus fusion) interconnect
= CPU(SPARC64™ VIIIfx) : 1 (8 cores) *® 6dimensional mesh/torus network

e User’s programing point of view :
Logical 3 dimensional torus network

» Peak bandwidth: 5GB/s (each direction)

= Memory capacity: 16GB

= L1D cache: 32KB

» L2 cache: 6MB (Share)

= ICC(Interconnect Controller) : 1

20
Qe
5GB/sx2(Peak) [ : 0’ SR ——— .
66%\’ "
Node
CPU: 128GFLOPS
8co i
>GB/s x 2(Reak) 1! | 5GB/sx2(Peak) .~
Core J‘J—l ‘J—I s
SIMD(4FMA |- JJ
g 11011
L2$: 6MB |

I 64GB/s
MEM: 16GB

l 5GB/s x 2(Peak) (courtesy of Fujitsu Ltd.) p
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— Fa—= T INT-DGEMMDBBLE. . %96.6%

RSDFT nJr,%i:lTO)a— it
e 1T3I3E1E
° ZREDE R—17y I~§+%i1=§% : PACS-CS, T2K-Tsukuba
¢ Agl‘)L@W*ﬁ:ﬁﬁ
MER gk =t
o ZCRSF| ALyFIESDEE
A—4y e B PACS-CS, T2K-Tsukuba
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n+%370)f?mﬁﬁ'f E —Gram-Schmidt -
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’\7 MLIEZ1THIIEIC IR Bign3liE
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—_ = 4 E8(DGEMV)
Y2 =Py — 901(901*|1/J2) / i
o PO £ EF(DGEMM)

Y3 =3 — 901<§01*| 3 <P2*|l/’3>

Qo =Yy — 01017 [Ws) — 02(02" 03(@3"[Ys)

s = Ps — 901<§01*|1/)5) - 902(<P2*|1/’5> | <P3<903*|1/’5> - <P4(<P4*|1/’5>

Ve = Pe — 901<§01*|1/)6) - 902(<P2*|1/’6> | <P3<903*|1/’6> - <P4(<P4*|1/’6> B <P5(905*|1/’6>

97 = Y7 — e1(01"|[W7) — 02027 |¥7) — 033" [¥7) — a(@s™[W7) — @s{@s*[W7) —@s(ws[W7)

Pg = Pg — 901<§01*|1/)8) - 902(<P2*|1/’8) N <P3<§03*|1/’8) - <P4(<P4*|1/’8) B <P5<§05*|1/’8) —<P6<906*|1/)8) N <P7<§07*|1/)8)
s KEEROHAI=ZATMEGVEAEMIZTOVIIELTEHE
o HIFEMICTOv/iEd 5 LTHATZ ZHER
X SDLEHEI AT A 2 é:.
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D—:F/ ﬁ?‘/Z - Gram-SchmidtDFH -

~—J
(a) Naive A Triangular area’ Wait(idle)
Rank No. of B Square area MPI Bcast
Orbital parallel
Jnmmf)yEngoanr nem s fEpeaEs s
HEEELEBEFJEE O EENEEL B EZ T B

1
2
3

(b)i Optimized FATRISKRERSD o

0

1
2
3

T IR IN T M T T TIC TR N

EETEE"EETEELETE . lk

Time

— \4
L ]
.

A’
N | N TP IN N Bl B OIN
HEEEEEL BN BT EEELETETE.
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sub_comm_grid comm_world

<

Tut; MPI_comm_split
o) Z
5 Yy
X
CPU space
YT A 2/ = AN THREPHELGNS p é
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2Ny R A D%
slNW, 19,848 B, M B320 X 320 X 120, 2N RE41,472
257 at 2803 12,288 THElE

120.0 .
_70Q0 " VWait (Orbitals)
© 100.0 p— 79% -78% = Global communication (Orbitals)
) \ Global communication (Grids)
M Adjacent communication (Grids)
0  80.0 ™ (Computation
" \
 60.0 - =
“ 22 )5 Im D KI@ 15 Iefe) 2
g; . 40.0 -79%  RIRIZHI sk
=
- 20.0
0.0 72l & 12,288
£ 58| 8823 |83 Sy b ARG
) O + © |5+ G, o + }\‘/I‘ﬁj\%ﬂL 6
GS MatE/SD  RotV/SD CG

15 £ R [B185 F
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2r—SEV)T 4 - HIEh P

_
RotV/SD  B#% :19,848

¥ 2 320%320%120

2500 Ry RBK 41,472
200.0 - =¢=GO-parale: Computation
' =te=GO-paralell: Global communication (Grids)
=¢= G-parallel: Computation
& 150.0 - G-paralel: Global communication (Grids)
Py
£
= 100.0 -
50.0 -
0.0 \‘\"\* l
0) 5000 10000 15000
Number of nodes p é
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Case 1. 1Ry
Case 2: 3RV 7 (F#8)
o YT a2 —FRIOBIEL TV MFRELIND
o MPL#lifE TTofulmi} 7 )L 2V A A(Trinaryx3)HEIRINS

Gram-Schmidt -8 19,848

¥&FHC 320320 % 120

WLEEC 41,472

M1 7t 2B 12,288
v ZeEA): 2,048(32X 32X 2)
v NURMEF 6

32X 32X 12D—F AT

1200 +

1000 +

80.0 -+

60.0 +

Time(s)

MPI_Allreduce

] -—
0.0 -

Casel Case 2
" R
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Mg F~<—2 (1/3)

M 7 5=k
o SCFE-ED1XEZHIE

6 nm

e SINW 107,292)5 1  —
BB 576X 576X 192 . oo
— N2 REC 230,400

o AEHT Ot 2% 55,296
_ e d0: 18,432 X N R4y EIBCS
o i/ —FDOE—7#:4E: 7.06PFLOPS
— 55,296 /—K(442,36827)
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- PERERSF=—7 (2/3)

P:RElE 3.08PFLOPS /SCF

ik 43.6 %

W5 IAME 19.0%

SCFit Rk #H 1 0E TREEE 5,500 7

Computational Cost

1% 1% 1% ® Computation

® Global communication (Grids)

= Adjacent communication (Grids)
= Global communication (Orbitals)
Wait (Orbitals)

2
~

@b

LY

X
34
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sciiig PEREN>F~—7 (3/3)

EihiEEl% 4.18 PFLOPS /SCF

DT 59.02 %

W5 IAME 19.0%

SCFit ROk 1 OE TREEIE 4,053 #

Computational Cost
® Computation

1% 1% 1% = Global communication (Grids)

= Adjacent communication (Grids)
= Global communication (Orbitals)
Wait (Orbitals)
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DGEMM®D 7 074 2

call dgemm( transa, transb, m, n, k, alpha, Ida, Idb, beta, |dc)

[C] = apha:[A] X[B] + beta:[C]
10.0
. Ay aAIvh
_® W2/3aaaIvh
Z 60 NS
_E 40 L2F%yyi o
20 T2 5D
0.0
T3 T4 T5 T6 T7 o AR
10.0 T3 TTIIRVILETEIIZOTVD Z%T/%ﬁE%
8.0
i 6.0
_E a0 | Tn:AL v R&E5
. N=0-7




A R DF 2—=" 7

EigenSolveDBfE DR Y7 — THHAAD/NITES
«—— MB — «— ML

T T MLA& -5

v

MBS R

MB EigenSolve | MB MB< <ML

—HRO7 e ATHE A ERFEFRZFEITTS

-

KEER: T 7T 47 7R

naive tuned p é
® " R
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a5 LOBRERLE

We have successfully obtained the self-consistent electron density and total energy for
extremely large systems. Structural stability can also be described precisely.

[ N
| ‘10,‘648‘ atoms l
21,952 atoms

E oot

18 18.5 10 195 20 20.5 21
Volume / atom

Volume of Si crystal
vs. Total Energy /

10648-atom cell of Si crystal and its electron density

~

LDA = Local Density Approximation (exchange-correlation functional)

LDA LDA LDA
(21,952 atoms) | (10,648 atoms) (2 atoms)

Lattice constant 5.39A 5.39A 5.39A 5.43A
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‘DOS of SINW near CBM

DOS Den5|ty of Sates SiNW( infinite length )
CBM: Conduction Band Minimum oV
SINW/( 10nm, 39,696 atoms) -1 |
40 r SINW( 5nm, 19,848 atoms) = | ]
10 nm (39,696 atoms) SINW( 3nm, 9924 atoms) B
éc' 35 | I ' |
P
QO 30
o
E 25
v
5 nm (19,848 atoms) "'6- 20 L
O
Q9 15
S 10 |
P
3 nm (9924 atoms) 57T

é' 0
5o 0.1 0 0.1 0.2 0.3 0.4
Diameter:10nm Energy (eV) p é
o I
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