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漏れ電流が問題

漏れ電流を押さえる
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i rn 2|)( ϕr

ハミルトニアン

電子密度

Kohn-Sham方程式

波動関数

φi: 電子軌道（=波動関数）%

%i：電子準位（=エネルギーバンド）%

r：空間離散点（=空間格子）

Çä­áûÕHϕi (r) = ε iϕi (r)
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PQKMRb�+

実空間法

Çä­áûÕHϕi (r) = ε iϕi (r)
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(&CG&)&共役勾配法
(&GS&)&Gram9Schmidt規格直交化

(&SD&)&部分対角化
密度とポテンシャルの更新&

Self9Consistent&Field&&procedure

1

3
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SCFĊÿ
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J.9I.&Iwata&et#al.,&J.&Comp.&Phys.&(2010)&

Blue&:&Si&atom&
Yellow:&electron&density

Real&space CPU&space
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計算コアの最適化&
• 行列積化

スレッド並列の実装

RSDFT
• 実空間差分法&
• 空間並列

ターゲット計算機：PACS9CS,&T2K9Tsukuba

ターゲット計算機：PACS9CS,&T2K9Tsukuba

PQKMRbJOS���5b��
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オリジナルは行列ベクトル積
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• 依存関係のある三角部とない四角部にブロック化して計算&
• 再帰的にブロック化することで四角部を多く確保

15※ＳＤも同様に行列積化が可能

ベクトル積を行列積に変換 再帰分割法
�:+6&-263.<ø¤½Ză¶ü½
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Si4096(格子：96x96x96，バンド：8192）
実行時間，T2K-Tsukuba
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Si4,096(格子:96x96x96，バンド：8192)
速度向上率，T2K-Tsukuba
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Si4096(格子:9 6x9 6x9 6，バンド:8192)
演算時間と通信時間，T2K-Tsukuba
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S C F DIAG G S DTCG
並列数

実
行
時
間
（
秒
）

通信(S :大域)
通信(S :隣接)
演算

並列数 演算 通信(S :隣接) 通信(S :大域)
1 28 749.472 77.435 60.057
256 363.281 52.715 59.732
512 172.218 38.797 64.133

1,024 87.206 33.345 73.494
2,048 59.728 28.637 108.404
128 322.212 10.005 14.931
256 181.852 6.831 9.690
512 86.939 4.492 16.882

1,024 46.392 4.061 17.659
2,048 31.597 4.229 34.866
128 148.354 0.000 9.629
256 73.964 0.000 10.070
512 37.479 0.000 9.969

1,024 16.900 0.000 8.008
2,048 11.451 0.000 10.687
128 278.906 67.429 35.497
256 107.465 45.884 39.972
512 47.800 34.305 37.283

1,024 23.914 29.284 47.827
2,048 16.679 24.408 62.851

S C F

DIAG

G S

DTCG
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通信時間増大&
演算時間と逆転&
並列度の不足&

通信時間減少せず&
演算時間と同程度&
並列度の不足

通信時間増大&
演算時間と同程度&
並列度の不足&
Scalapackのスケー
ラビリティが悪い&

行列積化で良好

行列ベクトル積&
性能は悪い

行列積化で良好

行列積化で良好

Scalapackの性能
が悪い
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計算コアの最適化&
• 行列積化

スレッド並列の実装

超並列向けの実装!
• バンド並列の拡張!

• EIGENライブラリ※の適用

RSDFT
• 実空間差分法&
• ベクトルの内積計算
が基本&

• 空間並列

ターゲット計算機：PACS9CS,&T2K9Tsukuba

ターゲット計算機：PACS9CS,&T2K9Tsukuba

ターゲット計算機：K&computer

※高速固有値ライブラリ&

Imamura#el#al.#SNA+MC2010#(2010)

PQKMRbC���
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i&はエネルギーバンド量子数&

i&についての依存関係はない&

空間(S)に加えエネルギーバンド(B)

の並列を実装!
万を超える並列度を確保

φi: 電子軌道（=波動関数）#

#i：電子準位（=エネルギーバンド）#

r：空間離散点（=空間格子）
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in grid points are kept within a part and do not affect the 
communications within the other part. The number of parts is 
taken up to the number of parallelisms in orbitals. We used this 
mapping in the experiments. 

5. PERFORMANCE ANALYSIS 
The scalability and efficiency of the modified code which is 
parallelized in terms of grid points and orbitals as described above 
were evaluated with a simulation model named “Data-1,” 
depicting a SiNW with 19,848 atoms. The number of grid points 
and orbitals were 320x320x120 and 40,992, respectively. We 
used an MPI library tuned to the Tofu network to obtain higher 
performance. We also made an appropriate task mapping to the 
Tofu network.  

5.1 Performance of DGEMM 
The principal kernel of the modified RSDFT code is a DGEMM 
routine of the BLAS. We optimized the DGEMM routine so as to 
utilize the special features such as SIMD instructions and the 
sector cache and hardware barrier synchronization capability of 
the SPARC64TM VIIIfx effectively. The sustained performance of 
DGEMM on a compute node is 123.7 giga-flops, or 96.6% of the 
peak performance. In particular, we found that the computation 
time as a result of keeping the block data on the L1 cache 
manually decreased by 12% compared with the computation time 
for the usual data replacement operations of the L1 cache.  This 
DGEMM tuned for the K computer was also used for the 
LINPACK benchmark program. 

5.2 Scalability 
We measured the computation time for the SCF iterations with 

Data-1 on 12288, 24576, 26864 and 73728 cores (cases 1, 2, 3 
and 4, respectively). The number of parallel tasks is the product of 
the number of parallel tasks in space and that in orbitals. The 
number of parallel tasks in space was fixed to 1,536, and the 
number of parallel tasks in orbitals was varied from 1, 2, 3 and 6. 
Therefore, the number of parallel tasks amounted to 1536, 3072, 
4608, or 9216. 
Figure 6 plots the computation time and communication time for 
GS, CG, MatE in SD (MatE/SD) and RotV in SD (RotV/SD) . 
The horizontal axis in each figure stands for the number of cores. 
The theoretical computation time for cases 2, 3 and 4 is also 
ploted where the computation time of case1 is divided by 2, 3 and 
6, respectively. They show the scalability in the parallelization for 
the orbitals. The measured computation time becames closer to 
the theoretical computation time as the number of parallel tasks in 
orbitals increased, and GS, CG, MatE/SD and RotV/SD were 
found to be well-parallelized in orbitals. 
The communication time with respect to the parallel tasks in space 
decreased in proportion to the number of parallel tasks in orbitals, 
because the number of calls of MPI functions for global and 
adjacent communications decreased in proportion to the 
reciprocal of the number of parallel tasks in orbitals. On the other 
hand, the global communication time for the parallel tasks in 
orbitals was supposed to increase as the number of parallel tasks 
in orbitals increased. The number of MPI processes requiring 
communications for the parallel tasks in orbitals, however, was 
actually restricted to a relatively small number of compute nodes, 
and therefore, the wall clock time for global communications of 
the parallel tasks in orbitals was small. This means we succeeded 
in decreasing time for global communication by the combination 

Figure 6. Computation and communication time of (a) GS, (b) CG, (c) MatE/SD and (d) 
RotV/SD for different numbers of cores. 
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(113-times and 143-times supercells correspond to the
10,648- and 21,952-atom models, respectively). The com-
puted equilibrium lattice constants for the two supercell
models correspond to the lattice constant, 5.39 Å, of the
primitive unit cell, which agrees with the experimental
result (5.43 Å) within 1%.

Prediction of electronic structures, or correlation
between the electronic structure and a specific atomic
structure, is another important application of DFT. To
investigate this possibility, we applied the present RSDFT
scheme to SiNWs. Si nanowire field-effect transistors
(SiNW FETs) are expected to be boosters in post-scaling
semiconductor technology (http://www.itrs.net/). Clear
scaling of short-channel effects vs. nanowires with fixed
gate lengths has been observed (Bangsaruntip et al.,
2009). Reducing the dimensions of SiNWs has been
shown to improve short-channel control. Furthermore,
SiNW FETs with channel dimensions of 5.0 ! 6.3 nm
have been fabricated (Bangsaruntip et al., 2009). A recent
experiment showed that the optimal dimension of the
cross-section of a SiNW FET is approximately 10 nm
(Chen et al., 2010). At such a small scale, quantum

confinement becomes prominent. The quantum effects,
which depend on the crystallographic directions of the nano-
wire axes and on the cross-sectional shapes of the nanowires,
result in substantial modifications to the energy-band
structures and the transport characteristics of SiNW FETs.
However, knowledge of the effect of the structural mor-
phology on the energy bands of SiNWs is lacking. In addi-
tion, actual nanowires have side-wall roughness. The
effects of such imperfections on the energy bands are
unknown. The advent of reliable first-principles calcula-
tions would provide a firm theoretical framework for the
design of suitable SiNWs of 10,000–100,000 atoms for
FETs. Our RSDFT code enables us to achieve this impor-
tant task using the K computer.

We have performed extensive electronic-structure cal-
culations for [110]- and [100]-SiNWs with various cross-
sectional shapes using RSDFT with local density approxi-
mation (LDA) (Perdew and Zunger, 1981). Figure 14
shows examples of cross-sectional views of the obtained
geometry-optimized [110]-SiNWs. The cross-sectional
dimension is approximately 3–6 nm. The sidewalls of the
wires are terminated by hydrogen atoms, reflecting certain
experimental situations on one hand and focusing on essen-
tial features of the energy bands on the other. Figures 14(b)
and (d) show ellipses that extend along different crystallo-
graphic directions. We call the ellipses that have their long
axes along the [001] and the [1-10] directions the [001]-
ellipses and the [1-10]-ellipses, respectively. Similarly, the
dumbbells shown in Figure 14(c) and (e) are called the
[001]-dumbbells and [1-10]-dumbbells, respectively. Fig-
ure 15 shows the calculated energy bands for each SiNW
shown in Figure 14. In all cases, the conduction band min-
imum is located at the zone center !. The second minimum,
which is higher than the !-point minimum by "Eshift, is
located at some point between ! and the zone boundary.
The "Eshift is a deciding factor in determining the number
of conduction channels and is therefore important when
designing FETs. We have found that the "Eshift of the
[001]-ellipse and dumbbell are smaller than those of the
[1-10]-ellipse and dumbbell, and that the "Eshift of
the [001]-ellipse is smaller than that of the circle. These
results unequivocally show that, with respect to the number

Table 2. Distribution of computational costs for an iteration of the SCF calculation of the modified code.

Procedure block
Execution
time (s)

Computation
time (s)

Communication time (s)
Performance

(PFLOPS/%)Adjacent/grids Global/grids Global/orbitals Wait/orbitals

SCF 2903.10 1993.89 61.73 823.02 12.57 11.89 5.48/51.67
SD 1796.97 1281.44 13.90 497.36 4.27 – 5.32/50.17

MatE/SD 525.33 363.18 13.90 143.98 4.27 – 6.15/57.93
EigenSolve/SD 492.56 240.66 – 251.90 – – 0.01/1.03
RotV/SD 779.08 677.60 – 101.48 – – 8.14/76.70

CG 159.97 43.28 47.83 68.85 0.01 – 0.06/0.60
GS 946.16 669.17 – 256.81 8.29 11.89 6.70/63.10

The test model was a SiNW with 107,292 atoms. The numbers of grids and orbitals were 576 ! 576 ! 180, and 230,400, respectively. The numbers of
parallel tasks in grids and orbitals were 27,648 and three, respectively, using 82,944 compute nodes. Each parallel task had 2160 grids and 76,800 orbitals.

Figure 13. Plot of volume versus total energy for crystalline
silicon of 10,648 (squares) and 21,952 (triangles) atoms.
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Abstract
Silicon nanowires are potentially useful in next-generation field-effect transistors, and it is important to clarify the electron
states of silicon nanowires to know the behavior of new devices. Computer simulations are promising tools for calculating
electron states. Real-space density functional theory (RSDFT) code performs first-principles electronic structure calcula-
tions. To obtain higher performance, we applied various optimization techniques to the code: multi-level parallelization,
load balance management, sub-mesh/torus allocation, and a message-passing interface library tuned for the K computer.
We measured and evaluated the performance of the modified RSDFT code on the K computer. A 5.48 petaflops (PFLOPS)
sustained performance was measured for an iteration of a self-consistent field calculation for a 107,292-atom Si nanowire
simulation using 82,944 compute nodes, which is 51.67% of the K computer’s peak performance of 10.62 PFLOPS. This
scale of simulation enables analysis of the behavior of a silicon nanowire with a diameter of 10–20 nm.

Keywords
K computer, Tofu network, next-generation supercomputer, real-space density functional theory, RSDFT, self-consistent
electron states, silicon nanowire, petaflops, PFLOPS, collective communication

1. Introduction

Computer simulations are essential when clarifying and pre-
dicting the properties of materials that have prospects for
practical applications. In particular, first-principles electronic
structure calculations based on density functional theory
(DFT) have been performed on a variety of materials using
diverse software implementations on parallel computers.

Real-space density functional theory (RSDFT) code
(Iwata et al., 2010) is a simulation technique used to per-
form first-principles electronic structure calculations. ‘Real
space’ means that three-dimensional physical coordinates
are discretized, and the wave functions, electron density,
and potential field are calculated at the resulting discrete
lattice points or grids. One advantage of this method is that
it is suitable for parallel computations. In fact, the Hamilto-
nian matrix of the real-space formulation is sparse, and fast
Fourier transform (FFT), which usually requires global com-
munication traversing all compute nodes of a parallel com-
puter, is unnecessary for Hamiltonian matrix operations.

RSDFT code has been parallelized to run on parallel
computers, like the PACS-CS (http://www.rccp.tsukuba.
ac.jp/PACS-CS/; Boku et al., 2006) and the T2K open

supercomputer (http://www.open-supercomputer.org/; Na-
kashima, 2008), by incorporating matrix–matrix multipli-
cations for Gram-Schmidt orthogonalization with a high
cache-hit ratio and thread parallelization with OpenMP
directives for multicore processors (Iwata et al., 2010; Tsuji
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ONIQLb�+

Kohn-Sham方程式

φik#: 電子軌道（=波動関数）#

#i：電子準位（=エネルギーバンド量子数）#

G：波数格子!
k：k点

Hϕi (r) = ε iϕi (r)
波数：Gによる展開

� �ŌĻĭ�&àhŅt¤ńàhńĻŌƉ
l¤ńàhńºT¹-ĿÊÔĸŒƊčĆÿĐă
ĿŅOç�;PŔ�ĭŒƊ

Hϕik (G) = ε iϕik (G)
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i(はエネルギーバンド量子数(

基本的にエネルギーバンドについて並列化されてい
る(
一部，波数：Gについて並列化されている(

G並列の前にエネルギーバンド並列されている波動
関数をG並列可能なようにトランスバース転送が発生(

G並列後にG並列されている波動関数をエネルギーバ
ンド並列に戻すためなトランスバース転送が発生(
このトランスバース転送のコストが大

G

i G

i

Hϕik (G) = ε iϕik (G)
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対角化カーネル(区間９） 
HfSiO2 1,536原子，5,120元アモルファス系で測定． 
500並列以上で並列オーバーヘッドが測定された．

=;9>:J-��	g-�$	J#�

■IÇ'ŚƈŰƃ

ScaLAPACKŔ1ŋŚƈŰƃń	"�YƊ
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=;9>:J-��	g-�$	

エネルギーバンド(B)に加え波数(G)

の並列を実装%
完全な２軸並列とする%
RSDFTと同様の行列積化も実装

Hϕik (G) = ε iϕik (G) φik#: 電子軌道（=波動関数）#

#i：電子準位（=エネルギーバンド量子数）#

G：波数格子!
k：k点
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■二軸並列化

非並列部が波数で並列
化できる
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■二軸並列化

• ��c8¿/ÀÁÑÛđ�
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■二軸並列化

• úċöC$Ó/-w�¿�}ÓþĊîòêÒ�ÆÛË×w�
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バンド

波数
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■二軸並列化

波数

バンド
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• この分野では小規模問題を短時間で計算したいという科学
的要求が高い． 

• バンド計算(エネルギー準位など)：1万原子の1回SCF収束
で良い～100SCF程度． 

• 構造緩和(MD)や反応経路探索：外側に原子核の緩和に関す
るループ構造～100step程度． 

• 10,000原子を10PFシステム(８0,000ノード)，また1,000
原子を10,000ノードで計算する事を目指せる． 

• ただし二軸並列はメリットとデメリットがあるため実施前
に効果が期待できるか詳細な評価を実施した．
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■二軸並列化
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行列積

行列ベクトル積
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■二軸並列化
■m�_äčøĈ
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• 行列積化されたカーネルに(区間2)ついての結果． 
• HfSiO2 384原子アモルファス系のデータ． 
• 大幅な性能向上を達成．
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■二軸並列化

• FFTを含むカーネルに(区間8)ついての結果． 
• HfSiO2 384原子アモルファス系のデータ． 
• 性能向上を達成．
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■Scalapack分割数の固定

• 対角化はエネルギーバンド数の元を持つ行列が対象 
• 行列の大きさに比べて分割数が多すぎる 
• 分割数を16×16=256に固定
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アプリケーションのOperational Intensity(Flop/Byte) B/F値の逆数

ハードウェア
のピーク性能

ハードウェアの
ピークF/Bの値 APRIL 2009  |   VOL.  52  |   NO.  4  |   COMMUNICATIONS OF THE ACM     65

CONVENTIONAL WISDOM IN computer architecture 
produced similar designs. Nearly every desktop 
and server computer uses caches, pipelining, 
superscalar instruction issue, and out-of-order 
execution. Although the instruction sets varied, the 
microprocessors were all from the same school of 

design. The relatively recent switch 
to multicore means that micropro-
cessors will become more diverse, 
since no conventional wisdom has yet 
emerged concerning their design. For 
example, some offer many simple pro-
cessors vs. fewer complex processors, 
some depend on multithreading, and 
some even replace caches with explic-

itly addressed local stores. Manufac-
turers will likely offer multiple prod-
ucts with differing numbers of cores 
to cover multiple price-performance 
points, since Moore’s Law will permit 
the doubling of the number of cores 
per chip every two years.4 While di-
versity may be understandable in this 
time of uncertainty, it exacerbates the 

Roofline:  
An Insightful 
Visual 
Performance 
Model for 
Multicore 
Architectures

DOI:10.1145/1498765.1498785

The Roofline model offers insight on how  
to improve the performance of software  
and hardware.

BY SAMUEL WILLIAMS, ANDREW WATERMAN, AND DAVID PATTERSON 
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 do J = 1, NY 
       do I = 1, NX 
          do K = 3, NZ-1 
             DZV (k,I,J) = (V(k,I,J)  -V(k-1,I,J))*R40 & 
                         - (V(k+1,I,J)-V(k-2,I,J))*R41 
          end do 
       end do 
    end do

āĂćěĊčöĔĐíõÞĔ

āĂćěĊčöĔ

���ěĊčö�

���ěĊčö�

���|���������PTQ
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 do J = 1, NY 
       do I = 1, NX 
          do K = 3, NZ-1 
             DZV (k,I,J) = (V(k,I,J)  -V(k-1,I,J))*R40 & 
                         - (V(k+1,I,J)-V(k-2,I,J))*R41 
          end do 
       end do 
    end do

!  _V�(K�)$~U 

! 1BDN�H0+4�43y�5$L13�.
/#9nf^0%:�


�flop: 

 ���������������
���



�	�
 ����������

boh� �����
�������	


\�� ��	
�


�Byte���: 

1store,2load1l": 

4x3 = 12byte

�=A8�
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a)=�`�<�ra 
b)x8`�<�ra 
c)=�D�_�ra 
d)=�D�_�%!
ra 

e)x8D�_�ra�
f) x8D�_�%!
ra
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���C����~yuz

O(N)

演算量

O(N)

O(N)

O(N)

高並列性能
!
完全並列 
ウィークスケールしている 
隣接通信時間が通信量に比べると大 
大域通信が並列数に応じ増大傾向 
!
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Q

 do J = 1, NY 
       do I = 1, NX 
          do K = 3, NZ-1 
             DZV (k,I,J) = (V(k,I,J)  -V(k-1,I,J))*R40 & 
                         - (V(k+1,I,J)-V(k-2,I,J))*R41 
          end do 
       end do 
    end do

��flop: 

 ���������������
���


��
�� ����������

boh� �����
�������	


\�� ��	
�

��Byte���: 

1store,2load1l": 

4x3 = 12byte
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 do J = 1, NY 
       do I = 1, NX  
          do K = 1, NZ  
             DXV (k,I,J) = (V(k,I,J)  -V(k,I-1,J))*R40& 
                         - (V(k,I+1,J)-V(k,I-2,J))*R41 
          end do 
       end do 
    end do 

��flop: 

 ���������������
���


��
�� ����������

boh� �����
�������	


\�� ��	�


��Byte���: 

P1289�IJN@BD-&<l�*:� 

1sore,2load1l": 

4x3 = 12byte

! e2�(I�)$~U�

! 1BDN�H0+4�43y�5
$L1or$L23�./#9nf^0%:�

! �./ĔI�[¿6�ÓûðčċÐ#
Æ>kÒÑÛ

! 14.0%3v�*;613.5%5x!� 

! �
>KCALw�4iS389IJ
9FRE�$X$.,uob�`s
p4c|�

! \��$13.5%1t)z! 

! \�),IJNFRE�542.9GB/sec 

! (4�0boh�<*:114.0%12:
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  do J = 1, NY 
       do I = 1, NX 
          do K = 1, NZ 
             DYV (k,I,J) = (V(k,I,J)  -V(k,I,J-1))*R40 & 
                         - (V(k,I,J+1)-V(k,I,J-2))*R41 
          end do 
       end do 
    end do

��Byte���: 

 1store/5load89  

(5+1) * 4byte = 24 

�

!  e3�$~U →�nf^b2)

��flop: 

 ���������������
���

��
�� ����������

boh� ��������������


\�� �����
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9K�
d"��B:fQgQO
PV-�5�hthkjh{�¡�����Q

!$OMP DO SCHEDULE(static,1),PRIVATE(I,J,K)  
 do J = 1, NY 
       do I = 1, NX 
          do K = 1, NZ 
             DYV (k,I,J) = (V(k,I,J)  -V(k,I,J-1))*R40 & 
                         - (V(k,I,J+1)-V(k,I,J-2))*R41 
          end do 
       end do 
    end do

��flop: 

 ���������������
���


!  e3�<cyclicUq →�1BDN�H
03y�$L23{:(}Yk�) 

! bo$ �32:

��
�� ����������

boh� �����
�������	


\�� ��	��

��Byte���: 

1sore,2load1l": 

4x3 = 12byte

åăòëĄÒvÉÛ
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Phthkjh
��¡�����D#Q

þĊçĆĀ�
Do j=1,jmax 
  do i=1,imax 
    do k=1,kmax 
       a(k,i,j)=ČČČc0*v(k,i,j-1)+c1* v(k,i,j)+c2* v(k,i,j+1)ČČČ 
     end do 
  end do 
end do

1 ČČČ                        ČČČČ 
kmax

ČČČČČČČČČ 1 ČČČ                        ČČČČ 
kmax

1 ČČČ                         ČČČČ 
kmax

ČČČČČČČČČ
1 ČČČ                         ČČČČ kma

1 ČČČ                        ČČČČ 
kmax

ČČČČČČČČČ
1 ČČČ                       ČČČČ kmax

i=1 i=2 i=imax

j

j-1

j+1

ěíĉòön+1Ï RÇÛôčð
ěíĉòönÏ RÇÛôčð
ěíĉòön−1Ï RÇÛôčð

íĉòön−1ÓCL

åăòëĄĆàċ(CL)

íĉòön+1ÓCL
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9K�
d"��B:fQgQO
Pecd ¤�>�hthkjh�¡����Q

!$OMP DO SCHEDULE(static,1) 
    do J = 1, NY 
       do I = 1, NX 
          do K = 3, NZ-1 
             DZV (k,I,J) = (V(k,I,J)  -V(k-1,I,J))*R42 & 
                         - (V(k+1,I,J)-V(k-2,I,J))*R43 
             DXV (k,I,J) = (V(k,I,J)  -V(k,I-1,J))*R40& 
                         - (V(k,I+1,J)-V(k,I-2,J))*R41 
             DYV (k,I,J) = (V(k,I,J)  -V(k,I,J-1))*R40 & 
                         - (V(k,I,J+1)-V(k,I,J-2))*R41 
          end do 
       end do 
    end do

��flop: 

 �������������������	


! K,I,J�~U4O�G<gT*:
(1389�V(K,I,J)4Q�E<
rW]0%�GQ?MH4aj
B/Fv<X':�

��
�� �����������	

boh� �����	��������	�

\�� ��	��

��Byte���: 

Store 3 +4 load 1l":1� 

(3+4)*4 = 28byte

nKB/F�Ý�ÂÛ 
åăòëĄÒvÉÛ
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\onmq\knsSgkri��=%I�

�Seism3D / Earth Science 
9 Strong ground motions caused by large earthquakes 

are evaluated based on numerical simulation of 
seismic-wave propagation in heterogeneous 
structure 

9 Solving a coupled model of seismic wave, ground 
deformation and tunamis by the tsunami-coupled 
equation of motion 

9 Calculated by using the finite-difference 
method(FDM) 

9 To reduce the amount of communications and to 
make the computational load balance, two-
dimensional domain decomposition is adopted 

 
 
 
 
 
 

The K computer provides huge computation resource. While focusing on six applications 
which are expected to achieve distinguished results from various scientific fields such as 
earth science, material science, engineering and physics. We have improved the 
performance of these codes in collaboration with researchers. 

�FrontFlow/blue / Engineering 
9 General purpose computational fluid dynamics 

code based on the Large Eddy Simulation for 
incompressible unsteady flow 

9 Based on Finite Element Method and having 2nd 
order accuracy for time and space 

9 Able to analysis for turbomachinery, acoustics and 
cavitation 

9 Optimized for massively parallel 
9 “Research  and Development of Innovative 

Simulation  Software”  project  in  Japan 
 
 
 
 
 

�PHASE / Material Science 
9 First-principles molecular dynamics simulator for 

nanomaterials 
9 Analysis of structures and properties of matters 

based on the quantum theory of the electron 
9 Plane-wave basis set 
9 First-principles pseudopotential method. 
9 The self consistent field loop. 
9 Orthogonalization, diagonalization and FFT in the 

convergence calculations of the steepest descent 
method and conjugate gradient method 
 
 
 

�NICAM / Earth Science 
9 XXX 

 
 

�LatticeQCD / Physics 
9 XXX 

 
 

�RSDFT / Material Science 
9 Clarifying and predicting the properties of 

materials 
9 First-principles electronic structure calculation 

based on density functional theory 
9 Solve an eigenvalue equation called the Kohn-

Sham equation 
9 Real space method; adopting difference method 

for three-dimensional grids 
9 Subspace iteration method; adopting self-

consistent field calculation 
 

 

Fig.4 Snapshots of seismic wave and tsunami wave propagation simulation 
Fig.6 Wave function of conduction band minimum in silicon nanowire 
with 40,000 atoms 

Fig.2 Several  analysis results of FlontFlow/blue Fig.1 

Fig.5 

Courtesy of  
Earthquake Reserach Institute,  
The University of Tokyo 

Courtesy of  
The University of Tokyo 

Fig.3 The charge distribution around the SiC screw dislocation / side view 

Courtesy of  
National Institute for Material Science 
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G?ÿõćæíÝGbÉÈÒnf�>ÿõćæíÓÖÏraÝ{×
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!FFBÔBúčìąċÒ½»Î�CÓïĈúÒ4=

\onmq\knsSgkriP\\gQ
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vel3d1'

速度予測子の計算

vel3d2'

速度予測子と圧力から'

速度を修正

pres3x,'pres3e'

(圧力計算)

nodlex'

要素値を節点値へ補間

�
��
���
��
�

e2pmat'' 要素毎の行列から全体行列を作る!
ddcomx'' 行列の共有節点に関する成分を隣接通信!
dgnscl'' 対角スケーリング!
ddcomx'' 行列の共有節点に関する成分を隣接通信!
clrcrs'' ディリクレ条件を行列に反映!
bcgs2x'' uvwの速度予測子をBi<CGSTB法で求める'

' calaxc%' Axを計算!
' ddcomx'' 隣接通信(Ax)'

' ddcom2'' Allreduce'(r
0
・r

k
)'

' ddcom2'' Allreduce'(b・b)'

' calaxc'' Ap
k
を計算!

' ddcomx'' 隣接通信(Ap
k
)'

' ddcom2' Allreduce(r
0
・Ap

k
)'

' calaxc%' At
k
を計算!

' ddcomx'' 隣接通信(At
k
)'

' ddcom2'' Allreduce'(At
k
・T

k
)'

' ddcom2'' Allreduce(At
k
・At

k
)'

ループ

赤字は通信ルーチン

\\g��@J�,H
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pres3x%
''|'

''+<<fild3x'要素内での速度の発散'

''|'

''+<<ddcomx'右辺ベクトルbの隣接通信      '
''|'

''+<<bcfix2'境界条件をAとbに入れる'

''|'

''+<<e2pmat'CRS形式で全体行列を作る'

''|'

''+<<bcgs2x'Ax=bを解いて圧力を求める'

''|''''|'

''|''''+<<calaxc'<>'ddcomx'

''|''''|'

''|''''+<<ddcom2''内積×２'

''|''''|'

''|''''(ループ 要素毎)'

''|''''''calaxc''<>'ddcomx'

''|''''''ddcom2 内積'

''|''''''calaxc''<>'ddcomx'

''|''''''ddcom2 内積×４'

''|'

''+<<aveprt'圧力(on節点)を隣接通信'

'''''''|'

'''''''+<<'ddcomx

pres3e%
''|'
''+<<fild3x'要素内での速度の発散'
''|'
''+<<bcgsxe'要素毎で圧力を解く'
''|''''|'''
''|''''+<<callap'
''|''''|'''''|'
''|''''|'''''+<<ddcomx'
''|''''|'''''+<<fild3x'
''|''''|''
''|''''+<<ddcom2'内積×２'
''|''''|'
''|''''|''
''|''''(ループ 要素毎''
''|'''''''|'
''|'''''''+<<callap''
''|'''''''|''''|'
''|'''''''|''''+<<ddcomx'
''|'''''''|''''+<<fild3x'
''|'''''''|'
''|'''''''+<<ddcom2 内積'
''|'''''''+<<callap'
''|'''''''|''''|'
''|'''''''|''''+<<ddcomx'
''|'''''''|''''+<<fild3x'
''|'''''''|'
''|'''''''+<<ddcom2 内積×４'
''|'
''+<<nodlex'要素圧力を節点値に補間'
'''''''|'''
'''''''+<<ddcomx

vel3d1'

速度予測子の計算

vel3d2'

速度予測子と圧力から'

速度を修正

圧力計算

�
��
���
��
�

節点圧力モード 要素圧力モード

エレメントバイエレメント全体剛性マトリクス作成
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14.11$

13.04$8.32$

4.83$

2.95$
2.10$

1.89$

callap._PRL_2_
calaxc_
fild3x._PRL_1_
callap_
vel3d1._PRL_16_
int3dx_
callap._PRL_5_
vel3d1._PRL_8_
vel3d1_
nodlex_

全体
47.47
単位：秒

• 10万個の4面体要素＋α'

• 14.11s(30%)が4面体要素の勾配計算'

• 13.04s(27%)が疎行列ベクトル積'

• 8.32s（17%)が4面体要素の発散計算

要素圧力モードでの処理時間内訳，上位10件

\\g��@B:
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演算/通信時間の最大値(秒)
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主要ルーチン実行時間最大値(秒)
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) POIS3D

FIELD3N
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通信時間最大値
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)

DDCOM2
DDCOM3

+)�����	������������������
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隣接通信

大域通信

  .2c��������ir^�w
b}e�b~u^H

  D$?	|��?	|��ir^�
}_v;`�H

  9Eu�Gs-�ir^�ws7\
u:4c
qrdr^�H

  ����v���w�Gpf�]y
��lr^u^
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  mw�G����w}_v)v@5irm�n�w���c�j�G
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  g_k�gtv}�����x�e�j�G�=2k���u���
�����w�Gtu�H

  g�s����v��������w�Gwz�]y��k�c�6
tu�
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 ICRS=0 
       DO 110 IP=1,NP 
          BUF=0.0E0 
          DO 100 K=1,NPP(IP) 
               ICRS=ICRS+1 
               IP2=IPCRS(ICRS) 
               BUF=BUF+A(ICRS)*S(IP2) 
    100   CONTINUE 
          AS(IP)=AS(IP)+BUF 
    110 CONTUINE

µÔ»ÆÕ¹ÚÅjFU�¡Ì·ÄÕ¤Kk

! |��7N'&¤U�Ì·ÄÕKf
! Ì·ÄÕ±·½¼�Ô¼Ä±·½¼
¡¢®f

! Ì·ÄÕ¤`��L1¶ÑÁºÒ£
\���®¡�!����f

! Ì·ÄÕ¤ÏÐÔ§¤±·½¼°
��=X��«� 

! ÏÐÔ�¬¤×ÚÅ¥U�¡Ô¼Ä
¤¨

U�

Ô¼Ä

Ì·ÄÕ

��flop: 

 ������	��������	���


��
�� �������

boh� �������������

��Byte���: 

��Z�2 load 240 

2*4 = 8byte

(¼ÖÁÅ��°�!�ÈÚ·*S128Gflops£#��Û
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! µÔ»ÆÕ¹ÚÅ¥¼ÖÁÅ���¯��¢���f
! �¤?,¤/!*S°�d¡�9¢1; WKª®f
! ÏÐÔÇØÅ$°1¹± �4�®��¤STREAMÌØÀÎÚ·¤P6¥

20GB/J 
! Ü¹±¤AZÈÚ·*S¥16GFLOPS 
! )��AZH¢B/F�¥20GB/16GFLOP 1.25

(¼ÖÁÅ��¢�ÈÚ·*S16Gflops£#��Û

��Byte��� : 2load89 2* 4byte = 8
��flop : 	������	���������


��
�� �������

boh� 	�

�������	�

\�� ���
���m[��

���
���m[�

! Ì·ÄÕ�Ô¼Ä±·½¼ 
! _Q±·½¼ ¢��©ËÔÉ´ÁÀ�
��£�� 

! ÏÐÔ±·½¼¤Ö³ÂØº�W�® 
! 3+q¶ÑÁºÒÓ³Ø¤��ÜVO��

C �¢��£«® �¢ÍÆÕÂ²
�GB 

! T��*S���GB 
! L2µØ¶ÑÁºÒ ª�9¤ÍÆÕÂ²
�GB

���	Pd[a,;9=9?;��eG���$
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 �|��ypf
ffffff}�fqqpf��yqn��f
ffffffff{��ypop~pf
gfffffff}�fqppf�yqn���j��kfff�z����yrwf
ffffffffff{��y{��mzj�|��mfqkl�j��|��j�|��mfqkkf
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fffffifffffffffffmzj�|��mrukl�j��|��j�|��mrukkf
fffffifffffffffffmzj�|��mrvkl�j��|��j�|��mrvkkf
fffffifffffffffffmzj�|��mrwkl�j��|��j�|��mrwkkf
ffffffffff�|��y�|��mrwf
gfqppfffff|������~f
ffffffffffz�j��kyz�j��km{��f
ffqqpf|������~

����
!�958KRMQ4&}f���w &b��

m����
!��`��&�`%�.W\�
!D3?N0Q>=39&�`%�.W\�
!Z_$�`el'���&��.r�
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X^dZcR05+`OdW`cR,/.2-+

����
!D3?N>R;���&CP=3d%+,�����2J=
7KF9&b��
1M8AN>R;&�y��
!��Y��g�~����
��T��

! �a&��g&�)&u�h$LQ<G/3:
9�

! �-X�'V�d�,��sz�/3:9�
!��Y��g�~���
�T��

! ]/3:9#*�u�h$LQ<G/3:9

! ßc��µÔ»ÆÕÃÚ¾

! àc� µÔ»ÆÕÃÚ¾
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! ßc� ÔµÚ¿ÔØ¸P6 ! àc� ÔµÚ¿ÔØ¸P6

�������	�

! >AH£]�M<�a�¤�¦¡��ª]��R£aR�¯®�°5(f
! �VO°8-�®M<¤E��]�¢®f
! �L¤ ��°Y0�®�¡£«­Ì·ÄÕ¤Ô¼Ä±·½¼¤��£#��q
µØ¶ÑºÒ¤ÃÚ¾°�C �®

X^dZcR05+`OdW`cR,1.2-+
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現状の総合性能は80000ノードでピーク性能比：3.16%
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