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JAEAにおける原子力流体解析
n 原子炉の安全性向上、廃炉に向けた熱流動解析

n 単相流解析→JUPITER, SPIRAL, ASFRE,…
n 混相流解析→JUPITER, TPFIT, ACE3D, …

n 放射性物質の環境動態解析

n 大気・海洋拡散解析→WRF, ROMS, WSPEEDI,…
n 局所風況解析→LOHDIM-LES, CityLBM
n 河川・湖沼解析, 港湾解析, ...

n 新型炉開発に向けた流体解析

n 加速器駆動核変換システム設計→JUPITER
n 高速炉熱流動解析→SPIRAL, SERAPHIM
n 核融合プラズマ流体解析→GT5D

→エクサスケール原子力流体解析に向けた基盤技術開発
n メニーコア最適化、行列解法

n In-Situ可視化

22

Energetic particles driven MHD

Turbulence

Boundary layer

核融合プラズマ解析

過酷事故解析

(a) 09:04CDT

(b) 09:12CDT

(c) 09:20CDT

ਤ–5 Plume distribution at (a) 09:04CDT, (b) 09:12CDT, and (c) 09:20CDT. Plume was released from 09:00CDT to 09:30CDT.
We compute a simulation with three refinement levels, fine resolution leaves located near the ground (z = 0 ∼ 256 m),
middle-resolution leaves above fine resolution leaves (z = 256 ∼ 768 m), and coarse-resolution leaves at the end of the
vertical domains (z = 768 ∼ 2560 m).

汚染物質拡散解析



京からOakforest-PACS（OfP）を経て富岳へ

n OfPは富岳と多くの共通点があり、技術実証環境として重要な役割を果たした
n 50+コア、512bit SIMD演算のメニーコアCPUによる~3TFlopsの演算性能
n MCDRAM/HBM2による広帯域メモリ
n 演算性能向上と比べて通信性能向上は限定的

→エクサスケール計算における省通信技術の重要性を早期に認識できた
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京(2011) Oakforest-PACS(2016) 富岳(2020)

プロセッサ SPARC64VIIIfx KNL A64FX

演算性能(Pflops) 11.3 25.0 (  2.2x) 537.2 (48x)

電力性能比(Pflops/MW) 0.8 9.2 (11.5x) 14.8 (18x)

コア数/ノード 8 68 (  8.5x) 48+2/4 (  6x)

演算性能/ノード(Gflops) 128 3,046 (   24x) 3,300 (26x)

メモリ帯域/ノード(GB/s) 64 480(  7.5x) 1024(16x)

メモリ/ノード(GB) 64 16(MCDRAM)/96(DDR4) 32(HBM2)

通信性能/ノード(GB/s) 5x4=20 12.5 (  0.6x) 6.8x6=40.8 (  2x)



ペタスケール時代の省通信技術

OpenMP通信スレッドによる通信オーバーラップ
n 1対1通信 (同期, 非同期)

n 袖通信

n 集団通信

n データ転置

n 縮約通信

→演算に比べて通信コストが小さく、オーバーラップが有効
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calc. comm.

オーバーラップなし オーバーラップ
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thread

オーバーヘッド
を1/nに削減

!$OMP PARALLEL
!$OMP MASTER

call MPI communication
!$OMP END MASTER
!$OMP DO SCHEDULE(DYNAMIC)

do
call calculation

enddo
!$OMP END PARALLEL

袖通信

1）袖通信と中心部の
演算を同時処理

2）表面部の演算

データ転置

1）異なるZにおける演算と
データ転置を同時処理

2）パイプライン処理

X

Y
Z

[Idomura, Int. J. HPC Appl. 2014]

演算通信



ペタスケール時代の省通信技術

OpenMP通信スレッドによる通信オーバーラップ
n 1対1通信 (同期, 非同期)

n 袖通信

n 集団通信

n データ転置

n 縮約通信

→演算加速によって通信と演算のコストが逆転し、通信を隠しきれなくなってきた
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calc. comm.

オーバーラップなし オーバーラップ

time
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!$OMP PARALLEL
!$OMP MASTER

call MPI communication
!$OMP END MASTER
!$OMP DO SCHEDULE(DYNAMIC)

do
call calculation

enddo
!$OMP END PARALLEL

袖通信

1）袖通信と中心部の
演算を同時処理

2）表面部の演算

データ転置

1）異なるZにおける演算と
データ転置を同時処理

2）パイプライン処理
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Y
Z

[Idomura, Int. J. HPC Appl. 2014]

演算通信



エクサスケール時代の省通信型行列解法

流体解析コードに共通する大規模連立一次方程式Ax=bのクリロフ部分空間法

n 2つの省通信化手法
手法1：複数反復をまとめて処理する省通信クリロフ部分空間法により集団通信を削減
手法2：省通信前処理Mによって問題を解きやすい形に変換し、反復（通信）回数を削減

Ax=b → M-1Ax=M-1b （M-1~A-1に近づくほど反復回数を削減できる）

→問題の物理的特徴と計算機アーキテクチャに応じて最適な行列解法を設計
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クリロフ部分空間法の通信処理
n 行列ベクトル積Axにおける袖通信
n 内積計算〈x,y〉における集団通信

Algorithm Conjugate Gradient method
Require: Ax = b, Initial guess x1

1: r1 := b−Ax1, p1 := r1
2: for j = 1, 2, ... until convergence do
3: Compute w := Apj
4: αj := 〈rj , rj〉/〈w, pj〉
5: xj+1 := xj + αjpj
6: rj+1 := rj − αjw
7: βj := 〈rj+1, rj+1〉/〈rj , rj〉
8: pj+1 := rj+1 + βjpj ; test convergence
9: end for

Algorithm Generalized Conjugate Residual method
Require: Ax = b, Initial guess x0

1: r0 := b−Ax0,p0 := r0
2: for j = 0, 1, 2, ... until convergence do
3: αj := 〈Apj , rj〉/〈Apj , Apj〉
4: xj+1 := xj + αjpj

5: rj+1 := rj − αjApj

6: βj := 〈Apj , Arj+1〉/〈Apj , Apj〉
7: pj+1 := rj+1 + βjpj

8: Apj+1 := Arj+1 + βjApj

9: end for

Algorithm Generalized Conjugate Residual method
Require: Ax = b, Initial guess x0

1: r0 := b−Ax0,p0 := r0
2: for j = 0, 1, 2, ... until convergence do
3: αj := 〈Apj , rj〉/〈Apj , Apj〉
4: xj+1 := xj + αjpj

5: rj+1 := rj − αjApj

6: βj := 〈Apj , Arj+1〉/〈Apj , Apj〉
7: pj+1 := rj+1 + βjpj

8: Apj+1 := Arj+1 + βjApj

9: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x1

1: B = [e2, e3, ..., es+1]
2: for i = 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ := [Aq, ..., Asq]
5: V := [q, V̂ ]
6: Compute QR factorization via (D := V TV ;
7: Cholesky decomposition D = RTR; Q := V R−1)
8: H := RBR−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 := xi +Qy
13: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x0

1: B = [e2, e3, ..., es+1]
2: for i = 0, 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ = [Aq, ..., Asq]
5: V := [q, V̂ ]
6: Compute QR factorization via (D := V TV ;
7: Cholesky decomposition D = RTR; Q := V R−1)
8: H := RBR̄−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 := xi +Qy = xi + V R−1y
13: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x1

1: B = [e2, e3, ..., es+1]
2: for i = 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ := [Aq, ...,Asq]
5: V := [q, V̂]
6: Compute QR factorization via D := VTV;
7: RTR :=Cholesky decomposition(D); Q = VR−1

8: H := RBR−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 = xi +Qy = xi +VR−1y
13: end for

Algorithm Mixed precision CA-PGMRES method
Require: Ax = b, Initial guess x1

1: Ã = D−1A (Dii = max(|Ai1|, |Ai2|, ..., |Ain|))
2: d = D−1b/|D−1b|
3: z = x/|D−1b|
4: B = [e2, e3, ..., es+1]
5: for i = 1, 2, ... until convergence do
6: r := d− Ãzi
7: r′ := M−1

FP16r,β := ||q||,q := r′/β, ζ := βe1
8: Compute SpMVs V̂ := [M−1

FP16Ãq, ...,M−1
FP16Ã

sq]
9: V := [q, V̂ ]

10: Compute QR factorization via (W := V TV ;
11: Cholesky decomposition W = RTR; Q := V R−1)
12: H := RBR−1

13: H̄ :=Givens rotation(H)= G1G2...GsH
14: ζ̄ := G1G2...Gsζ
15: y := H̄−1ζ̄
16: zi+1 = zi +Qy = zi + V R−1y
17: end for
18: x := |D−1b|z

Algorithm Preconditioned CA-GMRES method
Require: Ax = b, Initial guess x1

1: Ã = D−1A (Dii = max(|Ai1|, |Ai2|, ..., |Ain|))
2: d = D−1b/|D−1b|
3: z = x/|D−1b|
4: B = [e2, e3, ..., es+1]
5: for i = 1, 2, ... until convergence do
6: r := d− Ãzi
7: r′ := M−1

FP16r,β := ||q||,q := r′/β, ζ := βe1
8: Compute SpMVs V̂ := [M−1

FP16Ãq, ...,M−1
FP16Ã

sq]
9: V := [q, V̂ ]

10: Compute QR factorization via (W := V TV ;
11: Cholesky decomposition W = RTR; Q := V R−1)
12: H := RBR−1

13: H̄ :=Givens rotation(H)= G1G2...GsH
14: ζ̄ := G1G2...Gsζ
15: y := H̄−1ζ̄
16: zi+1 = zi +Qy = zi + V R−1y
17: end for
18: x := |D−1b|z

Algorithm Preconditioned Conjugate Gradient method
Require: Ax = b, Initial guess x1

1: r1 := b−Ax1, z1 = M−1r1,p1 := z1
2: for j = 1, 2, ... until convergence do
3: Compute w := Apj

4: αj := 〈rj , zj〉/〈w,pj〉
5: xj+1 := xj + αjpj

6: rj+1 := rj − αjw
7: zj+1 := M−1rj+1

8: βj := 〈rj+1, zj+1〉/〈rj , zj〉
9: pj+1 := zj+1 + βjpj

10: end for

Algorithm Preconditioned Conjugate Gradient method
Require: Ax = b, Initial guess x1

1: r1 := b−Ax1, z1 = M−1r1,p1 := z1
2: for j = 1, 2, ... until convergence do
3: Compute w := Apj

4: αj := 〈rj , zj〉/〈w,pj〉
5: xj+1 := xj + αjpj

6: rj+1 := rj − αjw
7: zj+1 := M−1rj+1

8: βj := 〈rj+1, zj+1〉/〈rj , zj〉
9: pj+1 := zj+1 + βjpj

10: end for

Algorithm Chebyshev Basis CACG (P-CBCG) method
Require: Ax = b, Initial guess x0

1: r0 := b−Ax0

2: Compute S0 (T0(AM−1)r0, ..., Ts−1(AM−1)r0 )
3: Q0 = S0

4: for k = 0, 1, 2, ... until convergence do
5: Compute Q∗

kAQk

6: Compute Q∗
krsk

7: ak := (Q∗
kAQk)−1Q∗

krsk
8: xs(k+1) := xsk +Qkak
9: rs(k+1) := rsk −AQkak

10: Compute
Sk+1 (T0(AM−1)rs(k+1), ..., Ts−1(AM−1)rs(k+1) )

11: Compute Q∗
kASk+1

12: Bk := (Q∗
kAQk)−1Q∗

kASk+1

13: Qk+1 := Sk+1 −QkBk

14: AQk+1 := ASk+1 +AQkBk

15: end for



乱流電場と熱運動による移流

クーロン衝突

( , ✓)

5次元プラズマ流体解析コードGT5D
n 5次元ボルツマン方程式

n 4次精度無散逸保存型差分 [Morinishi,JCP1998; Idomura,JCP2007]
n 2次精度半陰的ルンゲ・クッタ法 [Zhong,JCP1998] 

→熱運動を含む線形4次元移流項に対する差分陰解法ソルバが8割以上のコスト

n 乱流電場のポアソン方程式

n 1次元FFT
n 2次元有限要素法
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悪条件でない線形4次元移流項の問題に対して前処理無しクリロフ部分空間法を適用

n 一般化共役残差法（GCR）と一般化最小残差法（CA-GMRES, s=22）の比較

GT5Dにおける省通信型行列解法
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GCR CA-GMRES

Number of SpMVs 598 639

All_reduce/iteration 1 1/s

Computation [Flop/grid] 47.0 84.8→59.7

Memory access [Byte/grid] 128.0 60.0→43.3

Elapse time on KNL    [ns/grid] 0.52 0.35

Algorithm Conjugate Gradient method
Require: Ax = b, Initial guess x1

1: r1 := b−Ax1, p1 := r1
2: for j = 1, 2, ... until convergence do
3: Compute w := Apj
4: αj := 〈rj , rj〉/〈w, pj〉
5: xj+1 := xj + αjpj
6: rj+1 := rj − αjw
7: βj := 〈rj+1, rj+1〉/〈rj , rj〉
8: pj+1 := rj+1 + βjpj ; test convergence
9: end for

Algorithm Generalized Conjugate Residual method
Require: Ax = b, Initial guess x0

1: r0 := b−Ax0,p0 := r0
2: for j = 0, 1, 2, ... until convergence do
3: αj := 〈Apj , rj〉/〈Apj , Apj〉
4: xj+1 := xj + αjpj

5: rj+1 := rj − αjApj

6: βj := 〈Apj , Arj+1〉/〈Apj , Apj〉
7: pj+1 := rj+1 + βjpj

8: Apj+1 := Arj+1 + βjApj

9: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x1

1: B = [e2, e3, ..., es+1]
2: for i = 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ := [Aq, ..., Asq]
5: V := [q, V̂ ]
6: Compute QR factorization via (D := V TV ;
7: Cholesky decomposition D = RTR; Q := V R−1)
8: H := RBR−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 := xi +Qy
13: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x0

1: B = [e2, e3, ..., es+1]
2: for i = 0, 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ = [Aq, ..., Asq]
5: V := [q, V̂ ]
6: Compute QR factorization via (D := V TV ;
7: Cholesky decomposition D = RTR; Q := V R−1)
8: H := RBR̄−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 := xi +Qy = xi + V R−1y
13: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x1

1: B = [e2, e3, ..., es+1]
2: for i = 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ := [Aq, ...,Asq]
5: V := [q, V̂]
6: Compute QR factorization via D := VTV;
7: RTR :=Cholesky decomposition(D); Q = VR−1

8: H := RBR−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 = xi +Qy = xi +VR−1y
13: end for

Algorithm Conjugate Gradient method
Require: Ax = b, Initial guess x1

1: r1 := b−Ax1, p1 := r1
2: for j = 1, 2, ... until convergence do
3: Compute w := Apj
4: αj := 〈rj , rj〉/〈w, pj〉
5: xj+1 := xj + αjpj
6: rj+1 := rj − αjw
7: βj := 〈rj+1, rj+1〉/〈rj , rj〉
8: pj+1 := rj+1 + βjpj ; test convergence
9: end for

Algorithm Generalized Conjugate Residual method
Require: Ax = b, Initial guess x0

1: r0 := b−Ax0,p0 := r0
2: for j = 0, 1, 2, ... until convergence do
3: αj := 〈Apj , rj〉/〈Apj , Apj〉
4: xj+1 := xj + αjpj

5: rj+1 := rj − αjApj

6: βj := 〈Apj , Arj+1〉/〈Apj , Apj〉
7: pj+1 := rj+1 + βjpj

8: Apj+1 := Arj+1 + βjApj

9: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x1

1: B = [e2, e3, ..., es+1]
2: for i = 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ := [Aq, ..., Asq]
5: V := [q, V̂ ]
6: Compute QR factorization via (D := V TV ;
7: Cholesky decomposition D = RTR; Q := V R−1)
8: H := RBR−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 := xi +Qy
13: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x0

1: B = [e2, e3, ..., es+1]
2: for i = 0, 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ = [Aq, ..., Asq]
5: V := [q, V̂ ]
6: Compute QR factorization via (D := V TV ;
7: Cholesky decomposition D = RTR; Q := V R−1)
8: H := RBR̄−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 := xi +Qy = xi + V R−1y
13: end for

Algorithm Communication-Avoiding GMRES method
Require: Ax = b, Initial guess x1

1: B = [e2, e3, ..., es+1]
2: for i = 1, 2, ... until convergence do
3: r := b−Axi,β := ||r||,q := r/β, ζ := βe1
4: Compute SpMVs or MPK V̂ := [Aq, ...,Asq]
5: V := [q, V̂]
6: Compute QR factorization via D := VTV;
7: RTR :=Cholesky decomposition(D); Q = VR−1

8: H := RBR−1

9: H̄ :=Givens rotation(H)= G1G2...GsH
10: ζ̄ := G1G2...Gsζ
11: y := H̄−1ζ̄
12: xi+1 = xi +Qy = xi +VR−1y
13: end for

A: 4次元移流項が与える非対称ブロック対角行列

SpMV
AXPY

SpMV
SYRK
GEMV

直交行列Qを計算しない
最適化実装によりメモリ
アクセスをさらに3割削減

[Idomura,ScalA2017]

CA-GMRES[Hoemmen,PhD2010]



Oakforest-PACS全系を用いたGT5Dの処理性能
n GCRとCA-GMRESの比較
JT-60規模〜60億格子@1280ノード
(NR,NZ,Nζ,Nv//,Nμ)=(320,320,32,96,20)

n Oakforest-PACS全系規模の8192ノードまで良好な強スケーリング
n CA-GMRESによりGCRにおける集団通信のボトルネックを解消
n 密行列計算+省通信化によりソルバ全体で35%の性能向上

n 8192ノードまでの強スケーリング
ITER規模〜1500億格子@2k〜8kノード
(NR,NZ,Nζ,Nv//,Nμ)=(768,768,64,128,32) 
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3次元多相多成分熱流動解析コードJUPITER
n 計算モデル

n 数値計算法

n 3次元直交格子でMPI並列化
n 差分法（拡散：2次中心差分、移流：5次WENO）
n 半陰解法時間積分

→圧力ポアソンソルバが9割以上の計算コスト

n 圧力ポアソン方程式

n 直交格子の2次中心差分（7点ステンシル）
n 多相流の大きな密度比（~107）による悪条件問題

n 大規模なマルチスケール問題で更に条件が悪化

→適切な前処理の設計が必須
10

非圧縮流体モデルr · u = 0
<latexit sha1_base64="jcTP8LvodXcMYln+PQBcCpqpil0=">AAACenichVHLSsNAFD2N7/qqiiC4KZaKIpRbFRRBKLhx6atVsKUkcVqDaRKSaUFDf8AfcOFKQUT9DDf+gAs/QVwquOnCmzQgKuodZubMmXvunJnRHNPwJNFTTOno7Oru6e2L9w8MDg0nRkYLnl13dZHXbdN29zTVE6Zhibw0pCn2HFeoNc0Uu9rRWrC/2xCuZ9jWjjx2RKmmVi2jYuiqZKqcGC9aqmaqRf3Aln5RqyTrzVWKlx MpylAYyZ8gG4EUotiwE9co4gA2dNRRg4AFydiECo/bPrIgOMyV4DPnMjLCfYEm4qytc5bgDJXZIx6rvNqPWIvXQU0vVOt8isndZWUSaXqkG3qlB7qjZ2r9WssPawRejnnW2lrhlIdPJ7bf/1XVeJY4/FT96VmiguXQq8HenZAJbqG39Y2Ts9ftla20P02X9ML+L+iJ7vkGVuNNv9oUW+cIPiD7/bl/gsJ8JruQmd+kVG4x+opeTGIKM/zeS8hhHRvI87k+LnCLu1hLmVJmlbl2qhKLNGP4EsriB9mkkfM=</latexit>

@u

@t
+ (u ·r)u = �1

⇢
rp+

1

⇢
r ·

�
µ[ru+ (ru)>]

 
+ g + F

<latexit sha1_base64="xs063LHUXtiDxKXxRG63H1T5gFo=">AAADG3ichZFLaxRBEMdrxldcH9kkF0EPg0tkw5KlJwYiASEoiKCHPNwksL0uPZ2e3SY9D3p6FuIwX8Av4EE8KIiId79ALiJec8hHEI8RvHiwdmZQYnzUMFPVv6p/TXW3FyuZGEIOLfvU6TNnz02cr124eOnyZH1qejOJUs1Fh0cq0tseS4SSoegYaZTYjrVggafElrd7d5zfGgmdyCh8ZPZi0QvYIJS+5Mwg6tffU18zntGYaS OZyqjnO2me/wSOyVvNilK+ExkaMk+xuQrdni/1Lir0MMrLrBO3/oRLvRK+oRkN0m5Jq06t5rHl3GNqorhHtRwMDc1bBR5U/l7erzdImxTmnAzcKmhAZatR/Q1Q2IEIOKQQgIAQDMYKGCT4dMEFAjGyHmTINEayyAvIoYbaFKsEVjCku/gd4Kpb0RDX455Joeb4F4WvRqUDs+SAvCVH5AN5Rz6T73/tlRU9xrPsofdKrYj7k0+vbHz7rypAb2D4S/XPmQ34cKuYVeLscUHGu+ClfvTk2dHG8vpsdoO8Il9w/pfkkOzjDsLRV/56Taw/hxpegPv7cZ8MNhfa7s32whpprCxWVzEBV+E6NPG8l2AF7sMqdIBb16w71gProf3C3rc/2p/KUtuqNDNwzOyDH84r0VM=</latexit>

Volume of Fluid法

物理量（S:固相、L:液相、G:気相）

@�l

@t
+r · (u�l) = �lr · u

<latexit sha1_base64="pnFZxhtZwAkDHguYv+arpLrdAJ8="></latexit>

Y (�l) =
X

l

�
Y S
l �L

l + Y L
l �L

l

�
+ Y G

"
1�

X

l

�
�S
l + �L

l

�
#

<latexit sha1_base64="eG3gcebRmD3WxVFuXLVu87KpJTU="></latexit>

r · un+1 = r · u⇤ �r ·
✓
�t

⇢
rp

◆
= 0

<latexit sha1_base64="cTDuaSUmfw9m5ukGOrszkt4JAn8="></latexit>

@T

@t
+ u ·rT = � 1

⇢C⌫
r · (�rT ) +

Q

⇢C⌫
<latexit sha1_base64="Cp0PzsrlrY813h4rKNDlOvKfRK0=">AAAC33ichVFBaxNBFH671jamarZ6EbwshkqlGN62hYogFHrpsWmTttAtYXYySYdOdpfZSaBZchY8iDcRTxakFH+Gl/4BD715FY8VevHgy+5KqUV9y8588973vflmJoiVTAzimWXfmLg5OVW6VZ6+feduxZm5t5VEfc1Fk0cq0jsBS4SSoWgaaZTYibVgvUCJ7eBgdVzfHgidyChsmMNY7PVYN5QdyZmhVMsZ+h3NeOrHTBvJlN sYXWIzmk/9oOP2Rz5vR8YPWaCY23jxNNd4RNX7kbva8kOi5NWMOecrctBmvxVP5nNF/Yqi5VSxhlm414FXgCoUsR45x+BDGyLg0IceCAjBEFbAIKFvFzxAiCm3BynlNCGZ1QWMoEzaPrEEMRhlD2js0mq3yIa0HvdMMjWnXRT9mpQuzOIXPMFzPMVP+A1//rVXmvUYezmkOci1Im5VXj3YvPivqkezgf1L1T89G+jAs8yrJO9xlhmfguf6wfDt+ebzjdn0MR7hd/L/Ac/wM50gHPzgH+ti4z2U6QG8P6/7OthaqHmLtYU6VleWiqcowUN4BHN038uwAmuwDk3a96s1aVUsx2b2S/u1/San2lahuQ9Xwn73C0lvuCI=</latexit>

[Yamashita,NED2017]
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FIGURE 3. SIMPLIFICATION OF REACTOR CORE INTERNALS IN BWR AND TARGET OF THE SIMULATION. INSIDE THE WHITE

BROKEN LINE IS INTENDED AREA FOR THE PRESENT STUDY.

Figure 3 represents representative reactor core internals in
BWR (left one) and the target of the numerical simulation (white
broken line area). Since reactor core internals are intricately lo-
cated in the pressure vessel as shown in this figure, for decreasing
the computational cost and preliminary analysis, in this study, we
simplified inside the white broken line area as shown in the right
one of Fig. 3.

For simplicity, we decreased the density of internals, e.g.,
number of fuel assemblies, holes of the core plate, control rod
guide tubes and so on, and selected a quarter of the whole domain
inside the white broken line area. And in Fukushima Daiichi nu-
clear power plant, although there are more than 60 fuel rods in
each fuel assemblies, in the present study, fuel rods and channel
box are treated as a solid body. There is only fuel assembly in the
core shroud and control rods located from reactor pressure vessel
(RPV) bottom head to the core plate. And control rods are sur-

rounded with the control rod guide tube from the arbitrary point
of the control rod to the core plate. Four orifices are located in
each control rod guide tube, so we can see a relocation behavior
of molten debris melting from fuel assemblies by a decay heat,
that is, flows of molten debris to the lower plenum through ori-
fices. We assume that flows from inside the core shroud to the
lower plenum are only pass through the orifice in this prelimi-
nary calculation and does not consider a remelting of debris by
decay heat in this calculation.

Numerical configuration

The length of each axis, x, y and z is 1 m, 1 m and 2.5 m,
respectively, and is discretized by 64, 64 and 160 grid points for
each direction in the present study. We assume that all reactor

5 Copyright c© 2013 by ASME

In-Situ visualization on JUPITER code

JUPITER	code	[Yamashita,ICONE2013]	

p Multiphase	CFD	code	for	analyzing	
thermal-hydraulics	in	nuclear	reactors

p Volume	of	fluid	method	for	multiphase	flows

p Finite	difference	method	in	structured	grids

p 3D	domain	decomposition	(MPI+OpenMP)

p 240x240x1,920	(~108 structured	grids)

Supercomputer Oakforest-PACS
Num.	nodes Spec.	per	single	node Performance Network

8,208 Intel	Xeon Phi7250
(Knights Landing)

68cores
1.4GHz
MCDRAM16GB

25	PFLOPS Intel	Omni-Path	
Host	Fabric	Int.

Strong	scaling	test

ü 107 particles	(250MB),
ü 4	MPI	procs.	x	16	OpenMP

threads/node	
without	hyper-threading,

ü MCDRAM	in	cache-mode

Rendering	speed	test
ü Internet	3.4[MB/sec]
ü Intel	Core	i7	2.6GHz	16GB
ü Course	image	(~27MB)
ü Fine	image	(~270MB)

燃料溶融複雑系の過酷事故解析
（UO2, Zry, B4C, SUS, and Air）



省通信マルチグリッド前処理付き共役勾配(MGCG)法
n MG前処理によるCG法の反復回数削減によりAllReduceを削減
n 幾何的MG前処理の省通信化

n All Reduceを含まない前処理付チェビシェフ反復（P-CI）をスムーザとして選択
n 最もロバーストな収束特性を示すスムーザの一つ[Baker,SIAM2011]

n 定常反復の近似解を[λmin,λmax]でシフト規格化したチェビシェフ多項式で向上
n 最大/最小固有値λmin,λmaxの計算に省通信ランチョス法[Hoemmen,PhD2010]

n 混合精度による計算量と袖通信の削減

n 精度に敏感なクリロフ部分空間法（CG,CA-Lanczos）を倍精度処理
n 精度要求が低いスムーザの反復計算（P-CI）を単精度処理
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�H;Q`Bi?K j S`2+QM/BiBQM2/ *?2#vb?2p "�bBb +QKKmMB@
+�iBQM �pQB/BM; *: US@*"*:V K2i?Q/
AMTmi, Ax = b- AMBiB�H ;m2bb x0

PmiTmi, �TT`QtBK�i2 bQHmiBQM xi

R, r0 := b�Ax0

k, *QKTmi2 S0 UT0(AM�1)r0, ..., Ts�1(AM�1)r0 V
j, Q0 = S0

9, 7Q` k = 0, 1, 2, ... mMiBH +QMp2`;2M+2 /Q
8, *QKTmi2 Q⇤

kAQk

e, *QKTmi2 Q⇤
krsk

d, ak := (Q⇤
kAQk)�1Q⇤

krsk
3, xs(k+1) := xsk +Qkak
N, rs(k+1) := rsk �AQkak

Ry, Sk+1 UT0(AM�1)rs(k+1), ..., Ts�1(AM�1)rs(k+1)V
RR, *QKTmi2 Q⇤

kASk+1

Rk, Bk := (Q⇤
kAQk)�1Q⇤

kASk+1

Rj, Qk+1 := Sk+1 �QkBk

R9, AQk+1 := ASk+1 +AQkBk

R8, 2M/ 7Q`

�H;Q`Bi?K 9 S`2+QM/BiBQM2/ *?2#vb?2p Bi2`�iBQM US@*AV
K2i?Q/
AMTmi, Ax = b- AMBiB�H ;m2bb x0- �TT`QtBK�i2 KBMB@

KmKfK�tBKmK 2B;2Mp�Hm2b Q7 AM̃�1- �min,�max

PmiTmi, �TT`QtBK�i2 bQHmiBQM xi

R, d := (�max + �min)/2, c := (�max � �min)/2
k, r0 := b�Ax0, z0 := M̃�1r0, p0 := z0,↵0 := 1/d
j, 7Q` i = 1, 2, ... mMiBH +QMp2`;2M+2 /Q
9, xi := xi�1 + ↵i�1pi�1

8, ri := b�Axi

e, zi := M̃�1ri
d, �i := (↵i�1c/2)2

3, ↵i := 1/(d� �i/↵i�1)
N, pi := zi + �ipi�1

Ry, 2M/ 7Q`

i?2 ClSAh1_ +Q/2 Bb #�b2/ QM i?2 *�`i2bB�M ;`B/ bvbi2K-
r2 mb2 i?2 :J: K2i?Q/ rBi? � o@+v+H2 (R) U6B;XRVX h?2
bKQQi?2` Bb BKTH2K2Mi2/ mbBM; i?2 S@*A K2i?Q/ (kR) rBi?
i?2 "C T`2+QM/BiBQMBM;- r?B+? `2[mB`2b MQ BMM2` T`Q/m+i
QT2`�iBQMX h?2 S@*A K2i?Q/ �++2H2`�i2b i?2 +QMp2`;2M+2
Q7 Bi2`�iBp2 K2i?Q/b #v BKT`QpBM; bQHmiBQM p2+iQ`b mbBM;
*?2#vb?2p TQHvMQKB�Hb- r?B+? `2[mB`2 2B;2Mp�Hm2 +QK@
Tmi�iBQM 7Q` i?2 T`2+QM/BiBQM2/ K�i`Bt AM̃�1X AM i?2
S@*A K2i?Q/ BM �H;Q`Bi?K 9- QM2 M22/b iQ 2biBK�i2 i?2
KBMBKmK �M/ K�tBKmK 2B;2Mp�Hm2b Q7 AM̃�1X q2 mb2
i?2 T`2+QM/BiBQM2/ *� G�Mx+Qb K2i?Q/ #�b2/ QM L2riQM
#�bBb (k) 7Q` i?2 2B;2Mp�Hm2 +QKTmi�iBQMX q2 �HbQ mb2 �
}t2/ Bi2`�iBQM MmK#2`- r?B+? Bb +?Qb2M #�b2/ QM i?2 BMBiB�H
+QMp2`;2M+2 b+�M- iQ �pQB/ i?2 +QMp2`;2M+2 +?2+F i?�i
`2[mB`2b ;HQ#�H `2/m+iBQM +QKKmMB+�iBQMX

AM i?2 *�J:*: K2i?Q/- r2 mb2 � KBt2/ T`2+BbBQM
�TT`Q�+? iQ BKT`Qp2 i?2 �`Bi?K2iB+ BMi2MbBiv �M/ `2/m+2
?�HQ /�i� +QKKmMB�iBQMX >2`2- i?2 +?QB+2 Q7 T`2+BbBQM
Bb QTiBKBx2/ #�b2/ QM i?2 �`Bi?K2iB+ T`QT2`iv Q7 2�+?
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6B;X RX h?2 KBt2/ T`2+BbBQM ;2QK2i`B+ KmHiB;`B/ T`2+QM/BiBQM2`
#�b2/ QM � o@+v+H2 rBi? i?2 T`2+QM/BiBQM2/ *?2#vb?2p Bi2`�iBQM
bKQQi?2`X h?2 +QKKmMB+�iBQM �pQB/BM; G�M+xQb K2i?Q/ Bb mb2/ 7Q`
i?2 2B;2Mp�Hm2 +QKTmi�iBQMX

�H;Q`Bi?KX AM i?2 K�BM *: K2i?Q/- i?2 +QKTmi�iBQM
Q7 i?2 `2bB/m�H p2+iQ` `2[mB`2b /Qm#H2 T`2+BbBQM M2�` i?2
+QMp2`;2M+2 HBKBiX h?2 *� H�M+xQb K2i?Q/ ;2M2`�i2b �M/
Q`i?Q;QM�HBx2b KmHiBTH2 #�bBb p2+iQ`b �i QM+2 �b BM *�
E`vHQp K2i?Q/b- �M/ i?2 HBM2�` BM/2T2M/2M+v Q7 i?Qb2
p2+iQ`b Bb b2MbBiBp2 iQ i?2 `QmM/ Qz 2``Q`bX PM i?2 Qi?2`
?�M/- i?2 S@*A bKQQi?2` `2[mB`2b �M �TT`QtBK�i2 bQHmiBQM
Q#i�BM2/ ivTB+�HHv rBi? b2p2`�H i2Mb Bi2`�iBQMb- r?B+?
�HHQrb mb iQ mb2 bBM;H2 T`2+BbBQMX h?2`27Q`2- i?2 :J:
T`2+QM/BiBQM2` Bb +QKTmi2/ BM bBM;H2 T`2+BbBQM- r?BH2 i?2
T`2+QM/BiBQM2/ *�@G�M+xQb K2i?Q/ �M/ i?2 K�BM *:
K2i?Q/ �`2 +QKTmi2/ BM /Qm#H2 T`2+BbBQMX

AM i?2 *�J:*: K2i?Q/- /QKBM�Mi +QKTmi�iBQM�H
+Qbib +QK2 7`QK i?2 S@*A K2i?Q/- r?B+? +QMbBbib Q7
aTJo- "C T`2+QM/BiBQMBM;- �M/ i?`22 �sSubX h?2v �`2
[mBi2 bBKBH�` iQ i?2 F2`M2Hb BM i?2 S@*: K2i?Q/ 2t+2Ti 7Q`
i?2 BMM2` T`Q/m+i QT2`�iBQMb- r?B+? `2[mB`2 �HHn_2/m+2X
h?2`27Q`2- i?2 S@*A bKQQi?2` +�M #2 2�bBHv BKTH2K2Mi2/
rBi? KBMQ` +Q``2+iBQMb iQ i?2 2tBbiBM; S@*: bQHp2`X

AoX E2`M2H T2`7Q`K�M+2 �M�HvbBb
AM i?Bb b2+iBQM- r2 �M�Hvx2 i?2 F2`M2H T2`7Q`K�M+2 Q7

i?2 S@*:- S@*�*:- S@*"*:- �M/ *�J:*: bQHp2`b
mbBM; � bK�HH T`Q#H2K bBx2 Q7 N = 104⇥ 104⇥ 265- r?B+?
+Q``2bTQM/b iQ � ivTB+�H T`Q#H2K bBx2 T2` T`Q+2bbQ`X h?2
bmbi�BM2/ T2`7Q`K�M+2 Q7 2�+? F2`M2H QM ELG Bb +QKT�`2/
�;�BMbi i?2 KQ/B}2/ `QQ~BM2 KQ/2H (kk)- BM r?B+? �
i?2Q`2iB+�H T`Q+2bbBM; iBK2 Q7 2�+? F2`M2H Bb 2biBK�i2/ #v
i?2 bmK Q7 +Qbib 7Q` ~Q�iBM; TQBMi QT2`�iBQMb �M/ K2KQ`v
�++2bb- tR = f/F + b/BX >2`2- f �M/ b �`2 i?2 MmK#2`b Q7
~Q�iBM; TQBMi QT2`�iBQMb �M/ K2KQ`v �++2bb Q7 i?2 F2`M2HX
F �M/ B �`2 i?2 T2�F T2`7Q`K�M+2 �M/ i?2 ah_1�J
K2KQ`v #�M/rB/i? Q7 i?2 T`Q+2bbQ`X
�X S@*: bQHp2`

*QKTmi�iBQM�H F2`M2Hb Q7 i?2 S@*: K2i?Q/ +QMbBbi
K�BMHv Q7 aTJo UHBM2b j- 9V- "C UHBM2b d- 3V- �M/ o2+iQ`
U�sSub- HBM2b 8-e-NVX >2`2- aTJo �M/ "C BMpQHp2 BMM2`
T`Q/m+i QT2`�iBQMb BM i?2 b�K2 HQQTX h?2 MmK#2`b Q7
~Q�iBM; TQBMi QT2`�iBQMb f �M/ K2KQ`v �++2bb b �M/
i?2 `2bmHiBM; �`Bi?K2iB+ BMi2MbBiv f/b Q7 2�+? F2`M2H

no All_Reduce

[Idomura,ScalA2018]



Oakforest-PACS全系を用いたJUPITERの処理性能
n 900億格子問題における8000ノードまでの強スケーリング
固相/液相4成分（UO2, Zry, B4C, SUS）+気相、3200x2000x14160格子、条件数〜6x109

P-CG：ブロックヤコビILU前処理付きCG法
MGCG：省通信マルチグリッド前処理付きCG法

n Oakforest-PACS全系規模の8000ノードまで良好な強スケーリング
n 反復回数を1/800に削減し、集団通信（All reduce）のコストを1/100以下に抑制
n 収束特性の改善により差分計算（SpMV）のコストを1/10以下に削減
n 8000ノードにおいて11.6xの性能向上

12

sec/step P-CG MGCG Ratio

SpMV+Precon 218.3 17.9 12.2x

Other 32.6 9.6 3.4x

Halo comm 21.4 17.2 1.2x

All reduce 270.8 1.9 142.5x

Total 543.1 46.7 11.6x

8000ノードにおけるコスト分布
P-CG   : 26475 反復
MGCG: 32 反復 (Lv7 x 50step/Lv)

[Idomura,ScalA2018]
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富岳におけるGT5DとJUPITERの処理性能
n GT5D（CA-GMRES）
1000億格子@1440ノード

n 同アルゴリズムで1.5x〜2.4xの性能向上
n メモリ帯域比2.1倍に対して演算処理で約1.5倍の性能向上
n 通信帯域比3.3倍に対して通信処理で10倍以上の性能向上

OfP(OmniPath): FatTree, All Rduce(16B)/500μsec@8192nodes
富岳(TofuD): 6Dtorus, All Rduce(16B)/66μsec@27648nodes

n 富岳向けに開発した半精度前処理によってさらに3.4x〜4.8xの性能向上

n JUPITER（MGCG）
900億格子@8000ノード
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まとめ

Oakforest-PACSを活用して富岳向けの省通信型行列解法を開発した

n OfP全系を駆使した1000億格子規模の大規模原子力流体解析を実現
n GT5D：省通信GMRES法によってGCR法から1.35xの性能向上
n JUPITER：省通信MG前処理付きCG法によってP-CG法から11.6xの性能向上

n 上記ソルバを富岳に移植し高性能計算を実現

n メモリ帯域幅、通信性能により同アルゴリズムで最大2.4xの性能向上
n 半精度前処理を追加することでさらに最大4.8xまで性能向上

n OfPと富岳の違い
n 半精度演算を活用することで性能向上が可能

n 12コア/CMG構成となりスレッド並列化が容易
n 8GB/CMGなのでメモリの並列化要求が厳しい
cf.OfP:16GB(MCDRAM)+96GB(DDR4)=112GB/node

14

KNL
36 tiles

2cores+1MB$/tile

•  Knights	Landing[5]	

•  Knights	Landing[5]	

空間充填曲線によ
る動的スレッド割付
→ブロック分割から

1.9x性能向上
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OfPを用いて得られた主な成果
n 省通信型行列解法

[1] Y. Idomura, T. Ina, A. Mayumi, S. Yamada, K. Matsumoto, Y. Asahi, and T. Imamura, 2017 IEEE/ACM 
8th Workshop on Latest Advances in Scalable Algorithms for Large-Scale Systems (ScalA), pp.1-8.

[2] Y. Idomura, T. Ina, A. Mayumi, S. Yamada, T. Imamura, Lecture Notes in Computer Science, vol. 
10776, 257–273 (2018).

[3] Y. Idomura, T. Ina, S. Yamashita, N. Onodera, S. Yamada, and T. Imamura, 2018 IEEE/ACM 9th 
Workshop on Latest Advances in Scalable Algorithms for Large-Scale Systems (ScalA), pp.17-24.

[4] Y. Ali, N. Onodera, Y. Idomura, T. Ina, T. Imamura, 2019 IEEE/ACM 10th Workshop on Latest 
Advances in Scalable Algorithms for Large-Scale Systems (ScalA), pp.1-8. 

[5] Y. Idomura, T. Ina, Y. Ali, T. Imamura, in 2020 SC20: International Conference for High Performance 
Computing, Networking, Storage and Analysis (SC), pp. 1318-1330 . 

[6] T. Ina, Y. Idomura, T. Imamura, S. Yamashita, N. Onodera, 2021 IEEE/ACM 12th Workshop on Latest 
Advances in Scalable Algorithms for Large-Scale Systems (ScalA), pp.1-8. 

n In-Situ可視化
[7] T. Kawamura, T. Noda, Y. Idomura, Supercomputing Frontiers and Innovations 4, 43-54 (2017).
[8] T. Kawamura, Y. Idomura, Journal of Visualization volume 23, 695–706 (2020).

n 関連するオープンソースソフトウェア

反復解法ライブラリPARCEL: https://ccse.jaea.go.jp/software/PARCEL/
In-Situ可視化ツールIn-Situ PBVR: https://ccse.jaea.go.jp/software/In-Situ_PBVR/
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