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Fig 2.2.1-1: Weak scaling of GKV on the supercomputer Fugaku. Computational performance in
PFLOPS (left) and its ratio to the theoretical peak performance (right) are plotted against the number

of cores.
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Fig. 2.2.1-2: Cost analysis of GKV. Note that the measured computational cost is partially masked by
computation-communication overlap, because the computation cost is evaluated by subtracting MPI

communication cost from the elapsed time of whole calculation.
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Fig. 2.2.1-3: Color map of perturbed electron pressure p, and streamlines of turbulent flows (solid
black lines) at the poloidal cross section. Arrows in magnified picture represent direction and

amplitude of turbulent flows.
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Fig. 2.2.1-5: (a) Dependence of the linear growth rate of micro-instability on the ratio of tungsten and
electron density. (b) Dependence of the normalized tungsten particle flux on the impurity density

gradient, where blue and red lines mean the linear and nonlinear results, respectively.
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ZORMENRFERESN D, £, GPU TIX3%IL SSOR 1T 5 Z LTl HmH A Ly RIFFILEEA Al HE
720 . SSOR RIEL DO HIFE A 100 {51 B35,

B L7245 Y V& 523 L7z GT5D OMERERHi %2 Fig.2.2.2-2 1279, TERERHEIE ITER D407 T
R~ HR AR E LTz FE R OE 7 L FAKRFED B 72 55 1,000 (84610 2 55y 77 A= 1Tk LTITU,

o A MyAi & U CIEE22IH  (Collision) . A7 Y A (Field). 4 wocIERIEZTRE (Nonlinear) .

4 Wit RE (Krylov) . 3 X OEOMOMLEE (Other) 1ZDWT 1 A7 v 7 b7 ) ORKMEEH % 5
WLz, 2096, [Summit) 281725 GPU BEE TlidE = A F® Krylov & Collision @ %% OpenACC
Z AT GPU 24 L 7=, Fig.2.2.2-2(a) TiL Oakforest-PACS] (KNL., Intel OmniPath -/ > % —=
7 b)), &1 (A64FX, TofuD 4 v % —=2x 7 k), BLW ISummit] (V100, dual-rail EDR
InfiniBand) . Z 24 1,440CPU % FV 7= JLBRPERE A bbig L 72, = Z CL,KNL(3.05TFLOPS, 480GB/s)
L HRT, A64FX (3.0TFLOPS, 1,024GB/s) 33X 0'V100 (7.8TFLOPS. 900GB/s) DiEFMERE/ A€
Uy RIEOMEELITZ N2 0.98 (5/2.13 {535 L UV 2.62 {5/1.99 1% & 702 5, B BE Tl L TV 5 GCR
1%, CA-GMRES 1%, CA-PGMRES £ AR IEHUEZ 112 40K 1,500 [A], £ 1,800 [F], #9200 [B] & 720
FP16SSOR FifLERIZ & o THRABEE A —HTHI S 7z, Oakforest-PACS (2351 T GCR {EDMLERIERE
1L 60.8 /AT v lipote, TNEIKMEL L TK Y AANOMRELERT D, [BEFE) TEAETIY ANV R
gD iz X v GCR 5T 1.56 5O MEREM LA Hiui=2Y, CA-GMRES 35 CIIEAE L O i
1.6 fFICPEREM EAMEK L7z, & 512 CA-PGMRES 1 Tl REF DM Iz X v 553 50 H mﬁéﬁ’m
PERE B35 H 72, TSummit) T FEEDOMERE FANHEZR S L, GCR #., CA-GMRES %, CA-PGMRES
ETENTIL1.38 1%, 1.89 i, 3.53 o gem LR oz, Zd X 512, CA-PGMRES JEI136EkD
GCR #%%° CA-GMRES JEICH_T— R I7@‘fiﬁbﬂﬁ%J:Eéj(fpmfi‘riﬁbr"ﬂji%m LTk, A=—
27 CPU B L GPU IZESL el BEIERE Ch 2 IE) & [Summit] TH@EIZHEH TS
BEET NIV ALE L TOREIMEN RSN,

Fig.2.2.2-2(b)i% I'& ) 1,440, 2,880, 5,760CPU (281 5 GCR % & CA-PGMRES 4% HV 7= GT5D
DIFRAr—Y 7 %3, CA-PGMRES {£I1% GCR £D 354 {FOMREL 70V | T OMRBH A MR LT E
FRIARBA T —V RSB, T 2T, CPU 4 f#l2xhd 2 1%L GCR . CA-PGMRES 14
TENLI 31315, 2.95 5L 720 | ITER HUHEEZK) 4.T R AT » 7 L0 5 MBS £ THhE+ % =

IZEH) LTz, ZHUZ R0 ITER B OEE S8R 2 B 72 BRI ) CIAT T 2 B L3S bz, 3
IPMEREICBI L Cid, &% 1,440, 2,880, 5,760CPU (Z351F % GCR 141% FP64 &' — 7 [l FLHEED 8.2%.
3.0%., 2.5%& 7257205, CA-PGMRES {£ TIZZ N4 18.9%, 17.0%., 14.5%~ & KbgRdEN i o1
72 20X 912, CA-PGMRES EIFALELEE O f) E7210F The < AEZR O FICHL HITHDH Z LD
Nl
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Algorithm Generalized Conjugate Residual method Algorithm Mixed precision CA-PGMRES method
Require: Ax = b, Initial guess xq Require: Ax = b, Initial guess x;

1. rg:=h— A_Xg,po =Ty : ‘4 =D'A (D, = max(| A |\ ‘-«’lgz yoery |"lm|))

2: for 5 =0,1,2,... until convergenece do : d=D"'b/|D7'b|

3« = (Apj,r;)/{Ap;, Ap;) z=x/D'b

4: Xjp1 =Xy +()A‘.‘;p;,' B= [ez,eg,....es+]]

5 T4l i=r; — oy Ap; W 5. for i = 1,2, . until convergence do

[+R ﬁJ = (Apj', AI'J | 1)/(:41')3, /“lpj> B: r:=d-— Az;

7 Pjy1 =T+ BP; SpMV 7. r= Mfﬁ},mr,ﬁ :=A||q||,q =1/, =pPe;

8  Apji1 = Arj + G;4p; 4-DAXPY 8  Compute SpMVs V 1= (M-}, Aq, ..., My p . A%
9: end for 9. V:=|q, 17]

A: nonsymmetricblock diagonal matrix for 10 Compute QR factorization via (W := VV;
L V \ & K X 11:  Cholesky decomposition W = RTR; Q:=VR l)
stiff linear 4D convection operatorin structured grids 12: H:= RBR!

13: 1:;’ :=Qivens rotation(H)= G1Gs...G.H
Fine red-black SSOR W §:=010s. G Normalize
for intra block computation 15 yi=HOC Precon+SpMV

. 160 Zis1 =2+ Qy =2+ VR™?!
using many threads 17, end Er @ y DSYRK

/ 18 x = |[D bz DGEMV

Two types of SSOR preconditioners

SSOR1: SSOR in all 4D-FD operatorin (Ngy,Ng,y,N,,N, /)

SSOR2: SSOR onlyin 3D-FD operatorin (Ng;,Ngz,N,)

Block Jacobi preconditioner Mg, ¢ —avoid L1$ thrashingin the inner most v,, direction
w/o halo data communication

Fig.2.2.2-1: The Generalized Conjugate Residual method (GCR) and the Communication-Avoiding
Generalized Minimum RESidual method with FP16 Symmetric Successive Over Relaxation (SSOR)
preconditioner (CA-PGMRES). The Block-Jacobi method with fine red-black SSOR is designed for
CA preconditioner with many thread parallelization. In SSOR, SSOR1 computes stencils in all 4D
directions, while SSOR2 uses a 3D approximation, which avoids L1 cache thrashing in the inner most

velocity direction.

N
a

Ot 1 OtRSr m SSOR 60

a b isi
( ) - ¥ Reduce m Reduce m Other 50 ( ) " (?ther CO"IS'IOn
20 — @I%O . 'QaFoO = Reduce Field m Nonlinear
3 e BeEMY Hal g 40 — mKnylov
&1s B2 B ol alo 8 =
e m BAXPY1 u {SYRK DGEMV a
2 £ 230
T 10 = MY =Sy WDSYRK 2
€ @ o )
= . i - g ESMV | E 20 =
5 3 5 3 5 = 3.54x 6.45x  11.88x
10 B B -
1x 1.06x o1. 1. . x ml.56x  2.92x .x . [
0 : 06x 1.5 . 5.53x 188 .56 9 o [ B
Fugaku Summit Fugaku Summit Fugaku Summit
RES
GR CA-GMRES CA-PGMRES 1440 2880 5760 1440 2880 5760
vaniur s v ruganu Sutim GCR CA-PGMRES

Fig.2.2.2-2: Performance tests of GT5D with GCR, CA-GMRES, and CA-PGMRES. Cost distributions
for a single time step are plotted for the ITER size case with ~101! grids.  (a) shows cross-platform
comparisons using 1,440 processors on Oakforest-PACS (KNL, Omni Path interconnect), Fugaku
(A64FX, TofuD interconnect), and Summit (V100, dual-rail EDR Infiniband). (b) shows strong scaling
tests using 1,440, 2,880, and 5,760 processors on Fugaku.
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2-2-2-2. 77X~ BB T H 55

ERIIR T T A~ AR AR Z UK - HEFF T 2 BB &l i 2 BT 5 72012, AR 7 X~ HlindiE
B S 1MEBI ST\ 5 ToreSupra $i& (CEA) @Y = — VNIEVEER [Bernardo, PPCF2015] (Fig.2.2.2-
3) ZRHL LT, CEA LA THASM OB 2D, ZOFEBRITR S EBNRFEER LDV 2
—IWINEACT T X< %0 BT 5B NOKETH 203, MEOHIINC T T X< BEDOHEKIZHE- T,
&% B @ LOC (Liner Ohmic Confinement) 7 = — X & E 2 E D SOC (Saturated Ohmic Confinement)
7 = — X CELIRHERHE OB BB SN T\ 5, £, BRT 7 X~ REEESAAICE U CXBE#7e b e
A ZNaA VRN T DY v PNAABEBIRGIC L D b v A XV R Ko CikE 280K (v/a=0.8-
0.9 O7 T X~EfEHELZEHEL LT LOC 7 =—XTIXAFHOBIRT T A~ RERNTER S D DI
%L, SOC 7 =— X CIRHEFMOBERT 7 A~BHEIZEST S, 22T, 77 AVEIROF BT T T X
~ERO T E R ERIND, ZHUAMIE, FET 2 LF—W ORHFEREEZ D &, LOC 7 =—
R CIXHEE ORI ONE R R F—H HIRIH T 223, SOC 7 = — X CIEER /X — 2 fafnd
%, E£7-. RiEEEIcB L TiE, LOC 72 —X¢ SOC 7 = — XD TRJ/EAMY AL HEN TR
BHLEE M B L, fRFE & EARFEO R TR E D INEMED Zeti~3.1 D Zet~1.3 1K T T 5, ZD &
T, T OEBRTIHIEB) ERIE D A7 O T AL = L X — ik OBLEN 5 b ITER Okt
ZBMR T 2 HBERBIENBHI STV D,

Z DOFEBRT — Z O AT CRHELMEORF 2 Fh Lz, £7°. 207 — X B O KR
BT TARENRET DD, QIRDAT—NVEEZRODA T VX A v p THIK L LI Z X~
P A W alp~500 & 720, ITER HIAE a/p~800 ® 2/3 FLE L W HINRVEFHFE IR FDORKENWT—X L7
Do ZDI, alp & PArFREITHEN LT BEEBR A ST A — X ZAER L, BRI A NE2H 80 7/ — K
R/ — A CHIR L7z, ZHUc k0 | BT — 2 ST D EBOMITET VA RGET 5. & 50,
TR RT A= DRMIRA X ¥ N Ko TEIGEBBG O/ T A — 2 K EZFHM T 5L 51
oty WIS, V—RIv 7 BROBERKMFOMG 21T o7z, 77 A~ EHEOBE SRR L U TIEEES
I OBIE % AT 5 72012, FEBRACEIR X 5 JE 0 RIS 00 (Bl i B G AR [E]#s 9~ 2 S o0 A B4k % £
Rliz, V=R 7ETNE UTUIERBI N OHE LN Y 2 — VINEGARIZHE 5 B INEE T v
K OB X D BRI D v 7 BT NV EFTZICELE LT,

FROMHRESMEOEFEEE TH, LOC 72— XD t1~3.1s B LW SOC 7 = — KD t3~6.1s Z x5 L3
D TARBIENT % FEh U 7o, B KRIRAORIERENT & 5206 L . Je4 T2 Citrin, PPCF2017] C/R S 7wt
IR AT & [k, LOC 7 =—X& SOC 7 = — ADM CHAE MR LN HIEE T — F (TEM) »
HA A REAREE (ITG) €— NIEBBET LI L 2B L-, Ziud, LOC 7 = — X TIXRHERH
M X DHEKRFZA A DFFNENPRKE S ITG T — RPLE S, S OIS BE CIIE 7 E22E
v BN/INE L TEM MARLZENT DD L, SOC 7 = — XTI O L » T ITG & — RNRLE
b, TEM B 2@ T A1 Th D, 72720, ELATZE TIL T 7 X< 4% r/a~0.37 OJF LRI E X5
& T D RFTHIBIEREAT 2T DL T e Ay, A El O KIRIFBIEMRNT CI3E E AR PR E AR A K EWTZ
A=< JEA5EE T TEM & ITG T— ROEAEENE—7 352 EnbroT-, W2, LOC 7 =—X &
SOC 7 = — XDOHUEER A BME LT, S50 2 FE135) 4msec £ TORIEERNET L, HE2 075 X
< EEOREN D> TE 7z, LOC 7 =—XTix TEM ELEAM < Bl S, BEFREHR Qe gillid
%, —J4. SOC 7 = — XTI ITG ELFRA I S 4L, A A Bk Qs sk 25, Fig. 2.2.2-4 (TR 7L
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TS OEIEIX LOC 7 = —X® TEM L7 SOC 7 = — XD ITG LD 2 fZREE & 7220 . B CiADERE]

=W/IQe+Q1) D HLARIT IR & FARITHK) 1.3 R L 725 2 L SRR T & 72,
345
N, @ W o o) L33
— 4 B 1 t=4.65
& 5 t=49s
£35 ey 7
= i, -10 ; A
=3 T G e N
= ?W wi “ 1, (s00) ;E -15 J fI——T— 4;7_1— ;
S’ 2.5 %‘%ﬁ :a 7 . _
: t,Loc) -20
2 2 i w%»s’)ﬁ‘*@ ‘IJ\'JPHM” aJ . ¥
=15 'if‘,”m - o5l
= 1 3 4 t[5} 6 7 B2 03 o0a 05 06 07 08 09
S

Fig.2.2.2-3: LOC-SOC (Linear and Saturated Ohmic Confinement) transition in the ohmic heating
experiment on ToreSupra tokamak. (a) shows the saturation of stored energy W and the exhaust of
carbon impurities shown by the effective charge number Zeff along with the increase of electron

density n [Citrin,PPCF2017]. (b) shows variations of the intrinsic rotation during the LOC-SOC
transition [Bernardo,PPCF2015].

(a)LOC (TEM,Q.>Q,t=3.15+3.7ms) (b) SOC (ITG,Q,<Q,t=6.15+3.7ms)

ed(keV)
2
0.02 00
100
0.01
0 Zlp;
0 -100
-0.01 -200
-300
-0.02 -200 -100 0 100 200 -300-200-100 O 100 200 300

Fig.2.2.2-4: Turbulent electrostatic potentials observed in numerical experiments for (a) LOC phase
and (b) SOC phase.
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KY 7T —= Tl T X =R B A MHD) A 7V v o2 2 L—3 32— K MEGA

ERWTEREE Y 7 X~I1280 5 o R HICER SN D @ 1L X —hi R BT &2 L35, @=xr

F =R IIREL T T X~ 2 I U RS SO IS LB R m IR IE 2 MEFF T 2 B 20 — 07, 7T X~

® MHD H7e4RE) & O EAERIC K> TT I AN ~BRT HRERDH D, T D72, BEEE TR

AT D ETFF — o B - O UIADIEREREM, 72 & NS o KL RO W ERMEM L, s =1L

—EBA BT ECEERMIEHRE TH S, MEGA (38 = /L X —hi 1-BRE) MHD Bl5: 0 581238

WO, BICBHE LT~ T 7 = —RiEE AV RFREHEIC L 0 | iR 7 7 X~ EE (JT-60U), X

R~ A V4 (LHD), DIII-D National Fusion Facility Zx%&: & L CHR THE— L S 22BN - FEE

 BFCE 7, S 2 FEEICIE, FEERAEISH > THIZEA2HEE L, TEE] ICBI1T5 MEGA O[T

BRI« FEATMEREREAM - MRGEE LT (1), A7 BLUONY ADNAT T A< Zxtge & Ul PiwddE

FhrL LT (2) ~ (5), MEGA EBI# L7 TEE) MITR HEOBFE LT (6) OEEZNEI

R LTz,

(1) TEHE 2BV TET X 7 AN = — K MEGA OFATEREE 2 %0 L. MEREFTN 4 £
i L7z, TEE) ISRV TIEITHR 6% 82,768 / — K, 157 1 a7 £ TREFSND Blif /2 A —1
VT ERER LT,

(2) M~ B3EE JET 12600 5 @ RV X —RL - BREN R EPEIZ DWW TRV M HVIST &/ LT3
AERF I % Sk L 7=,

(3) M~ RPEREIZBT HET X —RTBRBI R ZEMED I 2 L—3 3 v & oA BSRT & St
L. BB & IEREAER S B B oA R E 20 DM Lz,

(4) ~Y I NBEEEICBT D@m= R F =R AR ZERD Y I 2 b—ya UIFEEERL, &
SRR 2 R L7,

(5) KEIAY HVEEEIZBS T D MHD AL EMICH T 58 4 v OEBRRIIRE I 2L —va i
Ko T LT,

(6) [EBRILFEAFIEIC &L 0 R 7EIC B9 5 RHR B RS 2 #E & | X-point Gyrokinetic Code (XGC) =2 — K d
FEI -V Th LR FHUEF RS % [BHE) B\ TRk L RAF R ERB 2 i L7,

N

2—2—-3—1. IEH) TOR/TZRLFRTH CIADMN 22— R OPEREFEAM S K OWREED i

MEE] ICBWTETZRAX —h B CIADINT = — K MEGA O TERBE 250 L, MEREFEM & 5
L7z[1], T&&) @ 1024 7/ — K» 5 32,768 / — RETOFHA— VU > 7 OFHETIiX, 32,768 /— KD
FHEICBOTHAEERR, d, 2 D55 % (512,256,512) & L. 1T LKiFfEdH7-0 ORI+
BE 1024 & LT-, ZORETIX 2 bz W= T, ki30T 1.37x101, ki 8RILZ D 5 %
D 6.87x101TH V) | FERIFIE CTh 5 1012k T Ei & %2 AV /-5 3 L CHIR e R R4 1572, Fig. 2.2.3-
1 () HMLOFHFEHETOBREGOHRER T — ) 7 ORERREEZRLTEBY, [EiF] @ 32,768 / —
RU167 a7 £ CTRFRAZ—U VI MMERF SN TWD Z & NHERTE 5, EITHFMERE LA & T 6PF
MERINTND, Fig.2.2.3-1 (F) 13— 7 3HRMRBICHT 2 ETRHENEREZ R LTy, [EiF Lk
TIEITHEDNR 6% ER SN TN D,
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Fig. 2.2.3-1: Computational performance of MEGA (left) and effective performance ratio (right) versus

the peak performance on Fugaku.
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TOFEFH43014 |[ZHAS W EK MHD Y7 —% | EFEESMA, EFRES ML, 77
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L7ofEd & MEGA OfE R % Fig. 2.2.3-2 IZH#T 5, T TXUEAE— ROZERSGAITONT, R
A HNE— REEELEEOEGUERHGR TE o, ZOT NV T XUERT— ROREREITENL T 43.7
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Fig. 2.2.3-2: Comparison of radial MHD velocity fluctuations of an Alfvén eigenmode between
CASTOR-K (left) and MEGA (right). The toroidal mode number is n=4. The shear Alfvén continuous

spectra and the safety factor profile are shown in left and right panels, respectively.
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Fig. 2.2.3-3: Fluctuations of fast ion distribution function interacting with Alfven eigenmodes plotted
on the poloidal (R, z) plane. Upper and lower panels show particles drifting in the co- and counter-
directions with respect to the plasma current. Time advances from the left to the right for the linear

growth [(a) and (e)], nonlinear saturation [(d) and (h)] phases, respectively.
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Fig. 2.2.3-4: Left panel shows fast ion pressure profiles versus normalized radius for various time.
Solid (dashed) line represents perpendicular (parallel) pressure profiles to the magnetic field. The
perpendicular pressure is significantly reduced at the plasma center due to the interaction with the
MHD mode. Middle and right panels show a trapped fast ion orbit transported by the MHD mode
from different viewpoints. The particle orbit changes the precession drift direction from the regular
precession drift (blue) to the reversed precession drift (green) and moves outward to another

precession drift orbit (red) located closer to the edge.
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Fig. 2.2.3-5: Pressure profile evolution on a poloidal plane in MHD simulation (top) and kinetic-MHD
hybrid simulation (bottom) for a high-beta LHD plasma. The central pressure decreases
significantly in the MHD simulation while the high pressure is maintained in the kinetic-MHD
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hybrid simulation.
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Fig. 2.2.3-6: Normalized elapsed time versus number of threads for strong scaling with thread

parallelization (left) and versus number of processes for weak scaling with MPI parallelization
(right) of XGC on Fugaku.
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Fig. 2.2.4-1: Image of f? (kx, ky) at t = 1.4 with the original data (left), enhanced image by Grad-
CAM (middle), and that by Guided Grad-CAM.
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Fig. 2.2.4-2: Snapshots of f? (kx, ky) at three different times, and predicted times by the CNN model.
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Fig. 2.2.4-3: Prediction time by CNN and its coefficient of determination R? for all test data.
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Fig. 2.2.4-4: Time-history of fluctuation amplitudes resulted from three GKV simulation runs with

different initial conditions.
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Fig. 2.2.4-5: Transport model for LHD plasma by means of the newly developed optimization method.
From the primitive model (blue surface), the optimized model (orange surface) is obtained through a

single GKV simulation run for each radial position (green dots).
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