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Replacing a bad tube meant checking among ENIAC’s 19,000 possibilities.
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Japanese flagship supercomputers

SIMULATOR : E

E

Fugaku (2020-)

Earth Simulator
(2002-2009)

JAMSTEC, Yokohama

The K computer

RIKEN R-CCS, Kobe
el (2011-2019)

RIKEN R-CCS, Kobe
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LINPACK Performance [PFLOPS] Total Memory Throughput [PB/s]
1E+03 — 1E+03
Fugaku
1E+02 10000x 1E+02
TE+01 R TE+01 Klcomputer
Oakforest-PACS
1E+00 L abob TE+00 XC50
) S 00Q
ES2 rPa HA-8000 l e m
0-0-0-0-0-0-0-0-0-4-0-¢
1E-01 Earth Simulatpr 1E-01 Earth Simulatpr \ / ES2 r
1E-02 SR11000/K1+J1 1E-02 / SR11000/K 1441
/ .—.—.—.—.—.—.—l
1E-03 1E-03 | SR-8000ET JMA
SR-8000E1 JMA
1E-04 1E-04
2002 2007 2012 2017 2022 2002 2007 2012 2017 2022
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EEEMmDVYI DL

K Fugaku ECMWEF 2020 ABCI Earth Simulator (v4)
FLOPS 0.13 TFLOPS 3.4 TFLOPS 4.6 TFLOPS /.8 TFLOPS 2.5 TFLOPS
Cores 38 48 128 5120 38
SIMD (for DP) 2 3 4 - 256
Mem. Cap. 16GB DDR3 32GB HBMZ2 256GB DDR4 16GB HBMZ2 48GB HBMZ2
Mem. throughput 0.06 TB/s 1TB/s 0.4 TB/s 0.9 TB/s 1.5 TB/s
LLCache 6MB L2 8MB L2 256MB L3 8MB L2 16MB LLC
Byte/FLOP ratio 0.5 0.30 0.09 0.12 0.62
FP16 support FP16 support PCl gend
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Demands on HPC resource for our research

Resolution

Duration » Complexity

Ensemble
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e 2000F & D FEMI

Tomita and Satoh (2005), Satoh et al. (2008, 2014)

o HIMNHIER a2 L — 5 ZRHWCHFRAD3IS5kmAyYagkyIal—aYy
Tomita et al. (2005), Miura et al. (2007, Science)
e RAVE 21— 47Z2RAWVWLTHERADO.87kmA Y V1K I alLl—Y gV

M

yamoto et al. (2013, 2015), Kajikawa et al. (2016)
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The first global sub-km weather simulation miyamoto etal., 2013)

20480nodes(163840cores) on the K computer Visualized by Ryuji Yoshida(NOAA/CIRES)




Cloud-permitting simulation: the big leap

Diurnal cycle of deep convection

10°
explicit models
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Guichard et al. (2004)
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Global precipitation PDF

(a) Globe_Native Grid
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Cloud-permitting simulation: the big leap

for environmental studies

Seasonal cycle of aerosol concentrations BC intrusion to the Arctic
(a) BC at Alert (b) BC at Zeppelin (c) BC at Utgiagvik
100 100 100
- Observation ) s
0 | LM (56 km) 0 | 0 | F— =Y
14km, — ‘
- VLRM-macro (220 km)| e | 4OO| hPa
56km o
g HZA
O 40 +
(a0)]
207 500: hPa
-1 2 3 4 5 6 7 8 9 10 11 12 -1 2 3 4 56 7 8 9 10 11 12 o"2’3.4‘5'6'7'8'9110'11'12
Month Month Month
1000 (d) Sulfate at Alert 600 (e) Sulfate at Zeppelin 200 (f) Sulfate at Utgiagvik 2~ M LY 7OOIhPa
— 800 1 007 __1000 1
.E .E 400 T E 800 +
27 2. S 850'hPs
) _ ) Q9 —
E o § 200 1 ‘g 400 + 4
> = 03)
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Od1 2 3 45 6 7 8 9 10 11 12 0-1 2 3 4567 8 91011 12 0“1 23 4 56 7 8 91011 12 [ng/m3],dx=56|<m
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Goto et al. (2020) Yamashita et al. (2021)

#EACPSt =+ —, 2021/05/28 BN

Fugaku




Cloud-permitting simulation: the big leap

for environmental studies

BC intrusion to the Arctic

dx=3.5km dx=14km dx=56km

[ —
- = o &~
» n

0

— T OT T T
0 030510 15 3 4 7 10 30  [mg/m2]

Vertically accumulated BC in the Arctic region (10 days)

Sato et al. (2016), Scientific Reports

e Amount of BC transported to Arctic is increased with fining resolution

e Mid-latitude low and frontal system has large contribution to the BC transport
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High-resolution simulation is expensive!

Typhocn Bolaven 2012
28km mesh | 14km mesh

e BRFEHMEVIAL—YaVDERE
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AT—=)DIRRZIIEZDENTES
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I5EEE=EIL8E

x30,000 calculation cost!
Visualized by Ryuji Yoshida(NOAA/CIRES)
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The impact of large ensemble in data assimilation

Histograms for water vapor

Histogram { Q [g/kg], (16.70C, 135.00) & (16,700, 150.00) )
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Ensemble-based autocorrelations
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(b) 20 members w/ 700-km localization
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Miyoshi et al. (2014)
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Non-localization case

DFS = Degrees of Freedom for Signal

Mean squared error

Q@ tr A°™
—&- analysis MSE

True DFS

Trace of influence
matrix =
. underestimated DFS
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Ensemble Size

Hotta and Ota (2021)
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NICAM+LETKF

Analysis ensemble mean
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Analysis w! errors FCS'T ensemble mean
NICAM (£ EEEBREXRTETI) LETKF (Y2 TILEMEY AT L)

RCOKE | tREREHREE RCOKE | iERFRKFIR
(KF870m) TCHOEIKAKY I 2 L— 3 ICEID (10240 X > )\—=)TOEIRARATT — % RMEICBLIH
EDLSEFHEZRARLTWVWSD EDLSBFEZRTRLTVWSD
BERFATVYILETE e ANL—Y - BEZRAWCEXREBEDT —F XA
 XEVEESRIFEVWS, XTU/NY RBETEERERIND . 7 71 IVI/O%RE. RIBOUBEEREZ E3K

. ¢%:'E_H%L$£7Eﬁ¢< dAVIN—XY MlE. IL—"RDOITEDIE e 1 7O AXAANICINEZ/ NSV A ZOEEETEA KEIC
ICZL EHRTI—RK RIET S
C AVINA Tl KB EE{EHEE L LY

HRKCPStE=+—, 2021/05/28




II9GAT—=IVIE s L—FA 7 DR

o BIMETILHEEHE (1980F~1990FNR) : BHFLFHEUHETORESWVWEIL
o HEMEGSEMRKI (2000FK~2010F) FHEVY —XZWMEICFEWT]SH
o RN (2020FfX~2030FX) : SHEEDZIRIL. ZEL. EHMIL

e LTy L&ERLCTy W7k 7HEEIRXNDIELVL; /N IFHEL

e AISHADRNL—KFAT7ZEHLT. REFZESIRIERSKEW 20BN ITH1Y
o TIUVHYRT—ILDFRIGEKIDZDERAMNR | BIRME., ARERADEBEKR. F
e EEQIATHAVIIERATHREINZTATHTAVDINGITH D EFIFEZDS
o FT7VT—2arvh CPURRERRENSYIRYT I EDHEI
VINA THRE. BUEZ A 77 YHRE & OHhE

HRKCPStE=+—, 2021/05/28




A=/\N\=A>kta1—% TE&, &£A5751

P7VTr—3 Vg T IRy O100E5Z=BHiE9

o 5., TAOYV I VICERET S (=RFHRTERAITDICMAD D) EMETDTF
iz UKD U2 anh

e WBRWAIEMEMICEHRELLALEZILIY XL TEL THERANGERIEAEL

e [IRFHMIIFAIZIa2L—I 3 VEIFTIEERL

o BERPHEZERT—Y EHHHAELETIES T7—YR1ML) BERYFI—T DIRIC

iy

3
—
3

3
1]
\l

e £S5V HTI00fZEZERMT S ?
o BEMBEIXICMGH D 6.6f5. X TV MEEIF4AE, FAMETOCLRAREE L Z6.4EF D THEL
e CPUNSAKML—YET, YRATLEEZFESLT—V70—2F0ERIEZBIET
e IS5, YZal—rarvzeEE{tT B RELGHIEEEHNVE | BEEEZH/NEREEDOBEBAIFIFE

HRKCPStE=+—, 2021/05/28




P7Vo—=oa>Hlo7914 8N

NICAM Source code refactoring
Loopwise optimization

w/ compiler development

single precision

Nakano et al. (MWR,2018)

........................... Data exchange method
|lETKF Yashiro et al. (GMD,2016) Big observation data

Eigenvalue solver

w/ numerical library development

Source code refactoring

Speedup
Pre-/Post-process
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ACM Gordon Bell Prize

Innovations in applying high-performance computing to science, engineering, and large-scale data analytics

2020 Finalist paper

H. Yashiro, K. Terasaki, Y. Kawai, S. Kudo, T. Miyoshi, T. Imamura, K. Minami, H. Inoue, T. Nishiki, T. Saji, M.
Satoh, and H. Tomita, "A 1024-Member Ensemble Data Assimilation with 3.5-Km Mesh Global
Weather Simulations," in SC20: International Conference for High Performance Computing,

Networking, Storage and Analysis (SC), Atlanta, GA, US, 2020 pp. 1-10.

ESEORAEEHETHS 77V 75— 3 e T100/E; Z. NICAM-LETKFZ U T,
—4yw NEBETHDILEK3.5km. 1024XVI\—F Y > TILT—5 Rt TER
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NICAM+LETKF7—#~[E{tEETDT—~ 70—

2,048 processes (512nodes) per member Com putation Nodes 524,288 processes (131,072nodes)

m= NICAM
m 256 mem
B 9 hour

m= NICAM
m 256 mem
B 9 hour

i

m= NICAM
m 256 mem
B 9 hour

m= NICAM
m 256 mem
B 9 hour

StoO
Conversion

1.4GiB 2.9GiB 1.4GiB 2.9GiB 1.4GiB 2.9GiB 1.4GiB 2.9GiB 1~2GiB 1.5GiB
pernode nhornode pernode nhornode pernode per node pernode nornode per node per node
/\ 11GiB 1.5GiB
per node per node

1,356TiB total

» 0.8 GIB per node

Initial Data Observatio.n Data W Next Initial Data
2.3GiB per node 10~20 MiB total 2.3GiB per node

402TiB total 402TiB total

High-Speed Storage (SSD)

Boundary Condition
0.8GiB per node
400GiB total

Large-Capacity File Storage (HDD)
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Performance results on Fugaku

80 3000
S ¥ Dynamics = Physics [l Others [ Comm. [ File /O ©O 3.5km, DP - 3.5km, mixed
= O 14km,DP - 14km, mixed
-(% © 56km, DP -® 56km, mixed
S 60 %)
s # of nodes t 2000
< S
(23 2 8 32 128 512 <
o 40 -
3 o
g ()
3 S
5 I
g 20 Q 1000
= g
® [
v
Q
©
[

0

& Q& 0 = = = = : :
@‘3{' {Lq\,b ,\b‘# A ‘bﬁb 0 200 400 600 800 1000 1200
Ensemble Size
LETKF part
NICAM part P

. . * Data-centric desi duced file I/O time drasticall
 Weak scaling: same problem size per node ArarCentric aesign reduced e 'me drasticatly

e Optimized Eigenvalue solver w/ single precision saved
computation time in large ensemble case

e x1.6speed-up by mixed (DP-SP) precision

QKSN,ES AACPSt 23—, 2021/05/28 N

Fugaku



Cycle test of NICAM+LETKF

A. 14-km Mesh, 1024-member B. 3.5-km Mesh, 1024-member

Time  Computation Thl\:oe:;;r:ut Time Computation Thl\l’-::‘;‘l)*nr:ut
[sec] [TFLOPS] [TB/s] [sec] [TFLOPS] [TB/s]
One DA Cycle total 5,007 2,589 2,858 One DA Cycle total 14,200 33,234 54,990
Simulation part total 3,973 1,824 3,517 : :
NICAM spet1 1,026 1,766 3,404 22:‘::::: frirr:lt:et:: xa) 1042 29.174 59,459
NICAM set2 982 1,845 3,556 NICAM set1
NICAM set3 981 1,847 3,561 (estimated from 3,260 29,174 59,459
NICAM set4 984 1,841 3,550 shorter time steps)
DA part total 1,034 5,527 326 DA part total 1,158 78,970 4,653
StoO 83 77 99 StoO 196 522 671
LETKF 951 6,003 345 LETKF 961 94,995 5,466

 Fully coupled experiment for 14-km mesh with 8,192nodes
e |essthan 1.5 hoursfor one DA cycle

e Quasi-coupled for 3.5-km mesh with 131,072 nodes (82% of the full nodes)

e ~4 hours for one DA cycle: 100x faster than the estimated time on the K computer
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1 dav day? A7 T LAz

Probabilistic forecast for
Probability of heavy rain emergency evacuation
exceeding emergency standards
warning level

PIHR(E A o
DK7Y
v 7 vl

NRI-NHM

ASUCA
SCALE-RM

Debris flow model

LS

Theme2: Global-scale prediction Theme3: Advanced technology of data assimilation
(P.I. Tomoki MIYAKAWA, AORI) (P.I. Hisashi YASHIRO, NIES)
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e GLO5~07: LSC, Chikira
o At [sec]

e GLOS5: 720, MP720, RD3600,
SFC120, TB60

e GLO/: 120sec, MP120, RD1800,
SFC60, TB30

e GLO9: 30sec, MP10, RD1800,
SFC30, TB30
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mZE RS A MEE2S
(LN E 275, GOSAT-2)

TANSO-3 SWIR L2 (virtual systhetic image)
Time: 0001-05-01 01:30:00

BEMRH R - KEREHEMEE (GOSAT-GW)
. e ) B TEAIS NS RILKEH S AT REDEER
NICAM-LETKF JAXA Research Analysis (NEXRA) (BN EBEZELL)

AXAREKEGRIS w ¥ g v &EDEE NIES GOSATZOY ¥ k& DEE
o IFEEEDNEXRAY X T LAAND KR e NICAM-LETKFZ BWcEBERZ=INE
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e NGACI (Next-Generation Advanced Computing Infrastructure) White Paper
o 2020.1M#IIRFIE (https://sites.google.com/view/ngaci)

o 2028F DY AT L%EgET A

e XZ—J78:50MWDEITEBETCHHRKAT.8EFLOPS (BEED3{E5R)

e GPUE! : SOMW TR KX18EFLOPS (E&ED30ZR)
o YE5DT—XAEATYHEIEEZDLAE. XEVBREEIEEZD2EREEICEEXS
(772U, KBEDREREXTEIVANL—IYEZFONCEDIEED)

* J[R - JUENFTFICE-STESWS I EM?
o XTEYMREICFEAVILIOYXLTIFIOER - THERUTEL ULTHS ZBEAHDHRL
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K 5 Wk B Surrogate ModelZF]FA 9 51t (.

B S10ETOREINGBERILITREADBZWEESEEZXD (FAR)
EEFOYIETT) OGN /REFEZIESH T, ERENLERZED S ETHIRER

TEERS T GtE+7—5+%F48H)

ASICED TV RT—IVFHROEFMN>Ial—>32VF

(2019-2024, PI:ER KRR BEMHETE) 1+ TOHED fHH

BN T T —7%

Design
parameters

X1
Xo

Xy
w

'\ Expenswe since it involves many

-—|/ simulation runs

JWeEMFED 175014 )

-

-
\ -
-~

(z!, flz')
+ Sensitivi -
analys:sny (. f (")) Training
+ Optimization .
* Risk analysis

Surrogate
model
\_

. BIR5RRER THon-thefly TF — & =&
( . .
s"““'“"°“j Fortran APP Python APP
,,:,’,,« Y= F(X) ’\::\‘ [ outout ] (NICAM) (PyTorch)
#1
Y2
h3open_mp.f90
y h3open_mp.f90

le

Cheap, since training and employing
a surrogate model is not expensive

by Shuai Guo https://towardsdatascience.com/

libjcup.a “ libjcup.a

Providing teacher data on the fly
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e ECMWF®DALtlas, UFS(FV3GFS)DGT4Py, E3SM®DKokkos, 5

1t

o}
7
o
@

®
~79

F - = = [ —
o AlIZFRHUKLETILERIELEFEFTIC
Atlas: a library for NWP and climate modelling OpenACC OpenACC
htps://glthub.com/ecmwf FunctionSpace | Grid-point space
x . -semi-Lagrangian advection
Mesh ey Z?é 5 / -physical trizati \
] F cuFFT physical parametrizations cuFFT
s;;m 'meEﬁ e —— P -products of terms
oo FFT » | Inverse FFT

I

Fourier space | OpenACC

I

I Inverse LT\

Grid

OpenACC | Fourier space

|

LT
Spectral space

cublasDgemm -horizontal gradients cublasDgemm
-semi-implicit calculations

-horizontal diffusion

OpenACC OpenACC

N
NN
N
NGy
1

Deconinck et al. 2017

#MEACPStE X+ — 2021/05/28 BN

Fugaku



BNOEE  (ERIH)

2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 |

Model assessment, initial conditions , PE'"HU

, :
Shigiia E%P CRESCENDO
SPECS oo

1
2.  Process understancing, inleraclion, teleconnectlions
3. Model improvements and transfer to operations g — T g Esropman Clevesie Prediction aystem
— Science of prediction _:TT,,E‘W g |
Weather and climate benchmarks, and 10 (HPLW) ES CAF ﬂgﬂgﬂaﬂﬂ@ '

Demenstration of novel programming models (DSL) MAESTRO E p i G R A M
Hardware-software co-desipgn ESCAPE 2 473 OREHESTRAT DN

1
p)
3
— Feasibility of new concepts, computability

| EuroHPC world-clcss supercomputer
g / esiwace
N TN O° LICELUEPCE 14 ArLumd™ ™ "
1. Full-sized weather and climate models for EuroHPC o T - PR -
- 2. Community testing of new methodologies v sIs-ENES

esiwace? @ -
3. Interface batween and science & computing =] = I > ‘
— Adaptation of leading models to (pre-)exascale; common strategies for community ) B '
- LEONARDO 3
#on « | "

1. Full-sized applications with required speed/volume and power footprint

2. Ingestion of downstream applications, all ensembles
3. Domain-specific, distributed computing capability, interactive workflows '

> Redesign entire prediction philosophy
f—— National and European HPC strategy programmes (e.g. EuroHPC) R
- Fh— £ m—t ;'.'a'a':' i [ V00 VIR
* Pre-exascale B
= A o
e ESCAPE2 (ET YY) o LUMI(Z«>Z > K, AMD CPU+GPU)

Y ESiWACEZ (Production) ECMWFI 30-4OPFLOPS?, 2021 -

MetOftice: 8OPFLOPS?, 2022-
e ExtremeEarth CFitkEd) MeteoSwiss: CSCSlcexafk~ >, 2023- e MareNostrum5 (ARA >, AT O AT L7)

e LEONARDO (1% Y 77, AMD CPU+NVIDIA GPU)

e Petascale

e JLOEYTIVY, RAXRZP, Fx . FILAY P, RILKAI
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FUNDERS
SCHMIDT FUTURES M AN FOUTOATION w
Department of Energy (DOE) Roadmap to Exascale Systems
An impressive, productive lineup of accelerated node systems supporting DOE’s mission i
CHARLES TRIMBLE 3 HElﬁlh!g-Sll_\‘iONS RONALD AND MAXINE LNDE

CUMATE CHALLENGE

Pre-Exascale Systems [Aggregate Linpack (Rmax) = 323 PF!] First U.S. Exascale Systems
2012 2016 2018 2020 2021-2023

FRONTIER

Sumpai
ORNL - ORNL
Cray/AMD/NVIDIA lB&ﬁ\'}ILDI N Evactad delvery. 2021

Cray / CPU: AMD Milan-HPC, GPU: AMD Radeon Instinct MI200

= -
-

ANL ANL ANL
IBM BGJQ Cray”ntel KNL ] i Announced: Mar 18, 2019
Expected delivery: 2021
| -~ Cray / CPU: Intel Sapphire Rapids, GPU: Intel Ponte Vecchio
m Perlmutter i oY
LBNL LEBNL |
Cray/Intel Xeon/KNL Eoecd Sy iy | h
----------------------------------- Tray7 CPO: AMD™MMan, GPC: fiviiaAigo — —~~ ~ -~~~ -~~~ ~TTT====77~— ,‘
~
SR w i DESIGNING A
N 00 Sierra (2)

BETTER

IBM BG/Q LANL/SNL LLNL  LANL/SNL LLNL

= |BM/NVIDIA Announced: Sep 30, 2020 Ann :
EXASORLE : , ounced: Mar 5, 2020
E'&C\' I: ety Cra yfl ntel Xeon/KNL Expoctod delivery: 2022 Expected delivery: 2023
Cray / CPU: Intel Sapphire Rapids, GPU: "Do Not Want" Cray / CPU: AMD Genoa, GPU: AMD Radeon Instinct

MODEL

How the Vulcan Climate Modeling team is
using machine learning and advanced
software engineering.to make climate
models fasterand more accurate

NOAA: 24PFLOPS, 2022- VULCAN
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