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A8 computational science)> g AFT 71&, HolE £47|& 5& AR&sto
4% FAIE olsfistal sidsiurby wiEA skl Sl o SHA| 2F EoHmulti- and
interdisciplinary field)o]th. @A 9] Alittst 32 IHA o= A AUH o A 279
A &(reproduction), et FHE9 AZ(prediction), 121 2L o259 HY
(supplementation)& %95 33 Wil U+ FFoltt. st=oj(hardware)l] WAoo =
Q13 TA o= 3 AFE (supercomputer) 29 7R E $I-2 AXbSo] @ 5ol dut
Mg HitEl(personal computer, PORE AASHE 4 low, ofz] AAsH
AlEd|ol A (simulation)E B0l A @A E A4, A& 7N 59 FH=0NA H-& A3

H AR EHo = 2 7|5 5kl A

LA

o5d 215 HTE (supercomputing)> AYY E(rule)S BH= SHE 7IER
HrolZof X 31 QTR =4 /9], 2015). Aitast Eol= A+ (parallel computing)
stedlolet B4 VeE9 I o st S AAdiRen, 1et £oFE A5
shte] & S0 & Aeuidstlt. 189t ofy 2, Q1F A5 (artificial intelligence, Al) 71&
89| HHslof 3 Aol A4S A EAEE= AL HE A Hopof| 24 54 ot
Utk L5 ALtk A9 B Fofof 9lo] 5hte] 7& Sk A E A FAL US =R T
T80 FEHA| I gloH, @A HHo|8/JAEA5 BA 7H&3to] wE A4t 71e=29 AF
37 Azt 9 Mk 7718 FA A=0] v, S, I, EU 5ol ol &ids] dofutar Sk &l

Axtteld HES] 8o tigt AREE TA wAFE FHAFY AxLE A, A

AEAL 7650 BRIV 44 BEL AuTet Bopol4 B 9l A2 viu

A, AE2 TrFe HHESY RdEo] A Qe Y HE S /i E o] thfet A+
2O S04 &S| &L Sl StEHo] 7|& WHOE FYULN alito & AR X
2 5 AFY(high performance computing, HPC)°] 7535 2™, B4




(detection techniques), 22}21 AA YEL|F(on-line sensor networks), LA E

i

|
olu]®] 7]« (high-resolution imaging techniques) 59 7|& &2 ¢-L F531 H|o]
|

3
gtos o Zdd 9 AIEHeldE ThssteE SR IElal, HEAFE 7N

7
13sBFH T840l AlFto] A d5 oS F2bE| 11 §l3of whet A E AAge d vhEA]
A %714 (semiconductor manufacturing technology), @& AZE o] 7|<E(modern

software technologies)2 ZE3Fst thafst At 7|45 9 T kS u|X| 1 o,
T HET 7)1eE9 HAL AH(server), AUFEZE(smartphone), HIEY T AH], AFEJAEHY
(internet of things, 10T) & 4XF At & H(fourth industrial revolution, 41R)T A H AHY
HOoFE9] 7|& WA7HA] 384 FFS = Aol HAFS 71& 7199 A4k A=l gt

a7t Ade)

o3t Hdo]E A Q1-5A 578 AXIEre] F- 2 40| HigH A= olgfHrt. (o]Ad 2,
2020)

A& £A51 et o Yot 77k tldols dA] 7 BE ddt PC 5yt o o]A19]
A2 AYE dAAAY(exascale)d FIAZHFE A12"H(1xdE 10 AXho]
HAZ 07 32 E7| AJZE A0 7 AR, FR) uls EU, =, &8 52 7|Z29 HEeAAd

(petascale)woll IS A4Hds H JA =7} 1008 22 ¢ &1 A9 as E3 38 o5

HUATE LHO| G2 HAIS HOpSO| W B,

|

2|3l S DTty st
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O £, LAY AR ALEE el

HPL-AL #Hix|up= 7], AAAAIY 59 ARE A= 243 wHATEHES 9429
S 7t (Fugaku: 2.0 Eflop/s)@} v]=-2] A9l(Summit: 1.15 Eflop/s) 0|9, 77k n| =
A5 A AA 22 AAIAA LFY A A'S 28571 99t =
At #Hste], 201949 71% 2789 @ FREAW s FE (high-performance
computen) A& FF 2024d9= 4299 D8] 20 & 9F 54.3% F & AJHAB T 2F9.0%)
o A0 HAYE I QI
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A7 AR 7=, B4 FA 59 A= AL A=l 2 vttt shEekal =
%ol (773 A8 TOP 500 =7HE <=9 2015 891 — 2018 o]F 1091¢ 1), A 71&9

SHoL S8 FE B vd dReR 3 58 T HIAREA SFHHEF(21-36)°1 5
o}

if
z
1>
(o)
U ¢

T i t}d(paradigm)?] WE}7EA] GrolshA|
HAETHA] AHEEE & Aotk #HASIo, vl EU, =, &, distul=o] AE
o Zojct, WSt o] Fof EFHE BREo| A= Aklalske] dutE Q] REE -

=R
9], A+ 2ok, H®A AL B ¢12lE, S-&(application) - of i3 ARHA 2= tFof




II. Atapet Fopel EHgnt T, el A4 9 A%

St7] f1sh A= QA
opof 49| &4 sfEa=
ATt 35394 BT (parallel computing) 71 7|8F] 211735359 (supercomputing)
HA| 8}, 8}, F8} 5 of 2] Eopof| A 9] of 2] ZAIET HAlEZ s dst] ¢l &85 Ut
0]=+9] E2|5kA} & HIAIE olelubA I (John Vincent Atanasoff)oll ]3] 7HEH #HFE FA|
75} HA " (scientific computing, SC)= & 4= 7] AR, EA FH(Alan Turing)©ll
o3 7 HFE E3F AS Sf= H 5HA A AR E 9] Rt 7Hd(Riemann hypothesis,
RH) 59 A% )= fIet et F9 Alibe= 35H7] fIsiA it &9], 4 JFd= 19
A% 2 E o]iJohn von Neumann)©l 2Jsf], @ HFE Q] 27| H{ A o] EAYsIA =H A
o|2 9 A IelTt= thE, AlAtgsto]gh= M2 Eoprt g sto] Z4e] S 4= QA H At

AARE A3 71A4l= 7198 (Before Christ, B. C.)ofl o]n] AUt 7194 2F 27000 d A
| A L Etr|ol(Mesopotamia) H Z(Sumer)o| A AXHE 571 Y8l F(abacus, counting
frames)o] AR&-%7] Al&FSFAITHAL F7g0] FaL Qlt}. o]F, 18 A(Greece)?t ZPHRoma)E
AR Hyzt o]%o] Sxo= A, T AR dHA lon, 2o HgE w ¢ ¥ o
AFgo] olFofft. 1970t MAALZI7F HgE7] A7 s 2 AL 91t
LA APEEEC R A FaL it FH2 Al AR ol FA1Y LAl
A o At

16234, 54 9] yskxt S X712 E(Wilhelm Schickard)s AR5 &Sk} Q 51| A
Al &2 (Johannes Kepler)7} 622] AL Al 71414 0 2 3 4= Sl= 71718 N, ol %
7RO ol AFo7A AA g2 T vAA He AEY #MAS doljdl= o ZA
|BEATSEAT. 16428 £ = st (Blaise Pascal) 19| oFHAI7F Al &3 A& Alitol=
A2 w571 Rt A AV =, A BEY A4S S5ttt 17259 TR AoA= A5E
FolElo]| Z(HA7IE)7} HiE(loom)oll B4 = FHE A& HHS A= Y52 HH 80|ES
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SHe AT AP AR, HAFHES] BAS B3] ol AE Helo] T LS sk

ntg] Z7LE (Joseph Marie Jacquard)= 2719] 7| A& HARIS AAT B 87} gl= A=
Z]7](Jacquard loom)E 7Hdsto], HAZIETE ARISHA] WA FH Hoh= A X HeHS
dold 5= U= & 5tlet. o] A2 TR T 7haet 714 A2 S a 22 oJuE Ao
18234 FJ=9] 4=5k&} ZA vjH|X|(Charles Babbage)= 57] 7|#O 2 F15EHE=

(differential engine)¥ B4 71A& F&ste A& Alxotatl, AHE71HS Bl A9
Ao & vl iwsh= A2 ARLC R, 7| AR Stojg HAZIER Hlo[HE AY, A4, 24T

T19] IS v & sHqiTt. v 9] o] HFStiTh BA] R Y Hett &9
EI7F A5 AolaL, GAl 17 Aoy A 1Y 21 HlolE ET Qlaeld 5=

_ll—_l’-_
91L& Aot 18909 m150] EASHAR 319 Z22)(Herman Hollery)'s BHS AH83He
=

¥ oY

L

7]

ﬂ

£ 4 JEF o1o] uj=9] Q14 FAFHO[EIE A skal 2AISh= H| ] AIRES oF 81 0f|A]
W ol = T8 5= QA SH3lTt 19139 MIT 4= HYHE F-A](Vannevar Bushi= ZEIZ
TEEHE 229 opd 21 A5 E47|(differential analyser)E Wrg5ttt.

N

(O8]

1936¥ dH FH(Alan Turing)> #HFH o]&°] tigk 7]% =&2] “On Computable
T

Numbers, with Application to the Entscheidungs problem”& S 5}H A
Ly

o] TR FAT MMEES FE] st 79 71Al(Turing machine)= AFES] Ad
7hs/del itk A g, A S 7Fs/doll gt AtollA Ao & o]-&H Zgo| =T,
22 #do] B4 A (Godel's incompleteness theorems): “Hlotr FE|AS
2ot HE FEEA FEA = AR 4R BAIE T8 5 jloH, 55| AAR RRSHS
5 T2 1ottt F3L2 “Foj 2 o] s A5IAL k= BAE

Al(halting problem))®]l

He WEA) NIBHE BNLFS EAEA e Y, ol VAR P 0B Soe] BE
AES B0l W 4 gtk S HAA W Yotk RO o] S Ado] e
SOl e el o] e S S thAIF BIAA E Hlolek. SR 1 'S FHsH
o] o] AR AWL IAZ, v FaT E7e) AAEI S0l B Fel 7)Ao
gl ket o] st it
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%, 79 71A= 928 o= dHiet sl=E S5l Hlo| 2 RE 92 7| 50| whehA] Hlo| Lo
J=EE 7157 ALY Hlo]| 7t (H E ZARIt= A0 R, [T 7] A shb= ool dareES
$3Ygittar B 11 ofsfistd & Zo|th. T Yoyt FP2 ot 7IAR HE 7 71AE BARE
s e E¥ 73 7IA(universal Turing machine)2b= 7HE& A<t 7H32] Ho|Zd
A1 E AAE At 9oy AR & e 2T A 7 FE (stored-program
computer)?] W& A A 514t FH o] ZAAE SO A HhAL IS B A]7] 19] 2511
£ o]i(John von Neumann) ¥<9F JES ThAA] H G|, £ wolvt W4k FA
B 71419 NEE& & g 1o m, Fgo] s AdsHA] XA B {7 7|AE d=ol=
oFZt W H P E F A W ol BIoHA et o]Ao] o5 HAFEHES A 24o|H, o]
AR stEdolE9] ¥ o590 o|27|7HA] ek £ & dojuA Hrt.

T3 A F12 19509 “Computing machinery and intelligence” 2k =& W35
Q15 A5 (artificial intelligence, AD tgt 7/EZ A, AFA5ol2he €07t AMEE7]

o [e)
36| o]n] 35 AFA o] B A8 AL AhE %A S Ao E Srsict
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QI-ZA52] ofHA| R A Alo] 9l ar, Astakel Eolo] &Y (birth of the field of computational
science)} A THE AL 5 Aol shte] & g5 1919 Zojoh. Ad
3ol AFget BiE th Si)l
u]=+9] AAF 9 o]x] 78kR} £ wj7}A|(John McCarthy)2] R0 A HE XS0 2 AMEE7]

A1 25T
19409t E5to]l Fole™ HAE AR AFE7F BAH o2 53517] AlZbeto] 25t
o

Hors SAHor &ds] &8H7] A=, F2 A% B4 (linear equation)S<
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oy HHEE Aoz LEJd AV} At AAZR EsoA E 593
=2 Ay W4l (nonlinear equation)E°| U th= A2 1800 o FHHEE &e A

o 1
ARLCH, o]l52 E07 F= AO] %ﬂ*—ﬂ"ﬁ 1 5“’137} o] A& a3l & Ea/do]l
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. BE AR 2 A ALE S Alesl] & 4= A ol W uiA Y

T Az} 72 53] ARk, 7]129] ]i g pdEo] 7]y @%UEL Ak
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Alitpstol| ARGEAL Q= o4 W B o] 252 ASFEIZH YR E Y] EA o] A RE Aojx]7]
AIZFSEI AL, AFE 7S E o] Folli= HFE R AL FAS0A 2 5 (insigh) E34 3HA

2] SHA Wi} o] 250] ZEH U A, AR IR A A1719] 74]/‘}1—}7’191
o] 24 o] o] A H I 5FH, 174]7] otolZt ' (Issac Newton)oll &3 foixl
HH(Newton's method), 2H7FEZ W (Monte Carlo method)E AA5k= ¢ A %@f -
= FEO| s FA(Buffon’s needle problem)? #x A|7]|, 18A47] EHA AL
(Thomas Simpson)°ll &Jal ¥ojAl A& ZA(Simpson's rule)dt H23M2E YU
(Leonhard Euler)oll &Jsfi @017 22| Y (Euler's method) 5ol thafl 7 HA &2 &
T U} o2 BF 5 ALsE GYo Ak 7]io] El= F8 T A5 HEHEolt

1941719 HolEojAe HoZAE = ZEkA T Pierre-Simon, marquis de
Laplace)°l 93t 13-+ E AW SHGram-Schmidt orthogonalization)®] %7] 52]0]

(‘ﬂ
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dojF a1, 73 = H (finite difference method, FDM) AR&-sk= A7 =2 42514
ZA v Z|(Charles Babbage)oll 93l AQt=7|% st oH, QIF &9 diggoz
HE+= dojtt ZEYo]A(Ada Lovelace)?] H|Z2o0] 4= AYA L] (algorithm for
generating Bernoulli numbers)i= ©] Al7]o] S&stAH. E3H F83%F AF oA
WA E(linear multistep methods) 5 o4l g A-8i4 A HFH(Adams-Bashforth
method)®} 738t thZFR|ufa S (strictly diagonally dominant matrix)® ©]Fo]& A
UxFA A (system of linear equations)ollA] HFHE2W(iterative method)e] $HA
(convergence)& B5ot= A LA 4]9] Zo|HQl 5Y 9 A} 715 FAEL of5 X
of5H](Carl Gustav Jacob Jacobi)?] oF#H]| B (Jacobi method), 18]l AFHA 2]
3ol FE S T 719 A2F FYH(triangular matrix) =2 22|35t 5 S WHEZ 02 A AL
FHE e o] AFPHAE FAHCE EojUs 7HA-Aold W (Gauss-Seidel
method)x 1947]°] AojZlH.

204171 Z7]° HolEHA], uE " Al(differential equation)®] ZFE(integration)
ZAH7] 5t SA-FEF W (Runge-Kutta method), o 20| E PH(Hermitian matrix)@
&9 FHR ISP H(positive-definite matrix)?] &Eofjof E&=+= &H A7 E3l(Cholesky
decomposition), X4 4t &85+ A H<E QJ4HRichardson extrapolation)©]
Ao, 19208H9l= 71 “E(weather forecast)E T A& ALE Al=3H]
A1 25 AlLkste] o] 22191 o] AA| A/E9] dlSol &-8-57] Al&Fsh vt o &4
ST AL B E0] £obA 1o 7] A& 19279 HE2kA SHEF(Douglas
Hartree)= &4 SIEZ]-Z3 HH(Hartree-Fock method)2.2 I3 %9 A IdL
(First-principles) ¥A8}st AlXHquantum chemical calculation) W 9] 0|27 7[¥l&
&5kl on, H20](Fermi)e] 2rF 223} A4 152 FE9 vz 2A|(Buffon’s needle
problem)of| 4 2] ofo]t]o]of 7|¥ks & A e EE 7, EE7HEE B (Monte Carlo
method) 7JEFe] 24L& ot ok 8|1 uj=9] £5k2} 2 & A (Claude Shannon)& 7]
=AM B8 & Hig RS 275

1940 diofl= A7 29 AAA "AE FHitH(electronic digital computer)?l
ofehtA- I -H| 2] HFEl(Atanasoff-Berry computer)”7F W= ATk 19409, #]=9] Z2fat<}
& HIAE ofefubAZ(John Vincent Atanasoff)®] =<l “Computing Machine for the

Solution of Large Systems of Linear Algebraic Equations’ oAl €02 F= ¢ A

B IE] BEH0|| 2 A AfSH oSOl ghMnt & J2|1 @R m2{chel s}

=0 =2 =
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1254170 AE 20709] Ad A4 AlAHl(a system of 20 linear equations)= 1.9t
AFER oF 124 whof] Zold 4= lopal 243Ut (=99 AHE= 0.01% o[y
10, OOO7H TEO A A AIARIE ol HA| A Eold o= Qunt) 19, 23 Al A A 5
A F(Alan Turing)oll oJsf] o|22& o2 1QtE|o] 7t A4S 58 HAFEHE BA
?:_15_19] o[y 1vuKEnigma)= 13 B8E U2 =, At SEloll 2A 719953
44 552 dA9 HAFEH7F BT 5 Q== 3t HH 57 7]A(universal Turing
machine)—‘ﬂ MEZ o] 24 0= AAISHIT

4

o] 19474¥ EH|7IE=E AlEF o]Ad(Monte Carlo simulation) o] & £ w-o|7Hjohn
von Neumann) 50 23] dojFon, AGA S RdS 7Me-A euolds &5 &4 &+
JE AEZIAH(simplex method)X®E 72 dfo] FA] WX 1(George Dantzig)oll 2J5f
AojHt}. TS LU-E35H(LU-Decomposition method)o] @& E&(Alan Turing)oll 23]
HojA 7| st o, BEA 4 AFE (Phillips hydraulic computer)@ &2 %11, ZY<t
T4 HAFE/(MONIAC hydraulic computer)7} 7H@E o] 2% 9] slo]=& A& o] (hydro
simulation)©] v]= 2ABH X A(Los Alamos)oA == ATt

19508 o]l ol 4 732 73 HAE(Turing test)2] HE T A 545l tieh
MaE s B3, AFEE & G AEE ATZHeE 3L 5 A H7I

AlZeld o FEgx BB 27 dkEH(Krylov subspace iteration methods)?] A++&
E5t @2 A Wi (Lanczos method)o] ¥ojR| 11, o]% o ZASKpreconditioning) S E§ol=
gloH|E&-T2 A HH(Davidson-Lanczos method)® FojA|A| Ho & PH I1HX
TAES TAM R a0 g Fojul= o gigt o|ulA| & SHA| H et 1AL she-AEH
3K Householder transformation)= ©] A]7]o]] dojFc}. E3t Ee|skA} W24 A (Berni
Alder)®} EmtA ofwEl olgto]E(Thomas Everett Wainwright)ol] <Jsto] B}
59 Hmolecular dynamics)°] Q=) o, A EL o} LASA| IBM A+ AlE oA 71
ofE Z2I=y <lojel ZEZ oJ(FORTRAN language)®t T+ (compiler)=
1950d o] L= At 1955Wll= Ql3AS(artificial intelligence)olZh= &7 &
mi7FA|John McCarthy)®] =wollAFE AZo= ARGE7] AIAFSIAL, 19579 ZgA
2AESHE(Frank Rosenblatt= AW dF 4AFT= 45k 7M 71& 849
HA EEZ(perceptron)?] 71'd-E 1195t

=

=z
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H 1) EditorS0| MASH 20M|7| Top 10 LUZSHIE =ME =2/ 22D

InEENIE

Metropolis Algorithm for Monte Carlo

Simplex Method for Linear Programming

Krylov Subspace lteration Methods

The Decompositional Approach to Matrix Computations

The Fortran Optimizing Compiler

QR Algorithm for Computing Eigenvalues

Quicksort Algorithm for Sorting

Fast Fourier Transform

Integer Relation Detection

Fast Multipole Method

Z£X: Society for Industrial and Applied Mathematics(SIAM) FA(2000 58 16Y)

1960 o= AXIFeA S| Atket o224 ZHE(theoretical advances)o] AAUTH.
1960dofl= F3ta A4 (finite element method)olgt= 8017t 54t E-8%7|
AlZFeEQiT. 1E|ar 1961doll= F=9) 5kt & ZRA|A(John Francis)®}t 2lAlof 2812}
Hjgt FEeH B A7oKVera Kublanovskaya)ol 9Js] QR E3J(QR factorization)HO]
dojxal, 1963do= Y] a3 butterfly effect)?t &= o]Z(chaos theory)d o]&3
7idol 545ttt 1964, 1998 =¥ 5}5H3(Nobel Prize in Chemistry)S T4 ES St
U3k o|Z(density functional theory)d 7127} H+ Z-4F ¥4 4](Kohn-Sham
equation)°] o] ETsHA} ¥E ZE(Walter Kohn), ¥ 7 4FLu Jeu Sham), FoZ
Q32 1(Pierre Hohenberg)oll 9J8] dojH 11, 22 3 E&|5HA} of=2 2t57HAneesur
Rahman)ol 29It A} 595K molecular dynamics)® ©] Al7|o] EHZ oz HojHtt
19654 0fl&= A AA B 2] (James William Cooley)?t £ %7](John Tukey)oll &Ja) 114
Feol ®EHfast Fourier transform)¥ E3F Aotk ZAASt A5 X4 34

(numerical regression) £4% 1960 tHFE EZ %02 AJZE LY,

Y 2do| OE Atk 20Fs9| EHA &g, de2|1n 4 T2t st
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19709 HolgWA FdEH=z(Mandelbrot) HeolA A= A7 KA (self
similarity)< A835}7] 18] Z&AD(fractal)olehe 7ido] W&ol 5laL, T2 AlLtehA
WHES Sl BHEMASHA AAstEH "EHE7] AESEIY. 197340 EE-eX
dl(Black-Scholes model)e] &H|ZE o}Rl<+ERI(Albert Einstein)9] B2k --5(Brownian
motion) WAL BRE G2 ol FolA 19979 =8 71'd FAsHd(Nobel Memorial
Prize in Economic Sciences)& THES ottt 181 HFE A4S 5o 9% F =9
25t A2 48 AP (four colour theorem)= 1977W %= AXtashs HMHE =3
SHE At E3E 1980d ol = ti4=2] AliHalgebraic computation)< T3 = A=
T2 IR o= & XHo] QIAtt o] E8|gA} AHH & X H(Stephen Wolfram)
AFEE &N A Y A2 Q 8450 tisf 4173 & 2871 e, At i ALES
e o+ J= HAFE d(computer algebra) AZE 0] A|AHQl SMP(Symbolic
Manipulation Program)g& 7f¥sto], AFE| 2H 41 Eo] 7|3 AAKsymbolic
computation)& £HT 4 Y E=F IR AHT ST H O] SMPE dEsk= 7 st 7|5
AKsymbolic computation) 2~ZE0]Ql ujAAufE]7 Mathematica)2] & 4lo]T},

1980t o] Fo= of Aitmperd RelE3 A4 E0] o] FF 08 JIQtE o] &g E7]
AlZbstitt. 78 EEgvet RE2 AGEH de Dol Ao EA AE%Hmolecular
biology), #8Hgenetics) &oF 5oll4 2] AFEE &8 A T o F, FAA B71A4<E
4, A7 Als Z2A E(Human Genome Project) 53 2 ot B L7} =2 AAtsry
TAES o 5 A © 742, 123 glolE eK(data science) R /1545 o] ES(theories
of artificial intelligence)?] EITHE 4 Hofl A4t AJESHcomputational biology)
HOoFE T ALtst Fofo] AHubAQl & g4 o] Fold & QA | FEoltt. | =
HoI=(Google DeepMind)2] AIQ] &TE = 2(AlphaFold 2)& Q17 Tl 2utk 7] (L2 &
W5 o, 369 5,00071 o4 S E 9] 33+ 2 E F 5| S5k Ul e A A3t
2021d 74 229 FAISHEA] Hlo]A(Nature)ofl T3 v Itk +29] AupEE 13 YufpEE 2+
ofz] Aoz wrEA| A kL SARS-CoV-2 Ho] Hio|HAEQ] AR chillz] JLZES

A&t Hlol= &=L 3
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(22 1] 72 OIS YMEBC 20| CHE TX OE MS £F - 1
Median Free-Modelling Accuracy
100
ALPHAFOLD 2
80
60 ALPHAFOLD
[
a
O
40
) I I I l l I
o L
CASP7 CASP8 CASP9 CASP10 CASPI CASP12 CASP13 CASP14
2006 2008 2010 2012 2014 2016 2018 2020
CASP
Improvements in the median accuracy of predictions in the free modelling category for the best team in each CASP,
measured as best-of-5 GDT.
ZX: https://deepmind.com/blog/article/alphafold-a—solution—-to—a-50-year-old-grand-challenge-in-biology
(2% 2] 72 YORIE UMBC 20| T X 05 N5 47

-2

T1037 / 6vr4d

90.7 GDT
(RNA polymerase domain)

T1049 / 6yaf
93.3 GDT

against experimental result.

(adhesin tip)
®Experimental result

@®Computational prediction

HPHRY

EX: https://deepmind.com/blog/article/alphafold-a-solution-to-a-50-year-
old—grand—challenge—in-biology
Hhz

o TE Al

St

=1

Two examples of protein targets in the free modelling category. AlphaFold predicts highly accurate structures measured

A THACHY st
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I8 of g}, +=29] Al= BHEA|(Semiconductor) AA AE7H7F S70o) A4 AARE
S ET o 945 A5S W 4 9l Bt AE o @ A7F ghoj Ql7to] AAYSE 4= gid
3171291 vuhAl o 2 A8 Wt AT AatE 2021 6€ ZA|&A] Yo Ao HHE7| =
ALt

(I 3] Izt gASt Oo|22F HHELE £2 A7t MAeH BHEQ| X0 of

Macro block =

waRaE
et

©onature

oA, Taket AP ST 45be LSO o] B4 £2E R ALY o 24 WS
2 A7) WA o BARE BA7IA] P3| o] %olA et
A IBRES ABALY BEES B At Hop 4H
el chel (paradigm)o] WL e-g A5t 9ow, ofo] uet ABA%0] W W s

LEE AT o]EF AAEONE E =FE 7]E0laL U&= Aol

=
o,
N
N




ARY WHo| o

i

3 A o Ao &Y

i+t o] WEAFY (parallel computing)E +dsk= FHAFE Ev 2UYSHFH
(supercomputer)= 23t A7 5&2(scientific insight) & A& & F =2 12
Ao, HEFFY st=do] 2 7es0] WA 2o wet g 5 Ue FAEY
EZ T (complexity) 5 E3HHUE] AF5, Alkta}st Fofo] o ¢
T2 A 2] AA|(graphics processing unit, GPU) HE2HFH 2| =ek &4 9 glo
T &0}, QlFAs(artificial intelligence, ADS ¥ L L35} Fo] o] o]
o|folde] wet AFHHALY] Shito] FEHIEIL glom, ofd

(high-performance computer, HPC) @ 2145 FE = A4 olxztz &5l Q).

HAAFREY TS =517]0l A, 59 527 AREShe AFE Y Al29 ekt T
T Eo] tisf Fo =S ohA @5 AFE Y A HA HAHL 1930~40d ) A FH(Alan
Turing)¥} £ E 0]7KHJohn von Neumann)©l| 2J5}] 129t=] 31 (designed) TF=0] A tH created).
a8ar 19509 E  AFE st=ol(computing  hardware)?] ZEERRE o]

AZE ATt AFE Y] AAR= ‘At(generation) & &3 UoiXIct

A1AI #HIFE(first-generation computer)® AFXR(information)s A&st7] gt
AALE AFIHvacuum tube, electron tube)& AFE-SIH Y, 719X (main memory)+=
A7) E-(magnetic drum)e] AFEEIQIOH, T2 1L 7|Ao{(machine language)=
ZA = At A2A It A (second-generation computer)= ZRE AA517] Y5t AR
ZgE et 2k P Aol W= 11 A3 ERMAAE (transistor)E AMESFR 2|, A|3AH
#3E(third-generation computer)= 3 23] Z(integrated circuit, IC)E AM&sto] JEE
Aottt A3z Iy AHAFE Y 4Fslet 714 siekE BRIl mlo|AR X2 AA
(microprocessor)2] 7HEF A717}F E At ARAH AFEE YA A (operating system,
0S)E &l HFEHY Aol #|HYHUN, ts Z=IHTY(multi-programming)?t
A ESKtime-sharing) 5 7Fs7 sttt A4AIH AFE (fourth-generation computer)=
Q=49 HFEolth. A4t A ofl= sho] Yol =3 7ol Al a4t 7)) o] 4F9] ARS8 =
AAE A7 1T A3 Z(large scale integration, LSI), 211 UE H A3 Z(very

large scale integration, VLSI), 181 $UA % A|(central processing unit, CPU)

0]

YREREY L0 TE AlLtatet 20ks9l Lt &Y, O2|i S+ DTty #ist
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A2 T ZA| A (microprocessor)’t AFEELE LSI 7]& EAS B3t ufo]| A2 T2 A4 9]
7N 7918 AFEE (personal computer, PC)7F o & REE 4= == 319t A4A
AFE 9] B3} Beisto], AE|H A (Steve Jobs)9] o E(Apple)2 AFEAFEC] AARE &
LIRSS U= 5 Ue NE-2(Apple-2)F 197790l A5t & 452 AFUL, IBM
ol e Q] AAlol gt FH | F7)et 3 IBM PCE 1981A0] EAl5HA
PC A9 F=#HS #A HAh oldf, IBM PCY JAA= & Alo]=(Bill Gates)9]
opo] 22 AT E(Microsoft)7h 7i&et &FAIAIQ] MS-DOS7F AREH It 19844 &2
nh-A0t T uS o]-&ok= 1 g AR} QIE|H|o]A(graphic user interface, GUI) 714t
SGAA Ol Q8 -5%= WZIEA(Macintosh) HFEE SA15H9+=0], WIZIEA] HFEHE
EY Y7 ARESH = GUI 7]8E LGAASS] A 24 Zoli
=39 AFEHA A4AH HFE Y 452 CPUY 5ol 22Ut CPUY A5 T
A= Q"o 11 I Fol(Gordon Earle Moore)7t AAIZE F-019] ®2](Moore's law) -
AFE Ao LA Al7ImT Hiztsl 7|sha24 S 2 S7Fetth= 2] - of] whe} o] Foi A
et Al4tst Fofo A ARSI E HFEES A5 Ee ARE= CPUES] Aol w2t
AAE At 23 2 2O AAES AT of= AAS EAES ThE diE th 79
CPU=(multiple CPUs)= Ao AH&ste] Airs $+3Y 4= J=F st= CPU HE
A4iHparallel computing) 71&5°] /IEE o Z-E= Atk dutd oz, YEHFT AL

FE7h g AYFY A Xe sEe e AEE Y 2 PRHE U
A

K]

Computer, HPC)Z} H-27|% oFA|9t, X+ 59 2o @3 H 2721 53AFE FAHSF

EAOA 7145t Sl 7 EAFE, HPC 59 A9e ok 29 W&t &




(B 2) 204 sAZE{(Supercomputer) 7H2

g 3 Mg 7|1E H 1
& 500 Oid & Xt6g, 112)0 22X
FIESHRHE LHSH= ™ MANA 850] 7ts
(Top500 Supercomputer) FoH b000e] = MHSHARH
EUMS7RE 16508t EHE =ifok= A
(Supercomputer) NSRS 'ﬁf‘-ﬂﬂ?" y
QHIADE L} [0fLt :
M= I s—oTr =
High P f*°°“2: oy | M- 022 HOlES Ftoz e
i rforman m r o
gn reriormance LOMPUIEr. | ayst. zst- glojERA SO

HPC)

MEEE MHE 01Y ZHFE
X MH FE2(Intersect360 Research) : @ Entry((50K$), @ Midange(50K$~250K$),
@ High-End(250K$~1.5M$), @ Supercomputer(1.5M$)

SR 4R MUHY BN OFt TIEDYSHRY HNMHINZN SYUHEE 21-36, 2021)

29 FHAFHE 19649 "= CDC 660022 YA SQltt. 181 5oz
A A7) AlZret HAFE = 19858 w|=9] Cray-20|th. tietul= 29| HAFEH=
19884 110l =4 2GFlops?] 4352 28 Cray-2S3.0H, 0|9 sl=a8l |&7d H A7 A(KIST) 2
713782 AR AT =Y o] E8H7] AlESH. Lol = vheo] tish ¢
A7 S HPCES = dsto] Atof] &85kl ot rHAFEE A4 =Yool &8
PE F= 94 HE AEE B9 KISTI 59 F+HAFEE - ASSHAY, E=
T2Google), °FFEX(Amazon), HR|ZEZATE(Microsoft) 5ol s AlFo] =i U=
= AAF Z2F:E(cloud computing platform)E= &850 At AAtast AL $=8§0]
7ottt 7HE A4t Aol S7HESE, ot L™ ¥ Hof|A 2] 53} Zo] B AgE Y
AlEgoldo] 7FssliAIH, ol= tE Aitet Zokd] AlEdoldEe] HisiAE SUSH
A-gHo

HULFY SO G2 NS OISO WA B, 12D X7 WY Wt
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HIV-1
capsid

12-bp DNA

("-; k":v

High expectations Influenza A
and short-term n
disappointments 3
bc, (in membrane) % CypA/CA
e complex NMDA
e 3 ey by,

Productive development
and refinement of
techniques continue

Trough of
disillusionment

Recovery

Non-bonded interactions |
Molecular mechanics Force-field imperfections

Sampling limitations

Pharmacogenomic hurdles 2013 Nobel Prize in Chemistry
Limited pharma rewards Karplus, Levitt and Warshel

Limited genomics/medical impact

Field expectation

Microsecond timescales Millisecond timescales
1970 1980 1990 2000 2010 2020
BPTI
7 Influenza A
25-bp DNA Vle
Technology
trigger D
Fip35 Nuclear
£ pore / GATA4 gene
L complex

* 0| 20FE Feoh= Ol £20] &l 712 titlis 240 Akl A 2XF ARE I8t GPU AkZ2] £340| ZEE(UC.
(®2: Technological innovations that have helped drive the field include distributed computations
and the advent of the use of GPUs for biomolecular computations.)

* Q| O™ RAME MEOIS AZ20l8MES F2EGH7E XIgo T2t 2 7t FA)
25-bp DNA (5 ns, ~21,000 atoms)
villin protein (1 us, 12,000 atoms)
bc1 membrane complex (1 ns, ~91,000 atoms)
12-bp DNA (1.2 us, ~16,000 atoms)
Fip35 protein (10 us, ~30,000 atoms)
Fip3b, bovine pancreatic trypsin inhibitory (BPTI) proteins (100 us for Flip35, 1 ms for BPTI, ~13,000 atoms)
nuclear pore complex (1 us, 15.5 million atoms)
influenza A virus (1 us, »1 million atoms)
N-methyl-D-aspartate (NMDA) receptor in membrane (60 us, ~507,000 atoms)
tubular cyclophilin A/capsid protein (CypA/CA) complexes (100 ns, 25.6 million atoms)
HIV=1 fully solvated empty capsid (1 us, 64 million atoms)
GATA4 gene (1 ns, 1B atoms)
influenza A virus HIN1 (121 ns, ~160 million atoms)

EX: https://www.nature.com/articles/s43588-021-00060-9
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B 3) BIME 2NSHBE 75 - 20 Hg
ENES
e E Y .
—E‘ —8'017 ?_}_* [es) aTT — xg Qél‘.g. A7
T ST (TRiops) = 500 (@42 =8 88 I4
agp
187] '88~'93(5%)  0.002 ~ 180 | =4 XpSAH A K@= JHYY|7H HIg HE

PN CIONE
AUH 2 AT AAM U ABO[MOR
237|1°93~'01(84)  0.015 239 260 W= o5

- BALLESE 0|88 T CIAZ0] KX
AP S 95 MZRI01NZ Sof 930 4 -
zlst 24 79

RIS D) AH OIS S8t 7|
APt MA 22 X9

« EURS UR GRS Hi2 S HR0ILX

49 - et g 7Y

3&7]]°01~'09(8) 4.6 429 594

0o

Ha} O

ol

4571 108~'18(104) 363.6 14% 732

b527|| "18~%iXy 25,700 14 908

* o2l 2= AAEE B 29¥ 7|2k 4~54
IR 2z A IE

EX. AR MUY HEMOE st I/t RUNSHRE AMMEHINEH SYUHH-E 21-36, 2021)
HE A e et 5242 20059 0] HolsHlARE oL F4E7] AZert
A CPU Foj9] 45°] 4GHz Y& HolAl7] ozl Ao B23l7] w&o|c}. o]F,
A F0{(dual-core), AEFo)(quad-core)2} &2 7fd=0] AALAA HE|Fo)(multi-core)
CPUE°] 247 o2 /I, HFE7] A&, olof wet AHEA Edskal 9= CPUSS
ARESHe] AAF S S o|FHWY] oA HEA T 7esl &8 E7lnstA HJ

E3H 2010 o] FolE0lA= CPUS E-87E0 2= HPC A5 Aol $HA7F lrh= 214]o]
AAA Hom, 20109 2FHHEE BE| GPUES E-83 HPCEo| 744 0] CPU The g
T/4E HPC 352 TAE S5o17] 3 eglo] 24302 AZE ]It} A, BE] GPUEY
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[J& 5] Q12X|52 HAZ(winter)Zt E(boom)

ER 2SAISe| HAt TZ: D QEpiel (RS EEl), A B7A
IZXS 1HCH T
T qgse 19704 10074 018 20t
N zopwosns  detuad vowr BM 2=z, BMSE  TRUDD SO0[E 3%
7‘:\ 80 H Mg e NS D HA oot Sl Aza 2 oSl S e
; oA .CIEE
3 = Al =22T
Eai
Ale| A2
(IcR: 22 A7) A2l 72 -
H2xt Al = l HI3ZEAlIS
(M2TA| A, KJA) i (eh5) A7/
196041 19704} 198047t} fogody | o000 | ooiowy |

EX: UY0| L= YOI ASKIs, SHYMKA 0F(2017), 2t &2

2016 A AlA ] o155 EHH F2H(Google)2] ETHi(AlphaGo) HA| HE] GPUES] BE
s SHekE S8 IHl L9 IS A de= Al %1213} A A AA A
50009 #HAFEE & AIT7F AHHOKNVIDIA)Y GPUSS E85to] s
okt e &3, diMdss S BEdor A7l f8, =2 ' A
ZA|(tensor processing unit, TPU)E, EZA(Qualcomm) A1FY A7 #ZA|(neural
processing unit, NPU)E 7H&stal Qlot. SR, dllF o2 2021 6 7]EoA2] AlA
1919 A 6E 2= FHAEFTEHE 64HE ARM op7|E1% 7]Hte] mpo]a 2 X2 A A1
AGAFX 48C 2.2GHZER 3¢ D ARIKEN)Q] 175 HHFE F7H2(Fugakuw)elth. ARM
ob7lElAE A, LRE0] S WRTL 9= 0] on, B3] AGAFX 5124 He]
J+@o] ZgE ARMv8.2-A Scalable Vector Extension SIMD(single instruction multiple
data) WHo] MES A8oi Hzo) TRAM E4o] k. T o2y A
A4Md52 537,212 TFlop/sOltt.

S, gish=2 2021 6¥ 7]& A9 1009 Qo E= FHARHES dEHT} 159
H(LE2 4] 1009 ¢l & 18H) E-f- %) F 3HHE Efolal J=A%old, 1 5 7P wkE
FHAFEHE 239 7|2511 Q= Maru@ Guruoth. 0]59] o]23 ] AL dE

S719] oF 1/20 4291 25,495.1 TFlop/so|th. @A) thghvl= X 11.9] 7+ 17 &€ 9l Maru}t
Guru9] <4b &k dighels x99 #EAFEQ Clay-2S A4 &&Hth oF
1,0009HH(25Tera / 2Giga) A= o webgch 2 4= 9t} gighvl=: <5 2

S7Fedol whet, 9 <3 3)ollA B 5 UAE, 198849 FAlo =T &= AU A& o] HES]




NRE ) s 1

T - AR A A9 A Tk 71 ol
Syl 2 Qi TFRLETIR] AARE Aefoltt.

ol

-Th A 2R U GRE S

ret
ot

[O23 6] T MA &2 2009 o2l GMdSE AL= +#HARESS =718 HR
(20214 6¥ 71&)

MA 2009 o|Lje] u{EBEEH Ha T

m 0| 58

= 35T 34

s U= 23

513

m I A g3
%3: 7

m O|E 2|0} 6

m 7jLiCE: 5
AFS-C|Of2}H| OF: 4
Higli: 4

m Cf5t0l=. 3
7|Et 2 7t5: 25

S
»

CIOIH &A: https://www.top500.0rg/lists/top500/list/2021/06/

YIURY O M2 ALttt 2oksol Tt 2y, J2|i Ayt T2ty st
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. 7 Dj2{Crele] ek GPU, Al, GIOJE] 7[t
HALBLSLO| EmH}

F3 stmgo] 9 WEARY slee] TR 4] ojFoiMo] ut AuTisty
— O ) o

7F A3 BEstE] 7] AlZFslelt). 20059 E ASRE CPU 5=

Lol&d = Ao tist skl o] skt i Ajsto] CPUSl 28 AHAIE &ol+= AETH CPU7H
5] @Y Fol(single-core)THE 7HAlE Al ofd, HA © @2 9 HEFHO]

(multi-core) 52 7H|ES st= £O& CPUEE /IEst 452 © =ol7] Al&stAiT.
HE]F 0] CPU(multi-core CPU)EQ] HE-2 BAt W 2] W x g T8 (distributed-memory
parallel programming) 2th +@o] &4 ¢ golstal 7HHgE F-f H=e HE T2
(shared-memory parallel programming)? &€& H<L A5 "t CPU A
el e] wigkel oA B T2 gy S840l B& FZ4E I IH £917] oA, TF

A3k ¥ 2] AL HYARY 714 B C
AUES T3 Zo] G4 o Sols| ol uet, Adko] e Ao BE o

BY50] Agdo| o] BAs] AL 5 AT WA HS ST 5 A =Y

0]% 2010 tof HolEHA] glo]E & 7|Hto & do] AAkslo] 7] 9] & Holo] -8-57]
AlAReE, 2 A At di2idgd(paradigm)®] HIPF SR @Y HiFEe] A+
FoloA AFstL A+, HldlolE(big data)?} 9l3A]s(artificial intelligence, A<
719E0 2 SH= A EAES] HHSH= 2010955 AFE o] AH|[HoKNVIDIAYE BF&
1 Z3bAo] GAFT 11 GAIRE GPUS A4t 583} A4t 82 FA FE7] AlZFsho,
GPU 7]4ke] AH|-§ A4t a-&310] T 40] 2457 AJAsl3int. tith4=2] Aj4tael2] 4l
UOIA LRt v &2 & ALLE AFEE FAEFS W, CPU 7[REEY GPU 7]4He] &
5~108f o4 d4tol H = ds
F&ote Hom 1 EdErt Halsh] AIRSEAAL, Ut HE o T 4 Qe AT
A7 S50 Wt L E AAL AEH ol AR T 5= AUA HATh 18R oy}

A ksl Bof 59 B (complexity) 7 STHE S22 E A|AHES T = AT EoFsoA:

d

. A7 mjqctlel #sh GPU, Al, HIOIE 7|8F AlARKSto| HIHS}
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231(20209 39 1.22 exaFLOPS, 20204 49 2.43 exaFLOPS), &% AT
202015 0¥ Y9 7 HFE 7 (Fugaku)oll ool AA EFA AA L] HFHo| H2E
=ZA4(1.42 exaFLOPS in HPL-AI benchmark)= 1}t TS off (I 4)°f +=20214 62

7|4 HPL-AI benchmarko] W=, A Ao+ Z 2719 +HAHFE (Y E RIKENY] Fugaku:
2.0 exaFLOPS, "]=F ORNLY] Summit: 1.15 exaFLOPS)7} AAEEA AALS] HAFHS
gAJS Ao 2 7|EE o] it}

)
fu
rr

N

T 4) HPL-AI Benchmark(20214 6¥)

June 20219
Rank Site Computer Cores HPL-AIl TOP500 HPL Rmax Speedup
(Eflop/s) Rank (Eflop/s)

1 RIKEN Fugaku 7,630,848 2.0 1 0.442 4.5
2 ORMNL Summit 2,414,592 1.15 2 0.149 7.7
3 NVIDIA, USA Selene 555,520 0.63 6 0.063 9.9
4 LBNL Perlmutter 761,856 0.59 5 0.065 2.1
5 FZ) JUWELS BM 449,280 0.47 8 0.044 10
6 Univ. Florida HiPerGator 138,880 0.17 22 0.017 T
7 ITC Japan Wisteria 368,640 0.10 13 0.022 4.5
8 NSC Berzelius 59,520 0.05 82 0.005 9.9
9 Nagoya Flow Type | 110,592 0.03 62 0.007 4.3
10 CloutMTS MTS GROM 19.840 0.015 240 0.002 7
11 ThetaGPU ANL 280,320 0.012 60 0.007 1.8

E£X: https://icl.bitbucket.io/hpl-ai/results/
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EU= 2018¥ k0] 23457 E A =2 #sh EuroHPC JUE A4sI3le &
oty 8 Z2AA o|YMEEE TE57| = skt 20209 7IE EUw W= 400~50
PF 29| HAFE A= 23Ut 245 Qlvh EU= 20109 S5 71655 5=
2, CPU & 2 39 =< 34 AFE st=dole= AA Mdste HFo s A3
Arefjold, 2019 % The European Strategy for High Performance Computing(EC)&
9, 32 Foltt. dA 2023W7HA] 809 F= FH9] FALE 5o AA|H 02 AAA AR S
N gEshs ZRAE E3F 31 Folth, EUs Bk AAIA =S 49 9 A¥S 55}
THAFE ALEHY 5 Y /S §19 55 R&D, AlAHQ] A2/ AR 52 45k FHI=
Nk A 7IHHA Q1 RESE =557 gt A I ot Ut

EUO &3t ol 2] 5752 QAR e e A FEol 83 4= = A4S} 2of9] 715t o] &
71E5S& NEsid QAL o, 7% sk JHSollA B el 539] sttt &8, 85,

A 9 AadlEE BRe o R Aedold TS 7 70l &2

=

(@]

=)

At71Eely 71d=ol s L= ol ®9 F879 XIAHEHFY 4 &
HOoHEU)IA % EUx 7|23 2oF] 459 Kot 23& F11 =2 9&E & Ut
(B 6) 7230 ZINSHEY 35 U HOKEV)
=7tH | =0f HMEH(SE) 8 20t H| 1
=70t |« ALO|H HOt 3 HEOM E5| 52t QS| HSE flof &8
The
- 7| ZS2|5: B, LF0 CfEt 0l European
ofek |- SEMEE M, oK 20t MER2 52 24 A Strategy for
EU o KlFtdfel il o 7] 3 offd oy ZEE High
Performance
s sox o e o o Computing
At o X&KL 8L, MAHX], .7_7?*_5— fﬁ**._lom, MitdE =00 (EC. 2019)
0 =2 7IXQ HMSL MHA S0 28
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S92 20169 %0] AAINE, AFY S Al 5 ot e &4 5704 AlglE =H3t vt
Atk 20209 %= 71 F=-2 t=F 500~600 PF #5290 HHFE Y-S Z=qiotal 4= 1
Ak T 113 5AEAL(06~'10) 71%F, =7F 803AES &l wHAFE ML
EASSI AL, iR WA 7R 2 7|3 A]dsto] 71&d i 9 A A 3=
Qs A2 QIth S oF 409 9 MEE EAFE L] YFHoE FASR,

¢-Jd(Dawning) 52 PO AR I 2 A WL AE7|FES $4, FHAFE | E014 CPU

A 59 AA, Azo| gt YA7E&ES TR Qo
o] F=-2 HA AlA 1 FHHFE ALHE ol 2 53 o]gEo] Stk 20109
BlS](R3)-1A, 20134 €IS|CRM)-2, 18] 2017 49lo] Efo]3- 2fo| E(Sunway-TaihuLight)]l
93| 7= TOP 500 +HAFH 5 < 19 71ZE2 BA F3of| 23t 7|5E0|H, o}
ol A= 2 9o] Eto] ¥ glo]| EQ] i 3-8 A ES AT E = Qlr}. dA S Y&} v
71&2ol H-8ot7] fls A7t 12 A oS FAt A AA” /S 55 HIgh
717 o] ¥RbE Zhstal Qltt.

(B 7) 339 +HARE 20| E0|Z 2H0|EQ| HE 38 AHIS

Table 4 Summary of the major applications on the Sunway TaihuLight, compared with similar applications on other

large-scale systems

Category System Application summary Scale of run Performance
A fully-implicit nonhydrostatic
Sunway , - 131072 MPEs and
P N dynamic for cloud-resolving 1.5 PFlops
TaihuLight ] S . 8388608 CPEs
Nonlinear atmospheric simulation
solver An implicit solver for complex
Sequoia PDEs in highly heterogeneous flow 1572864 cores 687 TFlops
in Earth’s mantle [3]
Sunw: . < 57
T 7111n\£‘,‘1yh Atomic simulation of silicon nanowires Hl‘(]-{%l\ipl?}’ aAd 14.7 PFlops
Molecular aihulLight 8388608 CPEs
dynamics Molecular dynamics simulation of 7168 GPUs (3211264
FESEIEE SRS crystalline silicon [20] CUDA cores) S
Sunway Coarsening dynamics based on 131072 MPEs and
i i Cahn-Hilliard equation with S1GTED S 39.678 PFlops
TaihuLight in 8388608 CPEs
Phase-field degenerated mobility
simulation 16000 CPU cores and
Tsubame 2.0 Dendritic solidification [6] 4000 GPUs (1792000 1.017 PFlops

CUDA cores)

ZEX: http://scis.scichina.com/en/2016/072001.pdf
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EQ T2 ol Attt ZoklA e 2 59 AFAT okl 1 AA 2L $&9]
Zege A e AR FUHHL Q. A T2 Al e = T %’F F Al 55
SET T2 ZF0IA AlA 1915 248, Al 72 S F2olM AA| 2 aL &2 sfintet Al

10¥7F ACM} AAATO] & o+ Vﬂ o7t AlA

FASR I et 1= F =
191(2019)& AA 7| & Sh= 5 Al A9 ARl REOIA L S22 AlA H1L &2 EH1L

U= Ao & Y7L QIoh S22 200495 @A7HA] 20169 Aot Al == 20 =
A} O] GO, Al QlElA E]RE 202194 2020 F2] Al =& 1018 =
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7, F=9] Hio] ROt A E 22 RIZE 7| AEE AlA 1L 5329 Al 71&52 #A51L 3lomH
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o) Fo =t 3= 9 A 71e/fES 9%t Flagship 2020 A
Yot tH2014~2020). 20209% 7] 4E2 o2k 600 PF Wl 29 #HAFHE

dELo 2= Y 2VAASHFE HEZIANEC,
= Atz AAE HIRFOE AFY stEdolY A s
Atk dE 71F TR A(Fujitsu)= 645 E ARM oF[E]A 7|9 (A AE, 188 234)9
o] AR EZAIAQ] AG4FX 48C 2.2GHzE 7Wdsto] @A AA 1 45L& AYe
HAFES I FARIKEN) $7HE(Fugaku)ofl EAISHAT

ARM ol7|Elx 7jdto g AA FHi AsS 2% &9 HIL2 dA F=E GPU
vt 2 31 A5 Folal Qe EdEoA Hoju Qo] ApHZFolth AG4FXE=

5124|E #E Lgo] E3tE ARMv8.2-A Scalable Vector Extension SIMD(single
instruction multiple data) §g o] AIES AF&oh= 29 T2 AM|A = E4o] Qltt. =9
SIAFRE ARM2 201649 £49] 3|&o] olIle YEI i&EHﬂﬂ(SoftBank)ﬂ o
AE AT (P29 ATEW T =353 U 7HFE 59 ARMY A2 AN dg0 = A%
miQIet HF QUth) ARME ARPEES] FHQl mHFY ofEeAlo]ld ZEA|A(application
processor, AP)2] 95% 7}14S AA 51 = AR, ES AR HI7t 7S ZFolA dAE
A2 A L Az Hiet YRV EES S5k )l

&2 AAA szt @4d A 42 sl 819RH Zled Al 119
(K-Computer, 12 3319 9), '209(Fugaku, 12 58 ) A|A |3 AL 7St vl
ZAUEE AR (Society 5.0)9F 22 A& X161 Qlok. A2 @A AlA| 19] 5= A=
FHAFEQ 7 (Fugakuw)E ER/5HL I2H(TOP 500 +HAFE d5 <% 719,
HPL-AI ®IRuIo A= 20208% 6¥ @Y FHAFEHEES AlA 22 AANEFE
(exaFLOPS) &AL 9] AH#E 52 2495t (2020 64¥ 1.42 exaFLOPS, 20204
11€~20219 64 2.0 exaFLOPS)

| Y22 A= YE =3 A7 He] AU A - A7 1S3 7H(NEDO)E 85
QFAS(AD Al7]& NS 5t BA Zeh(action plan)S LESFAA AIS A= o2 883

S Qe AR EA b D& A% Bol FHOR ofdf (E &)} 2ol 12714 3 7165L
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ST ERL, o (& 901 71EE AHEH) &8 Borsold wHARES &9l
gl Stk
H 8) ASXIS(Al L7|& LS A5t A8 SHl(action plan)
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AR trget Zokll M 78 sF ok At TS A BokeS AL Sle
1 A

af A7 8 (scientific computing, SC)°ll 553 A+AE
ojm|git}, ol & &ol, B8, 315t T= 38t HoF 59 ZH-§-& Eopol| A HH T o] &, g EE

4 7&52 IE/ERAZ7] Y6 ogs HEE 1485 2R o(hlgh performance
computing, HPC)% 5l 791% Aok kAL, AR Yo, 3-8 kAL 52 A A=
Hok=o] 44 *]Eﬂﬂol*q 7|Rto =2

1. Axtaretel] st 514 W E9 o4 /NE(d: AP WS (numerical linear
algebra), ¥B/HIA AAHmatrix/tensor computation), HHE AAMH(iterative
method) 59 §HoA 9] By 7|4 L 22 AAHES] 7i)

2. 29 (modeling), A8} (numerical analysis), ¥1l8]&(algorithms) L AlEFol4
(simulations) (ofl: 42 ¥ H]$=X|(numerical and non-numerical), °J4F ¥ A<

(discrete and continuous))

3. eKd]l: B=sH (biological), &2]8H(physical) ® AFS]8H(social)), 3SHengineering),
95K medicine) @ ©9I&8t FA|(humanities problem) 5= a2 2 7IAS}
(visualization)d}7] gt AZE goi(software) 7]

4. g A AH SFEYo](advanced system hardware), AT E o], Y E L (networking)

4 glolg #7] AL AE(data management components)s 7, &-83s)al

F A slol= AFEASHcomputer science) ¥ A EI}SHinformation science)
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Q] Hotsyl I E 9 7H4] o 52 pd e BATH A €A 3]48Ktensor analysis) 7|8t
34 dlolg A (data-sparse approximation)o]2hbs =514 AlAtH o] AHEA 7idE ol
ot AL RS2 7€ PHES AT 1 2o 84 9 F2 A4 HEeRR
24 0 & (numerically) A9 F&Hst F8 157k (eigenvalue)52 92 % YA =AU

d& ESof, 3lAgolgAbHo] 7|8kt A AEA (quantum mechanical system)9
H}Eﬂ—’,\—(wave function) g (modelling)= &3 174t TAE SHE5HA =H Ao ==t

n?)9] AAL H]8S QP 18 EAIE O(dr*n) (r< n)Q AAF H|oRL 71X
X] HlZQd(most dominant) -G E|(eigenvector)o] WSEHE 1{FS EXH AF
AR (A 2o 4~ 109A] A 7R &) 2] 4 0 2 AJekstA ALt S5 It} whebA],
| A4 E9 8 computational physics)#} 4 315K computational chemistry) 2ok A=
FAH 08 A9l HEet, 15 JH(eigenstate)ol A1 2] 7 F2 o X](lowest energy) E 71
o] 22 =& AHl(excited state)E°l -85+ AUAES E&8X 02 Akbol7] Yl Yt
22 ALPEEC] A EEH AL Ut

dol

a2]3 $A5(numerical solution)®] AARSE #st Ak U dyEE - FERA
U1 8)Z&(Lanczos algorithm)S &3t o20|E FF(Hermitian matrix)Q] 1-8-Zkt
5 E (eigenvector)?] AL, HL® F<Taylor's Series)?] $H(convergence) &,

A= wlE(automatic differentiation) ©]-&%t wE AL AA SA-FEF HPE
(Runge-Kutta method)& ©]-83F v 274 9] o A4l ZEZIEE WH(Monte Carlo
method), ©JAF 2o H3Ndiscrete Fourier transform) 5 - && &30z A H
M/ A= AFAEY] 82 AL BekabEo] 9¥stalAt stz R84 (numerical
analysis) 2FS % 01—01 T8}t 3h= 422 #ll(numerical solution)E-& AXFeH= ZHAES
Hop aftdor Safsid 4 QS EolEr
Aitatst AL E o] Ayt fASH A4t Fopo] Az, A B9t 3 M4 It
Hopo 9] ALY A EF o] A (First-principles simulation)& €44 Af""?—_} A=
NE AlEF o] AZEYol(simulation software)E°| &3], S8t HOF
At HoFsolA g AREHAL it ALLAIEY 0l AZEOES AL =R
stolg @7t #AF ALY &, EAES | A Eﬂ‘a(modeling) a5 AEE
o A

HE=o] S #5F ok, o] &4 metn|E(parameter)E& 2487 gt &7

ol

HE
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NRF | o35

27 ofof| A AlgEolde T  AEF =T

AFE B computer science)d HAZ W AAHE Eopd 2 diHE
A& o] H(large-scale simulation)S Y A FH (supercomputing) Q1 Ze} 5 4
Z2-E A4 Z3;E(cloud computing platform)&2] i/ A-E&31E A3t A+ EoFE o=

= 5 3L, ole OrE At HERE R stofw B 2 R AlEHeldE 8T 5 AR
EoRET.
et Zo] At FeAE2 o224}l G0l FE £LES ] Bl StEgofAQl g

O|27|7HA] B gt ool A A5 +FokaL Tt ek, ok Alikafst opof A o] A2 4

i o]
O Altst 2okl BdE A Ao g Ak Bk T35 B

ARk ARE Bl = Tt Sl e S o8 W E 5 EF o2 o33t 22 B E0]
A &8

1. 7134 AAHsymbolic computation)= EZgoH= FHFE th4(computer algebra)

2. 53t AFE-E(finite differences)?] 95t E=3E(derivatives)?] AARS EZ3FsH 4]
5l (numerical analysis)

3. 98 H A7}(convergent and asymptotic series)Z2] HIA# F5(Taylor series)
&

4. A= u]E(automatic differentiation, AD)°f| 2]t =8+ A4t

5. Ho|& " 2|(partial differential equation, PDE)Q] $+X& & <47 st
S35t A (finite element method, FEM)

6. HLY I 9 A& 24 (Richardson extrapolation)S 39+ 12} v]& ZAKhigh

order difference approximations)
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7. A FAl(rectangle rule), AFE]E F-Al(trapezoid rule), A1 X< FAl(Simpson’s

rule)¥} 22 # L3t WAl (uniform mesh)°l i3t ZEHE(methods of integration)

8. A B A E(ordinary differential equations, ODE)Z Z7| 95t SA-FE+

" (Runge-Kutta method)
9. Fe¥(Newton’s method)
10. o]AF Fg]of ¥H¥Hdiscrete Fourier transform)
11. ZE7HEE ¥ (Monte Carlo(MC) methods)
12. A A¥ 4 (numerical linear algebra)
13. A% T2 I8 Y(linear programming)
14. 7] @t (branch and cut)
15. £7] " (branch and bound)

16. 2 5938 molecular dynamics, MD), Z-atgldlg B2} 595K Car-Parrinello

molecular dynamics)
17. 37t v (space mapping)

18. 54 A|2AH"o] st A|ZFA A H(time stepping methods for dynamical systems)

=31 AAESEEe] 7)Hto] H= tiEZA Q] 2 I Aoj(programming languages),
AL AZEoj(computational softwares), A|2to]E.#{&](numerical libraries),

WP x g 7 2to] B &g (libraries for parallel programming), L8] 3l @th AlAt}stof A
odglo] mj ZQ5HA ZFRE Y= 7ASks/dHdS 95t gto| B8 8] E(libraries for
machine learning/deep learning)?] & Yl 2 th23} gt

Ll

1. T2 73 Aoj(programming languages)
1) ZEZHFORTRAN(FORMula TRANSslator))
2) C, C++




3) Zo]H(Python)
4) R

5) "(Perl)

6) Z8ok(ulia)

7) FoKLua)

8) st (Haskell)

2. A AZE 9 o](computational softwares)
1) 8] E(Octave)
2) "HEH(MATLAB)
3) w2 m E]7HMathematica)
4) Hlo]&(Maple)
5) oI5l (Scilab)
6) TK Solver

3. 4] golBelg](numerical libraries)
1) ALGLIB
2) Basic Linear Algebra Subprograms(BLAS)
3) Linear Algebra PACKage(LAPACK)

4) Intel Math Kernal Library(Intel MKL)

4. g g 737y go]|E & 2|(libraries for parallel programming)
1) Open Multi-Processing(OpenMP)

2) Message Passing Interface(MPI)
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3) Open Computing Language(OpenCL)

4) Compute Unified Device Architecture(CUDA)

5. HAI#HY /93 2to] B &g (libraries for machine learning/deep learning)
1) B4 ZZ-9(TensorFlow) @ Algk2(Keras)
2) EX|(Torch), To]EX]|(PyTorch)

3) 21A] E7l(Cognitive Toolkit, CNTK)

4) ¥lotr(Theano)

5) o}x] MXNet(Apache MXnet)

6) Al°]Y(Chainer)

7) 71#|(Caffe)

8) AtolZlA(Scikit-learn)

9) Azure Machine Learning(Azure ML)

10) Open Neural Network Exchange(ONNX)

11) H|do} IMRT(NVIDIA TensorRT)
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Ky 7aet 28

Aiteke AHFE Z2IOY] /EEe S ERRt HAEs AXHAY @4
(phenomenon)&=S X AKsimulation), 9&(prediction)sl= SrEoltt. AHRS] AFel <t
A Y2 ASTHAY Ui AA D] EAER A H SR8t AlARE HASH | = 5hH, Hoh
AXA 0 2= As AL F5 A9 ZA| ol |rt, vgY7] =9 7R, S FE2E2 A,
F A 919, o4 E R4 5= ASsH] fll HFE AlEdoldE 885

Al AA, G dl& D 7)Ao H O & QIgH AFAASE &S| = gt 1t 0}‘43} /\]'94;(4
A4, AR B39 B4 dS 9T |6, dls, As AT EokEolA Y FAlsA 2
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3l(numerical solution)
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=

= A
= =

o] A7 &747F =L Qi

5t9] 88 A5
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Aolch, EA 02, the
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=
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gl

(predictive computational science)

S}
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Akt

=
=

1. 9

%27] 4 A ZZA(initial and boundary condition)™ A& 2] EAS} v 7|

o)

slof 24 olHlE

= 19

AJ(uncertainty)

Al
=

5}

H4(parameter) ¥ #H &
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2. EA] EZA(Urban complex systems)
A= AAG B0 R Qe HElE, B4, ofsf] & Hejo o @2 -go] Q3 tfj4+1 9
E

A2sglole), EAS ARFEC] ALACIARE B84 7, T AL

S TR R2:50] 3] AS UL A2TOE 2 5 itk ®A19] 2t 4 ShpshE
ofu] 1 AAEE B A 2gol1] Shel, o] Fo] A& A AL £A %741 SAL Qlzrol
ORI QY BT BAE F SR 1FET Uk 53], A A 279 2 ol ol

A, 7hs et A RSl diet divlE HsiA

J7do] W e stehs Baevt ol gtk EA

A
)
1o
HT
al
=
UL
o
2
[N
o,
%
—Ll
x;
ok
N
T :L
:l:‘

O8]
P
(2

+8(computational finance)

9] APGOIA el Fol e oA A2 AR T R AR 3=
te Al Foix=el g8 A=A Ao ol59] FE Fd=E2 A e
A2 AL, =8 AP At BAS2 GREA o= - B34t FH 9

= 9 #AE ol RES2 Eoljdles A2 HE a2l #A
glol= sl 20| E7Fsoltt. 53], AlRte] 5] w53 418 2=

5:—@ A 24500 dieh 123 B §L SR U719,

5 fo
fo
e

~
Q.

lol
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5
o?k; ajo
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d
17
o
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5
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filo
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O
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zo Ho
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!
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1
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o o ¥ ox A
I

%
e
e
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o

|
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o
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s
3
3
g
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jav)
o
I
2
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A HAZ(holistic approach) 4] |
= Aoy, o]t BERAIE seHo R st gtz o HJSH & dhjst
S &8k ALt JZ S0l BT AL tigt ol € A &S =S

1=

At Bejshe wfat ofol A Al AFES H22 2851908 Lofo|c}, Zejato]A] 4:aH4
Zdo] 7|uig TRt o252 AAgo] owA ABSHEA] gt e B 2L




ﬁ
NRF ) g3 a1mct

o3& A-7F Bk it E2eh A
H2ok=z, o] &5t 519 H#oF k= o] &
At Eeh2 o] 21 AYS BT
A ojtt. AAFEsto] thF= ¥l 9= 38745] BRlflsttt. A8A AA oA
294 FAES HAEEH AEYolHE B9 tgFE= AR ¥ MAdHlattice quantum
chromodynamics, lattice QCD)9|A5-E 2]8Hcondensed matter physics),
AE-=28Hbiophysics), FAIY Kflu1d mechanics), AAE 8K astrophysics)oll ©|27]|714]
A4t E2)ehe] 9= 3 sttt E3 =25H4 o290 7|9ket A4t g8 computational
chemistry)°] 5= A+ F =52 A4 SHEY S/ IAEHY S SoA o= A+ 9=
BAA= A7 g
4t 3k (computational chemistry)< AFE AlEd o)A B3 A4S &9f o] &3}e+9]
TAIES o= okete] o —‘?'—O]:O]‘:}. o|E3}5} FAIES YRty o g B} At AR 4
sty A|lAa"lS EoHs] HAAS(FE9A WA, wE &5 WA, 54 B g4
5= &l Zdg Fo] Ei%‘:} ojFA 3 HElS Aot HrAlo g 1SS F5to] At
o= ASkd Sfehd A|ARIZ ofsfigttt. A4t ofet T3 BESATRE HFE 52 TR
A3f, o] 21} A wofet oA E Hets] € 13t A|39] AT wok=E A2 FA| =]l
A4t ook 2 vhZi 42 WS

_IZi

olo
7}
nﬂu

1) B =S o]2(molecular orbital, MO)
2) #2598 molecular dynamics, MD)

3) 2H7HEE W (Monte Carlo(MC) method)
4) Bx98Hmolecular mechanics, MM)

5) B ¥$H: o]2(density functional theory, DFT)

5. AAF AE3SHcomputational biology)
A et 9 F5F Fopo| A1 9] Yojubdl Ql= ek A a2 g} A Bl 7]
S dor|a ot oA, = Al (high-throughput sequencing), AAIZE

=
a4 AHHhS(real-time polymerase chain reaction, RT-PCR), AXZ U
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oju]A(intra-cellular imaging), FAAF &d Q] A%} F3b(in-situ hybridization), 7HH-<
AE @33 dAu|H(light sheet fluorescence microscopy, LSFM) 2 3338+ EAKoptical
projection)2} 22 3x o]u]R] 7|&(three-dimensional imaging techniques), AE
% Z&Y(computer tomography) 50l 2JaH =1L = et F2] E3L Hlole=0]
AT 31 = AEof| A, |2 AT A5 (artificial intelligence, Al) 7]& 2] Z=2a1IsH HX}J—}
WA AFE 7 2 Bl 1252 S FojdS A2 52k 52 & A5

tlolE(big data) 715F9] M4t AESHA £A4/dS HAiHEo] oofet AF=ok AFA
[HHAIE skl Qld. diF2e] AEdH AAdES AR A4 H0 F2 tgsaAd
2d(multi-scale modeD)?] ML B =T, AL YEIHY ZAES FAHCE

shastr] 99 Sa 2] AP AU BAE SR 4950l B,

¢

ol _l-lNl

d

iz

)

6. B34 o]Z(complex systems theory)

A9 o] 24 waleo] A WA Z& B9 nlAH /AN E Tolh AAS BAT o
a2 A2/ Felol WETH 490k A WaHZ WSS R QAs) Aag A

watsl=A)o] A Fohe A9 Ut

S Aol
E9aE B3 2 wx} 28, A%l
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